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ABSTRACT  

The influence of interstitial impurities, temperature, 

orientation and the sense of the applied stress on the low tem-

perature deformation beha,Aour of single crystals of electron 

beam-melted niobiuml of controlled orientation„ has been investigated 

between 20,4°  and 473°K. 

The effect of various parameters on the electron beam zone 

melting process has been evaluated by their effect on certain 

physical and mechanical properties of the resulting crystals. 

The most important was found to be the vacuum pressure of the 

furnace during melting which suggests that the removal of the 

products of volatilization and degassing is a major part of 

the purification. 

The amount of the yield drop depends on the level of impurity 

in the crystal end by increasing the overall purity the tempera-

ture dependence of the yield stress was significantly decreased. 

A model for yielding based on the multiplication and velocity 

characteristics of dislocations provided the best unified treat-

ment of the yielding behaviour. The strain ageing kinetics were 

strongly influenced by the initial and relative concentration of 

interstitial impurities. 

At low temperatures the yield stress depends on the orienta-

tion and en the sense of the applied stress, whereas at high tem-

peratures it is independent of both of these factors. Catastrophic 

flow behaviour was observed in the crystals with <111> tensile 

axis and this may be caused by a combination of the localized 

adiabatic heating at severely necked regions and geometrical 

softening. 
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CiIAPTER 1 



7. 
CI AFTER  

1.1 Introduction  

Deformation behaviour of the b.c.c. metals is known to be 

strongly influenced by impurity type and content, temperature, 

strain rate and the sense of the applied stress. These para-

meters affect the yieldin„; and plastic flow behaviour, however, 

a' precise knowledge of the dislocation mechanisms which are con-

trolling these phenomena and unified models in terms of the basic 

parameters of dislocation generation and velocity are not available 

at present. 

In the past, mostof the work has been devoted to the investi-

tation of polycrystalline materials of commercial purity and much 

useful information has been obtained on the effect of impurity, 

grain size, strain rate and temperature on the yieldin. and flow 

behaviour of the b.c.c. metals. 

The growing demand for new and improved materials has stimu-

lated the fundamental study of single crystals with a high degree 

of perfection in an attempt to obtain a better understanding of 

the actual atomic mechanism which -,overns the deformation behaviour. 

The recent development in the technique of preparitng highly perfect 

single cr,-stals of controlled orientation has removed tome of the 

diffieoltie4 however, at the present time, the available im4 

formation on the mechanical properties of b.c.c. single crystals 

is still sparse and sometimes contradictory. 

The present work is an attempt to understand some of the 

aspects of the apparent discrepancies which have arisen recently. 

The work consisted of a detailed investigation of orientation, 

temperature, and interstitial impurity dependence of the yielding 

and plastic flow behaviour in both tension and compression. 

Ulectron beam zone melted sincle cr7stals with a symmetrical orien-

tation were used?, mechanical tests were made between. 20.4 and 473°K. 

1.2 Yieldinc; behaviour  

The main characteristics of the vieldin.9 behaviour of the 
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b.c.c. metals containing small amounts of interstitial impurities 
is the pronounced drop in load on discontinuous yielding. Two 

highly significant contributions have been -lade to our understand-

ing of this phenomenon. 

The two contributions were made by Cottrell (1948) and 
Cottrell and Bilby (1948) who showed that solute mar hold dislo-

cations in place, and Johnston and Gilman (1959), Johnston (1962) 
who demonstrated that the yield drop mav develop from the th,rnamic 
properties of dislocations. 

1.2.1 Dislocation unlocking theory  

According to the early theory of Cottrell (1948) and Cottrell 
and Bilby (1948), the discontinuous yielding is ascribed to the 
locking of dislOcations by interstitial solute atoms which have 

migrated to the site of the dislocations. If the dislocations 

axe locked, plastic deformation can occur when the stress acting 
on them is sufficient to free them from their impurity atmosphere. 
In principle a ;.Meld point occurs at a high stress by nearly 

simultaneous unpinning of dislocations followed by their motion 
at a lower stress. Hence, the lower stress is the stress at 

which unpinned dislocations continue to move and produce plastic 

deformation. 

The important feature of this model is that it provides an 
explanation of the temperature and strain rate dependence of the 
yield stress (Cottrell 1957)- Yokobori 1952; Fisher 1955). 
Since the unlocking process is considered to be a thermally acti-
vated one, the higher the temperature, the greater the thermal 

energy available, with the result the the applied stress for yield-

ing decreases rapidly with increasing; temperature. 

The Cottrell concept of dislocation locking is undisputed 

in view of (1) the dependence of the yield drop and discontinuous 
yielding on impurities, (2) the kinetics of the yield point return 
and (3) direct observation in transmission electron micrographs of 

particles segregated along dislocation lines. One of the inadequ-
of this model is that it does not explain the pre-yield microstrain 
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before the upper yield stress is reached (Bilby 1950!  Cottrell 1950). 

1.2.2 Dislocation multiplication theory  

Another important contribution on the model of yielding was 

originally put forward by Johnston and fIlman (1959), (:ilman and 

Johnston (1959) and Johnston (1962) to explain the behaviour of 

their lithium fluoride single crystaI3and later confirmed by 

Stein and Low (1960) for silicon iron single nrystals. Subsequently 

the same idea was applied to the b.c.c. metals by Hahn (1962). 

The yield point was accounted for in terms of the rapid multiplica- 

tion of dislocations and the stress dependence of their velocity. 

The essential features of the Hahn's model are as follows: 

The total strain rate 	imposed by a testing machine in a 

undirectional test has two components, the elastic rate, E e, of 
the machine and specimen, and the plastic rate t , of the specimen. 

Thus: 

The pl,stic strain rate is maintained by the motion of L lines 

per unit volume of mobile dislocations of Burc,ers vector b at 

a velocity, v, so that 

b L v 
	 (1.2) 

To establish an analytical relation for the stress-strain curve 

Cane must express L and v in terms of stress and strain. 

Etch studies (Johnston and Gilman 1959;  Hahn 1962) and elec-

tron microscOpy (Keh and Veissman 1963) have shown that at small 

strain ( 	< 10-1) the total dislocation density , increases 

with strain in the manner: 

a 
f 	,f, 	CEp (1.3) 

where c and a are constants. It is assumed to hold at smaller 

strains to a first approximation. In the absence of dislocation 

locking. fo  is 2Vgarded 
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by Hahn as the average 4entaitv of unlocked diebacations which 

are created heterogeneously at a stress level below that associated 

with significant mobility. Since there is no measured relation 

between the mobile dislocation density, L, and,, it is further 

assumed that 

L 	f f 	 (1.4) 

with f 0.1 for the case of mobile dislocations produced by 

deformation. Initially, Lo  must correspond to jo  independent of 

which of the above interpretations hold for Yo. 

The stress dependence of the dislocation velocity in silicon 

iron was found by Stein and Low (1960) to be given by the expres-

sion: 

ttor 
	

(1.5) 

where 1:is the applied resolved shear stress and 'Co  is the shear 

stress for unit velocity,- and m a constant. Several investigators 

(Chaudhuri and Patel 1962; Schadler 1964; Stein and Low 1960) 

have shown that this equation describes the dependence of the 

average velocity of an individual dislocation at the resolved 

shear stress only for velocities which were small relative to 

the shear wave velocity in the crystal. However, at present 

no other equation is available. 

Johnston (1962) found that the work hardening in lithium 

fluoride closely approximates to the stress increment ee, needed 

to maintain a given velocity. Hahn accepts this as conditionally 

applicable to metals in order to include 	work hardening. This 

gives a simple linear work hardening law: 

At.,  (IC p 	 (1.6) 

where q is the work hardening coefficient. Therefore it follows: 

(rtj  0 ).42 	(r 	(1C(  p)in 
	

(1.7) 

By combining equations (1.2) (1.3) and (1.4),  the relation between 

flow stress, strain, strain rate can be written as: 

1 
(1.8) 
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Accordin to this model, the abrupt yield drop is a con-

sequence of a small number -of initial mobile dislocations (small 

Lo)' a rapid multiplication rate (large a), and a low sensitivity 

of dislocation velocity to stress (small m). 

Yore recently, Cottrell (1963) has shown an agreement with 

this basic concept of dislocation multiplication but also emphasised 

the importance of the role played by pinning. He re-wrote equa- 

tion (1.8) in a slightly different form: 	
1/
m 

q E  p 	c 'b(Lo f Me")  
p 

Hereby, introducing the possibility that the mobile dislocation 

density need not be related initialler to ,r0  by the fixed factor 

of 0.1, and suggested that a sharp yield point ran occur if one 

of the fbllowing three conditions is satisfied: 

(l) 10 ° 
	

and stress concentrations are not important. 

Yielding takes place when the stress is able to 
create dislocations in the dislocation free lat- 

then 
tice. The stress drops to the level necessary to 

move and multiply these dislocations. 

(2) 	Lo  m 0, J) 0 	and stress concentrations are 

not severe. It does not require a total absence 

of initial dislocations but only that they should 

be Naked by impurities or solute. Yielding 

begins when existing dislocations become unpinned 
(weak pinning), or when dislocations are created 
(strong pinning) at the upper yield point, depending 

on which is the easier process. 

( 3) Lo  ) 0 and the necessarj multiplication and velocity 

conditions are met, then the yield drop develops by 

multiplication. 

None of the above models deals with the orientation depen-

dence of the yielding behaviour. Seoul and Gonzalez (1961) have 
investijAted the uniform and non-unites discontinuous yielding 

and showed that non-discontinuous yieldinL,, in iron and vanadium 

-e = (1.9) 
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is related to orientation effects in single crvstal and strongly 

textured polycrystals. Jaoults results qualitatively indicated 

that non-uniform discontinuous yielding Occurs in single and 

polycrystals of the certain orientation when they have high 

elastic limits and low strain hardenin rates. 

1.3 Yield and flow stress  

The low temperature strength of b.c.c. metals has been 

studied extensively and much discussion has led to considerable 

clarification in recent years. However, there is a disaLreement 

on the major source of this strength whether it arises from the 

inherent lattice hardening or whether it arises from the inter-

action of dislocations with interstitial impurities in the b.c.c. 

lattice. Purthermoro, this problem has become more complicated 

by the discovery of new variables, such as dependence Of yield 

stress and its temperature dependence on thd orientation of the 

stress axis and the sense of applied stress in the deformation 

behaviour, 

1.3.1 Orientation dependence  

In the past the strain rate, and temperature dependence of 

the ::yield stress in b.c.c. single crystals have been studied without 

paying any serious attention to the orientation of the deformation 

axis (Lawley et al 1962; Eordike and Haasen 1962 Mordike 1962!  

Christian and Masters 1964). However, Rose et al (1962) have 

shown that when the orientation of the deformation axis is suit-

ably Chosen the yield stress and work hardenin rate of a tungsten 

crystal can exhibit a strong,  orientation dependence. This effect 

was later confirmed in other b.c.e. sin, rle cr,-stals; molybdenum 

(Guiu and ratt 1966; Stein 1967)1 tantalum (Sherwood, private 

communication), niobium (Kim and Pratt 1966; T,owen et al 1967), 

iron (Stein and Low 1966; Keh 1966). In addition the three 

stages of work hardening were observed form orientation near the 

centre of stereographic triangles in molybdenum (Guiu and Pratt 

1966), tantalum (Mitchel and Spitzig 1965; Sherwood, private 

communication) iron (Keh 1966) and niobium (Ifitchel et al 19631 

Votnva 1964). 
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Rose et al (1962) proposed the movement of jogs on screw 

dislocations to explain this effect. This view is supported by 

Guiu and Pratt (1966). This is based on the fact that the inter-

section of C111:I and [ 1113 slip dislocations will form jogs on 

screw dislocations on theiL0113 	t111] neatcircle. 	Since 

this plane is unstressed conser,ative motion of the jogs is dif-

ficult, but f@r orientations near <100> it is quite hicIlly stressed 

and conservative motion should be possible. 

1.3.2. The Effect of Impurities  

It is well-established that the mechanical properties of metals 

are strongly influenced by the number and distribution of atomic 

defects, such as interstitial and substitutiEinal impurity atoms 

and vacancies. It follows that the nature of the interaction 

between these defects and dislocations is important in understanding 

the deformation process in metals. Much of the published work 

is complicated by the presence of a sharp yield point and aniso-

tropic yielding behaviour. However, fewer experiments have been 

performed on b.c.c. single crystals, with the addition of substi-

tutional solute atoms than with the addition of interstitial atoms. 

It is generally recognised that interstitial impurity atoms distort 

the b.c.c. lattice tetragonally and thus interact more strongly 

with edge and screw dislocations. In the case of polycrystalline 

niobium a hardening rate per atomic percent of G/10 for substitut-

ional atoms and 2G for interstitial nitrogen was reported (Evans 

1962), where G is the shear modulus. 

The major effects of impurity atoms on the mechanical prop-

erties are: 

(1) An increase in the yield stress and a shifting of the 

whole stress-strain curve toward higher stress. 

(2) The appearance of a yield point which depends on the 

concentration of impurities. 

(3) A decrease in ductility with increasing impurity content. 

Host observations revealed that b.c.c. metals have a large 
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temperature dependence of yield and flow stress. This Is freguistly 

attributed to the lame Peierls-Nabarre stress inherent in the 

b.c.c. lattice at low temperatures (Basinski and Christian 1960. 

Conrad 1963; Dorn and Rajnak 1964; Christian and Masters 1964) 
Tiro models are currently given for the leierls-rabarro force,_ 

involving thermally activated motion of a double kink (Dorn and 

Rajnak 1964) and constriction of a sessile screw dislocation into 

a glissile cobfiguration (i.itchell  roxall and Hirsch 1963). 

However, this view of harenin7 has been ohallenged seriously by 

recent experiments by Stein and his associates (1963, 1966,1966) 

who, on lowerinr? the carbon content from 200 ppm to less than 0.025 

ppm in iron, found that the flow stress at all temperatures was 

reduced to less than 401 of its original value and found marked1y 
decreased temperature dependence with increasin,  purit?. 	Later 

this observation has also been confirmed in other b.c.e. metals 

single crystals by Koo (1963) on tungsten, Lawle7 et al (1962) 
on molybdenum, and Kim and Pratt (1966) on niobium. This effect 
and observation does allow us to conclude unambiuouslv that the 

Peierlsabarro force is not tbo sole hardeninvinechenise. 	• 

In the following, the quantitative theoriesof the magnitude of 

solute hardening will be reviewed. 

A. Cottrell's model  

The locking due to the elastic interactions between solute 

atom atmospheres and dislocations is important at low temperatures, 
but on raising the temperature thermal fluctuation would assist 
the applied stress in forcing the dislocations away from their 

atmospheres. 	Cottrell (1957) estimated that for iron containing 
carbon, the yield stress should vary as

the
cube root of the testing 

temperature: 

1/3 

-o 
	C (T) 
	

( 1 10 ) 

where C is constant, T, the absolute temperature anda-o  . Vm  /3 awab,the 
yield stress et 0°K, V

m 
the binding energy of the impurity atoms 

to a dislocation which increases with increasing; narrowness of 
the dislocation, and a is the mean spacing between impurity atoms 
along the dislocation line. Break-away occurs when the disloca- 

tion has moved forward a distance are, where w is the width. 
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Substituting Vm  . 0.8 eV, a m b3/2, and aw b,:gives 4V45. 
Experimental values extrapolate to about one-fifth of this value 

at 0°K. Cottrell attributed this deviation to an under-estimation 

of a, since some of the sites slow a dislocation line may not 

be filled with impurity atoms (Louat 1956). 

Compared with other strengthening mechanisms, the thermally 

activated unlocking of dislocations from Cottrell atmospheres is 

mire sensitive to the presence of interstitials. Lavrlev et al 

(1962) found a good aixeement with this model for their zone-melted 

single crystals of molybdenum. 

B. Cochardtt  Schoeck and qiedersich (1955) 

The interaction enerirr of an interstitial solute atom with 
a screw dislocation in a b.c.c. lattice is -iven by 

U 	 coatA  

where A is the interaction constant 0= 60, 180 and 560°  

are the three equivalent positions of lowest energy, and liven 

by 

A 
	

hb G a3  

3'17: 

r is the distance from the dislocation line to the solute atom, 

b is the Burgers vector . Ira, a is the lattice parameter, 
t1 and f.2 

are the principle strains of the unit cell caused by 

the solute atom, G is the anisotropic shear modulus .k(C11-C12)' 

C. Cracknell and Petch (1955) 

In this model an edge dislocation line is considered to 

be pinned by long range stresses from interstitial atoms, the 

equation for the tensile stress due to the interaction of dis- 

locations with random interstitial solute atoms is 
11/04 	1 	

4/5 
(2r151/3).] 0—  - "3 	C, 16A  G, 	b 	--- log (1.12) 

/ 
where N is the number of interstitial solute atoms/cm

1  '0( the  

constant in the expression for the force to bend a dislocation 

(€1  
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to a radius r 

otG. b 

A is the interaction constant for the particular metal and inter-
stitial. Thus, the hardening rate is almost temperature-indepen-

dent and approximately linear with. concentration. 

D. Schoeck and Seeger (1959) 

This model is analoous to the Snoek effect for damping. 

Here they consider 	the interaction of interstitiala with 

screw dislocations caused by the tetragonal distortion of inter- 

stitial atoms in the b.c.c. lattice. 	Ttis causes a decrease 

in the era ray of the system and thus the dislocations become 

locked. As a consequence, before the dislocation can. be  moved, 

the state of order must be destroyed, and this leads to a higher 

yield stress. 'Whereas locking due to atmosphere formation requires 

long range diffuSion of interstitials, locking due to Snoek effect 

is achieved merely by rearrangement between neighbouring lattice 

sites, and takes place in times orders of magnitude smaller. 

Considering a screw dislocation in the (111) direction and carbon 

atoms in iron in the centre of the cube edge of the unit cell 

or in equivalent position, Schoeck and Seeger (1959) derived an 

expression for the yield stress using the same approach as 

Cochardt et al (1955): 

20.5 A 

b a3  
(1.13) 

where a denotes the lattice constant and P oa
3 the atomic 

fraction of interstitials, b the Burners vector, A the interaction 

constant previously mentioned in Cracknelland Petch's model. 

it can be seen, from this equation, that the yield stress is lin-

early proportional to the atomic concentration of interstitials 

and independent of the temperature, 	The.,,  saa'aested that the 

temperature independence of the yield stress in regions above room 

temperature can be attributed to the Snook ordering during dis-

location movement and found a good agreement in iron. 

E. Fleischer (1962a3 19621): 1264) 

This model also assumed the tetragonal lattice distortion. 
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The dislocation motion is supposed to be a series of thermally 

activated jumps through the stress fields produced by individual 

solute atoms, and the interaction ener- of defects and the dis-

locations is calculated 1)7 the method described by Cochardt et 

al (1955). The resultant maximum force (which -dyes the flow 

stress at 0°K) was obtained by maximizing the rate of thane of 

the energy with respect to motion alon the Slip plane. Using 

such a model, the activation energy for motion of edge disloca-

tion is found t€ be 

U 	Po  b l - crAdoyi 2 	(1.14) 

The flow stress at 0°K 

` 0  = Gtit (C)73.3 

ye 10 IdAaivin d:ifitAwtt.ol c4 	vziouti  (GlIntr ) wait niorcito 5b ass LIT) h ,i.g144 by 

d log O./'d 
(log rr) 

where Po 
= the force acting on the dislocation at 0°K. 

G = shear modulus 

= the difference between longitudinal and transverse strain 

of the tetragonal lattice distortion 

C --, the concentration of tetragonal defects, 

This result was suoces6full7 applied to the temperature varia-

tion of the flow stresseof f.c.c. ionic crlTstals provided screw 

dislocations determine this flow stress, since screw dislocations 

move at higher stresses than edges for the same velocity and that 

screws are impeded by the presence of jos. 	relationship 

between the flow stress and temperature is of the form "r2  

and as seen in the equation the yield stress varies with the 

square root of concentration of defects. There is evidence 

for iron by Stein and Lbw (1966) whY found a good agreement 

with Fleischer's theory for temperature dependence of hardening 

by carbon. 

1.4 reiewls-Fabarro force  

The force which opposes the movement of dislocations through 

an other wise perfect lattice from one equilibrium position to 
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the next, was considered by Peierls (1940) end 1abarro (1947). 
When a straight dislocation is moved from one ,7alley towards 
the next, the atoms in the -Acinity of the core of the dislocation 
change their positions and bond angles, causing the energy of the 
dislocatiOn to increase, Midway between two adjacent valleys, 
the dislocation energy reaches a maximum value and any additional 
small displacement will cause the dislocation to fall down the 
hill into the next Valley. The maximum shear stress necessary 
to promote such forward motion ,of the dislocation is known as 
the Peierls Febarro force. 

There are three major problems in the calculation of the 

Peierls Vabarro force associated with plastic deformation of a 
metal crystal. The first is concerned with the calculation of 
saddle point free energy for the successful nucleation of a 
pair of kinks as a function of the applied stress, so as to 
enable the determination of the frequency of formation of kink 
pairs along a dislocation; the second is associated with an 

estimation of the macrospic strain rate in terms of kinetics 
of nucleation and migration of kink pairs and the third problem 
is associated with the effect of interstitial iAmpuritie+n the 
above two factors. 

The overcoming of the Peierls Eabarro barrier by a 

dislocation segment is believed to be a thermally activated 
process. According to Seeger (1956) and Seeger et al (1957) 
the pEirs of kinks can be formed under the combined action of 
the applied stress and thermal fluctuation, and the energy of 
a kink is given by: 

(1.15) 

where a is the distance between the position of minima of 
potential energy Bo  is the line enerfry of the dislocation,To  
the Peierls rebarro force at 0°K. The activation energy of 
kink formation is given by: 

H 	U1  El+ 4. log (16 'fie/let))) 
	

(146) 

Recently, Dorn and his co-workers (1964, a;  1964,b. 1965 
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1967) proposed a criterion for the Peierlc Ypbarro mechanism 

to estimate the saddle point activation energy. They found that 

U
n
/2UK 

 wasauniquefunctionof e wherellis the activation 

energy for the nuaeation of a pair of kinks, 21j is the excess 

energy of kink pairs,'" is the effectie stress and ê0 is the 

Peierls Nabarro stress at 0°K. The relationship found between 

Un  /2UK  and 	expressed in terms of temperature T (testing) 

and the athermal temperature T 

U /2 	= T4 n/11.1(  (1.17) 

By analysing the existin' experimental detain this manner 

they found a good agreement to the expected universal curve 

and they emphasise that this agreement provides the evidence in 

favour of the Peierls Nabarro mechanism as a controlling mech-

anism of the low temperature deformation behaviour of b.c.c. 

metals. 

However, there is substantial evidence to show the 

influence of interstitial iMpuritiesi6the yield and flow stress 

(for example Fleischia' 1962,a; 1962k; . Fleischer and 

Hibbard 1963; Johnston 1962; Stein et al 1963: Stein and Low 

19661 Stein 1967; Koo 1963: Lawler et al 1962). 	Dorn and his 

co-workers, including Conrad (1961, 1963), neclected the possible 

effects of interstitial impurities on the thermally activated 

portion of the low temperature yield stress or flow stress, or 

assumed that the interstitials do not slow down the velocity of 

the kink. Although the low temperature strength of b.c.c. metals 

has been the subject of much attention and discussion, the 

fundamental differences in 'the view of the source of*low tem-

perature flow stress is not yet clarified. Whether this effect 

arises from direct thermal activation of dislocations past inter-

stitial impurities, or whether it is simply a reflection of 

modifications of the Peierls Nabarro mechanism, has not been 

solved. 
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1.5 Strain ageing 

When a specimen is strained beyond the Yield point n 

lar,e number of free dislocations are produced and propagate 

throu:h the crystal until the are /-.adually 	by various 

obstacles (strain hardening). 	If the Specimen is unloaded, a 

yield point is not obtained when it is immediatelY reloaded. 

However, if the time between the release of load and re-applica-

tion is sufficient to allow interstitial atoms to migrate to 

the dislocations and lock a lare fraction of them, the yield point 

will reappear. A greater applied stress is then required to 

initiate plastic deformation by moving existin: dislocations. 

A detailed treatment was given by Cottrell and Bilby (1949) 

assuming that the yield point would reappear when some fraction 

of the free dislocations produced by pre-strain had been pinned. 

The number n (t) atoms per unit.,olume of material that have 

migrated into dislocations at temperature T after time t is 

given by: 

n(t) 3 (172) 1/3  no 
L ( A D t )2/3 

k T 	(1.18) 

where no 
is the solute concentration in. the material at t 0 

D is the diffusion coefficient of solute 

L is the total length of dislocation per unit volume 

A is the constant depending on the strain introduced 

into the lattice by a solute atom. 

the 
This equation (1.18) is valid only forkearly stages of 

strain ageing. Harper (1951) modified the above equation 

to fit later stages of ageing, by assuming that the rate ofmigra-

t$04.04,: solute is decreased in proportion to the amount already 

segregated. Thus, considering q(q=g)) as the fraction of 

solute which has migrated to dislocatiori. 

q= 1- exp 	L (A D t/kT)2/3  1 	(1.19) 

log (1 - q) oc L (
At )2/3  
kT 

This reduces to Cottrell and Bilbyi s equation when the 
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exponent is small and their measurement showed that this is in 

good agreement with experimental observation over almost the whole 

range of ageing times. 

the 
The process of strain ageing involves not onlyAreturn of 

ad 
the yield point,

n
A  increase in yield and flow stress but also 

and 
increases in fracture stress, hardness,Aelectrical resistivity 

and decreased ductility. These changes due to strain ageing fol-

low a t2/3 law closely and at later stages the rate diminishes 

rapidly (Cottrell and Bilby 1949; Cottrell and Churchman 1949; 

Cottrell and Leak 1952; Thomas and Leak 1955). To explain all 

of these changes the strain ageing processes proposed are: 

1, atmosphere formation (Cottrell and Bilby 1949; Formby and 

Owen 1965) 

2, stress-induced ordering (Schoeck 1956. Wilson, Russel and 

Eshelbv 1956) 

3. precipitation formation (Thomas and Leak 1955; Wilson and 

Russel 1960; Bullough and Newman, 19621 Hartley and Wilson 

19631 Mclennan 1965). 

Generally the technique of yield point return es a function 

of ageing time and temperature has been used for the determination 

of the kind of element which is responsible forthe strain-agoing 

process (Begley 1958; Brittarin and Bronley 1958; Harris and Peacock 

1965; Stanley and Szkopiak 1962), but the result is still un-

satisfactory. 

1.6 Previous work on plastic deformation of niobium and programme  

of investigation 

In the past, most work has been with polycrystalline nio-

bium. These studies have dealt with yielding and work hardening 

behaviour (Adams, Roberts and Smallman 1960; Fourdeux and Wronski 

1964; Van Torn and Thomas 1963); the appearance and effect of 

substructure on mechanical properties (Berehezan and Fourdeux 

1963); the dislocation structure in deformed crystals Vronski 

and Fourdeux 1964); the effect of purity on yielding and flow 

behaviour (Mincher and Sheely 1961: Impram, Bartlett and Ogden 

1963; Evans 1962; Yotava 1964); the effect of temperature (Harris 

1964), strain rate (Johnson 1960), twinning (Stiegler and 
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LiacHargue 1964) and dislocation etch pits study in the pre-yield 

region (Koppenaal and Evans 1963). 

There are very few results available for the properties 

of single crystals: Fitchell, Foxall and Hirsch (1963) studied 

the work hardening properties of zone-melted niobium single 

crystal for certain orientations, and found 	for an orienta-

tion near the centre of the stereographic triangle that room 

temperature deformation resulted in three-stage work hardening' 

in the same manner as in the f.c.c. metals. 	Decreasing the 

test temperature and increasing the strain rate caused an increase 

in the yield stress and a decrease in the first stage work hard-

ening rate. Slip line observation indicated lore: slip distances, 

evidenced by long straight slip lines for edge dislocations, and 

short wavy slip for screw dislocations. They suggest that 

their results support the double cross slip dislocation multi-

plication mechanism proposed by Low and Guard (1959). 

The orientation dependence of yielding and work hardening 

behaviour of zone-melted niobium single crystals at room tem-

perature, was investigated by Votava (1964) for corner orienta-

tions of the stereographic triangle" where he observed a sharp 

yield drop for all corner orientations. His tensile specimen 

was prepared during zone-melting by varying the power supplied, 

and he ascribed the observed yield drops to the lower density 

of fresh dislocations due to this method of preparation. 

Ceometrical softening plenomena were observed for the crystals 

with till> tensile axis which he attributed to the intensification 

of stress due to the lattice rotation. 

Taylor and Christian (1965) reported work on as-grown and 

vacuum annealed niobium single crystals. They observed the 

temperature dependence of the yield stress for both purities which 

was found to be insensitive to the purity of cr:stals, and their 

results wore in good agreement with the previous work of Christian 

and Masters (1964) on less pure single and polycrYstalline niobium. 

A thin film transmission study has been reported by some authors 

( Taylor and Christian 1967) for single crystals of niobium puri- 

field in. ultra hi;,.h vacuum. 	At room temperature the mierostruc-

turmobserved after single glide were very similar to those which 
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have been reported for f.c.G. c6Pper crestals. In stage 1, 

braids in the primary slip plane consisted mainly of ede 

dislocation multipoles, but more complex tangles containing 

many secondary dislocations were formed in stare II, and were 

joined into walls of a cell structure. The crystals oriented 

for double slip showed the formation of high angle boundaries 

after large strains. They suggested that screw dislocations f 

from different sources cross-slip and mutually annihilate at 

room temperature, but are prevented from doinf this by the 

friction stress at low temperature. 

Reid et al (1966) found a highly anisotropic deformation 

behaviour at 77°K, in tension and compression of niobium 

single crystals. Crystals with (110) orientation. deformed by 

twinning in compression, while these crystals deformed by slip 

at higher stress in tension. Crystals with (106/ axis deformed 

by slip for both tension and compression. Crystals near <111) 

orientation underwent estastmegchic localiwed flow in tenaion, 

the plane of shear vas found to be near C110, and the shear 

direction near (10) They suggested that this anomalous 

behaviour was caused by the motion of dislocations with a 

(10d> Burgers vector, as a consequence of the low value of the 

anisotrop,- factor in niobium at this temperature. 

Recently, Duesbery end Poxall (1965), Bowen et al (1967) 

Foxall et al (1967) investigated the orientation dependence of 

the operating slip systems in tension and compression for 

certain orientations. They found some evidence of an assytn-

metry in the critical resolved shear stress for slip on 0.123

plane, which iivreases with decreasing temperature. Am attempt 

has been made to explain this effect in ter,ls of the dissociation 

of a/2(111) screw dislocation on f1121 planes. However, 

Sherwood, 	Kim and Pratt (1967), by examining the orientation 

dependence of yield stress in tension and compression for corner 

orientations of niobium and other h, ,c crstals, demonstrated 

that the anisotropic behaviour in tension and compression can-

not be accounted for simply in terms of an anisotropic Peierls 

stress due to dislocation core asymmetry. 
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It is seen from the precedinc,  review and discussion of 

the present state of our knowledo of the relationship between 

the mechanical properties and orvstal imperfections  that there 

are still many questions which need experimental _ir 

In this thesis the work was designed to stud-k,  the effect of 
&ftd 

impurity on the yieldin and flow behaviourtAof orientation and 

temperature effects on the yieldin,,, and work-hardening behaviour 

in tension and compression for the sinje cr-stals of niobium 

of. smmetric orientation. 

The present work vas divided into three parts: 

1. The preparation of single crystals involvin, the evaluation 

of purity resulting from chanAn; the various parameters d 

during crystal growth. 

2. The effect of the interstitial impurities on the yielding 

and strain ageing behaviour. 

3. The effect of orientation and temperature on the deforma-

tion behaviour in tension and compression. 
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CHAPTER 2  

2.1 Introduction 

Since Lndradels success (1937) with grain gwolA 	it at high 
temperature, this technique has been used widely to produce 

single crystals of high melting point waterialo. Ts :en atd Mow (1937) 
had obtained molybdenum single crystals of several centiroetres 
in length from 0.25 mm dia. wire. Chen, Maddin and Pond (1951) 

modified Andradels original method by applying: a small tensile 
strainsdurin,c: annealing to urow a sinrle cr-stal of several 

cent metres in length and 3 mm in diaoeter. Using the same 

technique, single crvstals of niobium, 1 cm long and 3 mm in 

diameter, were also prepared by 1,1addin and Chen (1953). 

Several disadvantages are associated with the use of the 

Andrade technique (1937) or the modified version of it (Chen, 
Naddin and Pond 1951. Tsien and Chow 1937)., This technique 
is restricted to a material having high thermal and low electrical 
resistivity; There is no means of precise orientation control 

and the size and purity are limited. Yevertheless, this tech-

nique has some advantage, particularly in the case of materials 

having a phase change between the melting point and DOOM tem-
perature. 

However, the increasing demand for single crystals of [reater 
purity, high perfection, better quality and larger size has led 
to the development of the floating zone melting technique, 
which was first used b7 Keck and Otalay (1953) to :,row single 
crystals of silicon. In this technique no retainin' crucible 

is required and extra purification is achieved as a result of 

zone refinin -  and evaporation of impurities if the process 

is carried out in vacuum. 

Crowin of single crystals by the zone-meltimg technique 

and the factors pertainni to the technique of zone-meltilv 

and their evaluation are discussed overleaf. 
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2.2 Zone-melting 

The term "zone-melting" denotes a -,roup of methods for 

controllinE the distribution of solube impurities or solute in 

crystalline materials. A narrow zone travels slowly.  along a 

rgd resulting in a sinrle crystal  and re-distri-

bution of the solute. The final distribution of the solute, 

concentration profile, depends primarily on the effective 
segregation coefficient K and the startinr composition. 

The theory of this prorless has been thoroughly studied by 

Pfann (1952; 1958). He derived an equation for the concentra-

tion profile after sinJe and multiple zone melting` passes, 

assuming a two-phase s7stem in which the melt is 	homog-

Eeneous, and that the diffusion of impurities in the solid is 
negligible, and the segregation coefficient K is constant. 
The solute concentration in the solid with distanoe ttdom the 

starting end is given as: 

= 1 - 	e co (2 .1) 

where Co  is the initial concentrationj is the zone length and 

K is effective segregation coefficient. The solute distribution 

for different values of K is predicted by equation (2.1) if Co  is 

known. 

According to Burton et al (1953), the effective segrega-

tion noeffiAent, K, is related to the equilibrium coefficient 

Ko 
by the equation: 

K 
	Ko 

Ko (1 - Ko)e 
-4) 	( 2. 2) 

where Ko  is defined as the ratio of solute concentration in the 

freezing solid to that in the main body of the liquid. WY) 
may be regarded as normalized growth velocity. 

The basic equations for the solute concentration profile 
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after multiple zone passes have been derived by Reiss and 

Helfand (1940), Burris et al (1955), and Lord (1961) as a function 

of distance in unitsof zone length. Jit is predicted that the 

purification in a specific solvent-solute s7stem would depend upon 

the number of zone passes and the effective se - regation co- 

efficient which is, in turn, a function of zone speed. 	Hence, 

a greater deree of purification could be expected by the slower 

zoning speed and larmer number of zone paSses. There will be 

a radual deci:ne in the efficiency of purification with each 

repeated pass to a point where the limit of solute distribution 

may be reached (Barris, Stockman and Dillon, 1955). 

This process of purification applies to the zone-melting 

proces only. However, in the present case electron beam 

floatinc: zone-melting is carried out in a vacuum. Therefore, 

the purification is thouoht to be achieved by vacuum distilla-

tion of lower melting point. elements and the volatilization 

of gases and impurity (Wulff 1959 Vtnkler 1960; Smith- 19581 

Votava 1964; Drangel and . urray 1964) elements as volatile 

compounds as well as 137 zone-melting. 

Crystal growth takes place simultaneously with the zone melt-

ing process. The molten zone travellinm alone a polycrystalline 

rod leaves the solidified portion behind it in the form of single 

cr-Jstal, provided suitable conditions are maintained to avoid 

the formation of extraneous nuclei ahead of the growiT4 crystals. 

These conditions are fulfilled by- keeping the degree of super. 

coolin of licuid near the interface to a minimum. Tn practice, 

this is achieved by imposing a steep temperature gradient in. 

the molten solid and a slow cooling rate, i.e. a slow zone 

speed. 

2.3 Electron beam floating zone meltin' 

Tie usual method of heating by induction to obtain a 

molten zone (Buehler and Kunzler 1961; ':Ternick, Doris end 

Byrnes 1959; Buehler 1958) has been superseded b the electron 

bombardment technique since its development b 

Gaverley and Lever (1956). 



Fig. 2.1 Genertl view of the electron beam zone melting apparatus 
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In this technique the electrons from a rinf4-shaped tungsten 

filament are accelerated towards the rod and focussed on a narrow 

region, and this is achieved by applying a high voltage across 

the filament as a cathode with the rod actin; as an anode. The 

floating; zone is supported b- the surface tension of the molten 

liquid and its stability is dis6useed by Heywang. Tine melting 

process takes place in a vacuum chamber.. By movin the cathode, 

the molten zone travels along the polvcrYstalline rod leavin,  a 

sinde cr'.rstal behind. 

:yin; :le crystals of many refractory metals includingW, Rh, 

MO Va, Tb, Hi, Ta and Si are prepared in this way and their purity 
and perfection axe superior to that obtainedby any other method. 

2.4 Description pf Apparatus 

rig. 2.1 is a general view of the electron beam zone meltin 

apparatus in which the single crystals of niobium were grown. 

The cylindrical furnace chamber is made from nickel plated mild 

steel cooled by running water. This chamber is evacuated through 

the bottom by a (6 inches diameter) oil diffusion pump with a 

pumping speed of 300 litre/sec. A liq,Ad nitro Yen cold trap bet-
*teen the diffusion pump and the chamber reduces the back-streaming 

of oil vapour into the chamber. 0r one side of the furnace wall 

there is an observation quartz window protected by a- moveable 

radiation shield and silica glass plate whiCh is easy to move and 

clean. The vacuum. pressureiicmeasured by an ionization cause 

with its head connected to the side of the chamber. 

All internal parts of the furnace, Pig. 2.2, can be lifted 

and lowered into the furnace by a hoist. 

The liquid nitrogen-filled stainless steel "cold finer" 

attached to the lid, acts as a trap for vapours, thereby effective 

improving the vacuum pressure inside the furnace. 

The cathode is insulated by two pyrophvlite blocks which 

are mounted on lead zorews. 



Fig. 2.2 Internal parts of the electron beam zone melting furnace 

1. Liquid nitrogen trap 
2. Movable window shield 
3. Lower sample clamp, adjustable in height 
4. Insulating pyrophilite block 
5. Water-cooled lead screw 
6. Extendible current leads 
7. Vacuum sealed terminals 
8. Reduction gear 
9. Water-cooled baffle 
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Fig. 2.3 Detail of the seed holder, the top focussing plate 

has been removed 

32. 



Fig. 2.4 Molten Zone 

33. 
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The cathode assembly used in the initial stages of this 
investigation is similar to the one developed by Cole et al 

(1961). In this, the filament is hidden from the molten zone 

to avoid contamination of the crystals by metallic elements 

emmitted from the filament, and to avoid coating of the filament 

with the metal ejected or evaporated from the molten zone. 
Because of the high impedance of this design, the emission 
current was very low, making Tower control difficult and result-

ing in a poorly shaped single crystal,. it addition no sputtering 

from the molten zone was encountered when niobium cr,Tstals were 
grown, and so a direct focussing cathode of low impedance was 

constructed in, collaboration with P,3. Sherwood. The top and 

bottom focussing plates are made of molybdenum, while a tungsten 

filament (0.5 mm in diameter) loop is supported horizontally by 

a leg resting on the bottom focussing plate. This ensures 

that the plates a..e at the -same potential so that the electrons 
are focussed electrostaticall-. 

The high voltage, 10 KV, 1 Amp, D.C. supply unit has a full 

wave rectifier, supplied by Miles Eivolt Ltd. It incorporates 

a trip circuit to prevent overloading and a power control 
circuit, operated by a thyratron, which regulates the temperature. 
of the filament and therefore, the emission current. The con- 

trol circuit is similar to:that used by Birbeck and Calverley (1959).. 

It is necessar,,  to operate the , emitter in 	limited range to 

ensure effective regulation. 

The filament heating current is supplied by a high voltage 
insulated transformer with a rating of 20 Amp. at 50 Volt. 

2.5 Operating characteristics and Growing Procedure  

With water cooling of the furnace chamber, the vacuum pres-

sure of the furnace was about 6 x 10-6  torr, 'Then the cold 

finger was filled with liquid nitrogen the pressure improved 

to 2.5 x 10-6  torr, 

A stable molten zone of 3 mm length, in a 3 mm diameter rod, 

On maintaining the rod et the melting 

point, the pressure rose to 8 - 9 x 10 torr, but after several 

minutes decreased to about 4 x 10-6 torr. 
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could be formed using a voltage of 2.5 - 2.6 KIT  and emission 
current of 77 - 80 mA during the first zone pass. This gives 
a melting power of 200 watt. The second pass required slihtly 

less power, about 184 watts. A 6 mm diameter rod of the same 
material required 558 watts at 6.2 Icy and 90 mA. Fi. 2.4 
shows the cathode assembly and configuration of the molten zone 

of 3 mm diameter rod for the downward pass. 

The starting polycrystalline rod of 3 mm diameter and 
28 cm length was mounted in the furnace and subjected to zone-
melting. After completing the first zone pass, the power was 
decreased taking the crystal below its melting temperature. 

For zone levelling, the crystal was re-melted at a distanc of 

7 zone lengths from the last freezing zone and the second pass 

resumed. This procedure was adopted to avoid disturbances in 

orientation and also to avoid contamination from heatinE of the 
chuck and from the accumulated solute at the end of the rod after 

the first zone pass. 

The variation of vacuum pressure with time using; the 
zone refining process (A), zone levellinr process (13), and fast 

zone levelling, (C) are shown in Fig. 2.5. 	In all three cases 

there is an appreciable fall in pressure after the first zone 

pass. Thereafter, the decrease is less with subsequent zone 

passes. 

Uniformity in the distribution of impurity along the crystal 

was achieved by a "zone levelling" (Pfann 1958) technique with 
a number of zone passes alternatively in opposite directions. 

To evaluate the influence of the variables controlling 

electron beam zone-melting, single crystals were grown as follows; 

Type A Crystals  

1. By a zone levellitn;.  technique at a zone speed of 2.5 mm/Min 

with. various numbers zone passes on (1100and (100 orienta-

tion. 

2. By a zone levellin technique at a zone speed of 2.5 =bin 

With two zone passes for crystals oriented in4;100))4(110>I<Ili>) 
and the centre of a stereoraphic triangle. 
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Type B cr7stals  

By a zone levelling technique at a zone speed of 5 mm/min with 

two zone passes for (110 orientation. 

Type C crystals: 

By a zone refining technique at a speed of 2.5 mm/min. with 

two zone passes for <110) orientation. 

Type D cri'stals  

By zone refining at a speed of 2.5 mm/min wit: -1 one zone pass 

fbr (110> orientation at a vacuum pressure. 

1. between 	x 10 3  torr. 

2. between 4.9--*3.0 x 10
-6 

torr. 

The start.ng polycrystalline material is in the form of 

electron beam melted rod and was supplied by Fansteelaboken, Belgium. 

A chemical analysis of the starting material and of crystals of 

one and four zone passes made by E. . Du Pont de remours & Co., 

U.S.A. is shown in Table 43- 

2.6 Seeding of oriented crystals  

A randomly oriented crystal was fixed to a 6 mm diameter 

stainless steel cap which was then sliced through a plane normdl 

to the desired orientation. The cut surface was attached by a 

screw to the horizontal plane of the holder so that the seeding 

direction coincided with the vertical axis of the rod. See 
Fig. 2.3. 	Subsequent crystals of the same orientation were 

/4.own by using a length of crystals previously grown by this 

method and were less than 3o from the desired orientation. 

Fig. 2.6 shows the orientation. of crystals of one zone 

pass grown without seedng. There was no definite preferred 

orientation, however, it is noticeable that the crystals tended 

to grow with their axis closer to 4110} than any other orientation. 

Similar results were reported on iron single crystals s.own by 

a strain annealing technique usin zone refined iron (iffichali*1965). 

It is possible that the <110) preferred orientation. of .the 
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Fig.2-6. Stereographic representation of Crystals grown without seediur • 
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recrystallization and wire deformation textures (Barrett 1943) 
may be responsible for such behaviour in b.c.c. metals. 

2.7 Evaluation of the effect of zone melting  

The electron beam zone meitin,,,. technieue has been used by 

many workers for preparing pure sinple crystals of the b.c.c. 

transition metals for mechanical tests. The purity of the 

crystals has been commonly evaluated by means of resistivity 

ratio measurements (Barrett 1943), hardness (70tava 1964, Drangel 
andriurray 1964), tensile tests (-itchel, roxall and Hirsch 1963) 

and chemical analvis (need 1966). Howe,rer, in this investiration 

strain a.eing experiments were also used for the purpose of evaluation 

In order to avoid the complexitv which may arise from crys-

tallographic geometry all the tests were carried out on tensile 

specimens oriented in the <110) orientation. This orientation 

vies chosen because preliminar'; experiments showed that the 

yielding behaviour was influenced b,  impurities to a greater 

extent than in any other orientation. 

The resistivity ratio measurement has long been used as 

a measure of impurity content present in solid solution. This 

has been described in detail 137 Kunzler andiWernick (1958). In 

the present investigation resistances were determined at low 

temperature in a liquid nitro. en bath (77` and at the high 

temperature were measured in a mixture of ice and water (273°10 

for varying numbers of zone passes. 

Hardness measurements were made on a cross section at one 

end of the tensile specimens after preparation by spark planing 

and subsequent chemical polishing for 45 sec. in 7 parts of nitric 
acid and 3 parts of hydrofluoric acid. Since it is well-known 

that the microhardness 7alue under low load is higher than 
the value obtained from macrohardness it was decided to carry 

out both types of hardness measurements. 'rldentations were 

made with a Beichert microhardness tester usin a load of 24 

gramie, and bickers hardness tester using a load of 1 kilocramm. 
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Tensile tests were performed at a strain rate of 4.9 x 

10-4  sec-1. The stress at the first deviation frA3 linearity 

in the stress strain curve was taken as the - field stress of each 
crystal, 	proportional limit. Each specimen was prepared 

according to a procedure described in 3.2 

Por the strain ageitv experiments, two single zone pass 

crystals of identical orientation were grown at the same zone 
with the 

speed. However, 	crystal Di, was grown 	pressure between 

x 10-5  torr, 	whereas 	crystal D2, was grown at 

a vacuum pressure of 4.9-4,  3.0 x 10
-6 torr. They were then pre-

straned at room temperature at a strain rate of 4.9 x 10-4sec-i,. 
unloaded and then given ageing treatments at 296o, 373 and 473°K' 
for various time intervals. 

2.7.1 Effect of number of zone passes  

In the electron beam zone melting technique the deEree 

of the purification depends first17 on the purity of the starting 

material as predicted in equation (2.1) Fence, under identieal 
of 

conditions zone length, vacuum pressure during melting, zoning 

speed and direction, and starting material, the purification 
achieved should depend solel[ on the number of zone passes. 

This fact has been confirmed 137 previous workers on electron 
OD. 

beam meltJd niobium (Atchel et al 1963) , t:TIsten (Koo 1963) 
on 

by means of yield stress, and molybdenum (Lawley et al 1962) 

by means of hardness. 

The present results of resistivity ratio R273  oK 
/R77 oK' micro- 

hardness and Vickers hardness, and 	stress, are presented 

in Pi;. 2.7 as a function of the number of zone passes. 

The value of resistivity ratio' R')73  o_/11 77o1   of 5.7 - 5.46 

for one to six zone passes are sliht17 hiuher than the ,:alues 

reported by Votava (1964) of 5.05, 5.15 and 5.10 for eight, 
sixteen and twenty-seven zone passes of niobium_ This dis-

crepancy may result either from different compositions of 

starting material, or zone speed or from both factors. Votava 

used the niobium supplied by Murex Co., and a zone speed of 14 

mm/min, about 5.6 times faster than that used in this work. 
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Fig.2-8. Tensile Stress Strain Curves of <110> oriented Crystals 

with Varying Number of Zone Passes. 
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Fig.2,-9. Temperature Dependence of the Yields Stress of Crystals of 

<110> Orientation with Varying Number of Zone Passes. 
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variations of both microhardness and Vickers hardness were 
marked 

also apparent but became lessAas the n, mber of zone passes increased. 

For one to six zone passes the microhardness varied from 67 to 

56 Wm
2, whereas the 7ickers hardness varied from 45 to 40  

I n/mm-
2  
. 	votavals 'ickers hardness varied from 44 to 48 KC/mm

2
• 

The decrease in yield stress with increasitv-  number of zone 
passes was more rapid than the variation observed using the above 

mentioned other methods. 	The yield drop,. as in FiE. 2.8, and 

the temperature dependence of the yield stress, in Ft q. 2.9, 

changed markedly with increasing number of zone passes. This 

will be discussed in detail in 4,7 

2.7.2 Effect of zone leyellim! speed  

As shown in Fig. 2.10, the variation of hardness along 

the crystal for both fast and slow zone levelling speed crystals 

was hardly detectable, whilst the yield stress was generally 

higher, and increased si,gnificantly with distance froM the starting 
end in the case of fast zone speed crstals. In this work the 

zone speed differed by a factor of two, and this caused a 

significant change in the impurity distribution profile along 

the crystal, and in the overall purity. These chances may have 

_Arisen from differences in the time available for purification 
during zone melting. However, Dranr,fler and Murray (1964) found 
that the slower zoning speed for electron beam melted. t,:ngsten 

and molybdenum improved the cr-stal near the starting end on1r, 
whereas the rest of the crstal did not vary. 

2.7.3 EffeCt of zone refining and Zone levelling 

The factors which mAiT have an influence on the concentra-

tion profile along a crystal have previously been discussed 

in 2.2 A considerable impurity !,- radient is navoidable in 

the zone refining process, hut in contrast a more uniform, or 

level, concentration profile could be expected in the zone-

levelling process. The results of hardness measurements and of 

yield stresses along a zone-refined crystal and the other levelled 

crystal, after two zone passes at the same zone speed, are compared 
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in. Fig. 2.10. Yo significant differences in harftess alona and 

between the two difi'erently prepared crystals were observed. 

However, the yield stress was Sliehtl4,  lower end. decreased 

towards the finishin end in the case of the zoneidrefined 

crystals. Whether this sliltit difference is caused by the 

characteristics of the zone-refining process or by experimental 

scatter in the measurements is not clear. Be contrast Koo (1963) 

has found that in 	zone-refined tunesten single crystals, the 

yield stress increased rather steeply up to 7.6 cm from the 

startinc end and then remained constant up to the finishing 

end (22,9 cm from the starting end), The theoretically pre-

dicted "tail-up" concentration profile in the zone- refining 

process does not apply to the present obServatien. Theory 

sueests that, for the present ease of niobium, K eust be >1 

for the impurity eontrollin the yield stress. 

2.7.4 Effect of 7acuum pressure durine; the zone melting 

Previously- it has been accepted that the purifidation 

mechanism involeed in electiln beam zone meltinE techniques 

entails the vacuum distillation of lower melting point elements 

and volatilization of oxides and nitrides as well es zone-refining. 

(Wulff 1957;, Winkler 1960; Smith 1958; Votsda 1964; Ira el. and 

Hurray 1964). Yet, in. the present investigation the vacuum 

pressure as found to be the most influential parameter, being 

more important than the number of zone pass or zone speed in 
controlling the purity,  of single crystals. 

In Fie.. 2.11 cr,etal D 1, rown at poor eacuum pressure, 

shows a much hi her proportional limit, larger Acid drop and 

larger susceptibilite to strain ar:eine than the ex,rstal I) 2, 
rown in a better :vacuum pressere. 	This provides substantial 

evidence of the importance of interstitial impurities on the 

initial yieldim,  and strain aPein: behaviour. 

The proposed purification mechanisms of Waco um distillation 
and volatilization of lower melting point ele7ents" ma,r be a 

a 
contributine factor. 	The vapour pressures of wand- elements 

are sufficiently high to brine about distillation. at, and near 
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the zone melting temperature. They are transferred through the 
vapour phase to a cooler part of the furnace, such as the 

liquid nitrogen filled "cold finger" or the water-cooled furnace 
wall. However, in. the case of dissolved gaseous elements such 

es nitrogen and oxe&en, the soli. iii 	is proportional to their 

partial pressures. By olprovingthe vacuet pressure in the 

furnace the solubility is corresponclinel,- reduced and this leads 
to the higher purity crests'. This explains the above observed 

effect of vacuum pressure on the purite of crestals. Further-

more, the observed similerity between the improvement of vacuum 

pressure with time (also number of zone passes) and the improve-

ment of purity achieved with inereasine rember of zone passes also 
provides substantial evidence to support this view of the pori' 
fication mechanism. 

2.7.5 Chemical analysis and purification mechanism 

It is unfortunate that during the current work of investiea-

tion the chemical analysis of the metallic elements was not car-

ried out. The extensive chemical analysis of Reed (1966) shows 

that the tantalum and tungsten contents have not been altered 

after 12 zone passes. This se -  iests that the considerable concern 

about contamination by tun- sten from the filament of the cathode 

assembly is not so serious as has been see-ested be previous 

workers. The vaeoer pressere of pure t -n sten and tantalum are 

comparati,,ele low at the zone meltinf temperature, and these 

values are further reduced due to their small concentrations 

in the niobium crestals. Even at the very low vacuum pressure 

which was employed in the current work, the removal by distillation 

of these elements cannot be expected. Om the other hand, 

analysis of the inters-title's showed that the carbon content 

increased with ineeeasine number of zone passes, whilst the 

nitro en content markedle decreased. The ore-en results were 

rather scattered. 

In contrast to heed (1966), the present chemical analysis 

indicates that the carbon content was reduced by half after four 

zone passes, and the nitrogen content reduced similarly after 

the first zone pass. The oxygen content decreased after the 
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Table  2.1 (Weight in .p.pm.) 

Chemical Analysis of Starting Material  

and of Single Crystals after  

one and four zone passes  

Starting material: 

02 

29 

H2 

1 

C 

7 - 8 

N2 

63 

One pass (1) 

(3) 

12 

21 * 

7-9 28 

35 

Four passes (1) 

(3) 

37 

29 * 

4 

4 

20 

31 

PYCCISioN o+ Method 02  + 3 p.p.m. — 

H2  + 1 p.p.m. 

C + 5 p.p.m. 

N2  + 2 p.p.m. 

* = not determined 
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first zone pass and then increased to a leeel in excess of that 

found in the starting material. 

A comparison between the report of Reed and the present 

anal7sis implies that carbon contamination due to back-streaming 

from the vacuum system took place in his case, which, due to 

the better cold trap this did not occur here. In the case of 

dissolved -aseous elements such as nitroeen and oxi,een the solu-

bility is found to be decreased by increasing the temperature 

and by decreasing the vacuum pressure. nowever, an increase 

in oxygen in the present case with further zone passes is not 

unreasonable. Consider the thermodynamics of oxide formation 

calculated from the free energy of formation of 14b0, the equili-

brium partial pressure of the Ebtilb0 sFstem at approximately 

2,400°C is 10-10  tom (Steele 1965). The oxygen partial pres-

sure in the vacuum furnace is probably less than that, so it 
can be stipulated that no I 	is formed in the molten zone. 

"However, as the temperature drops immediately behind the molten 

zone, the partial preesure of the oxee,en will be sufficient to 

form Nb0 because the equilibrium partial pressure of ore en in 

the Mo/1:Yb0 s.stem decreases rapidly with temperature. This 

suggests that IMO is formed after the zone has passed over the 

crystal. The oxygen content could be further reduced only by 

further improvement in the vacuum pressure and by increasing.  

the temperature eradient near the molten zone. 

Based on the present chemical analesis the observed lar:er 
yield drop and higher yield stress occurred in the least number 

and 
of zone passes, as shown in Fie. 2.8,hthis effect is very 

likely due to the carbon or nitrogen interstitial impurities. 
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2.7.6 Summary 

1. A food agreement was found between resistivity ratio, 

hardness and yield stress in the evaluation of purity caused 

by varying the zene.melting parameters. 

2. The improvement in overall purity achieved with increas-

ing number of zone passes was found to be ereater between one 

and two zone passes, then diminished between subsequent zone 

passes. 

3. 	A fast zone speed resulted in poor purity of crystal and 

caused a considerable gradient in impurity distribution along 

a single crystal rod. This prose from an increase in the value 

of the effective distribution coefficient. 

4. No significant difference in the impurity distribution 

profilewas observed between zone-levelled and refined crestal 

when the same zone speedwas used. 

5. The vacuum pressure durinL the zone melting process was 

found to be the most influential parameter in controlling the 

purity of crystals. 

6. Cood apreementwas found between the pro. ress of purifi-

cation and the improvement in the vacuum pressure with time. 

This implied that the removal of the products of volatilization 

and degassin, b the vacuum system was a major part of the puri-

fication. vacuum distillation of lower melting; point elements 

would also be promoted by decreasing the furnace pressure. 

7. Chemical analysis shoAeathat the i'iprovetuent in overall 

purity due to further zone passes eras most Likely due to the red-

uction of carbon or nitro-en contents. This may be associated 
the 

withAobserved higher yield stress and discent,nuous eieldine 

behaviour in the cr-stals with the leest number of zone passes. 
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CHAPTER 3  

3.1 Introduction 

It is well known that the stress-strain behaviour of single 

crystals is very sensitive to the surface damare introduced 

during preparation of the specimen. Therefore it is desirable 
to minimize any cold-worked layer. 

The usual methods employed by previous workers to produce 

sinple crystal specimens are the followino 

A. Chemical or electrolytic machining (Schadler and Low 1962. 

Lawley, van den Sype and THaddin 1965; Titchener and Davies 

1963; Lawley and GaiOler 1964). 

These methods are supposed to be strain-free frog arty 
possible damage due to machini4: effects. Thus their applica-

bility in the case of niobium was inestiated. The apparatus 

consisted of smooth rotating wheel of pyrophilite, partially 
103  and 3 parts 

of EF. Above this a specimen was mounted. The crystal was 

held in contact with an acid layer over the wheel and rotated more 

slowly than the wheel in the oppoSite direction. Por electro-
lytic machining, the specimen was connected to a positive electrode 

and a Pt, cathode was immersed into the electrolyte consisting 

of 9 parts of h2S0A  and one part of HP. This method was found 
to be only practical when the crystal rod was very uniform in 

diameter and the machinilw rate very slow. Usually, the as- 

rown sinile crystal rod was not uniform as a result of haying 

been :rown in a superheated condition. Therefore, it was 

neccessary to reduce the diameter suite markedly. 

B. Mechanical machining and subsequent removal of deformed 

layer by chemical or electrolytic polishing. 

Sinje crystals of tunrsten machined by oentreless ;rindin7 

(Ferris et al 1962; i(oo 1963) and of molybdenum by flat-surface 
Rrindinv (Cuiu 1965) were reported. However, the stress-strain 



54. 

curves of comparable orientation of molybdenum by Guiu showed 

a significant difference in the work hardenim- rate froth 

that of Lawley and Geigher (1964), prepared by electrolytic 

machining. In. spite of fast and accurate machinin,e. of specimens 

the detection of a damaged laver in•the specimen and subsequent 

removal of the deformed layer present treat difficulties, 
4; 

C. Spark machininT and subseqeent removal of the damaged 

layer by chemidal and electrolytic polishing 

Electric spark machining is a process in which material 

removal is achieved by spark erosion. The amount of removal 

from the surface is controlled 10,- the intensity, and the time 

interval of the spark between the electrode and the work piece. 
that 

The principle involved in this process is thought to beAthe material 

removal 	occurs either by surface melting (Samuels 1962; 

'Williams and -3ade 1956) or by vaporization by the spark. It 

has been established that the resultant surface is plastically 

deformed (Samuels 1962; Williams and ':rade 1956), in some cases 

cracks are present to a certain depth (Samvels 1962; ;Tilliams 

and wade 1956; :3eardmore and Full 1966). 	It is -enerally 

believed that the damage is caused by thermal eiock (due to 

the hi:h temperature) or possibly by a cavitation effect in vapour 

pockets formed in the spark discha2 e. Since its development 

as a laboratory tool 	Cole et al (1961) this technique is 

most widely used with a view to minimizing surface damage. 

3.2 ;:Machining of single crystal specimens 

Pi,::. 3.1 shows an as1rown single cr-stal of niobium in 
a two-staee goniometer, used to align a seed crTstal in the 

desired orientation. 

The avera e length of all as-grown. single crystals was about 
and 

25 cm lon6,Aabout 7 zone lengths were cut off from.both ends of 
each single crystal to guarantee that all specimens would be of 

the same purity. 

Tensile specimens were produced usin a Servocet STU) spark 
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Fig. 3.1 Niobium single crystal rod in two stage gonionieter 
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machine. As-grown single crystals of 3 mm dia. were cut into 

3 cm length 1),/ the spark slicer. 	They were then spark-lathed, 

starting from rane 4 and finishinF at range 7, which is the finest 
rane. In this way the tensile speemens were 4.7en a 16 mm 

gauge length with a shoulder radius of 3 mm. The final diameter 

of the specimens was 2.7 - 2.8 mm depending on the uniformity of 

the diameter of the as-rown crystal. The deformed layer of 100 

microns due to the spark lathirw, was subsequently removed by 

electrolytic polishing for one hour at a voltage of 15 . 17 
volt and 0.3 - 0.4 amp. Fit  3.2 is the X-ray Laue picture 

of the as-machined surface which shows a split Debye ring on a 

background of faint spots. Due to the removal of 50 microns 

from the surface, the ring disappears and spots become as clear 
as those of an undeformed single crystal. 

Cylindrical compression specimens were prepared by slicing 

previously spark lathed and electrolytically polished lengths of 
single crystal with a carborundom wheel. The compression 

faces were vround on 600 grade silicon carbide paper using  

a specially designed jig to ensure that the faces were accurately 

parallel. 	Gauge lengths were about 6 mm, and au:,e diameters 

2.5 mm except for specimens to be tested in the temperature 

range of 8 - 20.6oK. In the latter case, the gauge length 

was 2.46 - 2.5 mm and the rauge diameter 1.27 - 1.68 mm, 

3.3 Effect of the damaged layer on the stress-strain behaviour 

The effect of the damaged layer introduced durinr:. the 

spark machining on the stress-strain behaviour was investiated 

by testing two specimens from the same single crystal rod. 

These were cut consecutively to avoid the complexity of inhomo- 

eneity of solute distribution along the rod and polished for 

different amounts after spark machnin,.. 	l'i:'. 3.3 indicates that 

the specimen retaining the damaged layer has a steeper work-

hardening at the beginningof plastic flow and a slightly hi;--her 

yield stress. 

This is ver7 similar to the difference in tha work-hardening 
the 

rates atAearly stages of deformation in molybdenum simle 



(a) as machined 

(b) after machining and subsequent removal by electro-
lytic polishing of 50 microns from the surface 

Fig. 3.2 X-ray Laue photographs of a single crystal specimen 
of nibium 

57. 
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crystals prepared by electrol -tic machning (Lawley and 

Caigher 1964) and mechenical grinding (°Uiu 1965). 	It is 

probable that fresh dislocations in the latter, which were 

introduced during mechanical ,7:rThd'ne, were not removed completely 

by subsequent electrolytic polishing thus causing_ a steeper 

work hardening rate. 

3.4 Testing machine and accessories 

Tension and compression tests were conducted in an Instron 

Lachine, model TTwal, fittled vitt e /oat call, 14o4 attomhtic 

load recorder has a 1/4 see full scale response, e quick change 

push-button unit supplied with the instrument allowed a rapid 

change of cross head speed to be 'lade before and during a test. 

Vith the insertion of a decade speed reducer into the drive 

gear system, the cross head speed could be varied in discrete 

steps from 0.005 to 50 cm/Min. 

For tests at other than room temperature a frame made of 

nickel plated mild steel, mounted on the bottom of the mobile 

cross head, was used. This frame could be sebmereed in a 

liquid during the tests. 

Special split thread friction type grips were designed 

to fit the tensile specjmen as shown in TA.,  . 3.4. 

The compliance of the system composed of a testin^ machine, 

load cell, universal coupling and grip adapters, is 0,0011 tni/Kr4 

et a load of 50 Kg and 0,00075 mm/Kg- at a  rood of 530 Kg, 

Durin-this investipation, a standard cross head speed 

of 0.05 an/Min in tension and 0.02 cm/mitt in COmpreesiOn want 

used, corresponding to a strain rate of 4.9 I 10 • sec
-1  and 

4.5 x 10-4  sec-1  respectively. 

The various testing temperatures were obtained by immersing 

the frame and the specimen in a licuid contained in a Dewer 

flasks 
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(a) Compression Rig 

(b) Tension Rig 

Fig. 3.4 View of a Specimen in the Instron Testing Machine 
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4730K 	Silicone oil 

373
°K Silicone oil 

	

273°K 	"'ixture of water and ice 

	

243°K 	Bonin,  Iceon 12 

	

195°K 	Sublimation of solid 0)2 in acetone 

	

163°K 	Iceon 12 cooled with liquid nitrogen 

	

77°K 	Liquid nitrogen 

To ensure long term stability of the testing temperature, fixed 

temperatures were obtained by heating the silicone oil with an 

electric resistance heater placed in the bottom of the .ewer 

flask. The temperature was stabilized within 3°C by adjusting 

the heating voltage with a eariable transformer. Temperateres 

were then measured with pentane and mercure thermometers, and a 

Al-Chromel thermocouple placed close to the specimen. 

3.5 Strain ageing 

Strain ageing experiments were performed with tensile 

specimens of the previously described size in an matron 

testing machine usine a cross head speed of 0.05 cm/min 
-\ (equivalent to a strain rate of 4.9 x 10-4 sec 1  ). The 

specimens were pre-strained up to 2/ at room temperature, then 

unloaded leaving a snail amount of load to maintain axiality 

of specimens durine placing and replacing in the temperature 

bath. The ageing temperature ranges from 403°  to 473°K 

were measured by a Al-Ohromel thermocouple placed near the 

middle of the specimen. The temperature of the bath fell 

when the grips and the frame entered the silicone oil bath, but 

quickly returned to the previous temperature. The ageing 

time was measured from the moment the specimen reached the 

desired ageing temperature. Lfter the aeeine treatment 

the specimens were cooled in air to room temperature, and tests 

were then continued. 

3.6 Dislocation etch pits in niobium  

The recent developments in the experimental technique 

for the direct observation of individual dislocations has 

made a great advancement in the understandine of fundamental 
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aspects of the plastic deformation of crYPtalline solids. 

Among numerous methods which include transmission electron 

microscopy, the Lang camera technique, and field ion micros-

copy, the dislocation etch pits method ie used most widely 

on bulk specimens as a simple and non-destructive method. 

In the case o4 niobium, Koppenaal rind Evans (1965) first 

used the etch pits method to reveal the initiation and progress 

of plastic strain in the microstrain region in a recrystallized 

polycin-stalline specimen. Electrolytic polishing was carried 
/ out at 15 -- 2D volts, and 0.087 - 0.133 Amp/cm-  in a solution 

of 9 parts of con H2S06  and 1 part of BF, while maintaininga 

teeperature of about 35 - 4000, using Pt as a cathode. Elec-

troetchina was carried out intthe same solution at 1 - 2 volts, 

and 0.004. Amp/cm2 for the first stage, and 5 - 6 volts and 0.02 
/ 

Amp/cm-  for the second staae. 

As a preliminary exam,nation, the etching behaviour of 

electro-etching and chemical etchin- of recyrstallized poly- 

crystalline specimens was investigated. 	The etchent/  con- 

sistina 6 parts of H2504, 2 parts of EP and 2 parts of T103 
(1(_oo 1962) was used for chemical etching. As shown in Fig. .5A and 
3,98 no sib nificant difference was observed in either etching 

Method. 	 however, etch pits pro-

duced by the chemical etching:.method were of a more regular 
shape. Fig. 5.64 and B are typical etch pit configurations of 

recrystallized polycrystalline specimens. In general the 

shape and size of pits were found to depend on the grain orienta-

tion with respect to the specimen surface. Some _rains showed 

no etching effects. 

In order to reveal fresh dislocations due to plastic 

deformation a decoration treatment, at 573°K for 16 hours in 
the vacuum furnae, was necessary. ghen, however, the specimen 
was wrapped with niobium foil during -Lids treatment, no fresh 

etch pits could be eade. This implies that some contamination 
was necessary for this  process. ROA Awls tlu gAgxedt;c41 

6  dirma Op.litai;n4 P.Z.4 wn 5174.400044 t1.1 Va% Wilts /OA 1/4 Min)" 	TIL 4". 14  

lit14.0antit. 
In the case of sin.le crystals, no previous work 



(a) Chemical etching x 250 

(b) Electrolytic etching x 250 
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Fig. 3.5 Etch pits on recrystallized polycrystalline niobium 
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Fig. 3.7 

A 	 A 

Etch pits configuration on polycrystalline niobium 

strained up to the upper yield point 

x 250 
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has been reported on the etching behaviour and its character-

istics. In the presentoinvestigation, the shape and density 

of pits were found to vary with the plane of observation. 

specimen with its axis along 4,110) was etched electrolytically, 

the etch pits on the 11111 plane have a pyramid shape while 

those on a plane progressilv towards ,112} are more elongated 

as shown in 1115-. 3.8 

It was felt that the variation of the etch pit density with 

crystallographic angle cannot be the result of preferential diae-

cation arrangment in the crystal, but was merely due to the 

characteristics of etching behaviour. Because of this obvious 

limitation, further effort towards the use of this technique 

has been dropped. 
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4.1 Introduction  

The majority of the previous work on the evaluation of 

purification effects has been carried out on commercial purity 
polycrystalline material. These types of studies might entail 
evaluating the effect of ox,hrren and carbon on the mechanical prop-

erties, but the base material of different workers would probably 

differ vastly in other impurity contents. Further confusicn 

arose due to variation in strain rate, rain size and structural 

perfection within grains. Christian and Masters (1964) sue-

Pested that it was not sufficient to have the same .grain size 

but that the same dehree of lattice perfection was required in 

order to compare reshlts. 

Recently, however, very pure highly perfect sinAe crystals 
have been frown using electron beam zone melting 1  and a subsequent 

heat treatment, and decarburization technique. This allowed a 

systematic study of the yieldin and plastic flow behaviour of 

single cr stals of controlled purity and orientation without 

involving thh complicated problems of rain boundaries. The 

previous detailed studies on the effect of Imp.ritie+n single 

crystals produced by electron beam zone meltinh, or subsequent 

hydro[,en purification are due to Lawley et al (1962) on molt-

denum, Koo (1963) on tungsten, Stein et al (1963), Stein and 

Low (1966) on iron and Stein (1967) on molybdenum. They have 

shown that increasinh the number of zone pass-q w'ich is effec-

tively further purification, causes a larhe reduction in both 

the yield stress and its te,iperature dependence. 

In the present work the variation of the yield drop, and 

the temperature dependence of the yield stress with increasinc 

overall purity was investigated, end in addition, strain ai.feirw 

experiments were carried out for identically orientated sinle 

crystals. The results are cmpared with the current theories 

of discontnuous yieldinh, solid solution harOenini-_ and strain 

ageing h intorstitital impurities. 
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4.2  Effect of iquritieson the yieldine: behaviour  

4.2.1 .3ffect of impurities on the stress-strain behaviour 

A pronounced effect of overall purity was observed on the 

stress-strain curves. The purer crerstal which received a 

ereater number of zone passes had appreciably lower proportional 
Vmit, upper and lower yield stress and flow stress than the less 

pure crystal. 

Typical stress-strain curves of <116> oriented single 

crystals after various numbers of zone passes at 195°  and 296°K 

are shown in Fig. 4.1 to illustrate common yield point phenomen. 

Generalle, a pre-yield microstrain followed by a smooth eield 

drop at and below room temperaturemlutobscrved and the subsequent 

work hardeningwas rather low and almost insensitive to the temp-

erature. The onset of necking occurs at sealler 

strains with decreasing temperature. 	However, above room tempera-

ture, the yield paint disappearedfor all cr-,stals and as the 

teroperaterewasfurther increased the crystals showed a lerre uni-

form eloneation. No twinning was obser-ed for any of the cristals 

in this range of temperature between 77o to 373oK. 

The most interestine observation is that the existence and 

magnitude of the yield drop and pre-yield microstrain are depend-

ent on the na'ber of zone passes which reflect the lowering of 

interstitial impurities by successive passes. 

The values of the proportional limit are summarized in Table 

4.l. This limit is defined as the value of the stress at 

which the first departure from linearit- is observed. 

4.2.2 effect of impuritiescn the temperature dependence of 

proportional limit 

The temperature dependence of the proportional limit of 

*10.-  and <100> oriented simle cry-stals was determined from 

77o to 373°K   for various numbers of zone passes. These are 

plotted in Vie e. 4.2 for (110) and 	4.3 for <100> orientations. 
Increasinu the number of zone passes, i.e. overall purity, causes 
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Fig.4 -1. Tensile Stress Strain Curves of <110> Oriented Single 
Crystals with Varying Number of Zone. Passes. 
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Table 4.1 

Proportional limit of single crystals of <110)  

Orientation with various Numbers of Zone Passes  

Temperature °K 
Numbers of 

Proportional limit (Kg mm2) Zonejoasses 

373 

1 
2 
3 

5 

	

3.18 	2.95 

	

2.72 	2.65 

	

2.63 	2.59 

	

2.01 	2.00 

1 5.65 5.80 
2 4.57 4.66 

296 3 3.91 4.10 
5 3.24 3.55 

1 6.44 6.10 

2 5.37 5.55 
273 3 5.16 5.00 

5 4.65 4.61 

1 10.75 11.25 

2 9.50 8.70 
243 3 8.20 8.51 

5 7.50 7.30 

1 22.0 17.62 

2 15.1 16.18 
195 3 13.3 13.70 

5 10.7 11.0 

152 2 23.4 23.0 

1 60.5 62.2 

2 52.5 55.2 
77 3 44.1 47.3 

5 42.25 42.0 
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Fig.4-2. Temperature Dependence of the Yield Stress for Crystals with 

<110> Orientation with Varying Number of Zone Passes. 



74. 

200 

TEMPERATURE (T °K) 

Pi .4-3. Temperature Dependence of the Yield Stress of Crystals with 

4100> Orieutatioa with Varying Number of ZOLle P1131145. 

300 
	

400 



75. 

a significant decrease in the proportional limit and also 

the temperature dependence 	markedly below a transition 	
.

tem- 

perature of 300o  K. 

This observation agrees with recent work of Lawlev et al 
(1962) and Koo (1963) on electron beam melted singe cr':stals 
of molybdenum and tungsten respectively. Similar results were 

also reported by Stein et al (1963) on iron cry-stals containing; 
0.005, 44, and 100-300 ppm carbon, and Stein (1967) on molybdenum 
single crystals prepared by electron beam melting and subsequent 

purification. 

4.3 Discussion  

4.3.1 Effect of impurity on the yieldin behaviour 

The yield point in paIrcrvntalline b.c.c. metals is a 

well known effect 	which iniyolves impurity atoms and is 

generally observed in metals containing traces of interstitial 

impurities such as carbon and nitrogen. It has been demonstrated 

by Low and Gensamer (1944) that the discontinuous yielding. of 
pol7crTstalline iron occurs if it contains either of these 
elements. Schawartzbartand Low (1949) hate shown that the 
presence of carbon in a single crystal of iron produces a yield 

point. However, a recent systematic study of orientation 

effects on the plastic deformation behaviour of electron beam 

melted tungsten (Argon andidalw)f 1966, jarlick and Probst 1964, 

Rose et al 1962), molybdenum (Oulu and Pratt 1966), niobium,  

(Votava 1964) and tantalum (Perris et al 1961, Sherwood, private 
communication) has shown that the crystals yield discontinuously 

when the tensile axis is chosen along the <110> orientation. 

This observation sugests that the yield drop cannot be attributed 
merely to the presence of an impurity but that a crystallographic 

or f.!.eometric nature must also be considered because this. phenom-

enon is observed in crystals with specific orientations. This 

orientation dependence of yieldin behaviour will be presented 

in 5.3 and.here we-shall limit our discussion to the interstitial 

impurity effect on the discontinuous yielding. 

As discussed in 1.2.1 and 1.2.2 three models have been 
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proposed to account for the presence of yield drop; by Cottre116100,6#ult 

and Bilby (1949) who showed that solute atoms may lock dislocations 

in place, and by Johnston (1962) whit demonstrated how yield drops 

may develop from the properties of moving dislocations. In 

Cottrell and Dilbyls theory of yielding it is assumed that there 

is no dislocation motion until the upper yield point is reached 

and that there, some dislocations can break awar from the impurity 

atmosphere and can continue to move at a lower stress, resulting 

in a sudden yield drop. In the present case of zone melted 

single crystals of niobium, there is, undoubteAra sufficient 

number of impurity atoms to form an impurity atmosphere in spite 

of single or multiple zone passes. 	la crystals containing 

one atomic ppm of impurity in solid solution, and a dislocation 

density of 106 lines cm
-2 which is common in zone melted single 

crystals, approximately 103 impurity atoms are available, oreadNALIT401A'OA'14% 

Shadier (1960) has found some evidence which sur:ests the unlock- 

ing of dislocations in zone melted tungsten single crystals. 

Phenomenologically, the yielding behaviour and strain ageing 

experiments in the present work, agree with Cottrell and Bilbyts 

prediction. The existence of a yield drop at low temperature, 

and the dependence of the magnitude of the yield drop on the over-

all purity are in agreement with the theory. In addition, Fig. 

4.4 shows stronger temperature dependence of upper yield stress 

than lower yield stress and flow stress (because of low work- 
some of 

hardeningAthe flow stress data are not included). Similarly, 

a stronger temperature dependence of initial yielding (upper 

yield stress) than for the flow stress, is reported by Conrad and 

Schoeck (1960) for electrolytic iron and by Lawley et al (1962) 

for multiple zone passes molybdenum single cr-stals. Here, the 

initial yield stress is attributed to the Cottrell atmosphere 

phenomenon. 

However, the large amounts of plastic strain which precede 

the upper yield point certainly indicate that many dislocations 
move prior to the upper yield point. The assumption which 

Cottrell and Bilby made that the number of mobile dislocations 

in the crystal is zero, cannot be correct because most of the 

crystals are handled and machined prior to testing. It is 
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extremely difficult to handle most materials without introducing 

any dislocations. This assumption may be reasonable for the 
crystal after strain ageing treatment because all the disloca-
tions have received the same ageing treatment and pinning may 
be either permanent or temporary, i.e. unpinning may occur at attain-

able stress or it may not. For further support, the current micro-
strain experiments by Brown and co-workers and Lawley and Meakin 

(1966a, 1966b) at the region of 10-6  plastic strain, provides 

sufficient evidence for dislocation motion well below the pro-
portional limit. 

The model of Johnston (1962), Johnston and Gilman (1959) 
which was later extended by Hahn (1962) for many b.c.c. metals, 
is based on the dynamic properties of the dislocations and their 

rate of work hardening. Equation(1.0is able to account for many 

features of the deformation behaviour of b.c.c. metals. At 

the moment, we can deal conveniently with one of these features, 

namely the yield point itself. 

On Hahn's model, a sudden yield drop is a consequence of 

(a) the small number of mobile dislocations initially present 

(b) large a, (o) small m in equation 1.f-3. 	This treatment 

also suffers some difficulties. In view of the large number 
of grown-in dislocations usually present in b.c.c. metals, 

106  - 108  cm-21  it is suggested that impurity locking immobilizes 

them in order to satisfy the first requirement. To be consistent 
, by definition off equation 1.3, would immediately fix Lo 

as in a tenth of fo  normally a high value. If crown-in dis-

locations are locked, the Lo  would be too high. 

In his revised theory, Cottrell (1963) suuested that a 
yield drop could occur if one of three conditions was satisfied: 

the first condition item 0 is not relevant to the present case, 

and the second condition t 0, slo>0 is the same requirement 

which Hahn made. The third condition, tamely that Lo > 0 is 

relevant to the present case, and in this requirement it is not 

necessary to have a total absence of dislocations initially, 

but it is required for them to be either weakly or stron4y 

pinned. Yielding takes place when the initial dislocation 
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becomes unpinned, or in the case of strong pinning, when dis-

locations are created at the upper yield point. Thus, Cottrell 

distin uishes, as do Alm= and Johnston, between -ielding 

by creation and -ielding by multiplication of dislocations with 

the reservation that unpinning in the creation process need not 

occur if lockinc,  is stron.. This phenomenon, in which disloca-

tions begin to move at the upper wield stress, is not 

likely to occur often unless all dislocations are pinned in a strain 

aged crystal. However, the present observations cannot be explained 

using either of the proposed models. 

The experiment in which the yield drop at low temperatures 

becomes more pronounced as the overall purity is decreased, sue..o. 
gests a possible difference in the initial dislocation density 
in the crystals of differing purities. If we assume that the 

stress dependence of the dislocation velocity is unaffected by 
impurity, then conceivabl=y this could affect the proportional 

limit, The major role of an impurity can be proposed as a 

pinning obstacle 	reducing 	the number of mobile dislocations. 

Therefore, the present observations su,,-eat that thermal unpinning 

must take place at a stress below the upper -ield point, and then 

the further behaviour of the crvstals is controlled by a multi-

plication mechanism. However, both models fail to explain the 

orientation dependence of the yielding behaviour. While still 

in a speculative mopes, we shall present further evidence in the 

next paragraph on the temperature dependence of the yield stress. 

4.3.2 Effect of impurity on the temperature dependence of the 

yield stress 

In order to compare the observed magnitude of strengthening 

by impurity with theoretical predictions, it is essential to know. 

the amount and kind of impurities in the crystals. Currently, 
vacuum diffusion, a spectrographSf, electrical resistivity 

and 	resistivity ratio measurements have been widely used 

as analysis techniques. These techniques still do not rive a 

reliable analsis, for instance, Lawley et al (1962), starting 

from. 99.95 purity of molybdenum, found an increase in purity to 

99.995/:,  after single zone pass but no further increase after six 



80. 

zone passes. 	This is most likely-  due to a lack of sensitivity 

of the analysis techniques since six zone pass cr-rstals showed 

significantly different mechanical properties. Bowen et al 

(1967) reported the increase in the resistivity ratio R  273o  K  
R o, 
4.2  K 

from 200 to 1400 between zone melted and subsequent heat treat-

ment. This method has a definite qvantage over the other 

methods, because it is non-destructive, and one can eliminate 

a possibility of introductn7 a specimen shape factor that might 

enter into resistivity measurements. However, this method 

does not tell which solute contributes most effectively to the 

temperature independent part of the resistivity and neglects 

an contribution from lattice imperfections. Because of the 

difficulty and uncertainty in the estimation of amount and kind 

of impurities in the crystal it is extremely difficult to make 
a quantitative discussion and comparison with various proposed 

solid solution hardening theories. 

Koo (1963) has estiMeted the difference in the amount of 
interstitial impurities in solid solution of tn.,sten single 

crystals of one and five zone passes as 4 ppm of carbon from 

electrical resstivit7 measurements and this est'aate was used 

to calculate the magnitude of stren8thenin,:,  predicted by various 
solution hardening=,: theories. 

TABLE 4.2  

Cracknell and Petch (1955) 	0.011 Kg/Mm2  

Schoeck and Seeger (1959) 	0.047 Kjimm2 

Fleischer 	(1962) 	1.846 Kg/Mm2  

Fleischer's theory gives the highest magnitude of strengthen-

ing but even this indicated value is at least one order of 

magnitude smaller than the obser'ec1 value of strengthening of 

28.4 K,7/6m2. 	Stein et al (1963) and Stein and Low (1966) have 
used radioactive tracer techniques to analyse the carbon content 

in radioactively carburized and then decarburized iron and once 

again the stren:thening was substantially higher than indicated 
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by any of the proposed theories. Althou'h stren, thening is 

usually attributed to the interstitial impurities in e solid 

solution for all b.c.c. metals, the above diserepauc shows 

that the real observed strenthentng cannot be accounted for by 

the current theories of strenithening based on the elastic inter-

action of dislocations with interstitial impurities. 

With regard to the temperature dependence of the yield stress, 

as shown in Fig. 4.2 and 4.3, there exists a very large difference 
in the value of yield stress and its temperature dependence bet-

ween pure and less pure niobium sin-le crystals of identical 

orientations in the temperature ranee 77°  - 300°K. It appears 

to he a general trend in b.c.c. metals that the decrease in the 

temperature dependence of the yield stress may result upon deo'. 

Teasing the impurity level beyond a certa'n le,,e1. This effect 

was found by Lawley et al (1962) and Koo (1963) on electron beam 

melted molybdenum and tunesten, and Stein et al (1963) and 

Stein and Low (1966) on decarburized iron, and Stein (1967) on 

zone melted and hydrogen-purified molybdenum. All these 

results agree with the present observation down to 77°K. 

However, there is a contradictory observation. Keh and -faked& 

(1967) found that by adding interstitials (C Y) to purified 

iron, the athermal part of the yield stress of iron is raised 

but its temperature dependente is not altered, but they found 

the same reduced temperature dependence when they plotted their 

results for proportional limit against temperature. 

Christian and Masters (1964) and Christian and Taylor (1965) 

also report the same temperature dependence for commercial purity 

polycrystalline niobium of 115 EV and 150 EV, and zone melted and 

subsequently heat-treated niobium. In the case of Keh and 

Hakada it was considered that orientation effects on the yield 

stress and yield stress criterion may be the reas-ns for this 

discrepancy-. 	There is no reason 	belie-e that the orientation 

effect should be dependent on the interstitial contents. In 

the present work 	4.3 shows an apparently decreased temperature 
dependence for purer crystals in the <100> oriented sinA.e orestal 
and this decreased temperature dependence is common to all orien- 

tations. 	fith respect to the yield stress criterion the believe 
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thati in order to measure the true effect of interstitials on the 

lattice friction stress; the lower yield stress is a better 

criterion, Sbhadler (1964) however has demonstrated that the 

temperature dependence of the proportional limit yield stress 

most accurately represents the temperature dependence of the dis- 

location mobility.- in tungsten. 	In fact, Lawley et al (1962) 

fount' the same effect for the flow stress at 24 )plastic flow 

stress and Stein and Low (1966) found a more pros.ounced effect 
when they plotted the yield stress instead of proportional limit. 

The results of Lawley et al (1962) at least down to 77°K, 

indicate that Cottrell-Bilby's lockin may st9e an important 

temperature dependent contribution to the yield stress. However, 

the steep increase in the yield stress actally exceeds that for 

the less pure crystal, indicate a more complex situation. Lawley 

et al sugnsted the more rapid fall-off in vield stress with 

temperature for the purer crystal may be due to differences in 

factors in the rate equationi. 

TTAbsi.)e 
	/12 	 (4.1) 

where E is the strain rate, IT is the number of active sites per 
unit volume, A is the area swept out by a dislocation per suc-

cessful fluctuation, b is the Burgers vectoro) is the frequency 
factor, and. L is the activation energy. re-writiar and noting 

that U is the difference in the totalenerl to overcome the 

barrier Uo and tta work done by applied stress W in overcoming 

the barrier, 

Uo 	ItT log IT A b ‘10/E 
	

(4.2) 

It is clear from the above equation that the pure and less pure 
crystal will have the same stress at 0°K if the U.0 values are 

the same. 	Similarly, if the number of a,.tie sites or the strain 

per fluctuation lib is larger for the purer cr-stal, this would 

also result in a more rapid increase in yield stress with decreas- 

ing temperature. This latter requirement is jncluded in the 

overcominc of the Peierls-Nabarro barrier. The precedinr. situa-

tion is not anticipated on the simple basis of Coterell-Bilby's 

stmoschere dilution on purification which Lawley et al were in 
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favour of, since here we expect a lowering of U0  and consequently 

of the yield stressat 0°K. 

So far fie models ha-,e been proposed to describe the 

interaction of dislocations with randemly distributed stress 

';entres due to solute atoms and other defects. 	The separation 

of these models should be possible throurh the effect of solute 

concentration en flow stress with temperature. 

The models of Mott and jabarro (1948)9  Seeer (1958) and 

Friedel (1963) lead to a proportionality between flow stress 

and conentration c, whereas Fleischer (1962) and jilmanis model 

(1965) requires a proportionality between 'tend 

yfith regard to the temperature dependence of flow stress, 

Priedel's model leads to a linear decrease oftwith T, 'Cott 

and Yabarrols model gives a linear decrease of "twith T2/3. 

Seegerls model predicts a linearity between 2/'3  and T2/3. 
However, these predictions hwe never been reported as applicable 

to the b.c.c. metals. As an example of lack of applicability 

of Mott and Fabarmes model (1948), as used by Seeger, (1958)1 
Fig. 4.5 plots"t2'3  against T2'3 for one and five zone passes 
niobium single crystals of 4.110) orientation in tension. The 

lack of linearity in this plot indicates that the parabolic 

force distance relrtiDftship which was assumed. byhlott.and Nabarro 

(1948), and Seeger (1958), does not apply in the present case. 

In the following section, the other two models, Fleischer 

(1962) and Cilman (1965), will be discussed in detail. 

The distinctive feature of the interstitial impurities in 

b.c.c. metals is the large lattice distortion which causes rapid 

hardening. Fleischer (1962a, 1962b) assumed that a dislocation 
moving on a slip plane interacted strongly only with those 

defects lying within one atom spacing of the glide plane. The 

interaction energy of the defect at the dislocations was cal-

culated by the method described by clochardt et al (1955). The 

stress to move a dislocation an appreciable distance at 0°K cor-
responds to the stress required to overcome the maximum retarding 
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force exerted on the moving dislocations by the defects. At 

a finite temperature the dislocations can move at lower stress 

because the motion is thermally activated. He used an approx-

imate force-distanr:e relationship for tetragonal lattice distor-
tion to calculate that the impurity hardeninr' depends on the tem-

perature according to the relation: 

('C/'ro) 	. 1 - (T/To) 
	 (4.3) 

whereto  = '11 o/bL.  = G Pi 10/3.3 is the yield stress at 

To (0°K), "C is the yield stress at T°K. 

This equation predicts a linear relationship between<I2  

and T2  but this prediction does not hold in the present case, 

as shown in Fir,. 4.6, where 45 2  is plotted a2ainst T2  for one and 

five zone passes sin-41e cr-stals of niobium of <110) orientation. 
The experimental observation fails to fall on a straight line and 

therefore his assumption is inappropriate for the present case. 

However, Stein and Low (1966) found a reasonably good agreement 

between this theory concerning the role of carbon impurity on 

the yield stress, the temperature dependence of the yield stress 

and interaction strenAth of dislocations with carbon contents 

in their decarburized ultra pure iron sin le cr7-stals. 

Fig. 4.7 illustrates that the present results were found 
to be a best fit to the straicht line when logarithm 'Tien 

stress was plotted against temperature and within the accuracy 

of the data the points can be fitted with an expression of the 

form: 

6.7 
	

A e - B T 
	

( 4. 4) 

The difference between the yield stress of the one and five zone 
ittAc4ril,y • 

passes crystal should reflect the contribution to the yield stress. 

This difference is plotted in 	4.8 and also can be fitted 

with the form 
AT - 42. - BT 

This expression has been used previously by Johnston and 

( 4. 5) 
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Gilman (19 57) and Johnston (19 62) to fit the flow stress of 
pure and impure lithium fluoride sinle crystal. Later, [ilman 

(1965) clarified the pre-exponential A in equation 4.4  by apply-
ing reaction rate theory-  to dislocation mobility, where the acti-

vation energy is inversely proportional to the applied stress, 

so the dislocation velocity is related to the applied stress. 

The probability of a successful nucleation event is proportional 

to: 

e KT 	 (4.6) 

where U*.  = W X c2/6t is the activation energy including interaction 
between dislocation with defect (C)  and the applied stress and 
Bur:-,ers vector b is in the denominator. k is Poltzman's con- 
stant, and T is the temperature. 

'.3 glide nucleation rate is given 

(LT)C-944:12 e (4.7) 

where h is Planck's constant, and f* is the vibrat4onal free 
energy minus the encry of the translational mode that carries 

it across the saddle point. At constant temperature equation 

4.7 takes the form 
-Dfrtr•-• 

where ID is the characteristic drag stress. This - form is con-

sistent with the 'observed stress- dependence of dislocation vel-

ocities. 'Oben t is constant, the flow rate is constant for a fixed 

dislocation density and this determines the flow stress in a 
Constant strain rate test. Gilman. stated that constancy of 

A. , 
t' means log T K T OaC2/1)  - P) has a fixed value of log 0 
However,ltbis is incorrect, tbls should be corrected to log T - 
1 t wxoTT 

vITE 	He gives the final form: 

- DT 

KA° 	cTio 3 e 	(4.9) 

where AO  = (I7X)°CV')  which indicate the interaction between 

dislocations and defects at O
o
K. 

The dominant term in equation 4.9 is the expondential one, 
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as T--0-0°K, -Cy--,A 41*and depends on the defect-dislocation 
interaction. This is an analoeous expression to the equation 

Jai of stress to produce a constant dislocation velocity V - 

which was found experimentally in lithium fluoride (Johnston and 

Gilman 1957). A similar linear dependence of lop flow stress 

on the temperatureinmsobserved by Gilman and Johnston (1957), 
Johnston (1962) and ':lestbrook (1953) on lithium 1uoride single 
cxerstal% 

This equation is based on two basic assomptions firstly 
that the yield stress .;s proportional to the square root of 

defect concentration. There is a considerable amount of experi-

mental data to justify this assumption. Fleischer (1962) and 

Fleischer and Hibbard (1963) and Fleischer (1967) have evaluated 
the effect of vareing the concentration of the interstitial 

impurities in b.c.c. metals. They found that in Wert's data (1950) 
for iron with 0.025 up to 2500 ppm carbon, Stein and Low's 
data (1966) for iron with 0.0025 up to 250 ppm and Evan's data 
(1962) for nitrcneen in niobium with 400 up to 2200 ppm the yield 

stress monotonically increases as the sellers,  root of the con-
centration. 

Secondly, the main effect of point defects is to increase 

the quasi-viscous drat: ow movine dislocations, which - eans a change 
in D in equation 4.8. This equation is not theoretically based, 

buti_ves a good representation of experimental results in which 

the velocity of dislocations are measured by etch pit techniques 
(Johnston and oilman 1959, Stein and Low 1960, Chaudhuri et al 

1962, Schadler 1960). There is a certain criticism about the 

use of Arrhenius type of rate equation (Christian 1964) because 

the temperature dependence was less -well described than the stress 

dependence in this kind of equation. .There is also a limitation 

in this equation. 	For example, Stein and Low (1960) plotted 
1 for 11' ,T, against 	at constant stress. These plots were straight 

lines at low stress but were curved at high stresses. 	Christian 

(1964) considered. two possibilities for this discrepancy, one is 
that the actual rate-equation would be more complex than the 
present one., the other is that the use of equationvo-Pr To 
the velocity is a function of stress. He was inclined to believe 
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in the second possibility. In the expression of the form of 
-BT 

4r -4- .A.e 	both A ands are adjustable parameters, therefore 
there is a large -,!ane of possible adjustment. In fact Conrad 

(1961) and Conrad and Prekel (19 67) have shown that the dis-

location velocity measurement in silicDn iron (Stein and Low 1960) 
and their measurement in molybdenum, agrees reasonably with the 

usual interpretation of the Ieierls Babarro mechanism for the 

temperature dependence of flow stress usin 

11.  A b e, 

However, the main and most important difference between Gilman's 

model and the Peierls Wabarro mechanism is -net in the former 

the limiting value A
o 	(dX)oC41b is dependent on the concentra-

tion of impurities. C, H and X are interaction energies with 
impurities per uni4-  length of dislocation, whereas the latter 
model is essentially impurity-  independent. 

Ls discussed in the precedini: parlraph, the yielding 

behaviour and eield stress are dependant on such parameters as 

densit of initial mobile dislocations, the mobility of disloca-

tions and the rate of %;ork hardeninp. The measured rield stress 

will reflect the behaviour if 	we understand preeise17 how 

these perameters come into play or if we can make some empirical 

relationship between tie measured yield stress and the fundamental 
properties of dislocation behaviour. In this sense, this 

model has an advantage over any other existine model for both 
yielding behaviour and temperature dependence of the 7ield 

stress. 

4.3.3 Activation parameters 

Mawr preVious workers came to the conclusion that a Peierls 
Habarro mechanism controls the thermally activated deformation 

process in b.c.e. metals. This conclusion was reached through 

the analysis of the parameters of the rate controllin process, 

ouch as activation energy H, activation volume 1T, and pre-exponen-

tial factor Ea  inthe following equation 

• . 
E - 6 0 exp 	6'4(T) 	 (4.10) 
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is  = !KO 

J5 	mobile dislocation density 
b 	Burgers vector 

Average distance of dislocation after every successful 
fluctuation.  

Chan7e of free energy 

The activation energy H and volume V can IA, calculated using 
the followitv: equation (Conrad 1961, Conrad and Hayes 1963): 

 

) 

T 
(-1...X.-) • 

S T (4.11) 

 

'there (Slog)  is the strain rate sensitivity which can be 
T 

determined by either stress relaxation (Guiu and Pratt 1964, 

Sargent 1965) strain rate c -cling or strain rate dependence of 

the 7ield stress (Conrad 1961, 1963, Conrad and Hates 1963) and 
1r*is effective stress on dislocation. 

,!'tom comprehensive analysis of the existing experimental 
data Conrad (1961) and Conrad and Hayes (1963) hae found that 

the value of activation eery and ,olume with stress and strain 

for many b.c.c. metals is,virtuallv,independent of the purity, 

dislocation structure rme,of whether .yielding or flow was con-
sidered. A similar,conclusion was reached b7" lasinski and 
Christian (1960) and Christian,andTdasters (1964) after an analysis 

of their results on iron,: niobium, tantalum and vanadium. 

However, some of the, evidence that Conrad (1963) has col-
lected aainst other specific mechanisms is not substantiated 
by other results. For example, the work of '''o-.2dike and Haven 
(1962) on iron single cn-stals showed that both activation energy 

and volume were structure sensitive. ITIkike's work on tantalum 

(1962) and Hose et al (1962) on ton;sten favours the conservative 
motion of jo,s in screw dielocatior. On the other hand, the work 
of Gregory (1963), Gregory et al (1963) and Cuiu and Pratt (1966) 
an niobium and molybdenum favour a non...conservative 

movement of jogs as the rate-controlling mechanism. 
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One of the main features for the Peierls Nabarro mechanism 

is a very large wilue of activation volume at low stress and its 

independence of impurity contents and dislocation structure. 

The present work on niobium and the recent work of Stein et al 

(1963), Stein and Low (1966) on iron, Stein (1967)on molybdenum, 

and Koo (19 63)  on tungsten, Lawley et al (1962)0n molybderun suggest that 

temperature dependence of the yield stress has indicated 

a strong function of impurity content. These observations 
as TO 

leave substantial doubt A  the conclusion reached previously that 
impurity has no effect on the activation parameters for low 

temperature deformation of b.c.c. metals. 

Here, the strain rate cycling experiment was performed 

with an Instron Testing machine by alterinj the strain rate by 

a factor of 10. All experiments were conducted using a 

cross head speed of 0.05 at slow strain rate and 0.5 am/Min 

at fast strain rate. In Fir,„4.9 the true stress changes due to 

strain rate chance are plotted ac:fainst true stress for niobium 

j-single crystals of (110) oriented one and three zone passes at 

2439  and 2969K. The shear stress is resolved on the system 

with the largest Schmid factor, which in this case is 0.471. 

It was obserVed that Wt'was decreased with increasing stress 

and the difference between these two crystals was hardly detect-

able at 296°K, howeVer, at 243°K the impure crvstalexhibited, a 

larger strain rate sensitivity than the purer crystal. Christian 

(1964) sucested that the better wad-. of presenting strain rate 

cycling data was to plotQl5as a function of stress. In this 

way, one would effectively remove the work hardenin contribution 

and would be more clearly representative of the sensitivity of 

dislocation velocity to stress as a function of strain. fie 

reported many examples of b.c.c. metals that exhibit a constant 

value ofAlras a function of stress or strain. This effect 

was taken to support the position that yieldin and flow 

behaviour in b.c.c. metals is controlled by a single thermally 

activated process. 	However, as in Vi;. 4.9, in the present 

work it was found that .'5 was decreased with strain, and 

the impure crvstal had a larger strain. rate sensitil!ity at the 

same stress. This sullests that the prediction based on a 

single thermally activated process is not valid, and reaffirms 

the importance of impurity content in. the yielding and flow 

behaviour. 
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as a Function of Shear Stress. 
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The activation volume and energy for !rieldin, at 296°X 

are summarized in Table 4.3. 

TABLE 4.3  

Actiation volume of Yieldiw at 296°K 

Fumber of zone passes 	Activation volume  

1 	 41.02 b' 
2 	 48.3 	b' 
6 	 74.1  b3  

Table 4.3 shows that the purer crystal has a larger acti-
vation volume and this is in agreement with the results of 

Kordike and RagJen (1962) on iron, and Stein and Low (1960 at 

195K oniran. ilordike and Eacisen studied iron sin7;le cryltalS 

containing 30 ppm carbon and 50 ppm nitrcen, and found the varia-

tion. of activation volume with imprutiy is consistent with a uech-

anism in which small carbide particles determine the activation 
volume for ieldin^ and flow. Stein (1966) observed an unusual 
behaviour at 298°K, where the impure crystal has less strain 
sensitivity, corresponding. to' ' a larer activation volume 

that 
than the pure crystal. They suggested6either more than one 
mechanism was controlling the deformation process or that a single 
mechanism, purity- .dependent,- 	such as solid solution 

hardening or dispersienIardenin waao'cuxrini. ,However, they 

failed. to observe any kind of precipitate formation b'r electron 
miroscopy for their ultra pure iron crystal. In contrast, 
Keh and:akada (1967) recently .reported that in iron single 

crystals the value of the activation volume for varous contents 
of (C r) impurities deformed at 77°K was nea:cly constant and 
independent of nitro: en content. This discrepancy between the 
present observation and that of KO and tiakada May be attributed 
to the sensitivit7. of the activation volume in the high stress 
(or low tempflrature) region. 

Another strong argument for the Peierls Yabarre mechanism 
is the yield stress at 0°K. If a Yeierls Wabarro mechanism is 
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indeed a single thermally actieated eontrolling mechanism, all 
the yield stresses of the various impurity le.el of crystal should 

merge at 0°K. Inthe present case the tensile tests have been 
conducted down to 77°K so the trend is not clear, however, the 
work of Stein and Low (1966) on iron and Stein (1967) on mol: 9enum 
apparently shows that there exists a large deviation 'letween pure 
and less pure crystals, at 	It is enli7.-_ly that these 
curves can extrapolate to the same value at 0°K 	Conrad (1963) 
and Nabarro et al (1964) haee ar;.eled from the result of Lawley 
et al (1962) on molybdenum that at 4.2°'' the yield stress is 

independent of impurity contents and this is conelstent with 

Peierls Nabarro mechanism. AcCeptine this view then the 
observed steeper increase in the yield stress for purer crystal 

between 77°K to 4.2°K, and reduced temperature dependence than 
impure crystal between 77°K to 300°K, sueeests that more than 
one mechanism is controllin the temperature dependence of yield 
and flow stress in b.c.c. metals. 	This is contradictory to the 

idea of a sinle thermally aqivated process. Above the 
transition temperattre of 300 I the yield stress is nearly 

indepentent but, as shown in 'Pi 2.5 the ; icl d stress varia-

tion with the number of zone passes at 29 6°K there is a Marl y 
logarithmic decrease with further zone meltin'_ passes. In this 

temperature region, in most of the b.e.e. metals, the thermal 

fluctuations are larae eneueh to free dislocations even at very 
small stress, however, in order that these SOlocations may move, 
they still have to escape from their Snoek atmosphere. Schoeck 
and Seeeer (1959) 'eroposed a d-namic Seoek orderin in order to 
account for temperature independence and linear hardening with 
impurity behaviour. This effect should be additional to the 

inherent lattice friction stress (gbh and Nakada 1967). 

Recently, Dorn and Rajnak (1964) proposed a criterion for the 

Peierls Nabarro mechanism usin a line eneree-  model of dislocation 

to estimate the saddle point activation enerry, T5n,for the 
nucleation of a pair of kinks as a function of stress, the 

heieht and shape of the Peierls -flabarro barrier. They found 

Un/ZUk, where 2Uk is the excess ener, of a kink pair, was a 

unique function of ftl  /' 	where t*is the effective stress 

and Te is the Peierls stress. The relationship found between 
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Un/Tak and ',I:ie expressed in terms of temperature, T, and the 
athermal temperature, Tc. 	Considering the strain rate 	of 

deformation for Cher-oally activated process to be given by 

e 	IrL e -"AT 
( 4.13) 

where E is a nearly constant then one obtaim, 

Un/2-ak m T/Tc 
	

(4.14) 

Dorn and Rajnak (1964), Tiukherjee and Dorn (1964), Ibsen, liote 
and Dorn (1964), TIynblott, 3osen and Darn (1965), Guyat and 
Darn (1967) anal-sed the existing experimental data in this 
fashion and observed a;rood agreement to the expected curve. 

They emphasize that this agreement provides the best evidence in 

favour of the Polaris Wabarro mechanism. 	4.10 illustrates 
'el  k the Ple ainat Ty/  To of the present results one one and five 

zone passes cr,stals. As mentioned earlier, tier is some doubt 

as to the justification of extrapolating the A.eld streets of dif-
ferent purity crystals to the same -alue at 0°K, however, at 

present tp is taken as 40.8 Ku/mm2  by extrapolatin the yield 

stress of 'one pass cr,-stals towards 0°K, andlrill  es the value 

at 3(3 	f0 = 373 K. This plot re-eals that the measured 

de%iation from a linLav relationship between: yield stress and 

temperature is much _relater than that pre4sted 1),: the theory. 

Althouph the present observation does not ,free with the 

prediction from d sin le thermally act'vated overcoming of the 

Peierls-Nabarro barrier, the importance of this inherent lattice 

friction stress in the low temperature deformation behaviour of b.c.c. 

metals cannot be ignored. Also the present models of solution 

hardening do not give the observed magnitude of strenthening. 

From the evidence presented, it appears more likely that Gilman's 

reaction rate theory,  (1965) describes most suitably the low tem-
perature deformation behaviour of b.c.c. metals, 
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4.4 Strain ageing experiment  

4.4.1 Introduction 

Since the preineditr observations indicate that 

pinning, 'which undoubtedly exists, does not seem to be very 

important; the present experiments were undertaken as part of 

a study of theeffect of interstitial impuritieS' on the yielding 
and flow behaviour of niobium single crystals. Yield point 

return experiments were performed and the results compared 

with previous investigations. 	It'was also intended to investi-

gate the strain ageing behaviour of <100) and 4;10 oriented 

single crystals in which the latter orientation' does not yield 

discontinuously at initial yielding. 	It was decided to 

investigate briefly the influence of ageing time, temperature 

and impurities and finally the orientation dependence of 

strain ageing for <100> and <110> orientation of comparable 

purity. 

Three types of crystals were used for the azeinr: experi-

mentsg 

Crystals A. one zone pass with (110) orientation, grown 

at vacuum pressure between 4.4-43.9 x 10-5  torn, 

at a ;one speed of 2.5 mm/Min. 

Crystals B2 one zone pass with 4::110> orientation, :rown at 

vacuum pressure between 4.9-43.0 x 10
-6  torn, 

at a zone speed of 2.5 mm/Min. 

Crystals 0: one zone pass with <100) orientation, crown at 

vacuum pressure between 4.9 - 3.0 x 10
-6 torn 

at a zone speed of 2.5 mm/Min. 

4.4.2 Evidence of the influence of impurities 

Two crystals, one an impure cr,Tstal (cr7stal A) and the 

other a standard purity (crystal D) of identical <110 orienta-

tion were pre-strained approximately 2/oat room temperature:  

unloaded, then either immediately reloaded or aged for one hour 
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at 373°K. They were then strained and aged repeatedly. 

The initial yielding of both specimens resulted in the 

characteristic upper and lower yield point of (116) oriented 

crystals. Immediate reloading produced stress-strain curves 

which exhibited no wield drop. Fig. 4.11 illustrates stress-
strain curves for both crystals A and B. The purity has markedly 

affected the initial yielding. The impure cr-etal A showed a 
yield stress nearly 1.5 times and a yield drop two times larger 

than for crystal at initial yielding. This is closely 
analogs to the effect of the timber of zone passes on the 

stress-strain curve in. Fig. 4.1 which is attributed to the effect 
of impurities. Crystal A also showed a larger susceptibility 

to the strain ageing at lower temperature and for a shorter ageing 
time than crystal B. The recovered meld point in cryestal A 

was remarkably sharp without pre-yield micros-train and easily 

distinguishable from the initial yielding. Although the 

strain hardening' rate remained unchanged after areinT, it can 
be seen that tee level of flow stress was raised by the ageing 
treatment. However, the recovered yield point in pure crystal 

was -not as sharp as in cr-stal A and the level of the orieinal 

extrapolated stress-strain curve was attained after a relatively 

short period and lower temperature aeeine treatment. The most 

interestine features in 	crystal It was that there was a 

pre-yield microstrain preceding a lore rounded yield drop, 

The observed ( eneral increase in flow stress seemed to depend 
very sensitively on the magnitude of solute which had migrated 

to the strain field of dislocation which was introduced by 

pre-straining. The a e hardening was observed after 113 hours 

at room temperature, without any sign of a yield point. It 

was noted that the short time aeeing does not change, or is 

almost insensitive to the amount of pre-straining. The same 
behaviour was reported be'Nilson and Russel (1959) and independ-
ently be Vakada Pnd Keh (1967) for iron carbon and silicon-iron 

respectively. 

Strain ageini in polvcrystallire niobium was reported to 
occur at moderately elevated temperatures. Hancher and Sheeler 

(1961) have sugeestedl on the basis of variation of strength 

with oxyeen and nitrogen contents, that these elements cause the 
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observed strain ageta,-; between 573°K and 623°K. They also 
agree with Tankins and lia0din (1961), 	1% arson, Jones and 
Tealt (1958) note that this is in agreement with the prediction 
of Cottrell (1954) by which strain ageinr,  occurs durtng the ten-
sile test at temperature, where the diffusivit,-  of interstitial 
is about 10-17  . 10..12 cm2/sec in niobium. According to 
Cottrell this would be near•  523°K to 573°K:TOf oxygen and 

between 773oK and 873°K for.nitrOien at,a,straift rate of 10-5  - 
3- 10- 	1 sec .,.. In the preselt.inVestication, the yield point f • 

return has been observed from 373 "IC after 10 minutes ageing 
treatment in crystal A and from 473 K after 4 hours auyeirig! treat-
ment in crystal B. In crystal B therewwo:,not sufficient 

impurities available at end near the neig hbouring dislocation 

to cause a yield point return and it required a longer and 
higher temperature treatment to collect a sufficient amount 

of interstitials subsequently. This resulted in the smaller a 

ajong susceptibility of crystal 13 than that of impure crystal 
A, and the pre-yield microstrain with a rounded yield drop due 
to weak pinning,. However, the temperature at which strain 
ageing took place in this investigation, did not acree with 

any previous invostiations. The present results of 373°K 
and 475°K are substantially lower than reported values despite 

the higher purity and perfection compared with 
materials used by previco workers. 

4.4.3 A einq time gad temperature dependence of AG- 

The characteristics of strain ageing; in crystal A for 
immediate reloadin-, and after 10, 20 min. a eing at 403co 

423° and 573°K are illustrated in 	4.12. (eneral features 

with varylw- temperature and time were very similar to the 
observation in section A. 

The increase in yield stress with various ageing times 

and temperature, was taken as the difference between the new 

upperkield stress after strain ageing for time t, and the 

flow stress observed at the end of restrain-:nir. 	The results 

were summarised in rig. 4.13 by &b'  Vs t 
2/3 plot. If we 

assume, for atmosphere formation, that/kris proportional to 
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the amount of solute collected by the dislocations, then 

according to Cottrell and Bilby's equation, it should increase 

proportionately to t 2/3 during early stages pf ageiniT4 This 

is not always true, for example, ",:ilson and -4xssel (1960) 

and Hartley (private communication) found that the increase 

in yield stress was a linear function of t. They proposed 

1;y a straight line against t as well as to t 
2/3 

 at 473°I;. 
Eowever, at 473 K the straight line cannot be fitted to either t 

or X2/3.  It is unrealistic to consider that this empirical 

fit is significant in the absence of-AMOre information. However, 

it was found that the increase in yieldatress at 473,o  was 

insensitive to the ageing .time :after 20 minx, which suggests 

that solute saturation of the stress field occurs in times less 

than this. The concept of lockinz by stress induced orderim7. 

has been used to explain the rapid return of the yield,point bs 
Wilson and Russel (1959)4  This model doe6 not require' 10113 range 

diffusion but pay ato;ic jumps betweem nektlhpiring lattice 

sites: 	ki:ein7 will be naturally more rapid than is se,7rega— 

tion to form an atmosphere. The mss nitude of the effect 

due to such ordering would be expected to be proportional to 

the amount of- disbelved interstitial solute at early stages, 

however. The effect will be small in the later stages however, when 

solute content of the matrix has been sufficiently reduced. 

This could explain the insensitivity of the yield stress to 

ageing for periods of longer than 20 minutes at 473°K. 

It is unfortunate that insufficient and conflicting data 

are available for the diffusion of interstitial solutes in 

niobium; especially for the case of single crystal; no information 

is available. There cue several accounts of strain a[Ting 

experiments on unalloyed polycrystalline samples. Bejev (1968) 

obtained an activation energy of 27.1 Kcal/Mol for niobium 

and concludd that dislocation pinning was dte to oxygen. 

1.1iicox and Hug ins (1961) obtained 10.5 and 16.9 Kcal/mol for 

niobium and tantalum respectively and decided that hydro-en was 

the cause of lockin;:,. 	Hartle\ and it son (1963) reported 

that the apparent intercept atzeroH:ageirv.; time is positive 
if Snoek ordering is absent,-, Inthepreaent results of Fig. 

4.13, the increase in yield stress can befitted approximately 
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25.1 K cal/cool for molybdenum and sureest that oxygen and 
nitrogen are the diffusine elemente. Stanley and Szkoliak 
(1962) proposed that oxygen was the cause of locking in niobium 
and the major activation energy of 26.9 IC cal/mol. Data for 

the diffusion of interstitial atoms in niobium have been col-

lected and referenced in Table 4.4 for convenience. A sample 
calculation of activation energy was found to give 19.8 K cal/ 

mol for the return of yield point. Oomparisch yr the activa-
tion energy obtained in this work with data in the Table (4.4). 
indicates that neither nitrogen nor oxygen arc tle,  diffusing 

elementsresponsible for aeeine. The activation energy is too high for 
on 

hydrogen, exceptojerros theoretical nalculation(5te146.00. 

The disa, reement with previous work is due in part to the 

fact that the materials which ha e been used by previous 
workers were polycrystalline niobium of commercial purity. 
Hence, the role of grain boundaries in the diffusion process, 

and the amount of interstitial impurities which existed in the 

material would probably give very different results to tboge 

obtained on the present crestala of zone refined 410) oriented 

single crystals, The values of rower and Doyle (1959) for tbe 

activation energy of diffusion of interetitials support th40 

view; they obtained 32.2 K cal/mol from niobium containing 
0,3 weieht (Aof orrgen end 26.2 ii cal/mol from purer niobi4m 

which contained .D.026 weight %oxygen. 	higher activation 

energy for the 077stal eith the higher concentration of inter.. 
etitials may be due to the effect of interaction between inter-
stitials. Thus, the effect of interstitial concentration, 
the relative amount of interstitials, and the kind of inter-
stitials in the diffusion process cannot be imored and these 

factors may cause a substantial difference. 

4.4.4 :4fentof orientation on strain aceincp behaviour 

The discontinuous yielding is now generally accepted as 
a common feature of yielding in (110) oriented single crystals 
of b.c.c. metals whilst 4(100 oriented single crystals yield 

continuously with a high work hardening rate. Single crystals 

of <100) orientation. were chosen to see whether the return of 

the yield point takes place after an ageing treatment. 



TABLE 4.4 

Summary of Diffusion Data for Interstitials in Niobium 

Diffusinfl Elements and Activation Energy for Diffusion 

(K cal/mol) 
Ni=ogen 	Carbon 

	

20.0 	 Ferro (1957) 	Theoretical 

	

34.8 	33.2 	 Powers and Doyle (1959) 	Internal friction 

	

38.6 	 Aug (1953) 	Internal friction 

Begley (1958) 
	

Strain ageing 

Tankins & Maddin (1961) 
	

Strain ageing 

Stanley and Szkipiak (1962) 
	

Strain ageing 

	

9.37 	Albrecht et al (1959) 
	

Strain ageing 

	

10.5 	Wilcox and Huggins (1961) 
	

Strain ageing 

Oxygen 

26.6 

27.6 

27.1 

27.0 

26.9 

Hydrogen 
	

Investigator 	Method 
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This seems to provides some information about the anisotropic 
vieldity: behaviour of both orientations. 

The strain aeeing eharecteristics of both orientations are 
illustrated in Fig. 4.14. Both crystals were awn _rown under 
identical conditions, such as ,;rowing zone speedA vacuum pressure. 
The putity therefoile, can be assumed to be the same. In the 
initial 7ielding, 4:110 orientation yielded discontinuously 
and the <100> oriented single crystal yielded continuously. 
However )  a sharp yield point appeared after ageing treatment 
for the (100) orientation, which was absent in the initial 
yielding. 	The agein factorth, of this orientation was 
approximately 2.3 times larger thaP?<1.4.orientation without 
any sign of pre-yield microstrain after the same ageing treatment. 

There is no single satisfactory explanation, at the present 
time to account for the anomalous yieldinF behaviour of b.c.c. 
metals. One speculative explanation is that this ageing yield 
point in <100 orientation appeared after considerable pre.-
strainine where the work hardening rate is relativelY low, this 
lead to the ilman,s(1962) model of yielding where the effect 
of work hardening is the priuiarr extinguisher of the yield point. 
Another plausible explanation is that this may be caused by 
the anisotropy of shear, stress in the sense of shear direction 
in the vicinity of the dislocation core. Recent observation 
of slip systekee in tension and compression in tungsten, niobium 
and moW3denum hEls revealed a considerable evidence for an 
asyumetry of shear stress in the (112} plane. Therefore, any 
explanation of this orientation dependence should be based on 
the geometrical properties of dislocations in the lattice. 
At present it is difficult to envisage the position of the 
interstitial, precipitate or point defects which are diffused 
and subsequently rive rise to an anomalous strain ageing 
behaviour. 
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Fig.4-14. Strain Ageing of Niobium Single Crystals with <110> aad <100> Axes. 
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4.4.5 Conclusion and Summary of the Strain agein experiment 

The mechanisms proposed so far to account for the obserVed 

strain agein behaviour are: 

Atmosphere formation 	Cottrell and Bilby 1941 
Formby and Owen 1965 

Stress-induced ordering - Wilson, Russel and -flshelbY 1959 
rakada and Keh 1967 
Schoeck and Seeger 1959 

Precipitation formation - Bartley andliiilson 1963 
Thomas and. Leak 19 52 

BulIonLb ,and rewman 1962 

Each of these processes of solute redistribution can occur 

during the strain a,7eiw process, and the present observations 

swz:,est that the Cottrell-Bilb: atmosphere formation is of 

prime importance in cousin:-  the return of the sharp yield point 

below 473°1, while the rapid increase in flow stress, Insensitive 

to the ageinF, time at above 473°K is probably associated with 

stress-induced ordering. Though there are many theoretical and 
indirect indications of the precipitation formation, there has 

so far been no direct experimental evidence found. At the pres-

ent time it is not possible to eliminate all impurities or to 

separate the effect of each element. Current analytical tech, 

niques do not permit reliable measurement of the level and species 

of interstitials in hieh purity niobium as used here, and there-

fore it is improper to point out the precise interstitial element 

which is responsible for the strain ageing process. 

The present investigation is far from complete, however, 
it is summed up as follows: 

(i) strain agein took place at room temperature after 

long a,?eing,periods, 

(ii) the temperature at which strain a.eing takes place 

was found to be significantly lower than previously 

reported, 



(iii) pre-yield microstrain was observed after ageing 

treatment at 373°K for one hour for pure crystal 
of <110> orientation, 

the strain ageinp kinetics and consequently the 
activation energy of diffusion of interstitials are 
strongly influenced by the initial concentration 
and relative concentration of interstitials in the 
3rystals, 

(v) The development of yield point war observed for the 
cr-stal oriented alone.  (100: axis. 
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CHAPTER 5 

5.1 Introduction  

The nature of plastic deformation in b.c.c. metals is 

not fully understood althoueh a considerable amount of work 

has been devoted to the problem. Most of the previous workers 

have studied the dependence of yield stress upon both strain 

rate and temperature without paying serious attention to the 

effect of purity and orientation. It has generally been con-

sidered in the past that the plastic deformation of single crys-

tals of b.c.c. metals is isotropic because of the facility with 

which multiple slip takes place. 

However, recent work on tungsten, molybdenum, niobium tan- 
talum and iron has revealed that when the orientation of the 

crystal is properly chosen the yield stress and work hardening 

rate can exhibit a strong orientation dependence - particularly 

at 119w temperatures. 

Furtherm@re, recent studies the slip systems operating 

in tension and compression of the many b.c.c. metals have revealed 

considerable evidence for an asymmetry of the critical resolved 

shear stress. 

So far there has been no systematic study of the yield 

stress and slip systems in both tension and compression at 

various temperatures and it was decided that the present investi-

gation be directed at these effects with crystal axes in <116> 

ono) and Oil) orientation. The experiments were performed 

with two zone pass single crestals and because of the uncertainty 

about the active slip system, unless otherwise stated, the true 

stress versus true strain rather than shear stress and strain 

are plotted. 

5.2 Deformation behaviour of crystal with .symmetrical orientation 

5.2.1 Crystals with <110 orientation 

Some typical true stress and strain curves of crystals with 
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Fig.5-1. Stress-Strain Curves of Niobium Single Crystals 

with <110> Axis in Tension. 

70 L 

 

  

77 °K 

TR
UE

  S
TR

ES
S  

C
  

30 

153 OK 

195 0K 

• 20 

243 *K 

296°K 

10 

0 0.1 0.2 0.3 
STRAIN At/to  



115. 

50 1 

Fig.5-2. Stress-Strain Curves of Niobium Single Crystals with 

<110> Axis in Compression. 
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Fig.5-3: Stress-Strain Curves of Niobium Single Crystals with <110> and 

<100> Axes in Tension and Compression at 77°K. 
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TABLE 5.1 

Proportional limit of single crystals with the 

deformation axis in the <110> direction 

Tension Kg/m .= 	Compression Kg/mm2  
Temperature °K 	06.11121 	o...{112} 

	

2.715 	1.28 

	

2.65 	1.25 

	

5.272 	2.485 	3.976 	1.877 
296 

	

4.658 	2.196 	3.8 	1.894 

	

273 	5.368 	2.53 

	

9.68 	4.562 	7.45 	3.51 
243 

8+85 	4.174 	7.5 	3.54 

	

16.63 	7.843 	17.28 	8.15 

	

195 	 17.7 	8.34 

	

16.29 	7.68 	18.13 	8.55 

	

23.62 	13.49 

	

153 	23.55 	11.2 	30.28 	14.29 

	

25.14 	11.87 

	

60.72 	28.f5 

	

77 	 TW 41.5 TW 19.5 

	

60.2 	28.4 

24.4 	 TW 30.5 TW 14.3 



High. stressed 

1112,  

Schmid factor 

0.472 

11101 

Schmid factor 

0.408 

Low stressed 

*0.123 

TABLE 5.2 

Slip and twin planes observed in single crystals stressed in the  <110 > and 1.00> directions 

(T = tension, C compression, TI twinning) 

Nb Mo 

110> {1007 4110 {1007 (1107 {100> <1107 <1007 

T 413°K TW 77°K 

TW 77°K 413°K 450 - 
77°K 

• 
C 77°K TW 77°K 2SJ ' 	& 4500-- 

'1.: 7:,  77K 
T 77°K 293°K 77°t( 77°K 293°  - 450 - 

193°K 
77oK  

C 

9. 77°K 77°K 293°K 

T 

TV 77°K 450 - 
77°K 

Schmid factor 

0.236 

* Data from Argon and Maloop (1966) 
** Data from Sherwood, Guiu, Kim and Pratt (1967) 
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<100> Axes in Caapression at 20.4°K. 



120. 

<110> orientation at various testing temperatures %re shown 

in Fig, 5.1 Table 5.1 summarizes the value of the proportional 

limit. The characteristic features of this orientation were 

a pre-,rield microstrain followed by a rounded -ield drop in the 

crrstals deformed at and below room temperature, and the sub-

sequent work-hardeninfr rate was rather low and almost, temperature 

insensitive. However, the yield drop and pre-yield microstrain 
are increased at decreasing testing temperature, The, yield 

point disappeared at 373°K and necking was aIwa-s localized. 

Fracture occurred after 100% reduction in area causing .a perfect 

chisel-type fracture and symmetry considerations indicated that 

this crystal must be oriented for double slip. The crystal, 

at 77°K, deformed entirely by slip and necked immediately upon 

yielding leadin to a chisel edge fracture. "re slip systems 

observed axe summarized in Table 5.2. 

In Fig. 5.2 the true stress and strain curves for compres- 

sion are illustrated. The specimen yielded discontinuously 

with pre-yield microstrain below 195oK in the same manner as in 

tension$ however, at 77°K it underwent prolific twinning with 

audible clicking before slip took place at a stress of 41.5 Kg/imw
2
. 

This twinnin produced a load drop of more than 50 and yielding 

at much lower stresses followed by repeated twinnin: and slip 

without any sii,n of 7ork-hardenin„: at much lower stresses than 

the first twinaiw stress as shown in -FL:. 5.3. The specimen 

deformed at 20.4°K is illustrated in Fig. 5.4 and repeated twin-
ning and slip took place in the same manner at 77°K, however, 

the specimen continued to work-harden with increasing plastic 

deformation. 	There was no big load drop after the first 

twinning as in the case of 77°K and this behaviour is in strong 

contrast to the behaviour at 77°K. 

5.2.2 Crystals with <100> deformation axis 

In Fig. 5.5 the true stress versus true strain curves 
of crystals with <100) axis in tension are shown at various 

temperatures. The cr=rstals tested in this orientation yielded 

smoothly at lower stress and showed a larger initial work-harden-

ing. The rate of work-hardening increased with decreasing tem-
perature. The value of the proportional limits of the crystals 
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TABLE 5.3 

Proportional limit of Single crystals with the  

deformation axis in the <100) direction 

Temperature °K 
Tenzion Kg/mm2  

cjiK 	112; 
ColicesSion Kg/mm2  

ec. t 1121 

2.607 1.229 
373 

2.55 1.20 

3.84 1.80 4.13 1.95 
296 

4.28 2.02 3.52 1.66 

7.85 3.7 9.608 4.53 
243 

7.8 3.68 9.60 4.26 

14.35 6.77 13.62 6.25 
195 

13.22 6.24 15.3 7.2 

21.69 10.23 22.66 10.69 
153 21.04 9.93 

19.25 9.08 18.79 8.87 

33.2 15.26 45.05 21.24 
77 

35.;9 16.97 45.14 21.28 

24.4 59.0 27.58 
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Fig.5-5. Stress-Strain Curves of Niobium Single Crystals with <100>Axis 

in Tension. 



90 
	 20 -4 °K 

80 

77°K 
70 

60 

E 50 

moo►  

14.1 ci.5.  40 

tu 

30 

153 °K 

195 °K 
243°K 

20 
296°K 

10 

123.. 

0 	 0.05 
	

0.10 
	

0 15 
STRAIN 61/10  

Fig.5-6. Stress-Strain Curves of Niobium Single Crystals 

with <100> Axis in Compression. 



124. 

tested are listed in Table 5.3, It is note-worthy that the 

crystal deformed at 77°K extended about 12.5 before reaching 
the U.T.S. and showed a small yield drop at the beginning of 

the plastic flow without any sign of twinning. 

The true stress and true strain curves of crystals deformed 
in compression are shown in Fig. 5.6. The proportional limit, 
which in this case was taken from the linear part of the stress 

strain curve in the same way as in the tension tests, is always 

greater than in tension below 300°K. 	The specimen was deformed 

into a perfect barrel shape in this case, and this is in good 
agreement with the symmetrical character of the slip element 

with respect to the compression axis. There are no sins of 

yield drops or of twinning, except at 20.4°K and even at this 

temperature, as shown in 	5.6, only sporadic load drops 
were observed after considerable amounts of plastic strain. 

5.20 Deformation axis with (111) orientation 

It is clear from the stress strain curves of Fir,. 5,7 that 

this orientation is characterised in tension bv an unusually 
severe shear deformation. The initial discontinuous yielding 

was followed by rapid -:cork-hardening, and then by a large rounded 
load drop leading to local necking. This has been directly 

observed in a room-temperature test. The cross-section of the 

Specimen changed from a circular to a markedly elliptical shape 

which implies that strain associated with local necking is very 

severe, and therefore, the load drop in the stress-strain curves 
• 

does not necessarily represent the true Softening effect. 

Occasiotaily a Second elliptical necking in the Specimen yet to 

be deformed was observed at room-temperature testing. As 

shown in Fie. 5.8 there was 	shear necking in the speci-
mend tested at all temperatures which was especially pronounced 
in the specimens tested at 77°  and 195°K, 	'J2lic specimens necked 

with single sheat tecking, undergoing extremely severe deforma-

tion with to evidence 'of twinning,. At 77°K, these lamellae 

Lay Close to the {pli} plane and the shear direction approached 

0.00> . There were also a few clearly visible secondary slip 

lines. 
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Fig. 5.8 Deformed specimens of niobium single crystals with 

<111> axis in tension 
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5.3 Discussion 

5.3.1 Orientation and Temperature dependence of the proportional 

limit of <,11.0 and <100) orientation in tension and 
compression 

It would be expected that for a critical resolved shear 

stress law to hold' the resolved shear stresses to initiatethe some 
slip systemsin<11O) and <ZOO> directions must be similar. 

This would be expected because the Schmid factor for A.1101, 

(11b, {112},011) and[1231, (111) slip systemsin 411d> evientx- 

tion are virtually identical to the respective Schmid factors 
for <100> orientation. 

Recent observations on molybdenum (Guiu and Pratt 1966, 
Stein 1967), tungsten (Rose et al 1962, Garlick and Probst 1964) 
tantalum (Sherwood, private communication) and iron (Stein and 

Low 1966) in tension tests have shown that a high proportional 
limit is exhibited by crystals with (110> orientation 

yield drop and low work-hardening rate were the character-

istics of this orientation, wheleas the (100> orientation yielded 
continuously with high work-hardening rate. Beardmore and Trull 
(1965) have examined the crystals with 9rientation along the 
edge of the stereographic triangLeand found a ,eradual impetigo 

in yield stress from <100) toward <110) orientation. It 

appears that the effect of orientation is essentially of crvs.• 
talloraphie or geometric nature, and is common to all b.c.c, 

metals. This observation sur,gests that the resolved shear 
stress necessary to in4.tlate slip intiut same slip system in both 
010) and (10(1> orientation is strongly dependent on the 

deformation axis of the crystals. This conclusion is contrary 

to the critical re-3c,Ived shear iitrehs criterion. 

The temperature dependence of the proportional limit for 

single cr-rstale of niobium in tension and compression are shown 

in Fig. 5,9 and 	5.10 respectively. The value of the 

_proportional limit, or deviation from the linear region in the 
stress strain curves, are chosen for comparison, since crystals 

with <110> orientation yield discontinuously, while the <100> 

oriented cr stals exhibit parabolic work-hardening from the onset 
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of macroscopic flovr. 

The proportional limit oft<110) orientation in tension 
is always higher and more strongly temperature dependent than 
that of a <100 orientation. This observation in tension, 

generally agrees with previous work on molbdenum (Oulu and 
Pratt 1966; Stein 1967), tungsten (Rose et al 1962; Garlick and 
1robat 1966; Beardmore and Hull 1965) and tantalum (Sherwood 
private communication). 

However, the behaviour in compression is more complex; 
the proportional limit of <110> orientation at temperatures 
above 243°K exhibited a lower value than the <100> orientation, 
but at 1960  and 148°K exhibited higher values and even exceeded 
the value of tension in (110> orientation. The proportional 

limit fortie4.10) orientation in compression was always higher 
than that in tension. Above 153°K the <110> oriented crystal 

yielded discontinuously with relatively low work-hardening rates, 
whilst <106> oriented cr-stals 'ielded smoothly with high 

work hardenin rates similar to the behaviour in tension for 

both orientations. However, at 77°K twinnim was observed 

in nrystale with <110) orientation before slip and this 

produced a load drop of more that 50%,  and subsequently yielding: 

occurred at a much lower stress and repeated twinning and slip 

took place. 

In contrast the <1013 oriented crystals yielded continuously 
without any sin of either a load drop or twinning. This beha-
viour was more pronounced at 20.46K where, in <10 oriented 

crystals, twinning and slip took place repeatedly with increasing 

strain, whereas only sporadic load drops were observed in the 

case of the <100> oriented cr,stals. 

The observed marked orientation dependence of the yielding 

behaviour and yield stress at low temperature in tension and 

compression is difficult to explain with previously proposed 

theories, because their interactions are essentially isotropic 

in nature, It is therefore, temptinv to consider either 

double cross slip, movement of jogs on screw dislocations, or 

asymmetry arguments as the mechanism capable of ivin rise to 
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eftisetropic behaviour. 

Rose et al (1962), Ouiu and Pratt (1966) and Beardmore and 

Hull (1965) have explained this anisotropic behaviour in tension 

as arising from the geometry of jog formation, assuming that 

most jogs arise from the inter-ction of the dislocations of two 
or more active slip systems. When two dislocations come into 

contact at more than one point they may form a repulsive june- 

tion (Saada 1961). A stress is then 	required to bring them 

close to each other4  On the other band some dislocations can 
also interact according to the reaction: 

01113 	I% [1113 •—• a (1003 	( 5.1) 

forming an attractive junetion (Saada 1961)  1963),,  this type 

of junction may be an important source of internal stress, and 

it produces the heragonal network of dislocations predicted by 

Amelinckx and Dekeyser (1959) and observed in many b.c.c. metals, 
(Carrington et al 1960; Benson et al 1962; Koh and Weissman 1963). 
When the crystal is deformed along 010> orientation the jags 
produced by the interaction of mobile dislocations will have 
DA and (1111 active Burgers vectors, then the plane of 
jogs formed in screw dislocations is k.0111 on which the resolved 
shear stress is zero bect-ise this plane is normal to the stress 

axis. It will therefore, be difficult to move them conservatively. 

Since the dislocation multiplication mechanism involves the 
movement of the screw dislocations over large distances (Low 

and Turkalb 1962) the macroscopic yielding is believed to occur 
as soon as the jogs become mobile. Rose et al (1962) suggested 
that this would happen when, as a result of slight mis-orientation, 
the stress on the joke reached a value high enough to move them 

conservatively. On the other hand, Gain and Pratt (1966) sug, 
gested non-conservative movement of jogs based on the fact that 
the screw dislocations may become mobile, when jbas move non, 
conservatively, producing point defects. They explained the 

yield point phenomenon exhibited by the <104 orientation as resulting 

from the combined effect of a rapid increase in the number of 
mobile dislocations, the hiqi value of the strain rate sensiti-

vity after the proportional limit, and the low work-hardening rate. 
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In the <100> orientation the jogs are on planes on which the 
resolved shear stress is of the same order as that acting on 
the dislocations themselves. As a result, the screw dislocations 
will be able to move under relatively low stresses, both because 
there will be a large number of jogs and dislocation segments 
available for thermal activation, and because the enhanced con-
servative movements of jogs may give rise to a larger equilibrium 
jog spacing. The behaviour above room temperature is explained 
also in terms of non-conservative movement of joi-,s with the help 
of thermal activation on a large number of sites. 

Although many workers (Schoeck 1961; Mordike 1962; Gregory 
1963; Gregory et al 1963; Lawley and Gni _her 1964) have suggested 
that the jog movement plays an important role in the deformation 
of b.c.c, metals, the evidence for the actual mechanism which 

determines the mobility of the jogs has always been difficult 

to obtain. The value of the activation enerLy H is too small 
to be in agreement with the idea that yielding is controlled 
by the movement of jogs. The presently obtained value of H of 

SO. .1...414 
0.6 eVit is also much smaller than the energy for vacancy diffusion 
in niobium. Gregory (1963) and Vregory et al (1963) have reported 

H of the order of 3 to 4 eV in their pol=rcrystalline niobium close 
to that for vacancy formation, but this seems to be an exceptional 
case. In tantalum, Morcl-tve (1962) suggested that the low value 
of H is determined 1:0,  the conservative motion of extended inter- 

stitial jogs in screw dislocation% but this is not likely because 
+. 

of„thigh stacking fault energy in b.c.c. metals. There is another 
difficulty in that it is difficult to accept that a sufficiently 

high jog density could be built up at the beginning of the plastic 
deformation. Finally it is difficult to envisage how this mech-

anism can give rise to the observed difference in tension and 
compression) unless the jogs are extended, and this possibility 
is considered unlikely (Schoeck 1961) in view of the high stacking 

fault energy. 
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TABLE  

Activation Volume CO and thergy (H) at 296°K. 

Stress Axis V at yielding 	V 7.6?-1 
	

V20 
	

H at yielding 
total strain total strain 

<up) 48.3b3  51.48 52.06 b3  0, am eV 
<1O0 82.05 b3  83.21 b3  83.21 b3  . 6131,..V 

The orientation dependence is also expected from the asymmetry 

in the critical resolved shear stress to move screw dislocations. 
This asymmetry effect was discovered by Taylor (1928) on single 

crystals ofp brass where the resistance to slip in <111> direc-

tion on a given plane is not equivalent to slip in the opposite 

sense, and that, for a particular titientation of the •deformation 
axis, the slip planes chosen in tension and compression are not 

equivalent. 

If slip occurs naturally on the (112} planes or involves 

elements of slip on these planes as proposed by Sestak and Zarubova 

(1965) an asymmetry of the critical resolved shear stress {'112 
would be predicted if the dislocations are dissociated on these 
planes, This follows, from the non-equivalence of the positive 
and negative 4:111> twinnin/ direction on (1.1121j planes in the 
b.e.o, lattice. Edge dislocations can only dissociate asymmetriemo 
ally on (112 planes according to the reaction (Frank and Vicholas 
1953). 

(111> 	<33.3.> 	<111) 	( 5.2) 
3 	 6 

The dissociation occurs in such a way that, if a shear stress acts 
in the sense of twinning, the ! <111> twinning partial will 

glide first. Conversely, if the sense of an applied stress is 
unfavourable for twinning, the complementary partial 3 11- (13.1) 
will glide first. It is expected that the stress required to move 

the dislocation in these two cases will be different, since a 
larger energy change is involved ih loving the complementary partial 

first. 
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It has also been pruposed by Hirsch (1960) and independently 
by Sleoswyk (1963) that screw dislocations can dissociate into 

three 1  .<111) partials on the ill122 planes which intersect 
6 

along the axis of the original screw dislocation. An analysis 

of the geometry of the partials under an applied stress also pre-

dicts shat there should be an asymmetry of the stress to move 

screw dislocations on these planes. As pointed out by Hirsch 

(1960), the stress required to constrict a dissociated screw dis-

location in the b.c.e. lattice maybe thermally activated, and may 
possibly accUunt for the magnitude of the low temperature flow stress. 

If this is so, it should give rise to an anisotropic Peierls type 
of stress, Recently, Duesherry and Poxall (1965) and Argon and 

Maloof (19 66) have invoked this argument to explain the Isymmetry 

of the observed slip planes in niobium and tungsten and the dif-
ference in yield strength in tension and compression for certain 

orientation. 

Considering the deformation axis in the 4.001) and 0.10) 

directions, the I1121 <11T> slip system is the most hirhly 

stressed k1123. 111> system in both cases, but for compression 
in <001> and (1105 the senses of slip are opposite, so that 

the sense of slip for tension in 40001> is exactly equivalent 
to that in compression in <110> and vice very=:, the only differ-

ence is that the components of stress normal to the slip plane are 
opposite. Any asymmetrical effect will be manifested by a dif-

ference in flair stress. 

The dissociation of screw dislocations on the ,112-1' planes 
should result in a higher yield stress in the 4110> direction 
for tension than for compression, and the reverse effect in the 
‹10.13 direction. Even if the stacking fault energy is too high 
to allow a stacking fault to form, it is expected that there will 

be an asymmetry of the dislocation core, and a similar anisotropy 
of the yield stress should result. For the sense of the resolved 
shear stress on the highly stresses (1121 planes, unfavourable 

for twinning, it is predicted that slip will occur either on the 

lowly stressed planes, or on the highly stressed 4).121 planes, 
if thermal activation can constrict the partials back on to the 

slip plane. 



135. 

Several favourable dissociations of a 4111> dislOcatione 
2 

on the f;.1101 planes have also been proposed (kirsch 1960; Cohen, 
Hinton, Lay and Sass 1962; Cillssard 1962; Kroupa and Vitek 1964). 
However, a consideration of the sense of slip 'and the geometry of 

the partials lying on the .i101 planes does not lead to Enasymmetry 

of the critical resolved shear stress to move screw dislocations 
on these planes. 

If the core dissociation on the t112/ planes is the only 

factor determining the magnitude of the stress to move screw dis-
locations, the proportional limit for <001) in compression should 

equal the proportional limit for <11d> in tension and vice versa. 
prom the abcoe discussion the difference in the proportional limits 
in tension and compression can only be accoubted for in terms of 
an asymmetry of the critical resolved shear stress on the k1121 
planes, however, thieves not the case in the present investigation. 

It appears that the orientation dependence of the yield stress in 

tension and compression cannot be accounted for simply in terms of 

an anisotropic Teierls..Uabarro stress due to dislocation core 

asymmetry, 	some other mechanism must be involved. 

5.3.2 Slip and twinning systems 

At low temperature only {1103 slip plane6 were observed. 
When-the sense of the resolved shear stress on the highly stressed 
{1121 slip planes was unfavourable for twinning slip occurred 

on the {116; planes with a Schmid factor of 0.408. In Table 
5.g the data for molybdenum and tantalum (Sherwood et al 1967), 
and tun,7sten (Argon andidaloof 1966) are included for comparison. 

It can be seen that in niobium and tantalum, slip occurs on 
11101 planes, whereas in molybdenum and tunPsten slip occurs 

on {114 planes with a Schmid factor of 0.236. There is another 

anomaly in the slip and twinning behaviour which cannot be readily 
accounted for by the splitting of dislocations on the t1123.- planes; 

at 77°K in niobium, slip occurs on the c1101 	Similar behaviour 

has been reported at 77°K by Reid et al (1966) in electron beam-

melted niobium single crystals. 
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The causes of the difference in the behaviour of the grout':, 
VA and group VIA metals with regard to the slip plane may be 

related to the differences in the stackinK fault energy. It has 

generally been believed that the stacking fault, energy on the 

11125 planes is considerably higher for the group VIA metals. 

Hartley (1966) has calculated, from a consideration of the changes 

in atomic configuration of faulting, the stacking fault energies 

and width of the dissociated edge dislocation on the 0.12 planes: 

TABLE  

Calculated stacking fault energies and width on the A-6112$ planes  
(d = width of dissociation, a 02 lattice parameter) 

erg/Om2 	d/a 	gergam2 	d/a 

Nb 	150 	3.6 	Mb 	430 	3.4 
Ta 	210 	 500 	3.7 

It is likely that the stacking fault energy determines the extent 

of the core asymmetry, and hence affects the stress required to 
move screw dislocations on the 11..1121 planes. When the sense of 
the applied stress is unfavourable for twinning, whether disloce-
tions will slip on i:110/ planes or the low stressed (112'f planes 

will be determined by T112PC110, and ult]matelf this way be det-
ermined by k1121 slip plane, and hence by the stress required to 
constrict the partials into the favourable 0112} slip plane, and 

hence by the magnitude of the stacking fault energy. 

It has been frequently observed in iron and silicon iron 

(Opinsky and Smoluchowski 1951; Vogel and Trick 1953;  Steijn and 

Brick 1954; Erickson 1962) that the ratio 1; 112/t110;04 and 
increasgswith decreasing temperature and increasing alloy content 

Thus, for a crystal oriented with the Schmid factor highest for 

c1121 slip, there may be a transition to klIO2T slip on lower-

ing the testing temperature. With the deformation axis in the 

4116> and <100> direction, slip will occur on the [1101 
planes if the following inequality holds: 

1:112/0.472 > T110/0.408 	(5.3) 

where 1;112 and 	are the critical resolved shear stresses 
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and 0.472 and 0.408 are the respective Schmid factors on the 

(112 and tllOI planes. 	This inequality was valid in 

niobium at 77°K for the sense of stress unfavourable for twinning.. 

From the above discussion, the slip planesiO niobium cannot 
be accounted for simply in terms of an asymmetric core dissociation 

of threw dislocations on the (.1121 planes. 

5,3.3 The occurrence of twinning 

There are fewer studies of the twinning mechanism compared 
with deformation by slipping. The understanding of the twinning 

mechanism is far from sliisfactory; the crystallography, morphology 
and the effect of temperature, strain-rate,, composition pre-straining 
and specimen dimension and shape are still in dispute. Table 5.6 

shows the allowed and forbidden twinninc systems in crystals with 

011) and <001) orientation in tension and compression. 

As shown in 111( 5.3 and -Jag. 544 the present observation 

does not agree with previous predictions and observatifts. In 
the crystal with (pia) orientation, two allowed systems are 
more highly stressed in compression tests at 20.4 and 77°K, In 

the <poi) orientation, as seen in Table 5,5, there axe no allowed 
twinninf systems in compret,sion, accordingly, no twinning took 

place at 77°K, but a sporadic load drtp was observed at 20.4
ID 

Bowever„ tension in <001) orientation is an ideal orientation 

for twinning on the Schmid.-Boas system of 8 (112) c11]) with 

a Schmid factor of 0.500. Nevertheless, no twinning was observed, 

and on the contrary, the specimen elongated about 12.5 up to 

U.T.S. after a small rolluded load drop at the initial yielding 
without a further load drop or twinning. This observation is in-

consistent with the previous predictions (Sleeswyk 19631 aitchell 
1968). Similar observations on niobium were reported by Reid et 

al (1966), however, it is not understood why compression along 
<01} should be more conducive to twinning than tension along 

<pi> . 

Many workers have reported that the transition fron slip to 

twinning in b.c.c. metals takes place at higher temperature as 



TABLE 5.6 

The Schmid factors of the most hijhly stress,..6 

{110} and {112} shear systems  

138. 

	

Crystal axis 	Most highly 
stress twin- 
ning system 

	

<011? tension 	(211) Elli) 	f 

(211) [Ill f 

(i12) [/113 a 

	

(112) Lill] 	a 

Compression 	(ill) Di]) 	a 

	

(211).[,11x] 	a 

	

(121) [074 	a 

	

Top tension 	(112) [piJ a 

(112) ITIll  a 

	

(112) 0.1q 	a 
(112) CAA  a 

C mpression 	(112) VA f 
(112) b.I 	£ 
(112) 	f 

	

(112) ':111. 	f 

a = allowed system 

f = forbidden system 

Schmid Boas 
twinning 
system 

Schmid factor 

3 0.473 

4 0.442 

7 0.341 

8 0.339 

3 0.468 

4 0.448 

6 0.097 

1 0.394 

2 0.463 

7 0.463 

8 0.500 

1 0.433 

2 0.460 

i 0.474 

8 0.494 
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interstitial impurities are removed (Anderson and BOT011in 1959;  

Simonson 1960; Mellings andIAaddin 1962; Koo 1963). UcHargue and 

McCoy (1963) reported the concentration of oxygen, nitrogen and 

argon in binary niobium alloys above which twinning was not obtained 

under compression test at 77°K. Their data suggests that twinning 

is inhibited by the onset of the precipitation of the oxide, nitride 

or carbide. However, Bowen et al (1967) reported that no twinning 

was observed in tension. at 77°K for an unspecified orientation of 
ultra pure niobium single crystals. Their crystals were purer 
than those used in the present, work because of a further purifica-

tion heat treatment near the melting point under ultra high vacuum 

pressure. This findinr, is contradictory to the above prediction. 

Table 5.6 shows the first twinninsx stress of 0113 oriented 

single crystals with a different number of zone passes in compres-

sion: 

TABLE 5.6 

Number of zone passes Testing temperature 

  

at 77°K at 20.4°K 

2 41.5 X01612  34.6 KgAm2  
3 not tested 30.7 Kg/mm2  
5 not tested 40.5 Kg/mm 

Table 5.6 indicates that firstly, the primary twinning,, stress at 

20.4°K does not vary systematically with inoreaa ng numbers of 
zone passes, i.e. increasing purity. The present observation 

does not agree with the previous observation that an increase in 

the overall purity facilitates deformation by twinning in pure and 

alloyed b.c.c. metals. However, this opposite effect has also 

been reported by Low and Fenstel (1953) and the present result 
of non-systematic change of twinning stress with increasing purity 

agrees with the observation in ultra pure iron, by Altahuler and 

Christian (1966). 

Secondly, it was observed that the first twinning stress at 
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20.4oX was found to be much lower than that at 77°K and that the 
twinnin ehaviour was remarkably different at the two temperatures. 
This anomalous twinning behaviour at these two temperatures has 

not been previously reported. The specimen at 77IC underwent 

prolific twinning with audible clicking before slip took place, 

this twinning produced a load drop of more than pr and was then 
followed by repeated twinning and slip without any work-hardening 
at a much lower stress level than the first twinning stress. 

In the specimen at 20.4°K, however, repeated twinning and slip 

took place in the same manner as at 77°K after a relatively small 
load drop at the first twinning, but the specimen continued to work-

harden with increasing plastic deformation. The compression 

specimens had-the following dimensions: NI'. the 77°X test, gauge 
length 6 mm, gauge diameter 2.5 mm, whilst the specimen for 20.4°K 
had 2.5 mm gauge length and 1.27 mm gauge diameter. The 77°K 
teat. was performed on an matron machine with a 10 ton load cell, 

whereas the 20.4°K test was performed by a screw driven Polarity/ 

type machine. Therefore, it was impgssible to decide whether 

this marked difference in the first twinning stress and subsequent 
twinning behaviour was due to the variations in the hardness of 

the testing machines, or to differences in the specimen dimension 

or genuinely had arisen from differences due to the testing temp-

erature. 

5.3.4 Special features of the crystals with <111) orientation  

The conventional geometrical softening which has been 

observed in hexagonal zinc and cadmium (Chalmers 1959;  Schmid and 
Boas 1935) is associated with large initial values of eand X. 
If the angle between the operative slip plane and the tensile axis 

is defined as X, and the angle between the slip direction and 

the tensiob axis is defined as e the factor sin f) cos),will 

increase during rotation if both 8 and are initially greater 

than 45°. The resulting deformation is not uniform but takes 

place by a type of yield phenomenon in which the first part of 

the crystal to yield undergoes considerable extension, and the 

stretched part then gradually spreads along the crystal under 

substantially constant stress if the stress is maintained. This 

process cannot 	occur 	without the slip plane at the end of 
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the slipped region being Considerably bent. The bend can be accoun-
ted for by a pile-up of dislocations which subsequently leave tbe 

crystal as the slip planes again become straightened. In this 

case one slip system predominates throughout deformation. 

Brindley et al (1962) found geometrical Luders propagation 
in copper base alloys of the so-called 'soft orientation' in a 

region extending inward from the <110) corner orientation. They 
observed that during the Luders extension ,a geometrical front passed 
along the crystal, the cross-section changed from circular to 

elliptical, and the measured flow stress varied by about 10f, 
giving rise to an undulating curve betwe2n 77°  and 473°K 	'Weyer, 

this phenomenon would be very difficult in the b.c.c. metals, 

especially for an:orientation where multiple slip occurs at an 

early stage of deformation. 

At lower temperatures, 77°, 195°  and 276°K, as seen in 

Fig. 5,8 	most deformation was confined to a single 

lamella in which the shear strain was extremely high, however, as 
the testing temperature increased, the degree of severe shear d 

deformation was less remarkable and apparent kink bands Were formed 
along the gauge length. A large rounded load drop in the load 

elongation curves was associated with the formation of a lamella 

due to the severe shear necking, and occasionally, a large rise 

in flow stress produced a second elliptical transition region in 

the crystal yet to be deformed, leading to the second reduction 
in the flow stress. These were directly observed in a room tem-

perature test. 

Previously Votava (1964) has reported catastrophic flow beha-

viour in niobium single crystals of similar orientation at room 
temperature. He observed a small_' load drop, each of which was 

associated with the formation of .a planar constriction in the 

crystal and he attributed the effect to geometrical softening by 

intensification of the applied stress due to lattice rotation. 
However, the crirstallographic observation or illustration are not 
presented in his work, therefore, it is not certain at present 
whether Votava was reporting the, same phenomenon as that observed 
here. His tensile specimen, however" was prepared by Varyin,o. the 
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power supplied durin-, zone-melting, and this technique could lead 

to variation in specimen diameter and straightness along the gauge 

length, which could give bending of the specimen and could affect 

the yielding and flow behaviour. Jaoul and Gonzalez (1961) have 

considered geometrical softening and shown that the maximum rate 

at which the shear stress on a slip system increases with respect 

to strain, occurs in crystals with longitudinal axes initially 

near <10 axis, Since the strain rate in b.c.c. metals is a 
very sensitive function of the applied stress, he predicted 

that this process may contribute significantly to the occurrenoe 

of the plastic instability after a short incubatiot period. 

The present observation shows that the catastrophic flow 

behaviour becomes more marked with decreasing test temperature. 

This implies that local adiabatic heating is related in some 
way with this anomalUus behaviour. Basinski (1957) and Basinski 

'and Sleeswyk (1957) proposed a "thermal instability" in order to 
explain serrated flow behaviour of polycr-,stalline iron and 
aluminium at 4.2°K. They ascribed the thermal instability to 

adiabatic heating of specimens as a consequence of plastic defor-
mation. Owing to the small specific heat and low thermal con-
ductivity at low temperature, the temperature of the slipped region 
increases significantly and the flow stress is lowered. This 

effect produces the load drop, Ilowever, this possibility has been 
denied by Reid et al (1966) by determining the temperature rise 
of AT = 0.3°C for their niobium single crystals at 77°K using 

Basinskits formula (1957) and concluded this effect is negli-
gible by comparison with geometrical softening. 

At 770K Reid et al (1966) observed very localized shear 
deformation very similar to the present result in Fig. 5. ,and 

reported the shear direction to be near 000> and the plane of 
shear c0111 . Similarly; in the present work, the same shear 

direction and plane were found to (0111 plane. They suggested 

that the dislocations with <100) Burgers vector are mobile on 

f.110} plane and that such dislocations are originally generated 
in this crystal by the association of dislocations with (111) 

Burgers vectors and this is a result of the low value of the 
0.53 at 77 x anisotropy factor 	A 	

204& o_ 
. . 

Cli - C12 
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Their suggestion was based on the estimation of dislocation width 

and ease of motion which have been made for various low index 
dislocations in the manner described by Reid (1966) involving 

elastic constants. However, according to recent work on, the 

temperature dependence of the elastic constants of niobium single 
crystal by Armstrong et a]. (1967) the anisotropy factor A decreased 
to a broad minimum value of 0.49 around 203°K, then increased to 

value at 923°K which was 105/  higher than that at room temperature. 

Thus, as the temperature increased, theanisotropy factor A indicated 
a trend toward greater isotropy. If the low value of the 
anisotropy factor is the only reason for this catastrophic behaviour 
at this temperature, then there should be a maximum effect observed 
at this temperature (around 203°K) where the anisotropy factor A 

ws 
is minimxi. But this

a 
 not the case in the present imestistation. 

The direct observation of mobile (100) dislocationshas bees 

reported by DilvAey and Male (1966) in electron microscopy studies 

of iron and iron alloys. The value of 	used to distinguish 

between (111) , (110) and 000) dislocations were L:(123), 

A 	= (222) and za. (013) respectively, and about 2021  of total dis-

locations were found to be of the (100) type. The proportion 
was unaffected by the temperature of deformation, alio; content, 

the amount of strain or strain rate. In contrast, Lorreto and 

Reid (private communication) observed less than one percent of the 
total dislocations to be of the MO) type. Thus, the explana-
tion in terms of mobile dislocation of (10C) type appears to be 

premature at this time. 

It appears from the preceding: discussion that the plastic 

instability observed in this orientation between 77o and 373°K in 

tension may arise from neither of the above-mentioned theories 
along. The change of cross-section of the specimen from circular 
to elliptical shape and local shear deformation was so extreme, 
that the load drop in the load elongation chart does not necessarily 

represent true leometrical softening. 	Tt is thus difficult to 

adopt the conventional sense of geometrical softening. If a large 
number of dislocations move simultaneously, then a load drop 

will be.produced in the load elongation curve by the rapid multi-
plication and motion of dislocations. This effect could be less 
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important at intermediate temperatures because of the ease of 
cross slip. Although the load drop was obser, ed not only at 
77°K but also between 195°  and 373°K in the present case, the 
catastrophy on the specimen was more pronounced with decreasing 
testinr temperature. This suggests that the contribution of 

adiabatic heating may be also responsible in certain degrees. 

5.3.5 Orientation dependence of yielding and work...hardening 

Prom the observation of the orientation dependence of yield-

ing and work hardening in Fig. 5.1 and Pig. 5.5, it can be said 
in general terms, that the initial work-hardening is dependent on 

the number of active slip systems, consequently this work-hardening 

rate determines the type of yielding. 

In the case oftle001)deformation axis, ther are approximately 
twice as many active slip systems as for the deformation axis in 

011) direction. Considering the barriers formed by dislocations 

resulting from a reaction of the type 

<111) 	+ a (1115 	a <100) 
	

( 5.4) 
2 	2 

When the deformation axis is in the (Oil) direction, and if 
obly the plane with the maximum resolved shear stress is condidered 
to be active, thea.(001) may lie in three different directions on 

each 	plane (Guiu 1965). 

When the deformation axis is in the 401> direction there 

are four active slip directions and, as a result, six different 
reactions as described by Rose et al (1962). At the same time 

these dislocations may lie in five or six different directions 

depending on whether the slip is of 1110/ or k112> type. 

As a result a higher dislocation density and smaller and denser 
network of obstacles would be expected on each slip plane. By 

analogy of the role of Cottrell-Lommer sessile dislocations,in 
the hardening of f.c.c. metals, this would result in a more profuse 

dislocation tangling (Benson et al 1962; Ohr and Beshers 1964), 

higher dislocation density and smaller cell structure (Keh 1965) 

and a stron.0, long range internal stress (Li 1963). 
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The dislocation etch pit studies also revealed significant 

anisotropy on the same etching plane for various crystal orientat 
tions. .Argon and Maloof (19 66) observed that the rate of dia- 

&oat plicia,loa 
locationAin the crystal with 4011> deformation axis is about 

twenty times less than the rate of multiplication in all other 

orientations of zone-melted tungsten crystal. Guiu (1965) observed 

some indication of cell structure in the crystal with <011) def-

ormation axis,in molybdenum single crystals; Be suggested that 

multiple splitting of the Laue spot after deformation may be an 

indication of cell structure which will produce a similar effect 

to forming within the lattice roughly defined sub-boundaries 

(McLean 1962; Li 1963). 

1Jeissman (1962), in examining the strain distribution before 

and after the upper yield point,, found some evidence that the upper 

yield point is associated with initiation of the secondary slip 

system. In the deformation of single crystal tantalum and tungsten, 

if the deformation axis is such that many systems can operate 

simultaneously, no yield point will appear. 	If,the orientation 

is such that one or two systems are active first and the rest are 
activated by the internal stress, 	at later stages of deforma-

tion, a yield point appears due to the relaxation of the internal 

stress. Johnston (1962), in his calculated stress-strain curves, 

demonstrated that a severe work-hardening rate completely eliminates 

the yield drop, although there is still a definite yield point. • 

The mechanism of work-hardening in b.c.c. metals has been so 

little investigated in the past that it would be premature to aim 

at a reasonable understanding of the orientation dependence of 

the work-hardening; without more precise knowledge. However, it 

appears important to realise from the evidence presented, that 

it is feasible to correlate a large work-hardening with a larger 
number of slip systems which result in the yield point phenomenon. 

For instance, the crystal with <001) tensile axis exhibits a 

sharp yield point after strain ageing treatment where the work 
hardening is relatively low. 
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CHAPTER 6 

6.1 Conclusions  

The work in the first part of the present study has been 

devoted to the evaluation of the various pertinent parameters 

in the electron beam zone melting of niobium crystals. The 

effect of these parameters on certain measurable properties were: 

i. A good agreement was found between yield stress, hardness, 

strain ageing behaviour, electrical resistiv y ratio-  and 

chemical analysis in the evaluation of the purification 

caused by varying the zone-melting parameters. 

ii. The improvement in overall purity achieved with increasing 

number of zone passes was found to be greater between one 

and two zone passes, then diminishing between subsequent 

zone passes. 

iii. A fast zone speed resulted in a Crystal of low purity 

and caused a considerable gradient in impurity distribu-

tion alone: a single crystal rod. This arose from an 

increase in the value of the effective distribution 

coefficient, 

iv. No significant difference in the impurity distribution 

profile was observed between zone-levelled and zone-

refined crystals when the same zone speed was used. 

v. The vacuum pressure during the zone-melting process 

was found to be the most influential parameter in con-

trolling the purity of the crystal. 

vi. The pre;,ress of purification, and the improvement in 

the vacuum pressure of the furnace with time were in 

good agreement, This implied that the removal of the 

products of volatilisation and degassin47 by the -anuum 

system, was a major part of the purification. vacuum 

distillation of lower melting point elements would also 

be promoted by decreasing the furnace pressure. 
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vii. Chemical analysis showed that improvement in overall 

purity due to further zone passes was most likely due 

to the reduction of carbon or nitroen contents. This 

might be associated with the observed higher yield stress 

and the discontinuous yielding behaviour in the crystals 

witi the least number of zone passes. 

The results on the effect of the overall impurities on the 

yielding and strain ap,ein behaviour has shown: 

i. The temperature dependence of the yield stress was decreased 

markedly with increasing; overall purity for both <110> 

and <100) orientations. It was foutnd that the tem-

perature dependence of the -ield stress was followed 

linearly by 	T relationship, and the difference in 

the yield stress between pure and less pure cr',-stals can 

be expressed as AC".= 	. 

ii. Gilman's "reaction rate theory" which is based on the 

multiplication and velLicity characteristics of dislocations 
provided the best ettplanationof the yielding and temperature 
dependence of the yield stress in the present work. This 

suggests that the impurity contribution to the yield stress 

is proportional to the square root of the concentration 

of interstitial impurities - a result that was found by 

Stein and Low (1966) for iron. 

iii. The strain rate sensitivity of pure and less pure crystals 

cannot be adequately explained on the basis of a sinnle 

thermally activated process. 

iv. The strain ageiii4 kinetics may be divided into two stages: 

the one stage below 473°E:where the Cottrell-Baby t2/3  

law is obeyed, and the second stage above 4730K where the ageing 

factor is insensitive to the eyeing time when stress- 

induced ordering takes place. 

v. The strain ageing kinetics and consequently the activa-

tion energy of diffusion of interstitials are strongly 

influenced by the initial and relative concentration of 

interstitials present in the crystal. 
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vi. After strain ageing, 	yield points were observed for 

the crystals with 4,100> tensile axis. This may be 

caused by the low work-hardening where the strain ageing 

took place, or by the anisotropy of shear stress in the 

sense of shear direction in the vicinity of the disloca-

tion core. 

Mechanical tests on niobium sine crstals with a Symmetrical 

orientation has shown: 

i. At high temperatures the yield stress was found to be 

independent of the orientation of the crystal and of the 

• sense of the applied stress. 

At low temperatures, the yield stress was strongly depen-

dent on the orientation and the sense of applied stress. 

In tension <110) orientation showed a higher yield 

stress compared with the (100) orientation, however, 

the ;,yield stress in compression for <110) was higher 

than for 400) above 200°  and below 100°K. 

iii. The observed difference in the yield stress in tension 

and e,ompression ma-, be accounted for in terms of an asym-

metry of the critical resolved shear stress on the k1121 

plane. If the core dissociation on the k1121 plane 

is the only factor determinins the magnitude of the stress 

to move screw dislocationsI then the yield stress for 

<100) in compression should be equal to the yield stress 

for (110) in tension, however, this was not so in the 

case of the present observation. 

ivo  IA) current theory of orientation dependence 14 thought 

to be adequate, however, there seems to be rough correla- 

tion between the number of slip s;-stems and the low 

value of the yield stress with a high work-hardening rate 

which subsequently affects the yielding behaviour. 

v. The crystal orientation most favourable for twinning 

under compression is the <110) orientation; although 
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equivalent in terms of shear stress, the crystals 

with <100) axis in tension did not twin. 

vi. There was no systematic variation in the first twinning 
stress with the interstitial impurity content of the 

crystals. 

vii. Catastrophic, very localized flOw behaviour was observedr for 

crystals with (111> tensile axis: the plane of shear 

was found to be near 1110 and the shear direction 

near (100>j 	However, it is still premature to be 

interpreted in terms if mobile dislocations with (100) 

Burgers vectors. The load drop in the load elongmtion 

curve which was caused by the chanPe of cross-section of 

the specimen from a circular to an elliptical shape and 

local shear necking does not necessarily correspond to 

geometrical softening. However, the catastrophic shear 
necking of the specimens was more pronounced with 
decreasinP: testily:.  temperature which sug;ests that this 

behaviour may be caused by a combination of adiabatic h 

heatinr., at localized necked regions and geometrical 

softening. 
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SUGOESTIOYS FOR FUTURE WORK 

It has been shown that inherent lattice hardeninc is not 
the dominant source of low temperature strength in b.c.c. metals, 
and the interstitial impurities do contribute a major part of 
the strength. It would be interesting to investigate the inter-

action of dislocations with interstitial impurities by strain 
ageing experiments, microstrain measurement in the region of 

10-6 - 10 strain and internal friction measurements. These 
experiments could be carried out for various crystal orientations 

as a function of temperature, strain rate and impurity content.. 

This could enable a comparison to be made of the amount of inter-

stitial dislocation interaction determined by three different 

methods, In the present work Gilman's reaction rate theory 

(19 65) gave fair agreement to the temperature dependence of 
the yield stress, however, further experiments would be neces-

sary to differentiate between the two models involving lattice 

hardening and solution hardening. Mechanical testimc: both in 

tension and compression at ver: low temperatures, say between 
4.2 and 20°K, for various orientations doped with known amounts 
of interstitials„ should help in this. 

At the moment, it appears that there is no aoceptable 

explanation of the observed orientation dependence of the defor-

mation behaviour of b.c.c. metals, or its dependence on the sense 
of the applied stress. There is an asymmetry in the critical 

resolved shear stress for slip on t112} planes at low tempera-

ture, but it is difficult at this stage to predict the right 
magnitude of the asymmetry since the value depends on the value 

of the stacking fault energy and on the elastic anisotropy factor 
of the particular plane and no reliable values are known for 

these factors. It would be of great value to investigate 

the effect of temperature upon the orientation dependence of the 

slip plane both in tension and compression since there is no 

general agreement on the operative slip planes, 	The 
observation of a 0.101 1(100) slip system with marked shear 

necking et 77°K for <11]) orientation in tension, both in the 
present work and in that of Reid et al (1966), posed another 
difficulty in this subject. Examination of the specimen deformed 
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under this condition with electron microscopy would be of great 
interest. However, in this study one must use the low order 
diffracting vectors because of anomalous dislocation invisi-

bility with high order diffracting vectors in Burgers vector 
determination (Prance and Loretto 1968; Dingley 1968). The jog 

theory however, predicts the correct variation with orientation 

to explain the work..hardening, but the difficulty with this 

theory is that it is difficult to believe a sufficiently high 

jog density could be attained. Further experiments would be 

necessary before the effect of the orientation and the difference 

between tension and compression could be properl,,  explained. 

Ileasurements of the resistivity ratio, in conjunction with a 

transmission electron microscopy study miiht indicate the number 

of jogs which are moving non-conservatively, which on the jog 

theory, would be different for (110) and 4100) orientations. 
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Department of Metallurgy, Imperial College, London 
Yielding and Strain Ageing of Niobium Crystals  

By 
N.C. KIM and P.L. PRATT 

One of the characteristics of the b.c.c. metals is a 
rapid increase in yield stress with decreasing test tempera-
ture followed by a transition from ductile to brittle behaviour. 
Generally the yield stress decreases and ductility increases 

with increase in purity. To account for these effects various 
theories have been proposed (1, 2, 3). Due to the lack of de-
tailed experimental work on various high purity single crystals 
a reliable quantitative Comparison between theories and expe-
rimental data is still lacking. 

Previous investigations of some b.c.c. metals purified 
either by electron bombardment zone melting (4, 5), or by the 
decarburizing technique (6, 7), showed a large decrease in the 
temperature dependence of the yield stress by increasing the 
overall purity. 'In this note, some effeCts of impurity on the 
mechanical properties of single crystals of niobium are pre-
sented. 

Single crystals of niobium)  3 mm in diameter 25 cm in 
length, were grown by an electron beam zone melting technique 
at a zone speed of 2.5 mm/min, in an initial vacuum of 
6x10-6  Torr which gradually improved to 3.5x106 Torr at the 
end of one zone pass. The purity of the single crystals reached 
the limit of detection by chemical analysis after one pass)  and 
no significant differences could be seen between one and four 
zone passes. However tensile tests, hardness tests)  and the 
electric resistivity ratio (R273oK/R77oK) showed a pronounced 
difference between one and two zone passes and a less pronounced 
difference beyond two zone passes. The results are plotted as 
a function of the number of zone passes in Fig. 1. The de-
crease in yield stress)  and hardness, and the increase in re-
sistivity ratio indicates an increase in overall purity with 
further zoning. Similar results were reported by Lawley et al. 
on zone melted molybdenum single crystals (4). 
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Fig. 1. Variation of resolved 
shear stress, hardness, and 
electrical resistivity ratio 

Tensilearis<V01 	 with number of zone passes 
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shoulder radius of 6 mm and 
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	  in Instron Universal testing 

machine at a cross head speed 
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- 	
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195, and 77 K. 
55 - 

czN 	 The stress—strain curves 

0 	1 	2 	3 	4 	5 	5 were very anisotropio and an 
orientation dependence similar 

to that observed in molybdenum (9), tungsten (8), and tantalum 
(10) was noted below 245 °K. The <110> orientation yielded 
smoothly at 373 °K but below room temperature yielded discon—
tinuously with a preyield microstrain followed by an upper and 
lower yield point. The amount of yield drop depended on the 
purity level. The <100> orientation yielded smoothly at all 
temperatures with a lower proportional limit and higher work 
hardening rate than the 110. orientation. The yield stress 
was determined at the limit of proportionality to enable a 
comparison between the two orientations to be made. 

In Fig. 2 the temperature dependence of the proportional 
limit of <110> crystals is shown for the different number of 
zone passes. Prom this it can be seen that by inoreasing 
overall purity the temperature dependence of the yield stress 
is decreased significantly. A similar trend was also observed 
for the <100> orientation. A similar behaviour has been re—
ported by Lawley et al. on molybdenum (4), by Koo on tungsten 
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Fig. 2. The effect of tempe- 
rature on the proportional 	30  

limit of crystals with ten- 
sile axis in the <110> direc- 

ti  25 
tion with cross head speed 
of 0.05 cm/min. 

a 20 
(5), and by Stein et al. on 
iron containing <10 ppm C 

(6, 7). 15 
All the specimens de-

formed entirely by slip at 
all the temperatures inves- 	70 
tigated. Twinning was never 
observed. The crystals with 

<110> orientation necked 	5 
down immediately after the 
upper yield point but (100> 
crystals with two zone passes 
extended 12.5% before the UTS 

at 77 °K. 
The effects effects of impurity were also prominent on the strain 

ageing. A series of experiments were carried out on one zone 

pass crystals of <110> and <100> orientations. For the <110> 
orientation, specimens of two different purity levels were 
tested at room temperature, one batch of a standard purity 
and the other grown under a vacuum of 4x10-5  Torr. 

As seen in Fig. 3: the less pure crystals showed a higher 

proportional limit)  and higher upper and lower yield stresses 
at the initial yielding. They showed a larger yield drop after 
a shorter ageing time, and at a lower temperature, than the 
purer crystals. The activation energy for the return of the 
yield drop was found to be 19.8 kcal/mol. This is less than 
the values obtained by Power and Doyle (11) for the diffusion 
in niobium of oxygen, nitrogen or hydrogen)  (27 kcal/mol for 

oxygen being the smallest value they obtained). The major dif-
ference between the initial yielding and the yielding after 
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Fig. 3. The effects of im—
purity on the strain ageing 
characteristics of one zone 
pass crystals with tensile 
axis in the <110> . 
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strain ageing was that in the former preyield microstrain was 
followed by a round yield drop, whilst in the latter the yield 
drop was sharp with no preyield microstrain. The crystals with 
<100> orientation which did not yield discontinuously at ini—
tial yielding showed sharp yield drops after strain ageing 
as also observed in tungsten single crystals (12). 

Further results with a detailed discussion will be pre—
sented in a later paper. 

The authors would like to thank Prof. J.G. Ball for pro—
viding laboratory facilities in the Department of Metallurgy)  
and the members of the b.c.c. group in this department for 
helpful discussions. We are grateful to C.E.G.B. for financial 
support, and to, the D.S.I.R. (now S.R.C.) for providing the 
Instron machine. 
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ABSTRACT 
The effects of the number of passes, the zone speed and direction, 
and the vacuum pressure during zone melting of niobium were 
evaluated by measurements of electric resistivity ratio, hardness, 
and yield stress, and by strain ageing experiments and chemical 
analysis. High zone speeds resulted in a significant increase in 
the effective distribution coefficient in the zone levelling process. 
The most important contribution to purification was found to be 
the vacuum pressure in the furnace during melting. The carbon 
and nitrogen contents were reduced with increasing number of zone 
passes, and this may be associated with the lower yield stress and 
less marked discontinuous yielding behaviour. 

Introduction 

The electron beam zone melting technique has been used by many 

workers for preparing pure single crystals of the b. c. c. transition metals for 

mechanical tests. The purity of the crystals has commonly been assessed by 

measurements Of resistivity ratio (1), hardness (2, 3), tensile strength (4) and 

by chemical analysis (5). However, in this investigation strain-ageing experi-

ments were also used for the pux:pose'of this evaluation. 

Experimental Apparatus and Techniques  

Description of Electron Beam Apparatus  

The cylindrical furnace chamber, made from mild steel protected by 

nickel plating, is cooled by running water. This chamber is evacuated from 
323 



324 	 NIOBIUM CRYSTALS 	 Vol. 2, No. 3 

below by an oil diffusion pump, 6 inches in diameter and with a capacity of 
300 litre/ sec. A liquid nitrogen cold trap between the diffusion pump and the 
chamber reduces the back-streaming of oil vapour. On one side of the furnace 
wall there is a quartz window protected by a moveable radiation shield and a 
silica glass plate. The pressure is measured by an ionisation gauge with its 
head connected to the side of the chamber. 

A stainless steel 'cold finger', filled with liquid nitrogen, attached to 
the lid of the chamber, acts as a getter, thereby improving the vacuum. 

The cathode is mounted on a lead screw driven by a variable speed 
motor with a reduction gear. The cathode travels at speeds between zero and 
30 mm. / min. The specimen and all other parts of the furnace are earthed, 
while the cathode, run at a high negative voltage, is insulated by two 
'pyrophylite' blocks. 

The cathode assembly used in the initial stages is similar to the one 
developed by Cole et al. (6). In this the filament is hidden from the molten 
zone to avoid contamination of the crystals by metallic; elements emitted from 
the filament, and to avoid coating of the filament with the metal ejected or 
evaporated from the molten zone. Because of the high impedance of this 
design, _the emission current was very low, making power control difficult 
and resulting in poorly shaped crystals. In addition no sputtering from the 
molten zone was encountered when niobium crystals were grown, and so a 
direct focussing cathode of low impedance was constructed, in collaboration 
with P. J. Sherwood. The top and bottom focussing plates are made of molyb-
denum, while a tungsten filament, 0. 5 mm. in diameter, is supported horizon-
tally by a leg resting on the bottom focussing plate. This ensures that the 
plates are at the same potential so that the electrons are focussed electro-
statically. The high voltage power supply is controlled by a circuit similar 
to that of Birbeck and Calverly (7). 

Operating Characteristics and Procedure  

With water cooling of the furnace chamber, the vacuum pressure in the 
furnace was about 6 x 10-6 torr. When the cold finger was filled with liquid 
nitrogen the pressure improved to 2. 5 x 10-6 torr. On maintaining the rod at 



FIG. 1. 

Cathode Assembly 
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the melting point the pressure rose to 9 x 10-6 torr. , but after several min-

utes decreased to about 4 x 10-6 torr. 

A stable molten zone 3 mm. long, in a 3 mm. diameter rod, could be 

formed using a voltage of 2.5-2.6 KV and emission current of 77-80 mA dur-

ing the first zone pass. This gave a melting power of 200 watts. The second 

pass required slightly less power, about 184 watts. A 6 mm. diameter rod of 

the same material required 558 watts at 6.2 KV and 90 mA. Figure 1 shows 

the cathode assembly and the configuration of the molten zone of a 3 mm. di-

ameter rod for the downward pass. 

The starting material in the 

form of electron beam melted rod was 
supplied by Fansteel-Hoboken, Belgium. 

A chemical analysis of the starting 

material, made by E. I. Du Pont de 

Nemours & Company, U. S. A. , is 

shown in Table 1. 

The polycrystalline rod, 3 mm. 

in diameter and 28 cm. long, was 

mounted in the furnace and subjected 

to zone melting. After completing 

the first zone pass, the power was decreased taking the crystal below its 

melting temperature. Uniformity in the distribution of impurity along the 

crystal can be achieved by a zone levelling (8) technique, with a number of 

zone passes alternately in opposite directions. For zone levelling the crys-

tal was remelted at a distance of 7 zone lengths from the last freezing zone 

and the second pass resumed. This procedure was adopted to avoid disturb-

ances in orientation, and also to avoid contamination from heating of the 

chuck and from the solute accumulated at the end of the rod after the first 

zone pass. 

The variation of vacuum pressure with time using the zone refining 

process, the zone levelling process, and fast zone levelling, are shown in 

Fig. 2. In all three cases there is an appreciable fall in pressure after the 

first pass. Thereafter the decrease is less with subsequent zone passes. 
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FIG. 2. 
Variation of Vacuum Pressure During Zone Melting 

To evaluate the influence of the variables controlling electron beam 
zone melting, single crystals were grown as follows: 

Type A crystals By zone levelling at a zone speed of 2. 5 mm. / min. 
with various numbers of zone passes. 

Type B crystals By zone levelling at a zone speed of 5 mm. / min. 
with two zone passes. 

Type C crystals By zone refining at a speed of 2. 5 mm. / min. using 
two zone passes. 

' Type D crystals By zone refining at a speed of 2. 5 mm. / min. at 
different vacuum pressures with one zone pass. 

Seeding of Oriented Crystals  

A' randomly oriented crystal was fixed to a 6 mm. diameter stainless 
steel cap which was then sliced through.a plane normal to the desired orienta-
tion. The cut surface was attached by a screw to the horizontal plane of the 
holder so that the seeding direction coincided with the vertical axis of the rod. 

• Subsequent crystals of the same orientation were grown by using a 
length of. previously grown crystal as a seed. The misorientation of the axis 
of crystal's grown by this method was less than 3°  from the desired orientation. 



Vol. 2, No. 3 	 NIOBIUM CRYSTALS 	 327 

TABLE 1. 
Chemical Analysis of Starting Material, 

and of Single Crystals After One and 
Four Zone Passes 

Weight in p. p. m. 
02 	1-12 	C 	N2 

Starting Material 29 1 7-8 63 

One pass 	(1) 12 7-9 28 

(3) 21 * 

* 

35 
4 passes 	(1) 37 20 

(3) 29 31 

In order to avoid the 
complexity which may arise 
from crystallographic geometry 
all the tests were carried out on specimens oriented in the <110> orientation. 
This orientation was chosen because preliminary experiments showed that the 
yielding behaviour was influenced by impurities to a greater extent than in any 
other orientation. 

Tensile specimens were produced using a Servomet SMD Spark ma-
chine. As-grown single crystals of 3 mm. diameter were cut into 3 cm. 
lengths by the spark slicer. They were then spark lathed, starting from range 
3 and finishing at range 7, which is the finest range. In this way the tensile 
specimens were given a 16 mm. gauge length with a shoulder radius of 3 mm. 
The final diameter of the specimens was 2. 7-2. 8 mm. depending on the uni-
formity of the diameter of the as-grown crystal. The deformed layer, 100 
microns thick due to the spark lathing, was subsequently removed by electro-
polishing for 1 hour at a voltage of 15-17 volts and 0.3-0.4 Amp. 

Evaluation of Specimens 

The resistivity ratio has long been used as a measure of impurity con-
tent present in solid solution. This has been described in detail by Kunzler 
and Wernick (1). In the present investigation, resistances were determined at 

There was no definite pre-
ferred orientation of crystals, 
grown without seeding, after one 
zone pass. However, the crys-
tals tended to grow with their 
axes closer to <110> than to 
any other orientation. Similar 
results were reported on iron 
single crystals grown by strain 
annealing, using zone refined 
iron (9). 

Preparation of Single Crystals  
Precision of Method: 0 -I" 3 p. p. m. 

± <1 p. p. m. 
* not determined. 	C ± • 5 p. p. m. 

N± 	2 p. p. m. 
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low temperatures in a liquid nitrogen bath (77°K) and at high temperatures in 
a mixture of ice and water (273°-K);,  for varying numbers of zone passes. 

Hardness measurements were' made on a cross section at one end of 
the tensile specimen, after preparation by spark planing and subsequent chem-
ical polishing for 45 sec. in 7 parts of HNO3  and 3 parts of HF. Since it is 
well known that the microhardness value under low load is higher than the 
value obtained from macrohardness it was decided to carry out both types of 
hardness measurements. 

Indentations were made with a Reichert microhardness tester using a 
load of 24 gms. and a Vickers hardness tester using a load of 1 Kg. 

Tensile tests were performed at a strain rate of 4.9 x 10-4 sec. -1. 
The stress at the first deviation from linearity on the stress-strain curve was 
taken as the yield stress of each crystal, i. e. the proportional limit. 

For the strain ageing experiments two single zone pass crystals of iden-
tical orientation were grown at the same zone speed. However, one was grown 
at pressures between 4.4-3. 9 x 10-5 torr. and the other, at pressures between 
4.9-0.0 x 	torr. They were then prestrained at room temperature at a 
strain rate of 4.9 x 10-4 sec. -1, unloaded, and then given ageing treatments 
at 296°, 373°  and 473°K for various times. 

Experimental Results and Discussion 

Effect of Number of Zone Passes, Type A Crystals  

In the zone melting technique the degree of purification depends on the 
purity of the starting material, because the amount of solute removed by each 
pass is only a fraction of the amount present beforehand. Hence, under iden-
tical conditions of zone length, vacuum pressure during melting, zoning speed 
and direction, and starting material, the purification achieved should depend 
solely on the number of zone passes. This fact has been confirmed by previ-
ous workers on electron beam melted niobium (4) and tungsten (10) by means 
of yield stress, and on molybdenum by means of hardness (11). 

The present results of resistivity ratio R273/R77°K,  microhardness 
and Vickers hardness, and yield stress, are presented in Fig. 3 as a function 
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FIG. 3. 
Variation of Resistivity Ratio, and 
Hardness and Yield Stress at Room 
Temperature with Number of Zone 
Passes. 

FIG. 4. 
Stress-Strain Curves of Crystals 
With Various Numbers of Zone 
Passes at 193°  and 296°K. 

FIG. 5. 
Temperature Dependence of the 
Yield Stress of Crystals with 
Various Numbers of Zone Passes. 

FIG. 6. 
Variation of Hardness and Yield 
Stress at Room Temperature with 
Distance from the Starting End. 
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of the number of zone passes. The values of resistivity ratio of 5. 30-5.46 
for 1 zone pass are slightly higher than the values reported by Votava of 5. 05, 
5. 15, 5. 10 for 8, 16 and 27 zone pass niobium. This discrepancy may result 
either from different compositions of starting material or of zone speed, or 
from both factors. Votava (2) used niobium supplied by Murex Co. and a zone 
speed of 14 mm. / min. , about 5.6 times faster than that used.  in this work. 

Variations of both microhardness and Vickers hardness were also 
apparent but these decreased as the number of zone passes increased. For 
one to six zone passes the microhardness varied from 67 to 56 Kg/ mm. 2 
whereas the Vickers hardness varied from 45 to 40 Kg/ mm. 2. Votava's (2) 
Vickers hardness varied from 44-48 Kg/ mm. 2. 

The decrease in yield stress with increasing number of zone passes 
was more rapid than the variation observed using the other methods. The 
yield drop, Fig. 4, and the temperature dependence of the yield stress, Fig. 
5, changed markedly with increasing number of zone passes. 

Effect of Zone Levelling Speed with Two Zone Passes, Types A and B Crystals  

As shown in Fig. 6A and B, the variation of hardness along the rod for 
both fast and slow zone levelling speeds was hardly detectable, whilst the 
yield stress was generally higher and increased significantly with distance 
from the starting end in the case of the fast zone speed. In this work the 
speed differed by a factor of two, and this caused a significant change in the 
impurity distribution profile along the rod, and in the overall purity. These 
changes may have arisen from differences in the time available for purification 
during the zone melting. However, Drangler and Murray (3) found that the 
slower zoning speed improved the crystals near the starting end only, and the 
rest of the crystal did not vary in electron beam melted tungsten and molyb-
denum. 

Effect of Zone Refining and Zone Levelling, Types A and C Crystals  

A considerable impurity gradient is unavoidable in the zone refining 
process, but in contrast, a more uniform concentration profile could be ex-
pected in the zone levelling process. The results of hardness measurements 
and of yield stresses along zone refined and zone levelled rods after two zone 
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passes at the same speed are compared in Fig. 6A and C. No significant dif-

ferences in hardness along and between the two differently prepared crystals 

were observed. However, the yield stress was slightly lower and decreased 

towards the finishing end in the case of the zone refined crystal. Whether this 

slight difference is caused by the characteristics of the zone refining process 

or by experimental scatter in the measurements is not clear. By contrast 

Koo (9) has found that in zone refined tungsten single crystals, the yield stress 

increased rather steeply up to 7.6 cm. from the starting end and then remained, 

constant up to the finishing end. Theory suggests that, for the case of niobipm, 

k must be 	for the impurity controlling the yield stress. 

Effect of Vacuum Pressure During Zone Melting, Type D Crystals  

Previously it has been accepted that the purification mechanism involved 

in electron beam zone melting entails the vacuum distillation of lower melting 

point elements and the volatilization of oxides and nitrides as well as zone re-

fining (2, 3, 12, 13, 14). In the present investigation the vacuum pressure was 

found to be much more influential than the number of zone passes or the zone 

speed in controlling the purity of the crystals. In Fig. 7 the crystal grown at 

poor vacuum pressure shows a much higher proportional limit, larger yield 

drop, and larger susceptibility to strain ageing than the crystal grown in a 

better vacuum. This suggests that the removal of gaseous, impurities is the 

most important process in the zone melting of niobium crystals. 

The proposed purification mechanisms of vacuum distillation and vola-

tilization may be a contributing factor. The vapour pressures of many ele-

ments are sufficiently high to bring about distillation at and near the zone 

melting temperature. They are transferred through the vapour phase to a 

cooler part of the furnace such as the liquid nitrogen cold finger or the water 

cooled furnace wall. However, in the case of dissolved gaseous elements such 

as nitrogen and oxygen, the solubility is proportional to their partial pressures. 

By improving the vacuum pressure in the furnace the solubility is correspond-

ingly reduced and this leads to the higher crystal purity. Furthermore, the 

observed similarity between the improvement of vacuum pressure with time 

and with the 'number of zone passes, and the improvement of purity achieved 
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with increasing number of zone passes also provides substantial evidence to 
support this view of the purification mechanism. 

T 

0.10 	 0.15 
	

0.20 

TENSILE STRAIN OL/L  

FIG. 7. 
Strain-Ageing Characteristics of Crystals of Different Purity 

Chemical Analysis  

It is unfortunate that during the current work the chemical analysis of 
metallic elements was not carried out. The extensive chemical analysis of 
Reed (5) shows that the tantalum and tungsten contents have not been altered 
after 12 zone passes. This suggests that the considerable concern about con-
tamination by tungsten from the filament of the cathode assembly is not so 
serious as has been suggested by previous workers. The vapour pressure of 
pure tungsten and tantalum are comparatively low at the zone melting tempera-
ture, and these values are further reduced due to their small concentrations 
in the niobium crystals. On the other hand, analysis of the interstitials showed 
that the carbon content increased with increasing number of zone passes, 
whilst the nitrogen content markedly decreased. The oxygen results were 
rather scattered. 

The results of analysis for interstitial impurities are shown in Table 1 
for the present work. 

1 	 
0.05 
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In contrast to Reed, the analysis indicates that the carbon content was 
reduced to half after four zone passes and the nitrogen content reduced simi-
larly after the first zone pass. The oxygen content decreased after the first 
zone pass and then increased to a level in excess of that found in the starting 
metal. 

A comparison between the report of Reed and the present analysis im-
plies that carbon contamination due to back-streaming from the vacuum system 
took place in his case, whilst, due to the better cold trap, this did not occur 
here. 

In the case of dissolved gaseous elements such as nitrogen and oxygen 
the solubility is found to be decreased by increasing the temperature and by 
decreasing the vacuum pressure. However, an increase in oxygen in the pres-
ent case with further zone passes is not unreasonable. Consider the thermody-
namics of oxide formation calculated from the free energy of formation of NbO; 
the equilibrium partial pressure of the Nb/Nb0 system at approximately 
2, 400°C is 10-10  torr. (15), and the oxygen partial pressure in the vacuum 
furnace is probably less than that, so no NbO is formed in the molten zone. 
However, as the temperature drops immediately behind the molten zone, the 
partial pressure of the oxygen will be sufficient to form NbO because the equi-
librium partial pressure of oxygen in the Nb/ NbO system decreases rapidly 
with temperature. This suggests that NbO is formed after the zone has passed 
over the crystal. The oxygen content could be further reduced only by further 
improvement in the vacuum pressure and by increasing the temperature gra-
dient near the molten zone. 

The larger yield drops and higher yield, stresses occurred in the crys-
tals with the least number of zone passes, as shown in Fig. 4; the chemical 
analysis suggests that this effect is very likely due to the carbon or nitrogen 
interstitial impurities. 

Conclusions 

A good agreement was found between resistivity ratio, hardness and 
yield stress in the evaluation of purity caused by varying the zone melting 
parameters. 
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The improvement in overall purity achieved with increasing number of 
zone passes was found to be greater between one and two zone passes, and 
then diminished between subsequent zone passes. 

A fast zone speed results in poor purity of crystal and causes a consid-
erable gradient in impurity distribution along a single crystal rod. This arises 
from an increase in the value of the effective distribution coefficient. 

No significant differences in the impurity distribution profile are ob.-
served between zone levelled and refined crystals when the same zone speed 
is used. 

The vacuum pressure during the zone melting process was found to be 
the most influential parameter in controlling the purity of crystals. 

The progress of purification and the improvement in the vacuum pres-
sure,with time agrees very well. This implies that the removal of the products 
of volatilization and degassing by the vacuum system is a major part of purifi-
cation. Vacuum distillation of lower melting point elements would also be 
promoted by decreasing the furnace pressure. 

Chemical analyses show that the improvement in overall plirity due to 
further zone passes is most likely due to the reduction of carbon or nitrogen 
contents. • This may be associated with higher, yield stresses and the discon-
tinuous yielding behaviour observed in the crystals with the least number of 
zone passes. 
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PLASTIC ANISOTROPY OF TANTALUM, 
NIOBIUM, AND MOLYBDENUM' 

P. J. SHERWOOD, F. Gum, H. C. KIM, AND P. L. PRATT 
Department of Metallurgy, Imperial College, University of London, London, England 

The stress—strain behavior of single crystals of tantalum, niobium, and 
molybdenum has been studied in both tension and compression in the temperature 
range 4.2-400 °K. The crystals were stressed in both the (100) and the (110) 
directions. 

At high temperatures, the yield stress of all three metals is independent of 
the direction and sense of the applied stress. At low temperatures, the yield 
stress depends markedly on the orientation of the crystals and the sense of the 
applied stress. This anisotropic behavior cannot be satisfactorily explained in 
terms of any of the mechanisms proposed so far, such as the mobility of jogs in 
screw dislocations, or the dissociation of a/2 (111) screw dislocations on 1112 ) 
planes. 

1. INTRODUCTION 

Although the elastic properties of the b.c.c. metals, with the exception of 
tungsten, are known to be anisotropic, the plastic properties of single crystals 
of b.c.c. metals have in the past often been considered to be isotropic, because 
of the facility with which multiple slip may occur. 

Early work by Taylor (1928) on single crystals of 0 brass was the first to 
show that the resistance to slip in a (111) direction on a given plane is not 
equivalent to slip in the opposite sense, and that, for a particular orientation 
of the deformation axis, the slip planes chosen in tension and compression are 
not equivalent. Subsequent work on iron and iron-silicon alloys (Vogel and 
Brick 1953; Steijn and Brick 1954; Taoka, Takeuchi, and Furubayashi 1964; 
Sesta and Zatubova 1965) has shown a similar asymmetry in the operative 
slip planes in tension and compression. 

If slip naturally occurs on the {112 } planes or involves elements of slip on 
these planes (as proposed by Sestak and Zarubova 1965), an asymmetry of 
the critical resolved shear stress, T(112),  would be predicted if the dislocations 
are dissociated on these planes. This follows from the nonequivalence of the 
positive and negative (111) twinning direction on {112 ) planes in the b.c.c. 
lattice. Edge dislocations can only dissociate asymmetrically on {112} planes 
according to the reaction (Frank and Nicholas 1953), 

a/2 (111) 	a/3 (111) + a/6 (111). 

The dissociation occurs in such a way that, if a shear stress acts in the sense of 
twinning, the a/6 (111) twinning partial will glide first. Conversely, if the 
sense of an applied stress is unfavorable for twinning, the complementary 
partial a/3 (111) will glide first. It is expected that the stresses required to 
move the dislocation in these two cases will be different, since a larger energy 
change is involved in moving the complementary partial first. 

'Presented at an international conference on the Deformation of Crystalline Solids, held in 
Ottawa, August 22-26, 1966. 

Canadian Journal of Physics. Volume 45 (1967) 
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It has also been proposed by Hirsch (1960) and independently by Sleeswyk 
(1963) that screw dislocations can dissociate into three a/6 (111) partials on 
the {112 } planes which intersect along the axis of the original screw dislocation. 
An analysis of the geometry of the partials under an applied stress also predicts 
that there should be an asymmetry of the stress to move screw dislocations on 
these planes. As pointed out by Hirsch (1960), the stress required to constrict a 
dissociated screw dislocation in the b.c.c. lattice may be thermally activated, 
and may possibly account for the magnitude of the low-temperature flow 
stress. If this is so, it should give rise to an anisotropic Peierls type of stress. 
Recently, Duesbery and Foxall (1965) and Argon and Maloof (1966) have 
invoked this argument to explain the asymmetry of the observed slip planes 
in niobium and tungsten and the differing yield strengths in tension and com-
pression for certain orientations. 

To investigate whether there is, in fact, an anisotropy of the yield stress in 
tension and compression which can be explained by an asymmetry of the 
critical resolved shear stress on the {112} planes, it is most advantageous to 
study crystal • orientations with the applied stress in the (100) and (110) 
directions. From Schmid-factor considerations, these orientations are the 
most conducive to {112 } slip, and also, for a given applied stress, the resolved 
shear stresses on the most highly stressed {112 } plane are equal. A consideration 
of the crystallography of slip on this plane also shows that for both orientations 
the senses of slip in the (111) direction are opposite in tension and compression. 
So far no systematic investigations of the yield stresses and slip planes in both 
tension and compression have been reported for these two orientations. This 
paper is concerned with the results of such an investigation in tantalum, nio-
bium, and molybdenum. 

Previous investigations in tension on tungsten single crystals (Rose, Ferris, 
and Wulff 1962), on molybdenum single crystals (Guiu and Pratt 1966), and 
on niobium single crystals (Kim and Pratt 1966) have shown that, when the 
stress is applied in the (100) and (110) directions, the yield stress and work-
hardening rate can exhibit a strong orientation dependence, particularly at 
low temperatures. These effects and certain other aspects of the yielding 
behavior have been explained in terms of either the conservative movement of 
jogs (Rose et al. 1962) or the nonconservative movement of jogs (Guiu and 
Pratt 1966) in screw dislocations. Another feature of the plastic anisotropy of 
b.c.c. metals which will not be dealt with in this paper is the appearance of a 
region of easy glide and three stages of work hardening in the stress-strain 
curve under suitable conditions of orientation, temperature, and strain rate. 
This has been observed in niobium (Mitchell, Foxall, and Hirsch 1963; Votava 
1964), tantalum (Mitchell and Spitzig 1965), iron (Keh 1965), and molybdenum 
(Guiu and Pratt 1966). 

2. EXPERIMENTAL TECHNIQUES 

2.1. Preparation of Single-Crystal Specimens 
Single crystals of molybdenum, tantalum, and niobium were grown by the 

electron-beam zone-melting technique in a dynamic vacuum of 10-6-10-7  Torr 
in the case of molybdenum, and 3-5 X 10-6  Torr in the case of tantalum and 
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niobium. The molybdenum was supplied by Murex Ltd. in the form of a 
sintered rod 6 mm in diameter, and the tantalum and niobium were supplied 
by Societe Generale Metallurgique de Hoboken in the form of rods 3 mm in 
diameter, swaged from double electron-beam melted ingots. 

To ensure an even distribution of impurities within the single crystals, the 
rods were given two zone passes in opposite directions at a zone speed of 2.5 
mm/minute. Chemical analyses of the single crystals for carbon and gaseous 
impurities are given in Table I. 

TABLE I 
Chemical analysis of single crystals of tantalum, niobium, 

and molybdenum 

Nb 
Element Ta (Content (wt. p.p.m.)) Mo 

C 36±5 4-8±5 2-3 
0 11±3 13-25±3 <1 
N 7±3 26-322 <<10 
H 11±1 Not detected (<1) <0.01 

The tantalum was analyzed by the National Physical Laboratory, Tedding-
ton, the niobium by Du Pont De Nemours and Co., U.S.A., and the molyb-
denum by the British Non-Ferrous Metals Research Association, London. 

Tensile specimens of molybdenum with a rectangular cross section were 
prepared by surface grinding, using cuts only 0.001 2 mm deep. The cold-
worked layer was removed by electropolishing in concentrated H2SO4. The 
approximate dimensions of the tensile specimens were as follows: 

cross section 	 2.1 X 2.3 mm2  
gauge length 
	

12.7 mm 
radius of shoulder 	.5 mm 
total length 
	

20 mm 

Tensile specimens of tantalum and niobium were prepared by spark lathing 
in a Servomet spark machine, and subsequently were electropolished in a 
solution of one part 47% HF and 9 parts concentrated H2SO4 to remove the 
surface damage. The final specimen dimensions were: gauge diameter 2.3-2.7 
mm, gauge length 17 mm with a shoulder radius of 3 mm. 

Compression specimens of molybdenum were cut from the gauge length of 
the rectangular tensile specimens. The ends were polished flat to give a final 
gauge length of approximately 7 mm. Compression specimens of tantalum 
and niobium were prepared by slicing previously spark-lathed and electro-
polished lengths of single crystal with a carborundum slitting wheel. The 
compression faces were ground on 600 grade silicon carbide papers, using a 
specially designed jig to ensure that the faces were accurately parallel. The 
compression specimens had the following approximate dimensions: gauge 
diameter 2.5 mm, gauge length 6 mm, except for tests between 4.2 and 20 °K, 
when the gauge diameter was 1.27-1.68 mm and the gauge length 2.5 mm. 

2.2. Methods of Testing 
Tension and compression tests were conducted over the temperature range 

77-400 °K in an Instron machine, model TT-CM. In the case of molybdenum, 



T
R
U

E
 ST

R
ES

S
,  C

T,
  k

g
  /
m

m
' 

1078 	 CANADIAN JOURNAL OF PHYSICS. VOL. 45, 1967 

a standard cross-head speed of 0.005 cm/minute was used in both tension and 
compression, which corresponded to total strain rates of specimen and machine 
of 7 X 10-5  and 10-4  sec-1  respectively. In the case of tantalum and niobium, 
standard cross-head speeds of 0.05 cm/minute in tension, and 0.02 cm/minute 
in compression were used, corresponding to strain rates of 4.9 X 10-4  and 
4.5 X 10-4  sec-1  respectively. Compression tests between 4.2 and 20 °K were 
performed at a strain rate of 9 X 10-4  sec-1. 

3. EXPERIMENTAL RESULTS 

The temperature dependence of the proportional limit for single crystals of 
tantalum, niobium, and molybdenum stressed in both tension and compres-
sion in the (110) and (100) directions are shown in Figs. 1, 2, and 3 respectively. 
The values of the proportional limit, or deviation from the linear region in the 
stress-strain curves, have been chosen for comparison, since crystals with 

0 	 100 	200 	 300 	 400 	500 
TEMPERATURE, •K 

FIG. 1. Temperature dependence of the proportional limit for tantalum single crystals. 

(110) orientation show discontinuous yielding, while the (100) oriented crystals 
exhibit parabolic hardening from the onset of macroscopic flow. It is clear from 
Figs. 1-3 that all three metals exhibit an anisotropic behavior that is more 
pronounced at low temperatures. 

Stress-strain curves of crystals deformed at 77 °K are shown in Figs. 4, 5, 
and 6. The single crystals of tantalum and niobium yield in tension at a higher 
stress than in compression when the applied stress is in the (110) direction. 
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FIG. 2. Temperature dependence of the proportional limit for niobium single crystals. 

The reverse effect is observed for crystals stressed in the (100) direction. 
However, the proportionallimit of crystals of molybdenum is always higher 
when the stress is applied in the (110) direction. In the case of tantalum, 
twinning without slip occurred in tension in the (100) direction, whereas in 
compression in the (110) direction repeated discontinuous slip occurred after 
a strain of 0.03. In niobium, however, twinning occurred before slip at a 
stress of 46.8 kg/mm2  for compression in the (110) direction and this produced 
a drop in load of more than 50%. Subsequently, the crystals yielded at a much 
lower stress and repeated twinning and slip were observed. In molybdenum, 
twinning and simultaneous fracture occurred in tension for both (110) and 
(110) orientations after a relatively large amount of plastic strain. Twinning 
in compression was never observed in molybdenum at any temperature, while 
in tantalum and niobium it always occurred at temperatures between 4.2 
and 20 °K. 

At temperatures above 77 °K, plastic deformation occurred only by slip in 
all three metals. Crystals deformed in the (100) direction showed no yield 
point and a high work-hardening rate, whereas crystals deformed in the 
(110) direction showed discontinuous yielding and a relatively low work-
hardening rate. 

Slip-line observations were made in tantalum, niobium, and molybdenum 
at the temperatures shown in Table II, where the slip planes and the cor-
responding Schmid factors are tabulated. The temperature dependence of the 
resolved shear stresses at the proportional limit, calculated from the data of 
Table II, is shown in Figs. 7, 8, and 9. At temperatures where slip line observa-
tions were not made, stresses were resolved on those planes that were more 
consistent with the data of Table II. 
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FIG. 3. Temperature dependence of the proportional limit for molybdenum single crystals. 

4. DISCUSSION 

4.1. Orientation Dependence of the Proportional Limit in Tension and Compression 
The most striking features of the results presented in this paper are (a) the 

large differences in proportional limits for all three metals for crystals extended 
in the (100) and (110) directions, particularly at low temperatures, and (b) 
the differences between the proportional limits in tension and compression. 
Before discussing possible mechanisms giving rise to these phenomena, the 
differences and the similarities in the behavior of the three metals will be sum-
marized. In tension, they all show a relatively high proportional limit in the 
(110) direction, compared with that in the (100) direction, but at sufficiently 
high temperatures the effect of orientation disappears. In contrast, the be-
havior in compression is somewhat more complex. Tantalum, at temperatures 
above 153 °K, shows a higher proportional limit for the (110) direction, but 
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FIG. 4. Stress—strain curves of tantalum single crystals at 77 °K. 
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FIG. 5. Stress—strain curves of niobium single crystals at 77 °K. 

on lowering the temperature the proportional limit for (100) becomes in-
creasingly higher than that for (110). Niobium, above 200 °K and below 100 °K 
also shows a lower proportional limit for (110) than for (100), but between 
these temperatures the behavior is similar to that in tension. Molybdenum 
shows a consistently higher proportional limit for (110) at all temperatures. 
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FIG. 6. Stress—strain curves of molybdenum single crystals at 77 °K. 

However, in comparing the data in tension and compression for each orienta-
tion, it becomes obvious that the effects are reversed for the two orientations. 
In all three metals, the proportional limit for (110) in compression is lower 
than that in tension, except for the anomalous behavior of niobium between 
100 and 200 °K. However, the proportional limit for (100) in compression is 
higher than that in tension, except in molybdenum where the values are 
approximately equal. 

Although the data in tension may be satisfactorily explained in terms of the 
mobility of jogs in screw dislocations (Rose el al. 1962; Guiu and Pratt 1966), 
it is difficult to envisage how this mechanism could give rise to the observed 
differences in tension and compression, unless the jogs arc extended. However, 
this possibility is considered unlikely (Schoeck 1961) in view of the high stack-
ing-fault energies in b.c.c. metals. Since the macroscopic proportional limit is 
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FIG. 7. Temperature dependence of the resolved shear stress at the proportional limit for 

tantalum single crystals. 
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Fla. 8. Temperature dependence of the resolved shear stress at the proportional limit for 
niobium single crystals. 
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0 	 100 	200 	300 	400 	500 
TEMPERATURE j•K 

FIG. 9. Temperature dependence of the resolved shear stress at the proportional limit for 
molybdenum single crystals. 

generally believed to correspond to the movement of screw dislocations over 
large distances, any explanation for these effects should be based on an asym-
metry of the stress to move screw dislocations. 

Considering the deformation axis in the [001] and [110] directions, the (112) 
[111] slip system is the most highly stressed {112 ) (111) system in both cases, 
but for compression in [001] and [110] the senses of slip are opposite, so that 
the sense of slip for tension in [001] is exactly equivalent to that in compression 



TABLE II 
Slip and twin planes observed in single crystals stressed in the (110) and <100) directions 

(T = tension, C = compression, TW = twinning) 

Ta 	 Nb Mo W* 

(110) (100) (110) (100) (110) (100) (110) (100) 

High stressed T TW TW 77 °K 
1112) 77 °K 413 °K 413 °K 450-77 °K 

Schmid factor C TW 
0.472 77 °K 77 °K 293 and 77 °K 450-77 °K 

1110) T 
77 °K 293 °K 77 °K 77 °K 293-193 °K 450-77 °K 

Schmid factor C 
0.408 77 °K 77 °K 293 °K 

Low stressed T TW 293-77 °K 
11121 77 °K TW 77 °K 450-77 °K 

Schmid factor C 
0.236 	 7:i 0 
*Data from Argon and Maloof (1966) 	 ,< 
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in [110], and vice versa. The only difference is that the components of the 
stress normal to the slip plane are opposite. 

The dissociation of screw dislocations on the 11121 planes described pre-
viously should result in a higher yield stress in the (110) direction for tension 
than for compression, and the reverse effect in the (100) direction. Even if the 
stacking-fault energy is too high to allow a stacking fault to form, it is expected 
that there will be an asymmetry of the dislocation core, and a similar aniso-
tropy of the yield stress should result. For the sense of the resolved shear stress 
on the highly stressed 11121 planes, unfavorable for twinning, it is predicted 
that slip will occur either on the lowly stressed 11121 planes, or on the highly 
stressed 11121 planes, if thermal activation can constrict the partials back onto 
the slip plane. 

Several favorable dissociations of a/2 (111) dislocations on the 11101 planes 
have also been proposed (Hirsch 1960; Cohen, Hinton, Lay, and Sass 1962; 
Crussard 1962; Kroupa and Vitek 1964). However, a consideration of the sense 
of slip and the geometry of the partials lying on the {110} planes does not lead 
to a similar asymmetry of the critical resolved shear stress to move screw 
dislocations on these planes. 

From the preceding paragraphs it can be seen that many of the observed 
differences in the proportional limits in tension and compression can only be 
accounted for in terms of an asymmetry of the critical resolved shear stress on 
the 11121 planes. However, if the core dissociation on the 11121 planes is the 
only factor determining the magnitude of the stress to move screw dislocations, 
then the proportional limit for (100) in compression should equal the propor-
tional limit for (110) in tension and vice versa (assuming the same slip system 
is operative). This is manifestly not the case in the present investigation, 
especially for molybdenum. It appears, therefore, that the orientation depen-
dence of the yield stress in these three metals cannot be accounted for simply 
in terms of an "anisotropic Peierls stress" due to dislocation core asymmetry, 
but some other mechanism such as the mobility of jogs must also be invoked. 
4.2. Slip Systems in Tension and Compression 

At low temperatures only 11101 and 11121 slip planes were observed, and it 
can be seen from Table II, where the data of Argon and Maloof on tungsten 
have been included for comparison, that the Group VIA metals, molybdenum 
and tungsten, behave differently from those of Group VA, tantalum and 
niobium. When the sense of the resolved shear stress on the highly stressed 
11121 slip planes is unfavorable for twinning, in tantalum and niobium slip 
occurs on the 11101 planes with a Schmid factor of 0.408, whereas in molyb-
denum and tungsten slip occurs on the {112 } planes with a Schmid factor of 
0.236. In the latter two, however, no slip lines could be detected for compres-
sion in the (100) direction at 77 °K. There are also some other anomalies in the 
slip and twinning behavior, which cannot readily be accounted for by the 
splitting of dislocations on the {112} planes. For instance, at 77 °K tantalum 
twins in tension in (100), but slips on {112} in compression in (110), whereas 
niobium slips on 11101 in tension in (100), but twins in compression in (110). 
However, below 20 °K both orientations can be made to twin in compression. 
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Very similar observations in niobium have been made at 77 °K by Reid, 
Gilbert, and Hahn (1966). 

The causes of the difference in behavior of the Group VA and VIA metals 
with regard to the slip plane chosen may be related to the differences in stack-
ing-fault energy. It has been generally believed, and Hartley (1966) has 
recently shown from a consideration of the changes in atomic arrangements on 
faulting, that the stacking-fault energy on the {112} planes is considerably 
higher for Group VIA metals. The calculated stacking-fault energies and 
widths of dissociated edge dislocations on the {112 } planes are summarized in 
Table III, where d is the width of dissociation, and a is the lattice parameter. 

TABLE III 
Calculated stacking-fault energies and widths on the 1112I planes 

Group VA 	 Group VIA 

-y erg/cm2 	d/a 	 y erg/cm2 	d/a 

Nb 150 3.6 Mo 430 3.4 
Ta 210 4.5 W 500 3.7 

Further analysis shows that a/2 (111) screw dislocations are likely to be even 
less extended, and consequently the stresses required to constrict the partials 
cannot be calcUlated using linear first-order elasticity. However, it is likely 
that the stacking-fault energy determines the extent of the core asymmetry, 
and hence affects the stress required to move screw dislocations on the {112} 
planes. Then, when the sense of the applied stress is unfavorable for twinning, 
whether dislocations will slip on the {110 } planes or the low-stressed {112} 
planes will be determined primarily by the ratio of the shear strength of these 
two planes, r112/7-110, and ultimately this may be determined by the stress 
required to constrict the partials into the favorable {112 } slip plane, and hence 
by the magnitude of the stacking-fault energy. 

It has frequently been observed in iron and iron silicon alloys (Opinsky and 
Smoluchowski 1951; Vogel and Brick 1953 ; Steijn and Brick 1954; Erickson 
1962) that the ratio Tin/rno > 1 and increases with decreasing temperature 
and increasing alloy content. Thus, for a crystal orientation with the Schmid 
factor highest for the {112 } slip, there may be a transition to {110 } slip on 
lowering the temperature (see, for example, Erickson 1962). 

With the deformation axis in the (100) or (110) directions, slip will occur 
on the { 110 } planes if the following inequality holds 

(1) 
	

7112/0.472 > T110/0.408, 

where T112 and Till are the critical resolved shear stresses, and 0.472 and 
0.408 are the respective Schmid factors on the {112 } and {110 } planes. This 
inequality is obviously valid in tantalum and niobium at 77 °K for the sense 
of stress unfavorable for twinning. However, if one attempts to explain the 
results for molybdenum in terms of the values of the critical resolved shear 
stress for the various slip planes, an inconsistency arises. In the temperature 
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range 293-77 °K, the slip lines observed after tension in (110) suggest that 
slip took place on the {112} planes with a Schmid factor equal to 0.236. There-
fore, since slip on the {110} planes was not observed, 

(2) rii2/0.236 < 7110/0.408. 

Results in both tension and compression in (100) show that 

(3) Tiio/0.408 < T112/0.472, 

since the slip lines observed were traces of the { 110 } type planes. An inconsist-
ency now arises because the inequalities (2) and (3) are incompatible. Slip on 
the {112} planes has never been observed either in tension or compression in 
the (100) direction, and this makes it difficult to explain the results in terms 
of an anisotropy arising only from the direction of slip. 

One can further speculate that the slip-line observations did not reveal the 
true slip planes for the case of deformation in (100). For example, if for (100) 
in tension {112} planes with a Schmid factor of 0.472 were operative (as Argon 
and Maloof have observed in tungsten), and 11121 planes with a Schmid factor 
of 0.236 were operative in compression, then the temperature dependence of 
the resolved shear stress for the (100) and (110) orientations would be as 
shown in Fig. 9. If stresses are resolved on the observed slip planes, however, 
the dash—dot curve would result for crystals with (100) orientation in both 
tension and compression. This would imply that the critical resolved shear 
stresses in the [112 planes, when the sense of the applied stress is favorable 
for twinning, are higher than when the sense is unfavorable. However, which-
ever criterion is used and irrespective of the choice of slip plane, the resolved 
shear stress for yielding in crystals with (110) orientation is always higher 
than in crystals with (100) orientation, at least by a factor of 1.5. 

In summary, it is concluded from the preceding discussion that the orienta-
tion dependence of the yield stress and slip planes in tantalum, niobium, and 
molybdenum cannot be accounted for simply in terms of an asymmetric core 
dissociation of screw dislocations on the {112 } planes. An additional mechanism, 
such as the mobility of jogs in screw dislocations, must also be involved. 
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