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1.

ABSTRACT

The influence of interstitial impurities, temperature,
orientation and the sense of the applied stress on the low tem-
perature deformation behaviour of single crystals of electrom
beam~-melted niobium, of comtrolled orientation, has been investigated
between 20.4° and 473°K.

“The effect of varibus parameters on the electron beam zone
melting process has been evaluated by their effect on certain
physical and mechanicel properties of the resulting crystels,
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 crvstal 2nd by increasine the overall purity the tempera-
ture dependence of the yield stress was simnificantly decreased.

A wodel for yielding based on the multipliration and velocity
characteristics of dislocations provided the best unified treat-
ment of the yielding behaviour, The strain ageing kinetics were
strongly influenced by the initiel and relative concentration of
interstitial impurities,

At low temperatures the yield stress depends on the orienta-
tion and 8n 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 resions and geometrical
softening,
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7.
CEAPTER 1

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 yvielding 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 most of the work has been devoted to the investi-
tation of polycrvstalline materisls of ~ommer~ial 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 crvstals with a high degxee
of perfection in an atitempt to obtain & better understanding of
the actual stomic mechanism which zoverns the deformation behaviour,
The recent development in the technigue of preparing highly perfect
single crvstals of controlled orientation has rewoved some of the
difficulkies, however, at the present time, the sveilable iné
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 discrepencies which have arisen reczently.
The work consisted of a detailed investization of orientation,
temperature, and interstitial impuritsr dependence of the yielding
and plastic flow behaviour in both tension and ~ompression,
Tlectron beam zone melted single crvstals with a syvmmetrical orien-

. . . - -0
tation were useds mechanical tests were wade between 20,4 and 475K,

1,2 Yieldins behaviour

The main characteristics of the vieldins behaviour of the
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b.c.c, metals con%aining small amounts of interstitial impurities
is the pronounced drop in load on discontinuous yielding, Two
highly significant contributions have been made to our understand-

ing of this phenomenon,

The two contributions were made by Cottrell (1948) and
Cottrell and Bilby (1948) who showed that solute may hold dislo=
cations in place, end Johmston and Gilman (1959), Johnston (1962)
who demonstrated that the yield drop wmay develop from the dymamic
properties of dislocations,

1.2.1 Dislocation unlocking theory

Aceording to the early theory of Cottrell (1948) and Cottrell
and Bilby (1948), the discomtinuvous yielding is mscribed to the
locking of disl@cations by interstitial solute atoms which have
migrated to the site of the dislocations, If the dislocatioms
are locked, plastic deformation can oceur when the stress acting
on them is sufficient to free them from their impurity atmosphere,
In principle & vield point occurs at e high stress by nearly
simulteneous 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
energv available, with the result the the spplied stress for yield~
ing decreases rapidly with increasing tewperature,

The Cottrell concept of dislocation locking is undisputed
in view of (1) the dependence of the yield drop and discomtinuous
yielding on impurities, (2) the kinetics of the yield point return
and (3) direct observetion in fransmission electron micrographs of
particles segrepated alonz dislocation lines, One of the inadequ~
of this model is that it does not explain the pre-~yield microstrain



before the upper yield stress is reached (Bilby 1950: Cottrell 19%0),

1,2,2 Dislocation multiplication theory

Another important contribution on the model of yielding was
originally put forward by Johnston and (ilman (1959), Cilman and
Johnston (1959) and Johnston (1962) to explain the behaviour of
their lithium fluoride single crystals and later confirmed by
Stein and Low (1960) for silicon iron single orystals, Subseguently
the same idea was spplied 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 essentisd features of the Hahn's model are as follows:

The total strain rate é, imposed by a testing machine in a
undirectional test has two components, the elastic rate, é‘a, of
the machine and specimen, and the plastic rate EP, of the specimen,
Thuss '

£ ok 4 & (1.1)

The plastic strain rate is wainfained by the motion of I lines
per unit volume of mobile dislocations of Burcers vector b at
a velocity, v, so that

-

Ep = bLv (1.2)

To establish an analytical relation for the stress-strain curve

Yne must expregs L and v in terms of stress and strain,

Etch studies (Johnston and Gilman 1959; Hahn 1962) and elecw
tron microscOdpy (Keh and Weissman 1963) have shown that at small
strain ( 10'5<Ep< 101 the total dislocation density , increases

with strain in the manner:

!
- £ + Ctp (1.3)
7here ¢ and a are c~ounstants, Tt is assumed to hold at smaller

streins to a first approximation, In the sbsence of dislocation

lecking, JPO is regarded
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by Hahn as the average deneitv of unlocked dislucations which

are created heterogenecously at a stress level below that aséociated
with significant mobility, Since there is no measured relation
between the mobile dislocation density, L, and¥, it is further
assumed that

L = fF (1.4)

with £ =« 0,1 for +the case of mobile dislocations produced by
deformation, Initially, L0 must correspond to J’o independent of
which of the above inmterpretations bold for F .

The stress dependence of the dislocation velocity in siliecon
iron was found by Stein and Low (1960) to be given by the expres-
sions

e (/)" (2.5)

where U is the applied resolved shear stress and’l‘.'o 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

shegr stress only for velocities which were small relative to

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

no other eguation ie available,

Jommston (1962) found that the work hardening in lithium
fluoride closely approximates to the stress increment 4T, needed
to maintain a given velocity, Hahn accepts this as conditionally
applicable to metals in order to include work hardening, This
givee a simple linear work hardening laws

A= abp (1.6)

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

-1 m
J = (TO) (V¢ - qi P) (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/

P
5( f, + ) (1.8)

e

'[:'c.: qép.q-rto (



11.

According to this model, the sbrupt vield drop is a ocon-
sequence of a small number of initial mobile dislocations (small
Lo), a rapid wultiplication rate (large a), and a low sensitivity
of dislocation velocity to stress (small u),

Nore 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: Y

m

£
Y= aE, + T, (mu) (1.9)
P

Hereby, introducing the possibility that the wobile dislocation
density need not be related initiallw to~fo by the fixed factor
of 0,1, and suggested that a sharp yield point cen occur if one
of the ftllowing three conditions is satisfiea:

(1) Fo=0 and stress concentrations are not important,
Yielding takes place when the stress is agble to
create dislocations in the  dislocation free lat-
tice., The streégmg%ops to the level necessary to
move and nultiply these dislocations,

(2) B, =0, J 0?0 and stress concentrations are
not severe, It does not require & total absence
of initial dislocations but only that they should
be 19cked 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) L, >0 =and the necessary multiplication and velocity
conditions are met, then the yield drop develops by

nultiplication,

¥one of the above models deals with the orientation depen-~
dence of the yielding bebaviour, Jaoul and Gonzalez (1961) have
investizated the uniform and non.uniform discontinuous yielding

and showed that non-discontinuous yielding in diron and vanadium
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is related to orientation effects in single crvstal and strongly
textured polycrvstals, Jaoul's results qualitatively indicated
that non-uniform discontinuous yielding Occurs in single and
polycrystals of the certain orientetion when they have hich

elastic limits and low strain hardening rateg,

1.3 Yield and flow stress

The low temperature strength of b.c.c. wetals has been
studied extensively .and much discussion has led to considerable
clarification in recent years, However, there is a disagreement
on the major source of this strength whether it arises from the
inherent lettice hardening or whether it arises from the inter-
achion of dislOcations with interstitisl impurities in the b,c.c.
lattice, TFurthermore, this problem has bhecome more complicated
by the discovery of new variables, such as dependence 8f yield
stress and its temperature dependence on the orientation of the
stress axis and the sense of applied stress, in the deformation

behaviour,

1.3,1 Orientation dependence

In the past the étrain rate, end temperature dependence of
the vield stress in b.c.c. sinele crystals have been studied without
paying any serious attention to the orientation of the deformation
axis (Lawley et al 1962; Mordike aznd Haasen 1962; Mordike 1962
Christien and Masters 1964), However, Rose et al (1962) bhave
ghown 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.c, single crystalsy nolybdenum
(Guiu and Fratt 1966; Stein 1967), tentalum (Sherwood, private
communication), niobium (Xim and Pratt 1966; Howen et al 1967),
iron (Stein and Low 1966; Keh 1966). In addition the three
stages of work hardening were observed for sp orientation near the
centre of stercographic triangles in molybdenum (Guiu and Fratt
1966), tantalum (Mitchel and Spitzig 1965; Sherwood, privete
comnunication) iron (Keh 1966) and niobium (Ilitchel et al 1963:
Votava 1964),
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Rose et el (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 ‘f_lll} and [1113 s1ip dislocations will form jOgs on
screw dislocations on the{011}l - illllgreat circle, = . Since
this plane is unstressed comser.ative motion of the jogs is dif-
ficult, but f9r orientations near (100) it is quite highly 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 sirongly influenced by the number and distribution of atomic
defects, such as interstitial and substitutidnal impurity atons
and vacancies., It follows that the neture of the interaction
between these defects and dislocations is important in understanding
the deformation process in metals, 1luch of the published work
is complicated by the presence of a sharp yield point and aniso-
tropic yielding behaviour, However, fewer experiments have bheen
performed on b.c.c. single crystals, with the addiftion of Subsbin
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 & hardening rate per atomic percent of G/10 for substitut-
ional atoms and 2G for interstitial nitrogen was reported (Bvans
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 =nd 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) & decrease in ductility with increasing impurity content.

Most observations revealed that bh,c.c. metals have a large
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temperature dependence of yield and flow stress, This is freguetly
attributed to the large Peierls-Nabarry stress inherent in the
b.c.c, lattice at low temperatures (Basinski and Christian 1960
Cénrad 1963; Dorn end Rajnak 1964; Christian and lasters 1964).

Two models are currently given for the leierls-llabarro force,.
involving thermally activated motion of a double kink (Dorn and
Rajnak 1964) and constriction of a sessile screw dislocation into

a glissile cobfiguration (ifitchel, Poxall and Hirsch 1963),
However, this view of hardening has been challenged seriously by
recent experiments by Stein and his associates (1963, 1966, 1966)
who, on lowering the carbon content frow 200 ppm to less than 0,025
ppn in iron, found that the flow stress at all temperatures was
reduced to less than 40% of its original value and found warkedly
decreased temperature dependence with increasing purity, Later
this observation has alse bheen confirmed in other b.c.c. metals
single crystals by Koa (1963) on tunzsten, Lavlery et al (1962)

on molybdenum, and Kim and Pratt (1966) on niobium. This effect
and observation does allow us to conclude unambiguously that the

Peierls-iinbarro force is not the sole hardening mechenisa,

In the folloving, the quantitative theoriesof the magnitvde of

solute hardening will be reviewed,

A, Cottrell!s model

The locking dvue to the elasiic interactions between solute
atom atmospheres and dislocations is important at low tempersatures,
but on raising the temperature thermal fluctuation would assist
the applied stress in forcing the dislocations awav from their
atmospheres,  Cottrell (1957) estimated that for iron containing
carbon, the yield stress should vaxy asA%ube root of the testing

temperature:

/

1/3
G = 6, - C(D) (1.10)

where C is constant, T, the absolute temperature andaro = Vﬁ/} aviab,the .
yield stress at OOK, Vﬁ the binding energy of the impurity sfoms
to a dislocation which increases with increasing narrowness of
the dislocation, and e is the mean spacing between impurity atoms
along the dislocation line, Break-away occurs when the disloca-

tion hes moved forward a distance aw, where w 1s the width,
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Substituting Vﬁ =20,8¢eV, 2= b3/2, and av = b, gives 6'30/45.
Experimental values extrapolate to a@bout one-fifth of this value
at 0°K, Cottrell attributed this deviation to an under-estimation
of a, since some of the sites along a dislocation line may not
be filled with impuritv atoms (Louat 1956).

Compared with other strengthening mechenisms, the thermally
activated unlocking of dislocations from Cottrell atmospheres is
mdre sensitive to the presence of interstitials, lLawley et al
(1962) found e rood asreement with this model for their zone-melted
single crystals of molybdenum.

B, (ochardt, Schoeck and Wicdersich (1955)

The interaction energvy of an interstitial solute atom with

a screw dislocation in a b,c,c. lattice is miven by

1 - A co8

. (1.11)

where A is the interaction constent ¢ = €0, 180 and 360°
are the three eguivalent positions of lowest eneray, and given
by
Aoea .
- BRGa g g
30 N

r is the distance from the dislocation line to the solute atom,
b is the Burgers vector = & /3 a, @ is the lattice parameter,
El end E;2 are the principle strains of the unit cell caused by
the solute atom, G is the anisotropic shear modulus = %-(011-012),

€, 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 rendom interstitial solute atoms if 4/
NI;39 5/3 168 log (ZrN1/3)]
G = @6) 70 7 o€ (1.12)

- the
where N is the mumber of interstitial solute atoms/cm‘%’ﬁ’t

constant in the expression for the force to beund a dislocation
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4o & radius r

oG b
T %%
L is the interaction constant for the particular metal and inter-

stitial, Thus, the hardening rate is almost temperature-indepen-
dent and approximately linesr with concentrstion,

D, Schoeck and Seeger (1959)

This model is analosous +to the Snoek effect for damping.
Here they consider the interaction of interstitisls with
screw dislocations caused by the tetragsonal distortion of inter-
stitial atouws in the b.c.,c. lattice., This causes a decrease
in the evergy of the system and thus the dislocatione becowe
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, Vhereas locking due to atmosphere furmation requires
long range diffusion of interstitials, locking due 10 Snoek éffect
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 ss
Cochardt et al {19%5):

":n 20-5 A P (1015)
' Y

3

where a denotes the lattice constant and P = %-Coa the astomic
fraction of interstitials, b the Burpers vector, A the interaction
constant previously mentioned in Cracknell and 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, They sugnested that the
temperature independence of the yield stress in regions above room
temperature can be attributed to the Snoek ordering during dis-

location movement and found a good agreement in iron,

E. TFleischer (1962a; 1962b: 1964)

This model also assumed the tetragonal lattice distortion.
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The dislocation motion is supposed to be a series of thermelly
activated jumps through the stress fields produced by individval
solute atoms, and the intergction enery~ of defects and the dis-
locations is caleculated bv the method described by Cochardt et
al (1955), The resultant maximum force (which aives the f£low
stress at OOK) was obtained by maximizing the rate of chence of
the energy with respect to motion alony the slip plane, Using
such a model, the activation energy for motion of edge disloca—
tion is found tH be

. | iy
U = F b[l—(’fzfo)%] - (1a4)
The flow stress at OOK

X, = ¢ AL
The. loganithm differertind of Siiaciin viloesly (dhoy ) with nuopedd To Slrass (dlog ) b giun by
a log ¥y (log X) = F b4y ( I'v/g - )

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

G = shear modulus

At = the difference between longitudinal and transverse strain
. of the tetragonal lattice distortion

¢ = the concentration of tetragonal defects,

This result was successfully applied to the temperature varia-
tion of the flow stresscof f,c.c. ionic crvstals provided screw
- dislocations determine this flow stress, since screw dislocations
move at higher stresses than edges for the sawe velocity and that
gerews are impeded by the presence of jogs. The relationship
between the flow stress and temperature is of the fbxu117%'~ T%'
and as seen in the equation the yield stress varies with the
gguare root of concentration of defects., There is evidence
for iron by Stein and Lbw (1966) wh8 found a good agreement
with Fleischer!s theory for temperature dependence of hardening

by carbon,

1.4 Peierls-labarro force

The force which opposes the movement of dislocations through

an other wise perfect lettice from one equilibrium position to
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the next, was considered by Peierls (1940) snd FNebarro (1947).
When a straight dislocation is moved from one walley towards

the next, the atoms in the vicinity of the core of the dislocation
change their positions and bond angles, causing the enexrgy of the
dislocation to increase, Midway between two adjacent val leys,
the dislocation emergy reaches a maximum velue and any additional
swall displacement will cause the dislocation tp fall down the
hill into the next ¥alley. The maximum shear stress necessary

to promote such forward motion of +the dislocation is known as

the Peierls Nabarro force.

There are three major problems in the calculation of the
Peierls Nabarro force associated with plastic deformation of a
metal crystal, The first is concerned with the ~alculation of
saddle point free enersv for the successful nucleation of a
pair of kinks ag a function of the epplied stress, so as to
enable the determination of the frequency of formation of kink
pairs along a dislocations 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 associsted with the effect of interstitial i.mpuritie#)n the
above two factors,

The overcoming of the Peierls HMabarro 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 thérmaljfluctuation, and the energy of
a kink is giveﬂ by

T - (PR (B /0P (1.15)
where a is the distence between the position of minima of
potential energy‘Eo is the line enersy of the dislocation, T
the Peierls Nebarro force at 0°K. The activation energy of

kink formstion is given by:
B o= U, [1+% 108 (16 X,/aT)] (1.16)

Recently, Dorn and his co-workers (1964, a; 1964 ,b: 1965
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1967) proposed a criterion for the Peierls Nebarro mechenism
to estimate the saddle point getivation energzy., Thev found thet
U /b Uy was a unigue function of ﬁ;ééﬁ where U_ is the activation
energy for the nucleation of a pair of kinks, ?Uv is the excess
energy of kink pairs, ~f is the effective stress and Wo is the
Peierls Wabarro stress at OOK. The relatiouship found between
Uh/ZUK and r\f'/‘c,..’,is expressed in terns of temperature T (testing)
and the athermsl temperature T

Un/'2UK = Tﬁrc - (1)
By analysing the existin- experimental dataim this manner

thev found a good agreement to the expected vniversal curve

and the& emphasise that this agreement provides the evidence in -

favour of the Peierls Nabarro mechanism as a controlling mech-

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

metals,

However, there is substantial evidence to show the
influence of interstitisl impuritiesém the yield and flow strees
(for exsmple Fleischgy - 1962, a3 1962py . Fleischer and
Hibbard 196%; Johnston 19623 Stein et al 1963s Stein and Low
1966s Stein 1967; Koo 1963; Lawlev et al 1962), Torn and hie
co-workers, including Conrad/(1961, 1963), nerlected the possible
effects of interstitial impurities on the thermally activated
portion of the low temperature vield 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. wetals
has been the subject of much attention and disaussion,'fhe
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 Nabarrc mechanism, has not heen

solved.
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1,5 Strain ageing

When a specimen is strained berond the vield point a
lar-e nuwber of free dislocations sre produced and propagafe
throush the crystai until thev are sraduelly immobilized bv various
obstacles (strain hardening), If the specimen is unloaded, a
vield point is not obtained when it is iwmediately reloaded,
However, if the time between the release of lozd end re~applica-
tion is sufficient to allow interstitial atoms to migrate to
the dislocations and lock & larie fraction of them, the vield 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) 2toms per 'mit ~olume of material that have
migrated into dislocations at temperature T after time t is

given by:

n(t) e 3 (71/2) 1/3 n L ( ADY )2/3

e T (1.18)

where ng is the solute concentration in the material at €t =« O
D is the diffusion coefficient of solute
L 1is the fotal length of dislocation per unit volume
A is the constant depending on the strain introduced

into the lattice by a solute atom,

This equation (1.,18) is wvalid only fo;fgarly stages of
strain azeing, Harper (1951) modified the sbove equation
to fit later stages of ageing by assuming that the rate of migra-
tlon of . solute is decreased in pr0portign to the amount already
segregated, Thus, considering q(q:lnnt ) as the fraction of

. R . . 0
solute which has migrated to dislocation,

g = 1-exp| -xL (&0 tANYT (1.19)

log (1 - q) =o¢L(é—I{-—j‘—)z/5

This reduces to Cottrcll and Bilby's equation when the
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exponent is small and their mepsurement showed thet this is in
good agreement with experimental observation over almost the whole
range of ageing times,
the
The process of strain ageing involves not only,return of
the yield pointf?ghcrease in yield and flow stress but also
increases in fracture stress, hardness?relectrical resistivity
and decreased ductility. These changes due to strain apeing fol-
low a t2/3 law closely and at later stages the rate diminishes
rapidly {Cottrell and Bilby 1949; Cottrell and Churchmen 1949;
Cottrell and Leak 19523 Thomas and Leak 1955). To explain all
of these changes the strain ageing processes proposed are:
1. atwosphere formation {Cottrell and Bilby 1949:; Formby end
Owen 1965)
2, stress-induced ordering (Schoeck 1956+ Wilson, Russel and
Eshelby 1956)
3, precipitation formation (Thomas and Leak 1955: Wilson and
Russel 1960; Bullough and Newman, 1962: Hartley and Wilson
1963 Mclennan 1965),

Generallyrthe techmique of yield point return =8 a funciion
of ageing time and temperature has beén used for the determination
of the kind of element which is responsible for the strain-ageing
process (Begley 1958 Brittarih and Bronley 1958; Harris and Peacock
1965; Stenley and Szkopisk 1962), but the result is still un-

satisfactory,

1.6 Previous work on plastic deformation of niobium and prozramme

of investigation

In the past, wost work has been with polycrystalline nio-
bivm, These studies have dealt with yielding and work hardening
behaviour (Adams, Roberts and Smallman 1960; Fourdeux snd Wronski
1964; Van Torn and Thomas 1963): the appearance and effect of
substrueture on mechanical properties (Berghezan and Fourdeux
1963)s the dislocation structure in deformed crystals (Wronski
and Fourdeux 1964); the effect of purity on yielding and flow
behaviour (Mincher and Sheely 196l: Imsram, Bartlett and Ogden
19633 Evans 1962; Votava 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 (Xoppenaal and Zvans 1963),

There are very few results available for the properties
of single crystals: ilitchell, Foxall and Hirsch (1963) studied
the work hardening properties of zone-melted niobium gsingle
crvstal for certain orientations, and found for an orienta-~
tion near the centre of the stereorraphic triancle that room
temperature deformation resulted in three~-stage work hardening
in the same manner as in the f,c.e, metals, Decreasing the
test temperature and increasing the strain rate caused an increase
in the yield stress and a decrease in the first stape work herd-
ening rate, Slip line observation indicated lonz slip distances,
evidenced by long straight slip lines for edge dislocations, and
short wavy slip for screw disloocations, ‘They sugsest that
their resulis 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 erienta-
tions of the stereographic triangle, where he observed a sharp
yield drop for all corner orientations. His tensile specimen
was prepared during zoﬁé—melting by varving the power supplied,
and he ascribed the observed vield drops to the lower density
of fresh disloceations due to this method of preparation.
Geometrical softening plenomena were observed for the crystals
with €111> tensile axis which he attributed to the intensification

of stress due to the lattice rotation,

Paylor and Christian (1965) reported work on es-srown and
vacuum annealed uniobium single crvstals, They observed the
temperature dependence of the yield stress for both purities which
was found to be insensitive to the puritv of crrstals, and their
results were in good agreement with the previous work of Christian
and Masters (1964) on less pure single and polycr-stalline niobium,
A thin film transmission study has been reported by some authors
( Taylor and Christian 1967) for single crvstals of niobium puri-
field in ultra hish vacuum, At room tewperature the microstruce

tures observed after single glide were verv similar to those which
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have been reported for f.c¢.g. odpper crrstals, In stare 1,
braids in the primery slip plane consisted wainly of edve
dislocation multipoles, but more complex tangles containing
many secondary dislocations were formed in staze II, and were
joined into walls of a cell structure, The crvstals oriented
for double slip showed the formetion of high angle boundaries
after large strains, They sugzested that screw dislocations f
from different sources crosé—slip and motually ennihilate at
room temperzature, but are prevented from doins this by the

friction stress at low temperature.

Reid et al (1966) found & hishly anisotropic deformation
behaviour at 77°K, in tension and compression of niobium
sincle crvstals, Crystals with {110 orientation deformed by
twinning in compression, while these crvstals deformed bv slip
at hizher stress in tension, Crystals with (106} axis deformed
by slip for both tension and compression, Orystals near <111)
orientation undemzent catactwegihic tocalimed flow in tension,
the plane of shear was found to be near {110}, and the shear
divection near {100) They suggested that this anomelous
behaviour was caused by the motion of dislocations with a
<10d> Burgers vector, as a consequence of the low value of the

anisotropy factor in niobium at this +tenmperature.

Recently, Duesbery end Foxall (1965), Bowen et al (1967)
Foxall et al (1967) investizated the orientation dependence of
the operating slip systems in temsion and compression for
certain orientations, They found some cvidence of an assym-
metry in the critical resolved shear stress for slip on {112}
plane, which in~reases with decreasing temperature, An attenpt
has been made to explain this effect in terms of the dissociation
of a/2€111} screw dislocation on {112} planes. However,
Sherwood, “uiu, Kim and Pratt (1967), by =xanining the orientation

dependence of yield stress in tension and compression for corner
orientstions of niobium emd other b,o.c., crystals, demonstrated
that the anisotropic behaviour in tension and corpression can~
not be accounted for simply in termz of an anisctropic Pelexls

stress due to dislocatiom core asymmetry,
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It is seem from the precedins review and discussion of
the present state of our knowled:e of the relationship between
the mechanical properties and orvetal imperfection, that there
are still many questions which need experimental investigation,
In this thesis the work was designed to studv the effect of
impurity on 'the yielding and. flow behaviou:r::%f orientation and
temperature effects on the vieldino amd work-hardening behaviour
in tomsion and compression for the sinsle crvstals of niobium

of + svnmetric orientation,

The present work was divided into three parts:

1. The preperation of single crystals involvins the evaluation
of purity resulting from changin: the various parameters d
during crystal growth,

2, The effect of the interstitial impuritics on the yielding
and strain ageing behaviour,

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

4ion behaviour in tension and compressicn,
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CHAPTER 2

GROWTH OF NIOBIUM SINGLE CRYSTALS
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CHAPTER 2

2.1 Introduction

Since fndrade!s success (1937) with grain owowth at high
temperature, this technique has been used widely to produce
single crystals of high melting point matéwrisls. Tsien aud Chow (1937)
had obtained molybdenum single crystals of several centimetres
in length from 0,25 mm dia, wire, Chen, Maddin and Fond (1951)
modified Andrade's original method by applying a smell tensile
strainsdurinz ennealins to erow a single cr—stal of several
centimetres in length and 3 om in diawefer, Using the same
technique, 8ingle crvstals of niobium, 1 cow lons and % mm in

dianeter, were also prepared by Haddih and Chen (1953).

Several disadvautages are associated with the use of the
Andrade technigue (1937) or the modified version of it (Chen,
taddin and Pond 1951. Tsien and Chow 1937). This technique
is restricted to a materisl having high themal and low electrical
resistivityi ‘There is no means of precise orientation control
and the size and purity =xe liwvited. Tevertheless, this tech-
nique has some advantage, particularly in the case of materials
having a phase change between the melting point =nd room ten-

perature,

However, the increasing demand for single crystals of greater
purity, high perfection, better quality and larger size has led
to the development of the floatiny zone melting technique,
which was first used by Keck and Golay (1953) to grow single
crystals of silicon, In this technique no retaining crucible
is required and extra purification is achieved as a result of
zohe refinins end evaporation of impurifies if the process

is carried out in wvacuum,

Crowins of single crystals by the zone-melting technique
and the factors pertaining t0 the technicue of zone-~melting

and their evaluation are discussed overlcaf,



27,

2,2 Zune-melting

The term “zone-melting" denotes a zroup of methods for
controlling the distribution of solube impurities or solute in
crystalline materials, A narrow zone travels slowlv along a
polverystalline r@d resulting in a single crrstal and ré~distri-
bution of the solute, The final distribution of the solute,
concentration profile, depends primarily on the effective

segre~ation coefficient K and the starting composition,

The theorv of this process has been thoroughly studied by
Pfann (1952, 1958). Be derived an equation for the concentra-
tion profile after single end mnltiple zone melting passes,
assuming a two-phase svstem in which the melt is alwavs honog-
geneous, and thet the diffusion of impurities in the solid is
negligible, and the segregation coeificient K is constant,

The solute concentration in the s0lid with distance Préom the

starting end is given ass

&

1-(1«%) o "X/ A

=

2

o (2.1)

where Od is the initial concentration,AL is the zone length and
K is effective segregation coefficient., The solute distributivn
for different values of K is predicted by equation (2,1) if C, is

known,

According to Burton et al (1953), the effective segrega=
tion noefficient, ¥, is related to the equilibrium coefficient
Ko by the equation:

E = KO

X (1-%) -£5/D (2.2)

o 0’ ¢€

where Ky is defincd as the ratio of solute concentration in the
freezing solid to that in the main body of the liquid, £8/D

may be rerarded as normalized growth velocity,

The basic equations for the solute concentration profile
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after multiple zZone 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, it is predicted that the
purification in a specific solventesolute svstem would depend upon
the number of zone passes and the effective se:regation co-
efficient which is, in turn, a function of zone speed., Tence,

a greater de:ree of purification covld he expected by the slower
goning speed and larger nusber of zZone paSses, There will be

a ~radvual decline in the efficiency of rurification with each
repeated pass to a point where the limit of solute distribution

may be reached (Burris, Stockwan sund Tillon, 1955).

This process of purification applies to the zone-meliing
proces only, However, in the present case electron beam
floatin: zone-melting is carried out in a vacuum, Theﬁefore,
the purification is thought to be achieved by vacuum digtiila—
tion of lower melting point elements and the volatilizat;on
of gases and impurity (Wolff 1959: Winkler 1960; Smith 1958
Yotava 19643 Drangel and turray 1964) elements as vola’c:}le

compounds as well as b zone-melting,

Orystal growth takes place simnltaneously with the zone melt-
ing process. ‘“he molien zone travellin:: alon$ a polvcrystalline
rod leaves the solidified portion behind it in the form of single
crystal, provided snitable conditions are maintained to avoid
the formation of extraneous nuclei ahead of the growing crystals,
These conditions are fulfilled by keeping the degree of superw- ‘
coolin. of licuid near the interface to & minimum, Tn practice,
this ig achieved by imposiqs a steep tempersture sradient in
the molten solid and a slow cooling rate, .=, & slow zone

speed.

2.% Electron beam floating zone melting

The usual method of heatins by induction to obtain a
molten zone (Buehler and Kunzler 1961; “‘ernick, Doris end
Byrnes 1959: Buehler 1958) has been superseded b~ the electron
bombsardnent tectmigue since its development b Pevis,

Caverley and LeveT (1956).
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In this technique the electrons from a ring-shaped tungsten
filement are accelerated towards the rod and focussed on a narrow
region, and this is achieved by applying 2 high voltgge across
the filament as a cathode with the rod actinz as an znode, The
floating zone is supported bv the surface tension of the molten
liquid and its stability i1s discussed by Heywang. The melting
process takes plaée in a vacuum chamber, By moving the cathode,
the molten zone travels alons the polycrvstalline rod leavin: a
sinsle orvstal behind,

bingle crystals of many refractory metals including ¥, Rh,
Mo Vs, b, Ni, Ta and 5i are prepared in this way and their purity

and perfection are superior to that obtained by any other method,

2.4 UVescription of Apparatus

Tig, 2,1 is a general view of the electron beam zone wmelting
apparatus in which the single crvstals of niobium were grown,
The oylindrical furnace chember is made from nickel plated mild
steel ~ooled b running water, This chémﬁer is evacuated through
the bottom by a (6 inches diameter) oil aiffusion pump with a
punping speed of 300 litre/sec, A liguid nitroren cold trap bet-
ween the diffusion pump and the chamber rednces the back-streaming
of oil vapour into the chamber, On one side of the furnace wall
there i8 an observation quartz window protected bv a moveable
radiation shield and silica glass plate which is easy to move and
clean, The vacuvum pressure ig-measured by an ionizationwaauge

with its head connected to the side of the chamber,

All internal parts of the furnace, ¥Fip, 2.2, can be lifted

and lowered into the furnace by e hoist,

The liquid nitrogen~filled stainless steel “cold fin:exr”
attached to the 1id, acts as a trap for vapours, thereby effectively

improving the vacuum pressurc inside the furnace.

The cathode is imsulated by two pyrophylite blocks which

are mounted on lead sobews.
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. The cathode assemblv 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 frow the molten mone
to avoid contamination of the crystals by metallic elements
emnitted 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 amissidnf
current was very low, making power control difficult and result-
ing in a poorly shaped‘single crystal, In addition no sputtering
£ rom the molten zone was encountered when niobium crvstals were
grown, and so a direct focussing cathode of low impedance was
constructed in colleboration with P,J, Sherwood. The top end
bottom focussing plates are made of molybdenum, while a tungsten
filement (0,5 mm in diameter) loop is supported horizontally by
8 leg resting oh the bottow focussing plate, This ensures
that the plates are at the ‘same potential so that the electrons
ere focussed electrosteticallr,

The high voltase, 10 XV, 1 Awp, D.C.‘Supply unit has 8 full
wave rectifier, Supblied by Miles Tivolt Ltd, Tt incorporstes
a trip circnit to prevent overloading and & power control
circuit, operated by a thyratron, which rqsulates’the temperéture_
of the filament snd therefore, the emmission current. The con-
trol eircuit is similar to that used by Birbeck and Celverlev (1959).
It is necessar to operate the ‘emitter in  limited range %o

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 (rowingz Procedure

With water cooling of the. furnace chamber, the vacuum pres-
pure of the furnasce was sbout 6 x 1076 torr. Vhen the cold
finger was filled with liquid nitrosen the pressure improved
to 2,5 x 10-6 torr, On meintaining the rod at the melting
point, the pressure rose to 8 - 9 x 10*6 torr, but after several

minutes decreased to ebout 4 x 10'6 torr,

A stable molten zone of 3 um length, in a 3 wm dismeter rod,
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could be formed using a voltaze of 2,5 ~ 2,6 KV and gwission
curvent of 77 - 80 mA during the first zone pass, This gives

a welting power of 200 watt, The second pass required slightly
less power, about 184 watts, A 0 mm diaveter rod of the same
material required 558 watts at 6,2 KV snd 9O mA. Tiz, 2.4
showg the cathode assembly and confiuretion of the molien 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 zene-
melting, After completing the first =mone pass, the power was
decreased taking the orystal below its uel ting temperature,
Por 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 heating 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 (4), zone levellinj process (3), and fast
zone levelling (C) are shown in Fig, 2,5. Iu all three cases
there is an appreciable fall in pressufe after the first zome
pass, Thereafter, the decrease is less with subsequent zome

passes,

Uniformity in the distribution of impurity along the crystal
was achieved by a "zone levelling" (Pfann 1958) technique with

a number of zonc passes alternatively in opposite directioms,

To evaluate the influence of the variables controlling

electrom beam zone-melting, single crystels were growm as follows:

Type A Orvstals

1. By a zone levellinuz technicue at a zone speed of 2.5 mm/hin
with various numbersef zone passes on ¢110)and §100) orients-

tion.

2, By a zone levelling technicue at a zone specd of 2,5 mm/ﬁin
with two zone passes for crystals oriented in (100),(110),(111},

and the centre of a stereosraphic triangle.
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Type B crwstals

By a zone lewelling technigue 2%t a zone gpeed of 5 mm/hin with
two zone passes for {1100 orientation,

Type C crystals:

By & zone refining technigue at a speed of 2.5 mo/min, with
two zone passges for {110) orientation,

fype D crvstals

By zone refining at a speed of 2.5 an/min with one zone pass

for <110> orientatior at e vacuum preseure,

1. between 4.4—23.9 x 10°° torr,
2. Ybetween 4,9 -+3.0 x 10~6 torr,

The starting polycrvstalline material is in the forxm of
electron beam melted rod and was supplied by Fansteel Hoboken, Belgium,
L chemical analvsis of the starting material and of crvstals of
one and four zone passes made by E. ., Du Yont de Hemours & Co.,

U,8,A. is shown in Table 2,1.

2.6 Seeding of oriented crvstals

A randomly oriented crvstal was fixed to a 6 mn diameter
stainless steel cap which was then sliced through a plane normdl
to the desired orientation., The cut surface was attached by a
screv to the horizontal plane of the holder so that the seeding
direction coincided with the verticel axis of the rod. See
Fig, 2.3, Sibsequent crystals of the same orientation were
grown by using a length of crystals previously grown by this

method and were less than 30 from the desired orientation.

Tig, 2.6 shows the orientation of orvstals of one zome
pass grown without seed’'ng, There was no definite preferred
orientation, however, it is noticeable that the crwstals tended
to srow with their axis closer to {110) then any other orientetion,
Similar results were reported on iron single crvsitals srown by
a strain amesling technique usins zone refined iron @ﬁidﬁﬂﬁkl965).
It is possible that the {110} preferred orientation of the
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recrystallization and wire deformetien textures (Barrett 1943)
ney bhe responsible for such beheviour in b,c.c, metals,

2.7 Ivaluation of the effect of zone meliing

The electron bean zone melting technicue has been used by
many workers for preparing pure single crvstals of the b.c.c.
trangition metals for mechanicel tests. The purity of the
crystals has been commonly evaluated bv wmeans of resistivity
ratio measurements (Barrett 1943), hardness (Votava 1964, Drangel
end ilurray 1964), tensile tests (*7itchel, Foxall and Hirsch 1963)
and chemical snalvis (Reed 1966), However, in this investisation

strain ageing experiments were also used for the purpose of evaluation

In order to avoid the complexity which mav arise from crys-
tallographic geometry sll the tests were carried out on teusile
specimens oriented in the {110Y orientation. This orientation
was chosen becaunse preliminar. experiments showed that the
vielding behaviour was influenced b~ jampurities to a greatexr
extent than in anv other orientation,

The resistivits ratio measurement has long been used as
a measure of impurity content present in solid solution., This
has been described in detail bv Kunzler end Wernick (1968), In
the present investigation resistances were determined at low
tempereture in a ligquid vitro.en bath (77 and at the hish
temperature were measured in a mixture of ice and water (273°K)

for varving numbers of zZone 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 hvdrofluoric escid, Since it is well-known

that the microhardness walue under low load is higher than
the value obtained from wacrohardness it was decided to carry
out both types of hardness measurements, indentations were
made with a2 Reichert microhardness tester using a load of 24

//E> graqﬁe, and Vickers hardness tester using a load of 1 kilogramm,

\
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Tensile tests were performed at a strain rate of 4.9 x
1074 sec'l. The stress at the first deviation from linearity
in the stress strain cvrve was taken as the -ield siress of each
crvstal, i.g, proportional 1limit, DBach specimen was prepared

according to a procedure described in 3.2

For the strain agein; experiments, two single zone pass
crystals of identisal orientation were grown at the same zone
speed, Hovever, crvstal DY, was grox‘rﬁlth %t:é%ssme between
4.4-»3.9 x 1072 torr, whereas crvstal D2, was grown at
a vecuum pressure of 4.9-~» 3,0 x 10“6 torr, They were then pre-
stra‘ned at room tewmperature et g strain rate of £,9 x 10‘4Sec'l,'
unloaded and then given ageing treatments ot 2960, 3730 and 47301«’_"

for variouns time intervals,

2,7.1 BEffect of niumber of zone passes

In the electron bean zone melting technigre the degree
of the purification depends firstly on the purity of the starting
materisl as predicted in equation(2,1) Hence, under identinal
eonditiong zone lenzth, vacuum pressure during melting, zoning
specd and direction, and starting material, the purification
achieved should depend solel on the nimber of Zone passes,
Phis fact has been confirmed by previous workers on electron
beam melt.d niobium C{itche%net al 1963)2ntfngsten (Xoo 1963)
by means of yield stress, and wolybdenum (Lawley et al 1962)
by means of hardness.

The present results of resistivity ratio R273°K/R77°K’ nicro=-
hardness and Vickers hardness, and vield stress, are presented

in Fig, 2.7 as a function of the number of zone passes,

The value of resistivity ratio, R973°R/R770K of 5.% = 5.46
for one to six zone passes are slishtlvr bisher than the values
reported by Votava (1964) of 5.05, 5,15 and 5,10 for eight,
sixrteen and twenty-seven uzone passes of niobium., This dis-
crepancy may result either from different compositiouns of
starting material, or zone speed or from both factors., “otava
used the niobium supplied by liurex Co,, and a mone speed of 14

um/min, about 5.6 times faster than that used in this work,
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Tariations of both microhardness and Vickers hardness were
also apparent but became leggiag the nimber of zone passes iuncreassed,
For one to six zone passes the microhardness varied from 67 to
56 Kg/mmz, wherezs the Vickers hardness varied frow 45 to 40

Kg/mmz. Totavats Vickers hardness varied from 44 to 48 Kg/mmg.

The decrease in yield stress with increasin: number of zone
passes was more rapid than the variation observed using the above
mentioned other methods, The yield drop, as in Fiz. 2.8, and
the temperature dependence of the yield stress, in Fic, 2.9,
changed markedly with increasing number of zone passes, This

will be discussed in deteil in 4,7

2.7.2 Effect of zone levelling speed

As shown in Fig, 2,10, the variation of hardness along
the crystal for both fast and slow zome levelling speed crystéls
was hardly detectable, whilst the yield stress was generally

highey, and increased simmificantly with distance from the starting
end in the case of fast zone speed crvstals, In this work the

zone Speed differed by s factor of two, and this caused a
significant chanse in the impurity distribution profile along
the crvstal, and in the overall purity. These chances mav have
_arisen from differences in the time available for purificastion
during zone melting., However, Drangsler and Murray (1964) found
that the slower zoninz speed for electron bean melted t ngsten
and molybdenum improved the cr-stal near the startine end onlr,
wheress the rest of the crvstal did not vary,

2.7.5 Effect of zone refining and Zone levelling

The factors which mai have an influence on the concentra-
tion profile alonyg a crvstal have previously been discuesed
in 2,2 A considerable impuritv rradient is mnavoidable in
the zone refining process, but in contrast a more uniform, or
level, concentration profile could be expected in the zone~
levelling process. The results of hardness measvrements and of
‘yield stresses slons a zone-refined crretal and the other levelled

crvstal, after two zone passrs at the same zore speed, sre compared
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in Fig, 2,10, Vo simmificant differences in hardnees elong and
between the two differently prepared crystels were observed,
However, the yield stress was sliyhtly lowexr and decreased
towarde the finishing end in the case of the mone~refined
erystals, Thether this slight difference is caused by the
characteristics of the zone-rsfinins process or by experimental
scatter in the measurements is not clear, B contrast Koo (1963)
has found that in zone~refined tun:;sten single crvetals, the
yield stress increased rather steepyj up to 7.6 om from the
startin; end and then remained constant up to the finishing
end (22,9 cn from the startine end), The theoretically pre-
dicted "tail-up” connentration profile in the zone- refining
process does mot apply to the present observation, Theory
sug-ests that, for the present case of niobiumm, ¥ ~ust be P1

for the impurity controlling the yield stress.

2.7.4 Yffect of wvacuum pressure durin; the zone melting

Previouslv it has been accepted that the purification
mechénism involved in election beam zone méléinﬁ tecﬁﬁioues
entails the vacuuw distillation of lowexr melting point clements
and volatilization of oxides and nitrides as well ss zone~refining,
(Wulff 19573 “inkler 1960; Smith 1958; Votava 1964; Dragel and
Hurray 1964), Yet, in the present investiiation the vacuum
pressure vwas found to be the most influential parameter, being
more importent than the nuwber of zone pass or zomne speed in

controlling the purity of single crystaels,

In Pig. 2,11 crvetal D 1, :fown at poor vacuum pressure,
shows & much higher proportional limit, larger yield drop and
larzer susceptibilitvy to strein ageins than the crvstal D 2,
crown in a better vaccuw pressire, This provides substantial
evidence of the importance of interstitial impurities on the

initial vieldins and strain aceins behaviour,

The proposed purification mechenisms of "Vacuom distillation
and volatilization of lower aselting point elezents' mav be a
i
contributin; factor, The vapour pressures of wan- elements

are sufficientlv high to brins about distillation at, and near
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the zone melting temperature, They are transferred throush the
vapour phase to a cooler part of the furnace, such as the

liquid nitrozen filled "cold finger" or the water-cooled furnace
wall, However, in the case of dissolved aseous elements such
as nitroszen and ox-xen, the solubilit is proportional to their
partial pressvres, By ‘mproving the vacuwm pressvre in the
furnace the solubility 1= correspondingl: redvced and this leads
to the hicher purity crvstal. This explains the above observed
effect of vachum pressure on the purit- of cr-stals, JFurther-
more, the observed sinilerity between the improvement of vacuum
pressure with time (elso nunber of zone passes) and the improve-
ment of purity achieved with increasing n-ober of zone passes also
‘provides substantial evidence to support this view of the puri~

fication mechanisnm,

2,7.5 Chemical analyvsis and purification mechanism

It is unfortunate that during the current work of investiga=-
tion the chemieal aﬁalysis of the metallic elements was not car-
ried out, The extensive chemical analvsis of Reed (1966) ‘shows
that the tantalum and tunzsten contents have not been altered
after 12 zone passes, Thig su-vests that the consicderable concern
about contamination by tunssten from the filament of the cathode
assembly ig not so serious as has been susrested by previous
workers, The vaponr pressure of pure tm . sten and tantalum are
comparativel- low at the zomne weltins tempereture, and these
values are further rednced due to their small concentrations
in the niobium crvetals., Even at the very low vacuum pressure
which was esployed in the current work tle reioval by distillation
of these elements cannot be expected., Ou the other hand,
analvsis of the interstitials showed that the carbon content
increased with incressing number of zZone passes, whilst the
nitrozen content warkedl— decreased, The oxv-en results were

rather scattered,

In contrast to Reed (1966), the present chewical analysis
indicates that the carbon content was reduced by half after four
zone passes, and the nitrosen content reduced similarly aftex

the first zone pass. 'The oxvzen content décreased after the
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Table 2'1 (Wcight in .p-pm.)

Chemical Analysis of Starting Material

and of Single Crystals after

one and four zone passes

2 2 2

Starting material: 29 1 7-8 63
One pass (1) 12 * 7-9 28
(3) 21 * * 35

Four passes (1) 37 * 4 20
(3) 29 « d 4 31

+

Precision of HMethod 3 02' + 3 pepeme

1 PePolle

=
|+

(@]
I+

5 PePollle

2 PePos .

|+

# = not determined
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first zone pass and then increased to a level in excess of that

found in the starting material,

A comparison between the report of Reed and the present
analrsis implies that carbon contanination due to back~streaming
fron the vacuum system took place in bis case, which, due to
the better cold trap khis did not occur here, In the case of
dissolved gaseous elements such as wnitrosen and oxvyen the solu-
bility is found to be decreamsed by increasing the teamperature
and by decreasing the vacuum pressure, However, an increase
in oxygen in the present case with further zone passes is not
unreasonable, Consider the thermodynamics of oxide formatien
calculated from the free energy of formstion of NbO, the equilia
brium partial pressure of the Mh/TH0 systen at approximately
2,400°C 1is 10710 tory, (Steele 1965), The oxygen partial ﬁres—
sure in the vacuum furnace is probably less than that, so it
can be stipulated that no FbO is formed in the molten zone,
However, as the tenperature drops immediately behind the wolten
zone, the partial pressure of the oxvgen will be sufficient to
form Nb0 because the equilibrium partial pressvre of oxvien in
the Fb/T0 svstew decreases rapidly with temperature. This
sugcests that Fh0 is formed after the zone has passed over the
crvstal, The oxyzen content could be further reduced ouly by
further jmprovement in the vacuum pressure and by increasing

the temperature sradient near the wolten zone,

Based on the present chenical analvsis the observed larier
yield drop and higher yield stress oci;rred in the least numbex
an
of zone passes, as shown in Fig, 2.8, this effect is very

likely due to the carbon or nitrosen interstitial impurities.
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2,7.6 Summary

1., A cood agreement was found between resistivity ratio,
hardness and yield stress in the evaluation of puritv caused

bv varying the zone melting parameters,

2. The improvement in overall puritv achieved with increas-
ing number of zone passes was found to be :sreater between one
and two zone passes, then diminished between subsequent zone

passes,

3, A fast zone speed resultedin poor purity of crystal and
causcd a considerable gradient in impurity distribution along
a gingle crystal rod, This 2r0se from an increase in the value

of the effective distribution coefficient,

4. Vo significent difference in the impurity distribution
profile was observed between zone-leyelled and refined crvstal

when the same zZone speedwas used,

5. The vacuumn pressure during the gone melting process was
found to be the most influential psrameter in controllingy the

purity of crystals.

6, Good agreementwns found between the prosress of purifi-
cation and the improvement in the vacuum pressure with time,
This implicd that the removal of the products of volatilization
and degassing by the vacuum systemwas a major part of the puri-
fication, Vacuum distillation of lower wmelting point elements

would also be promoted by decreasing the furnace pressure,

7. Chemical analysis showedthat the improvement in oversll
purity due to further zZone passeswas most likely due to the red-
uction of carbon or nitroren coutents., This mav be associated
witgzg%Served hirher vield stress and discontinuous vielding

behaviour in the crvstals with the least number of zone passes,
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CHAPTER

3.1 Introduction

It is well kmown that the stress-strain behaviour of single
crygtals is very sensitive to the surface damase introduced
during preparation of the specimen, Therefore it i desirable

to ninimize any cold-worked laver,

The usual methods employed by previous workers to produce

single crystal speciment ere the following:

A, Chemical or electrolytic machining {Schadler and Low 1962.
- Lawley, van den Sype and Maddin 1963; Titchener and Navies
1963; Lawley and Gaisher 1964).

These wethods are supposed to be strain-free fros emy
possible danage dve to machining effects. Thus their spplicae-
bility in the case of niobium wes investizated., The apparatus
consisted of smooth rotating wheel of pyrophilite, partially

submerged in a chemical solution of 7 parts IO, and 3 parts

of EF', Above this a specimen was wmounted, Tge crvetal was

held in contact with an =2¢i.d layer over the wheel and rotated woxe
slowly than the wheel in the opposite direction., For electro-

lytic wachining, the specimen was connected to a positive electrode

and & Pt cathode was immersed into the electrolvte consisting

of 9 parts of }1'2804 and one part of H¥, This method was found

to be only practical when the crvstal rod was very uniform in
diameter and the machining rate very slow., TUsually, the as-

srowmn single crystal rod was not uniform as a result of having

been srown in a superheated condition, Therefore, it was

neccegsary to reduce the diesmeter cuite markedly.

B, dechanical wachininz and suvbsequent removal of deformed

layer by chemical or electrolytic polishing.,

Sinsle crystals of tungsten machined by ¢entreless srindinz
(Ferris ot al 1962; Koo 1963) and of molybdenun by flat-surface

grinding (Guiu 1965) were reported, However, the stress-strain
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curves of comparable orientation of molvbdenvm by Cuiu showed

a significant difference in the work hardenin. rate from

that of Lawlev and Gmigher (1964), prepercd by electrolvrtic
machining, In‘spite of fas£ and accurate machinins of specimens
the detection of a damaged laver in the specimen and subseguent
removal of the deformed layer,present great difficulties,

C. Spark machiningfaﬁd subsequent removal of the demaved

layer by chemical and electrolytic polishing,

Tlectric spark machining is a process in which maferial

removal is achieved by spark erosion., The amouht of removal
from the surface is controlled by the intensity, and the time
intervel of the spark between the electrode and the work plece.
The principle involved in this process is thousht to be the material
removal occurs either by surface melting (Samuels 1962,
Williams and Wade 1956) or by veporization by the spark, It
hes been established that the resultant surfane ig plastically
‘deformed (Samuels 19623 Williams and Wade 195C), in some ocases
cracks are present to a certain depth (Semnels 1962: Williams

and Vade 19563 Leardnore and Tull 1966). It is cenerally
belleved that the damage is caused by thermal #&hock (due to

the hizh temperature) or possibly by a cavltatlon effect in vapour

pockets formed in the spark dischar-e. Since its dpvelopment

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

wost widely used with a view to minimizing surface damasze.

.2 ifachinins of sinyle crystal specimens
r Of ¥ I

Ti:, 3,1 shows an as-qrown single cr-stal of niobium in
a two-stae goniometer, used to alism a sced cryetal in the

degired orientation,

The évera e length of ali as-grown single crvetals was about
: an
25 cm long,kabout 7 zone lengths were cut off from both ends of
cach ginzle crystal to guaraniece that all specimens would be of

the same purity.

Tensile specimens were produced usin: a Servonetd SiD spark
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machine, Agerrovmn single crystals of 3 mm dia, were cut into
3 cn length b the sparklslicer. Thev were then spark-lathed,
starting from rance 4 end finishing at rense 7, which is the finest
ranie, In this way the tensile specimens were :ziven a 16 um
geuge length with a shoulder radius of 3 ma, The finsl diameter
of the specimens was 2,7 - 2,8 nn dependins on the uniformity of
the diameter of the as-grovm crystal, The deformed layer of 100
microns due to the spark lathing was subsequently removed by
electrolrtic polishing for one hour at a voltage of 15 - 17
volt and 0,3 ~ 0,4 amp, Fiz, 3,2 is the X-ray Laue picture
of the as-wachined surface which shows a split Debye ring on e
backzround of faint spots, Due to the removal of B0 uicrons
from the surface, the ring disappears and spots become as clear

as those Of an undeformed single erystal.

Cylindrical coupression specimens were prepsred by slicing
previously spark lathed and electrolvticelly polished lengths of
single crvstal with a caxrborundom wheel; The compression
faces were ¢round on €00 grade silicon carbide paper using
a gpecially desimmed jin to ensure that the faces were accurately
parallel. tauge lengths were about 6 mm, and rauze diameters
2.5 mm except for specimens to be tested in the temperature
range of 8 - QQ.GOK. In the latter(case{ the jauge length
was 2,46 - 2,5 mm and the wauge dismeter 1,27 - 1,68 mm,

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

The effect of the daméged layer introduced during the
spark machining on the stress-strain behaviour was investisated
by testing two specimens from the sawme single crvstal rod.

These were cut consecutivelw to avoid the complexity of inhomo-
zeneity of solute distribution along the rod and polished for
different smounts after spark machining, Fiy, 3.% indicates that
the specimen retainins the demaged layer has a steeper work-
hardening at the beginning of plastic flow and a slichtly hisher

vield stress,

Th%ﬁ is verv similar to the difference in the work-hardening
e -
rates atAearly stages of deformation in molybdenum sincsle
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crystals prepared by electrol-tic machining (Lawley and
Caigher 1964) and mochenical grindins (“niv 1965), It is
probable that fresh dislocations in the latter, which were
introduced during mechanical rinding, were not removed completely
by subsequent electrolytic polishing thus caunsin- & steeper

work hardening rate.

3.4 Testing machine and accessories

Tension and compression tests were conducted in an Instron
Kochine, wofict TTe61, fiEtdd vith ¢ lued cell, ¥he sttomhdic
load rocorder has a 1/4 see¢ full scale Tesponsc, 2 Quick change
push~button unit supplied with the instrument allowed a rapid
change of croes head speed to be mwade before and duriny a test.
¥7ith the insertion of a decade speed reducer into the drive
cear svetem, the cross head speed could be varied in discrete
steps from 0.005 to %0 cm/hin.

For tests at other than rcom tempexetu e a frame made of
nickel plated mild steel, mounted on the bottom of the mobile
cross head, was used. This frame could be scvbmerzed in a

- liguid during the tests,

Special split thread friction type srips were desigmed

to fit the tensile specimen as showm in Tig. 3.4,

The compliance of the system composed of a testin: machine,
load cell, universal coupling and grip adapters, is 0,0011 nn/Ke
at a load of 50 Kg and 0,00075 mm/Kz 2t & tond of %00 Kg.

During this investiretion, a stendard cross head speed
of 0,05 cm/min in tensioh and 0,02 cm/hwn 1n.60mpr96310n was
used, corresponding to a strain rate of 4. 9 x 10 c‘l and

4.5 x 107 -4 oo™t respectively,

The various testing temperatures were obtained by immersing
the frame asnd the specimen in a licuid contained in a Dewer
flasks
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473°K Silicone oil

373%% Silicone oil

273°K ixture of water and ice

243°K Boilins Tceon 12

195°K Sublimation of solid GDQ in acetone

163% Toeon 12 cooled with liguid nitrogen
77°K Liquid nitropen

To ensure loung term stability of the testing tempersture, fixed
tenperatures were obtained by heating the silicone o0il with an
electric resistance heater‘placed in the bottom of the Tewer
fIask. The temperature was stabilized within + 3°C by adjusting
the heating voltage with a variable transformer, Tenperatures
were then measured with pentane and mercurv 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 Instron
tosting machine using & cross head speed of 0.05 cnfmin
'l). The

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

(equivalent to a strain rate of 4.9 x 1074 see

unloaded leaving a small amount of load to maintain axiality

of specimems durin:g placing and replacing in the temperature
bath, The ageing tevperature ranses from 4030 to 47‘501{

were weasured by a Al-Chrémel thermocouple 1laced near the
middle of the specimen., The temperature of ilie bath fell

when the 2xips and the frame euntered the silicone o0il 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 ageing treatment

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

vere then continued,

3.6 Dislocation etch pits in niobiuw

The recent developments in the experimeuntal technique
for the dircct observation of individual dislocations has

nade a sreat advancement in the understandin~ of fundamental
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aspects of the plestic deformation of crystalline solids,
Among mumerous methods which include transmission electron
microscopr, the Lang camera technique, and field ion micros-
copy, the dislocation etch pits method 18  used wost widelvy
on bulk specimens ags a simple end non-destructive method,

In the case o4 niobium, Koppenesal and Evans (1965) first
used the etch pits method to reveal ﬁhe initiation and prosress
of plastic strain in the microstrain region in a fecrystallized
polvervystalline specimen, ZElectrolvtic polishing was carried
out at 15 - 20 volts, and 0.087 = 0.133 Aup/cm> in a solution
of 9 parts of con HQSOA and 1 part of IF, while waintainin: a
tenperature of about 35 - 40°C, using Pt as & csthode, Elecw
troetching was carried out intthe same solution at 1 - 2 v0lts,
and C,004 Amp/cm2 for the first stsge, and 5 - 6 volis and 0,02

o
Aop/em® for the second stage,

As a preliminary exam'nation, the etching behaviour of
electro~etching and chemicel etchin: of recvrstallized poly=-
crystalline specimens was investigzated. The etchent, con-
A 2 parts of HF and 2 parts of EE03

(koo 1962) was used for chemicel etching, As shown in Fig, 7,54 &nd

sisting 6 parts of H2SO

3.58 uo sigmificent differemce was observed in cither etching
wethod. : However, etch pits pro-
duced by the chemical etching method were of a more regular
shape, Fig. 3.8 and B are typical etch pit confisurations of
recrysfallized polyecrystalline specimens, In general the
shape and size of pits were found to depend on the grein 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 decorati~n treatment, at 5730K for 16 hours in
the vacuum furnse, was nccessary, #heun, however, the specimen
was wrepped with niobium foil during this treatwent; no fresh

etch pits could be nade, This implies that some contamination

was necessary for this process, Fie* 3.9 Shows the “'”1‘“‘“:;"“ i‘j‘&f“t’ g
d-bwmu\ v.,\.,u.,w» niofium Spacimen which wine mek Waspped """"“”‘7
Fasakmunk .

In the case of sin:le crystals, nec previous work
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has been reported on the etching behaviour and its character-

istice, In the present,investigstion, the shape and dénsity
of pite were found to vary with the plane of observation. A
specimen with its axis along <l10) was etched electrolyticelly,
the etch pits on the {111} plane have a pyramid shape while
those on a planec progressing towards {112} are more elongated
as showm in Fig, 3.8

It was felt that the variation of the etch pit density with
crystallographic angle cennot be the result of preferential disle-
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.






CHAPTER 4

YIBLDING AL STRATY AGELHG OF MICLIUM STIGLE CRYSTALS

8.



69,
CHAPTER 4

4,1 Introduction

The wajority of the previous work on the evaluation of
purification effects has been carried out on commercial purity
polycrystalline materiel. These types of stndies misght entail
evaluating the effect of oxysen and carbon on the mechanical prop-
erties, but the base material of different workers would probably
differ vastly in other iwpurity contents, TFurther confusicn
arose due to variation in strain rate, .rain size and structural
perfection within grains, Christian end Masters (1964) sug-
gested that it was not sufficient to have the same srain size
but that the same depree of lattice perfection was reguired in
order to compare results,

Recently, however, very purc hizhly perfect sinzle crvstals
have beon grown using electron beam zone weltine, and a suhsequent
heat treatment, and decarburization technigue. This allowed a
gystematic study of the yielding aend plastic flow behaviour of
single crvstals of coutrolled purity and orientation without
involving the complicated problems of srain boundaries., The
previous detasiled studies on the effect of impwritieqbn single
crystals produced by electron beam zone melting, or subsequent
hydrosen purification are due to Lawlev et al (1962) on molybe
dentm, XKoo {1963} on tungsten, Stein et al (196%), Stein and
Low (1966) on iron and Stein (1967) on wolybdenum. Thev have
shown thet increasing the number of zone pase~g which is cffecw
tively further purification, causes a lar~e reduction in both

the vicld stress and its temperature dependence,

In the present work the variation of the 3ield drop, and
the temperature dependence of the yield stress with increasing
overall purity was investigated, end in addition, strain ageing
sxperinents vere carried out for identically orientated single
crystals, The results are c-mpered with the current theories
of discontinuous vielding, solid solution rardening and strain

ageiny by interstitital impurities,
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4.2 EBffect of impuritiegon the yiclding behaviour

4.2,1 ZEffect of impurities on the stress-strain behaviour

A pronounced effect of overall puritv was observed on the
stresg-strain curves, The purer crvstal which received a
sreater number of zone passes had appreciablv lower proportionzl
limit, upper and lower yield stress and flow stress than the less
pure crvstal,

Typical stress-strain curyes of (1ld> oriented single
crystals after various numbers of wmone passes at 1950 and 296°K
are shown in Tig, 4,1 to illustrate common vield point phenouen .
Generall:w, a pre~yield microstrain followed by a smooth rield
drop at nnd helow room temperaturcwhaedDServed end the subsequent
work hardeningwnsxﬂthef low and alwost insensitive to the temp-
erature, The onset of necking ococurs at sualley -
straimevith decreasing temperature, THowever, above Troom tempera-
ture, the yield pYint disappeardifor all crvstals and as the
tenperature was further inocreased the crystals showed a ler:e uni-
form elonsation, Mo twinning vas observed for any of the crvstals

in this range of tewperaiture hetween 770 to 373°K.

The most interesting observation is that the existence and
magnitude of the vield drop eund pre1jield microstrain are depend-
ent on the nuiber of zone passes which reflect the lowering of

interstitial impurities by successive passes,

The valucs of the proportional limit sre summarized in Table
4¢ls This limit is cefined as the value of the stress st

which the first devarture from linearit+ is obserwved,

4,2,2 Tffect of impuritiesom the tewperature dependence of

proportional limit

e tempcrature dependence of the proportional 1limit of
{110y =na €100 oriented single crrstals was determined from
770 to 373°K for various numbers of gone passecs, These are
plotted in Fig, 4,2 for {110} and ¥iz, 4,% for {100) orientatiouns.

Increasing the number of zoue passes, i.,o, overall purity, causes
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Tabie 4.1

Proportional limit of single crystals of 110)

Orientation with various Numbers of Zone Passes

Numbers of

Temperature °K Zone passes Proportional limit (Kg mmz)
1 3,18 2,95
2 2,72 2.65
373 3 2.63  2.59
5 2.01 2.00
1 5.65 5.80
2 .57 4.66
296 3 3.91  4.10
5 3.2 3.55
1 644 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 3 441 47.3
5 42.25 42,0
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e gignificant decrease in the proportional limit and also
the temperature dependence markedly below a transition tene
perature of BOOOK.

This obscrvation agrees with recent work of Lawley et al
(1962) and Koo (1963) on clectron beem melted single crystals
of molybdenum and fungsten regpectively, Similar results were
also reported by Stein et al (1963) on iron crvstals containing
0,005, 44, snd 100-%00 ppm carbon, and Stein (1967) on molybdenum
single crvstals prepared by electron beam melting and subsequent

purlflcation.

4.3 Discussion

4,%,1 Effect of impurity on the vieldinz behaviour

The vield point in pélyervetslline b,c.c, metals is a

well knovm effect ~t which involves imﬁuritv atoms and is
generelly observed in metals containinz traces of interstitial
impurities such as carbon and nitrogen., It has been demonstrated
by Low and Gensamgr (1944) that the discontinuous wvielding of
polvcrrstalline iron occurs if it contains either of these
elements, Schawartzbarxtand Low (1949) have shown that the
presence of carbon in a sincle crystal of iron produces a yield
point. THowever, a recent systematic study of orientation

effects on the plastic deformation behaviour of electron besm
melted tunssten (Argon and Malenf 1966, Carlick and Probst 1964,
Rose et al 1962), molyhdenum (éuiu and Pratt 1966), niobium
(Votava 1964) and tantalum (Ferris et al 1961, Shorwood, private
comuunication) has shovm that the crrstals ryield discontinuously
when the tensile axis is chosen along the {110p orientation,

This observation susgests that the vield drop camnot be attributed
merely to the presence of an impurity but thet a'crvstallographic
or seounetric nature must also be considered because this phenom-
enon is observed in crvstals with specific orientations, This
orientation dependence of vielding behsviour will be presented

in 5.3 and here we . saall 1limit our discussion %o the 1nterst1t1al

impurity effect on the discontinuous yieclding,

Ls discussed in 1.2,1 and 1,2,2 three models have been
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proposed to account for the presence of yleld drop; by Cottrell(ﬁt%),awun“
and Bilby (1949) who showed that solute atoms may lock dislocations

in place, and by Jolmston (1962) why demonstrated how yield drops

may develop from the properties of moving dislocations, In

Cottrell and Bilby's theory of yielding it is assumed that there

is no dislocation wotion until the upper yield point is reached

and that there, some dislocations can bresk awav 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, theie is, undoubtedlya sufficient

number of impuritv atoms to form en impurity atmosphere in spite

of single or multiple zone passes, In crvstals containing

one atomic ppm of impurity in solid solution, and a dislocation
density of 106 lines cm™° which is common in zoue melted single
crystals, approximately 103 impurity atoms are available joreath olom plone “‘S Bllootin,
Shadler (1960) has found gome evidence which susrests the unlock-

ing of dislocations in zone melted tuungsten single crvstals,

Phenomenologically, the yielding behaviour end strain ageing
‘experiments in the present work, agree with Cottrell and Bilby's
prediction, The existence of a yield drop at low temperature,
and the dependence of the magnitude of the yield drop on the over-
a1l purity are in agreement with the theory. In addition, Fig.
4.4 shows stronger temperature dependence of upper yield stress
then lower yield stress and flow stress (because of low work-
hardengggitﬁg 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 crvstals. Here, the
initial yield stress is attributed to the Cottrell atmosphere

phenomenon,

However, the large smounts of plastic strain which precede
the upper yield point certsinly 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
cxystals 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 mav be reasonable for the

crystal after strain ageing treatment because all the disloca-

tions have received the same ageing treatment and piming may

be either permanent or temporary, i.e. unpinning may occur at sttain-
able stress or it may not. For further support, the current micro-
strain experiments By‘Brcwn and co-workers and Lawley and Meekin
(1966a, 1966b) at the region of 10"6
sufficient evidence for dislocation motion well below the pro-
portional limit,

plastic strain provides

The model of Johnston (1962), Johmston and Gilmem (1959)
which was later extended by Hahn (1962) for many b,c.c, metals,
is based on the dynamic properties of the dislocations end their
rate of work hardening, Equation(l.8 is able to account for many
features of the deformation behaviour of b.c.c, metals, At
the moment, we can deal convenientlv with one of these features,

namely the vield point itself.

Oun Haln's model, a sudden‘yield drop is a consequence of
(a) +the small number of mobile dislocatiows initially present
(v) 1large a, (¢) small m in equation 1.5, This treatment
also suffers some difficulties, In view of the larse number
of grovm-in dislocatioms usually present in b,c,c., metals,
10° - 10® on?
them in order to satisfy the firset requirement, To be consistent
Fo , by definition of f equation 1.3, would immediately fix L

as in a tenth of_fz'normally & high value, If zrownein dis-

, it is suggested that impuritr locking immobilizes

locations are locked, the L would be too high,

In his revised theory, Cottrell (1963) sugzested that a
yield drop could occur if one of three conditions wes satisfied:
the first condition‘f%,n 0 is not relevant to the presenf case,
and the second condition [0, fh>0 is the same requirezent
which Halm made, The third condition, namely that]ﬂ)) C is
relevant to the present case, and in this requirement it is not
necessary to have a totel sbsence of dislocations initially,
but it is required for them to be either weakly or stronsly

pinmned, Yielding takes place when the initial dislocation
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becomes unpinned, or in the case of stronz pimming, when dis-
locations are created at the upper vield point, ~ Thus, Cottrell
distin-uishes, as do  Cilman and Johmston, between rielding

. by creation and rielding by wultiplication of dislocations with

the reservation that_unﬁinning in the .creation process need not

occur if lockiny is stron:, This phenomenon, in which disloca-
tions begin to move at the upper vield stress, is not

likeiy to occur often unless all dislocations are pinned in a strain
aged crﬁstal. However, the preseﬁt observations camnmot be explained
uming either of the proposéd models,

The experiment in which the rield drop at low temperatures
becomes more pronounced as the overall purity is decreased, Sugw
gests a possible difference in the initial dislocation &ensity
in the crystals of differing purities, If we assume that the
stress dependence of the dislocation velocity is uwneffected by
impurity, thesconceivably 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 susr-est that thermal unpinning
must take place at a stress below the upper wield point, and then
the further behaviour of the crystals is controlled by a multi-
plication mechanism, However, both wodels fail to explain the
orientation dependence of the yielding behaviour, Vhile still
in a speculative moed, we shall present further evidence in the
next parsaraph on the temperature dependence of the yield stress,

4,3,2 Bffect of impurity on the temperature dependence of the
vield stress

In order to cbmpare the observed magnitude of strengthening
by impurity with theoretical predictions, it is essemtial to imow.
the amount and kind of impurities in the crysfals. Currently,
vacuum diffusion, a spectrograph%’, electrical resistivity
and resistivity ratio weasurements have been widely used
as anélysis techniques. These techniques still do not give a
reliable anal-sis, for instance, Lavlev et al (1962), starting
from 99,95 purity of molybdenum, found en increase in purity to

99,995 after single zone pass but no further increase after six
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zone passes, This is most likelw due to a lack of sensitivity
of the enalysis techniques since six zone pass’ orvstals showed
significantly different mechanical properties, Bowen et al
(1967) reported the increase in the resistivity ratio R2Z3OK
| %4.2%
from 200 to 1400 between zone melted and subsequent heat treat-
ment, This method has a definite agvantage over the other
methods, because it is non-destructive, and one can eliminate
a possibility of introducinz a Specimen shape factor that might
enter into resistivity weasurements, However, this method
does not tell which solute contributes wost effectivelf.to the
temperature independent part of the resistivity and neglects
any 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
s0lid solution hardening theories,

Koo (1963) has estim~ted the .difference in the amount of
interstitial impurities in 8clid solution of t:mgsten single
crystals of one and five zone passes as 4 ppm of carbon from
electfical.resistivity measurements and this cetimate was used
to calculate the magnitude of strensthening predicted bv various

solution hardening theories,

TABLE 4,2

Cracknell and Petch (1955) 0.011 Xe/mm®
Schoeck and Seeger  (1959) 0,047 K /am®
Fleischer (1962) 1,846 Kg/hmz

Fleischer's theory gives the highest magnitude of strengthen-
ing but coven this indicated value is at least one order of
magnitude smaller than the observed value of strengthening of
28,4 Kg/th. Stein et al {1963) and Stein and Low {1966) have
used radioactive tracer techniques to analvse the carbon content
in radioactively carburized and then decarburized iron and once

agein the strensthening was substantiallvy bisher than indicated
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hy any of the proposed theories, Althoush strensthening is
usually attributed to the interstitial impurities in 2 solid
solution for all b,c.c, metals, the above dis-reremc  shows
thet the real observed stren;thening cannot be accounted for by
the current theories of strengthening based on the elastic inter-

action of dislocations with interstitial impurities,

With regard to the temperature dependence of the yield stress,
as shown in ¥ig. 4.2 and 4.3, there exists a very large difference
in the value of yield stress and it s temperature dependence bet-
ween pure and less pure niobium sinsle cryétals of identical
orientations in the temperature range 77° - 300°K. It appears
to be a general trend in b,c.c, metals that the decrease in the
tenperature dependence of the yield stress may result upon dees
reasing the impurity level beyond a certain level, This effect
wag found by Lawley et al (1962) and Koo (1963) on electron beam
melted molybdenum and tungsten, snd Stein et al (1963) and
Stein and Low (1966) on decarburized iion, 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 Nekada
(1967) found that bv adding interstitieds (C + ¥) to purified
iron, the athermal part of the yield stress of iron is raised
but its temperature dependence is not altered, but they found
the same reduced temperature dependence when they plotted their

results for proportional limit against temperature.

Christian end Masters (1964) and Christian and Taylor (1965)
also report the same tomperature dependence for commercial purity
polyérystalline niobium of 115 HV and 150 LV, and zone melted and
subsequently heat-treated niobium. In the case of Keh and
Heakada it was considered that orientation effegts on the yidld
stress and yield stress criterion may be the reasoms for this
discrepaney. There is no reason %~ believe that the orientation
effect should be dependent on the interstitial contents, In
the present work Fig, 4,3 shows an apparently decreased temperst ure
dependence for purer crystals in the (l()O) oriented single crvstal
end this decreased temperature dependence is common to all orien-

tations, ith respect to the vield stress criterion thev believe
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thaty in order to measure the true effect of interstitials on the
lattice friction stress; the lower vield stress is a better
criterion, Schndler (1964) however has demonstrated that +the
teuperature dependence of the proportional limit yield stress
most accurately represents the temperature dependence of the dis-
location mobilitr in tungsten, In fact, Lawley et al (1962)
found the sawe cffect for the flow stress at Qﬁﬂplastip flow
stress and Stein and Low (1966) fomd a more prqaouncédfeffect‘_.

when they plotted the yield stress instead of proportional limit,

The results of Lawlev et al (1962) at least dovmn to 71°K,
indicete  that Cottrell-Bilby's lockin: way give an important
temperatﬁre dependent contribution to the yield stress, However,
the steep increase in the yield stress actrally exceeds that for
the less pure oryvstal, indicate a more complex situation, Lawley
et al sugrasted the more rapid fgll-off in vield stress with
teuperature for the purer crystal ma- be due to diffevences in

factors in the rate equations
. —0/
£ = TAbV e Hr (4.1)

where é is the strain rate, W is the number of active sites pex
unit volume, A is the area swept out by a dislocation per suc-
cessful fluctuation, b is the Durgers vectop,\) is the frequency
factor, and U is the activation energy., Te-~writin~ and noting
that U is the difference in the total,enerﬁj to overcome the
barrier U_ and tte work done by epplied stress W in overcoming

the barrier,

W oa U -k log WAD ‘)O/Q (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 Uo values are

the same. Similarly, if the number of artive sites or the strain

per fluctuation Ab is larger for the purer cr-estal, this would

also result in & more rapid increase in vield stress with decreas=-
ing temperature, This latter reguirement is fncluded in the
overcomins of the Peierls-Nabarro barrier, The precedin; situa-

tion is not anticipated on the simple basis of Cofrell-Dilby's

atmosphere dilution on purification which Lavley ¢t al were in
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favour of; since hexre we expect 2 lowering of UO and counsequently
of the yield stressat 0°K,

So far five models have been proposed to describe the
interaction of dislocations with mgndomly distributed stress
sentres due to solute atome and other defects, The separation
of these modelsghould be possible throurh the effect of solute
concentration ¢m flow stress with temperature.

The models of Mott and Habarro (194é), Seerer (19%8) and
Friedel (1963) lead to a proportionality between flow stress
end conentration c, whereas Fleischer (1962) and (ilman's model

(1965) requires a proportionality between T and c%.

With regard to the temperature dependence of flow stress, .
Triedel's model leads to a linear decrease of Uwith T, Uott
and Yabarro!s model gives a 11near decrease of Wwith m2 3
Seeger's model predicte a 13noar1ty'betveen’t 2/3 and T2/3
However, these predictions have never been reported &s applicable
to the b,c.c. metals. As an cxemple of lack of applicability
of ott snd Faberm's wodel (1948), as used by Seeger (1958),
Fig, 445 plotsfﬁ?'s arainst T2/3 for one and five’zone passes
niobium sinsle crvstals of 110} orientation in tension. The
lack of linesrity in this plot indicates thot the persbolie
force distance relotinnship which was nssumed by Mott. 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 interstitisl impurities in
b.c.c., metals is the large lattice distortion which causes rapid
hardening, Fleischer (1962a, 1962b) assumed that a dislocation
moving on & slip plane interacted strongly only with those
defects lving within one atom spacing of the glide plamne, The
interaction energr of the defect at the dislocations was cal-
culated by the method described by Cochardt et 21 (1955), The
stress to move a dislocation sn appreciable distance at 0%k cor-

responds to the stress required to overcome the weximum retarding
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force exerted on the wmoving dislocations bv the defects., At

a finite temperature the dislocations cen move at lower stress
because the motion is thermallv activated, Te used an approx-
imate force-distance relationship for tetragonal lattice distor-
tion to calculate that the impurity hardenin: depends on the tem~
perature according to the reletion:

; %
(T/v,) : - 1- (T/To) ) (4.3)

where T, = ‘o pL = © At G%/3.3 is the vield stress at

T (0°%), " 1is the yield stress at T°K,
N

This equation predicts a linear relationship betweeng ®
and'T%'but this prediction does not hold in the present csse,
as show in Fig, 4.6, wherezi'%'is plotted against T% for one and
five mone passes single crrstals of niobium of (;10) orientation,
The experimental observation fails to fall on s 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
end interaction strength of dislorations with carbon contents

in their decarburized ultra pure iron sin:le crrstals,

fig. 4.7 illustrutes that the present results were found
to be a best fift to the straisht line when logarithm vield
stress was plotted against temperature and within the ascuracy

g

of the dmte the points can be fitted with an expression of the
form:

-371

GCa Le - {4.4)

The difference between the yield ?3$5g§10f the one and five zome
passes crystal should reflect theacontribution to the yield stress,

This difference is plotted in Fiz, 4.8 z2nd also can be fitted

with the form:

Ag~o- 7t (4.5)

This expression has been used previously by Johmston and
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Gilmen (1957) end Johnston (1962) to fit the flow stress of

pure and impure lithium fluoride sinile crystal, Later, Cilman
(1965) clarified the pre-expomential A in equation 4.4 by apply=-
ing reaction rate theory to dislocation mobility, where the acti-
vation energy is inversely proportional to the appliéd stress,

so the dislocation velocity is related to the applied stress.
The probability of a successfdiinupleation event ié proportional
to:

e 'WKT (4.6)

where U¥ o v X 6%4;c'is the activation energy including interaction
between dislocation with defect (C) and the applied stress and
Burgers‘véctor b is in the denominator. k is Boltzman's con-

stant, and T is the temperature,

T2 glide nucleation rate 3 is given

g - & e Fhke [ em (- -—w] (4.7)

where h is Flenck's constant, and §¥is the vibrationsl free
energ~ minus the enersy of the translational mbdefthat'carries
it across the saddle point. At consStant temperature equation
4.7 tekes the form '
~IfT .
b ~e (4.8)

iy

where D is the characteristic drag stress, This form is coti=
sistent with the observed stress dependence of dislocation vel=-
ocities, Vhen & is éonstant, the flow rate is constant for a fixed
dislocation density and this determines the flow stress in a
constant strain rate test, 'Gilman gtated thet constancy of

L means log T - KT (‘-«.-M(‘,%./'b - f') has a fixed value of log¢

However 1tnls is 1ncorrect thig should be corrected to 1og T -
(IXCN‘ - f‘
Iﬁ bY

e gives the final forms

- BT
= [fh KTAl%f‘f (T/¢)3e (4.9)

L s .
where AO = (WX)OCi/b which indicate the interaction between

dislocations and defects at 0°K,

The dominant term in equation 4.9 is the expondential one,
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as T*‘*OOK, Ly a-vAO/j;“and depends on the defect-dislocation
interaction, This is an analosous expression to the equation

of stress to produce a constent dislocation velocitr V. = A.E"BT,
which was found experimentally in lithium fluoride (Johnston and
Gilmen 1957). A similar linear dependence of log flow stress
on the temperature was observed by Cilman and Jolmston (1957),
Johmston (1962) and Westbrook (1953) on lithiuc “luoride single
ervstaly

This equation is based on two basic assump£ionss firstly

that the vield stress is proportiomal 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 Fieischer (1967) have evaluated
the effect of varving the concentration of the interstitial
igpuvrities in b,c.c. metals, Tﬁéy 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 Fven's data
(1962) for nitrogen iﬁ niobium with 400 up to 2200 ppm the vield
stress monotonicallv increases as the scuare root of the con-
centration,

Secondly, the main effect of point defects is to increase
the ouasi-viscous 0raz em moving dislocations, which weans a change
in D in ecquation 4,8, This equation is not theoretically based,
but sives a good representation of experimental results in which
the velocity of dislocations are measured by etch pit techmiques
(Jomston snd ¢ilwan 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 devendence was less well described than the strese
dependence in this kind of equation., There is also a limitation
in this equation, Tor example, Stein and Low (1960) plotted
log W againat % at constant stress., These plots were strairht
lines at low stress but were curved at hizh stresses. Christisn
(1964) considered two possibilities for this discrepency, one is
that the actual rate-equation would be more complex than the
present one, the other is that the use of eqnatiOnvaC%hy"

the velocity is a function of stress, e was inclined to believe
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in the second possibility, In the expression of the f&rm&of

o= 2e % poth & and B are adjustable parameters, therefore
there is a large anye of possible adjustment., In fact Conrad
(1961) =nd Conrad end Prekel (1967) bave showm that +the dis-

location velocity measurement in silicon iron {Stein and Low 1960)
end their measurement in molybdenum, agrees reasonably with the

usual interpretation of the Felerls Wabarro mechaniem for the

temperature dependence of flow stress using
£ - mavve Ui

However, the main and most important difference between Gilman's
model and the Peierls Nabarro mechanism is thet in the forwer
the limiting value Ao = (WK)OG%VL ig dependent on the concentra-
tion of impurities. C, W and X are interaction encrgies with
impuritics per uni* length of dislocation, wherecas the lattexr
model is cssentially impurity independent,

L8 discussed in the preceding paraaraph, the vielding
behaviour and viczld stress are dependapt on such parametere as
densit+ of initial wobile dislocations, the mobility of disleca-
tions and the rate of work hardeninr, The neasured rield stress
will reflect the behaviour  if ve understand §reci$elv how
these perawmeters come inso play or if we can make some empirical
relationship between tne measured vield sitress and the fundamental
properties of dislocation behaviour, In this sense, this
model has an advantage over any other existin: model for both
vielding behaviour and temperature dependence of the yield

stress,
4.%.3 Activation parameters

Manv previous workers came to the conclusion that a Pelerls
Fabarro mechanism controls the thermally activated deformation
process in b.c,o, metals, This conclusion was reached through
the analvsis of the parameters of the rate controlliny process,
puch as activation energv H, activation volume V, and pre-exponen-

tiel factor £, in the following equation

€=g, ex (- Begn (4.10)
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€, = FbSY

f = mobile dislocation demsity

b = Burgers vector

8 = Average distance of dislocation after every successful

fluctuation

G Chanse of free energy

The activation‘energy E and volume ¥V cen e cglculated using
the followin; equation (Conrad 1961, Conrad aud Hayes 1963):

- A_E - ( S].Ofsi é )

% 8 (4P (4.11)

iThere (Slﬁgﬁ) is the strain rate sensitivity which can be
-clT

determined by either stress relaxation (Guiu and Pratt 1964,
Sargent 1965) strain rate croling or strain rate dependence of
the vield stress (Conrad 1961, 1963, Conrad and Haves 1963) and
T¥is offective stress on dislocation,

From comprehensive analyéis of the existing experimental
data Conrad (1961) and Conrad and Flayes {1963) he:e found that
the value of antlvatlon ‘energy and volume with stress and strain
for many b.c.c. metals ig.virtuslly 1ndependent of the purity,
dislocation struoture end .of vhether v1eld1n~ or flow was con-

sidered, A similar. conclusion was reached bv.ya51nsk1 and

Christian (1960) end Christien and.Masters (1964) after an analysis ©

of their resulis On,;ron,“n;qblgm,dﬁgptglpm ané vanadium,

However, some of the evidence that Gonrad (1963) has col-
lected arnainst other specLllc mechanisms 1q not substantlated
by other results, TFor example, the work of ifordike and Haasen
(1962) on iron single orvstels showed that both activation evergy
and volume were structure semsitive, Torkike's work on tantalum
(1962) and Rose et al (1962) on tunssten favours the conservative
motion of jo s in. screw dislocatior, On the other hand, the work
of tregory (1963), Greéqry et al (1963) snd ¢uin and Pratt (1966)
on niobium and molybdenum favour a noneoonservative
movement of jons es the rate-controlling mechanism,
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One of the main features for the Peierls Wabarro mechanism
is & very large walve of activation volume at low stress and its
independence of impurity contents and dislocation structure,
The present work on hiobium and the recent work of Stein et al
(1963), Stein and Low (1966) on iron, Stein (1967)on molybdenum,
and Koo (1963} on tungsten, Lawley et al (1962) on molybderwn suggest that
teuperature dependence of the yield stress has indicated
a strong function of ggp%gity content, Thesc observations
leave substantiel 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 pexrformed

with an Instron Testing machine by alterinr 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 cm/bin

at fast strein raté. In Piz,4.9 the true stress changesdue to
strain rate chanze are plotted azainst true stress for niobium
rgingle corvstals of (llO) oriented, one and three zone passes at
2430 and 296°K. The shear stress is resolved on the system
with the largest Schmid factor, which in this case is 0,471,

It was observed that AU was decreased with increasing stress
end the difference between thesé_two crystels was hardly detect-
able at 296°%, however, at 243°K the impure crystel exhibited e
larger strain rate sensitivity than”the purer crvstal., Christian
(1964)‘su5uested that the bétter way of presenting strain rate
éyciing data was to plct[Yﬁas é function of stress, In this
way, one would effectively remove the work hardeniny contribution
and would be more clearly representative of the semsitivity of
' dislocation velocity to stress as a function of strain, Te
reported many exemples of b.c.c, uetals that exhibit a constant
value of ATas a function of stress or strain, This effect

was taken to support the position that vielding and flow
belaviour in b,c.c. metals is controlled by a single thermally
activated proceés. However, as in Iiz, 4.9, in the present
work it was found thet AT was decreased with strain, and

the impure orvstal hed a larger strain rate sensitivity at the
Same gtress, This suagests that the prediction besed on s
single thermally activated process is not valid, and reaffirms
the importance of impurity content in the yielding and flow

behaviour,
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The activation volume and energy for vieldin: at 296°K

are summarized in Table 4,3,

TABLE 4,

Activation volume of vieldin: at 296°K

Tumber of zone passes Aetivation volume
z
41,02 v’
z
2 48,3 b’
6 74.1 -b3

Table 4,3 shows that the purer crwstal has a lerger sctie-
vation volume and this is in ayreewent with the results of
iiordike and Haagen (1962) on 1ron, and Stein and Low {1966 at
195 X on dron, iovdike and ¥ arxscn studied iron sin‘le cry:tals
containing 30 ppm carbon and SO ppm nitrozen, and foun@ the varia-
tion of activation volume with imprutiy is consistent with a umech-

A ﬁ N ;
anisn in which small carbide particles determine the activation
volume for rielding and flow, Stein (1966) observed an unusual
bahaviour at 298°K, wThere the impure crvstal has less strain
sensitivity, corresponding o a lar=er activation volume
than the pure cr~stal; They suggesﬁggigithor more then one
mechanism was conbrolling the deformation process or thet a single
nechenism, purlt' dependent suoh a8 solmd solution
hardening or u1sperQ1on ?ardenlnﬂ vas 0@01“1 ing. However, they
failed to observe any kind of precipitate formetion by electron
mizroscopy for their ultra pure irom crystal, In contrast,
¥eh and :akada (1967) recently reported that in iron single
crvstals the value of the activation volume for various contents
of (¢ + I7) impuritiecs deformed at 77 °K was nee:ly constant snd
independent of nitro;en contenu. This discrepancy between the
present observation and that of XKeh and Nakada may be attributed
to the sensitivit: of the activation volume in the hish stress
(or lov temprrature) region.

Lnother strong arsument for the Peierls YFabarro mechanism

is the vield stress at OOK. If a Ieiéils Fabarro mechanism is
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indeed a sinple thermally activeted cowtrolling mechanism, all
the vield stresses of the various impurity le.el of crystal should
Linerge at‘OOK. In the present case the éénsile tests have been
conducted down to 77°K so the trend is not clear, however, the
work of Stein and Low (1966) ou iron and Stein (1967) on mol, ' lenum
apparently shous that there exists a large devietion hetween pure
and less pure crystals, at 2K, It is wnliloly that these
curves can extrapolate to the same value at 0°K.  Conrad (1963)
and Naberro et al (1964) have argued from the result of lLawley

et al (1962) onvmolybdendﬁ that at 4.2°K the vield stress is
independent of impurity contents and this is concistent with
Peigrls Nabarro mechanism. Acdepting this view then the
observed steeper increase in the yield stress for purer crvstal
between 77°K to 4.2°K, end reduced temperature denendence than
impure crystal betwveen 77°K to 300°K, susrests that more then

one mechanism is controllin; the temperature dependence of vield
ané flow stress in b.c.c. metals, Tris is contradictory to the
idea of a sin:le thermelly acgivated process,  Above the
transition ftemperature of 300 X the vield stress is nearly
indepenlent, but, as shown in Piy, 2,5 the yield stresd varia-
tion with the number of zone pasges at 296°K therc is & mearly
logarithmic decrease with further zone welting passes, In this
temperature region, in most of the bh,c.c, wetals, the thermal
fluctuations arc larse enough to free dislocations even at very
small stress, however, in order that these 4i.slocations may move,
they still have to escape from their Snock atmosphere. Bchoeck
and Seeger (1959} proposed-a dvnamic Snoek oxderins in ordex to
account for temperature independenée and linear hardening with
impurity behaviour, This effect should be additionmal to the

inherent lattice friction stress (Keh and Wakada 1967).

Recently, Jorn and Rajnak (1964) proposed a criterion for the
Teierls Nabarro mechanism vsin: a line enerzvy model of dislocaﬁhﬂ
t6 estimate the saddle point activation enercy, Un, for the
nucleation of a peir of kinks as a function of stress, the
heizht and shepe of the Peierls iabarro barrier, They found
Un/20k, where 2Uk is the excess eneryy of a kink peir, was a
unique function of ﬂc*‘/”ﬁ:P where 'L’*is the effective strese

and Tp is the Peierls stress, The relationship found between
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¥
Un/2Uk and*f/gais expressed in terms of temperature, T, and the
athermal temperature, Te, Considering the strain rate of

deformmation for therwaelly activated process to be given bv

<

§of o M= f e UnAr
, ' ' (4.13)

- .
where £ 1is a nearly constant then oue obtains

Un/20k = T/Tc (4.14)

Porn and Rajnak (1964), iiukherjee and Dorn (1964), fosen, Hote
and Porn (1964), Wynblott, flosen and Lorm (1965), Cuyat and
Torn (1967) analrsed the existing experimenmtal deta in this
fashion and ohserved & good azreeuent to the expected curve,
They emphasize that this asgreement provides the best evidence in
favoug of the Peierls Wabarro mechanism, Tisz, 4.10 illustrates
the /&bagainst T/fc of the present results one one and five
zone passes crrstals,  As mentioned earxlier, ther is some doubt
as %o the justification of extrapolating the vield stress of dif-
ferent purity cevetals to the same value at 0°r ¥, however, at
present'(eaf‘tukeﬂ as 40.8 T"’f/%nmz by-extrapolnplng the yield
stress of 'one pass crvstals towarde O K, andft* a8 the value
at 375 .; Te = EYBOK. This plot reweals that the measured
devistion rrom & lln(av rﬁlatlonoﬁlp between yield stress and

temperature | lS much reater than that predicted by the. “theory,

Althounh the present observation dces not asree with the
predlctlon from a sin: 10 thermally act vated overcominy of the
Pelerls-Nabarro barrler »he importance of this inherent lattice
friction stress in the low temperature deformation behaviour of be.c.
metals cannot be ignored, Also the present models of solution
hardening do not give the observed megnitude of strenthening.
Prom the evidence presented, it appears more likely that Gilmen's
reaction rate theorv (1965) describes most suitebly the low tem-
perature deformation bebaviour of b.c.c, metals,
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Pig.4-10. Comparison of the Experimental Data with Dorn and Rajnak's
Theoretical Curve.
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4.4 Strain azeing experiment
4.4.1 TIntrsduction

Since the preceding observations 1nd§cate that
pinﬁing,'which undoubtedly exists, does not seem to be very
importany the present experiments were undertaken as part of
8 study of the effect of interstitial impuriti®$ on the yielding
eand ‘flow ‘behiaviour of niobium single crystals, Yield point
return experiments were ﬁerformed and the results compared ‘
with previous investigzations, Tt was also intended to investi-
gate the strain apeing behaviour of <100) and <1107 oriented
single crystals in which the latter orientation'does not yield
discontinuously at initial yielding, It was decided to
investigate briefly the inflvence of a9eing tine, temperature
and impurities and finally the orientation dependence of
strain ageing for <100P and <110) orientation of comparable
purity,

Three types of crvstals were ysed for the areing experi-
nents:

Crystals A: one zone pass with {110) orientetion, grown
at vacuum pressure bhetween 4,4-$3.9 x 10"5 torr,

at a wone speed of 2.5 mm/min,

Crystsls B: one zone pass with <:110>r ofientation, srown at
vacuum pressure between 4,9 ~33,0 x 10'6 torr,

at a zone sSpeed of 2.5 mm/ﬁin.

Crystals C: one zone pass with.‘(lOO} orientation, %rown at
vacuum pressure hetween 4.9 - 3,0 x 107~ torr

at a zone speed of 2,5 mo/min,
4,4,2 Evidence of the influence of impurities

Two crvstals, one an impure crvstal {crvstal &) and the
other a standard purity (crvstal B) of identical (110) orienta-
tion were pre-strained approximately Qﬂéat room temperature,

unloaded then either immediatelv reloaded or aged for ome hour
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at 373°K. They were then strained and ased repestedly.

"he initial yielding of both specimens resulted in the
characteristic upper and lower yield point of (110) oriented
crystals,  Immediste reloading prOduced stress-strain curves
which exhibited no vield 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:stal A showed a
yieid stress nearly 1.5 times and a yield drop two times larger
than for crystal B at initial yleldins, This is closely
analoggus to the effect of the number of zone passes on the
stress-gtrain curve in Tig, 4.1 which is attributed to the effect
of impurities., Crystal A also showed a larger susceptibility
to the strain aseing at lower temperature and for a shorter ageing

tine than crystal B.l The recovered vield point in crvstal A
weg remarkably sharp without pre~vield wicrostrain and easily
distinsuishable from the initial yielding, Although the
sirain hardening rate remained unchanged after ageihg, it can
be seen that the level of flow stress was raised by the ageing
treatment, However, the reccovered yield point in pure -rystal
B was-not as sharp as in cr—stal A and the level of the oririnal
extrapolated stress-strain curve was attained after a relatively
short period and lower temperature ageins treatment, The mos?t
interesting features im cryatel B was thet there was a
pre-yicld microstrain preceding a more rounded yield arop. ‘
The observed zeneral increase in flow stress seemed to depend -
very sensitivelyv on the magnitude of solute which had migrated
to the strain field of dislocation which was introduced by
pre-straining. 'The axe hardening was observed after 113 hours
at room temperature, without any sigm of a yield point, It
was noted that the shdrt time aseing does not change, or is
almosf inseunsitive to the amount of pre-straining, The same
hehaviour was reported'bv /ilson and Russel (1959) =nd independ=- -
ently bv Vakada ond Keh (1967) for ironecarbon and silicon-iron
respectively, |

Strain ageins in polycrvstallive niobium was reported to
occur at moderatelv elevated temperatures, Mincher and Sheely
(1961) have sugrested, on the basis of variation of strength
with oxysen and nitroren contents, that these elements cause the
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observed strain ageinsg between 57301{ and 623°K, They also

agree with Tankins and ifaddin (1961), D?féon, Jones and

Tezaxt (1958) note that this is in agreement with the prediction
of Cottrell (1954} by which strain apeine occurs during the ten =
sile test at temperature, where the diffusivii~ of mtersti‘clal
is about 10":L 10 ~12 cmz/Sec iv niobium, According to
Cottrell this would be near 523 °x to 573 2"1‘01‘ oxyegen and

hetween 773 K and 873 K for nltrbsen at‘a Strazia rate of 107
r\"3
10

-5

. -»dn the present 1nvest1{atlon, the vield point

. return has been observed frou- 3’73 I{ after 10 minutes ageing
treatment in crystal A and fron 473 K alter4homs azeing treat-
ment in crvstal B, In crvstel B therewcrc not sufficient
impurities available at end near 'I’:her nelg.;hbourm,g disloeation
_to cause a yield point return and 1t required & longer and
higher temperature tre'-a%ﬁént to collect & sufficient amount

of interstitials subsequently, This resulted in the smaller a
ageing susceptibility of crvstal B than that of impure crystal
A, and the pre-yield microstrain with a rounded yield drop due
to weak pinning, However, the tempersture at which strain
ageing took place in this investigation, 4id not agree with

any previous investications, The present resvlts of 37307&
and 473°K are substantially lower than reported values. despite
the hicher purity and perfection compared with

materials used by previeas workers,
4.4.3 Ageing time and tewperature dependence of Ac

The characteristics of sgtrain sseing in crvstal 4 for
immediate reloadinz, and after 10, 20 win, azeing at 4030,
223° and 573°K are illustrated in Tig. 4,12, Cencral features
with varying tcmperature and time were very similar to the

oboservation in section A,

The increase in yield stress with various ageing times
and temperature, was taken as the difference between the new
upperficld stress after strain ageing for time t, and the
flow stress observed at the end of restraining, The results
were summarized in Fig, 4.13 by &G Ve t 2-/3 plot. If we

assume, for atmosphere formation, thatH is 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 + 2/3 during early stages ¢f ageing, This
is not always true, for example, Wilson and ‘ussel (1960)
and Hartley (private commuication) found thét'the ihcrease
in yield strcss was a linear:functionof t, - "‘hey ‘proposed
that the apparent 1ntercept at :zero: ageing tnme is 5031t1ve
if Snoek orderlng is absent .. In the: present re%ults of Pig.
4.13, the 1ncrease in yield stress can be’ fltte& approxlmatelv
Yy a straight 11ne agalnst + as well as to % 23 t 473 X,
Howewver, at 473 K the straight-line ‘gannot be flttod to either t
,orf:2/3. It is unrealistic to .consider that thls cmpirical
fit is 81gn1£10ant in the -absence of. more’ 1nformatlon. However,
it was found that the increase in yield" stress at 473 K was
. inscusitive to the azeln” time -after 20 mins, whloh suggests
that solute saturation of the stress field occurs in times less
than this, The concept of locking by stress induced ordering
hae been used to explain the rapid return of uhe "1eld p01nt b
Wilson and Russel (1959, This model does not recuire’ lonj range
diffusion but vnly atvo;dc jupps betweem nedghbphring lattdce
gites, A:iein~ will be naturallvy more rapid than is sesrega-
tion fo form an aimosphere, The ma mitude of the effect
due to such ordering would be expected to be proportional to
the amount of dissolved 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
aceing for periods of louger than 20 minutes at 473°K.

It is‘unfortunate that insufficient snd confliocting data
are available for the diffusion of interstitial solutes in
niobiumy especially for the case of gingle crystals no information
ig available, There are severel accounts of strain aseing
experiments on unalloyed polycrvstalline samples, Beulev (1968)
obtained an activation energy of 27.1 Keel/mol for niobium
and concluded that dislocation pinnine was die to oxygen,
\ilcox end Huszins (196L) obtained 10,5 and 16,9 Keal/mol for |
niobium and tantalum respentively and decided that hydroren was

the cause of locking, Hartley and “Wilson (196%) reported
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25,1 X cal/hol for molybdenum and sugpgest that oxygen end
nitrogen are the diffusinz clements, Stanley and Szkoﬁiak
(1962) proposed that oxygen was the cause of locking in niobium
and the wajor activation energy of 26,9 K cal/mol., Data for
the diffusion of interstitial atoms in niobium have been col-
lected and referenced in Table 4.4 for convenience. A semple
calculation of activation enecrgzy was found to give 19.8 K cal/
mol for the return of yield point, Comperisca of the active-
tion energy obtained in this work with data in the Table (4.4).
indicates that neither nitrogen mor oxygen arc *thn Jiffusing
elementsresponggpie for szeirg The activation emergy is too high for
hydrogen, except,Ferros theoretical calculation(se Wht 4.5).

The disa:reement with previous work is due in part to the
fect that the waterials which ha-e been used by previous
workeié were“polyorystalline niobium of coummercial purity.
Hence;:the role of grain boundaries in the diffuvsion process,
and thé apount of interstitisl impurities which existed in the
materiél would probably give very different resvults to thog:
obtained on the present crvetels of zoue refined (;10) orien¥ed
single crystals, The valucs of Fower and Loyle (1959) for the
activation energy of diffusion of interstitials support this
vieﬁ; they obtained 32,2 K cal/hol from niobium conteining
0,3 weisht %of oxveen end 26,2 7 cal/mol from purer wiobism
which contained 5,026 wei{&ﬂzﬁéoxygen. The higher activation
energy for the cwrystel with the higher concentration of intere
stitials may be due to the effect of interaction between inter-
stitials, Thus, the effect of interstitisl concentration,
the relative smount of interstitials, and the kind of inter-
stitials in the diffusion process cannot be ignored and these

factors mav cauSe & substantial difference,

4.4.4 Bffect of orientation on strain ageins behaviour

The discontinuous yielding is now generally accepted as
e common feature of yielding in <llb>' oriented single crystels
of b,c.c. metalsg whilst '(lOO) oriented single crystals yield
continuously with a high work hardening rate. Single crvetals
of (100) orientation were chosen to see whether the return of

the vield point takes place after an aszeing treatment,



TABLE 4.4

Summary of Diffusion Data for Interstitials in Hiobium

Diffusing Elements and Activation Energy for Diffusion

Oxygen

26.6
27.6

27.1
27.0

26.9

(K cal/mol)

ngxogen

20.0

34.8
38.6

Carbon

33.2

szrogen

9.37

10.5

Investigator

Ferro (1957)

Powers and Doyle (1959)

Aug (1953)

Begley (1958)

Tankins & iaddin (1961)
Stanley and Szkipiak (1962)
Albrecht et al (1959)

Wilcox and Huggins (1961)

Method

Theoretical

Internal friction

Internal friction

Strain ageing
Strain ageing
Strain ageing
Strain ageing

Strain ageing

*L0T
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This seems to provides some information about the anisotropic
vieldin~ behaviour of both orientatinus,

The sirain ageing cherscteristics of both orientations are
illustrated in Fig, 4,14, Both crvstals were gg%wn under
identical conditions, such as growing zone speed, vacuum pressure.
The purity therefore,; cen be assumed to be the same, In the
initisl vielding, €110} orientation yielded discontinuously
and the (105) oriented single crystal rielded continuously.
However, a sharp yield point appeared after ggeing treatment
for the €100% orientation, which was ebsent in the initial
yieldipﬂ. The ageing factorfkr%hof this orientation was
approximately 2,3 times larger than e(l.lO) soricntation 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 vielding behaviour of b.c.c.
metals, One speculative explanation is that this ageing vield
point in €100) orientetion appeared after considerable pre-
strainine where the work hardening rate is relatively low, this
lead to the Gilman's(1962) model of vielding where the effect
of work hardening is the primars extinpuisher of the vield point,
Avnother plauvsible explanation is that this may he caused by
the anisotropy of shear stress in the seunse of shesr direction
in the vicinity of the dislocation core., Recent observation
of slip svstews in tension and compression in tungsten, niobium
and molvbdenum has revealed a considerable evidence for an
asymmetrr 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
end subsequently sive rise to an anomalous strain ageing

behaviour,
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4,4.5 Conclusion and Summery of the Strain szeins experiment

The mechanisns proposed so fer o account for the observed
strain ageins behaviour are:

Atmospheré formation «~ Cottrell and 21ilbyv 1941
Formby and Owen 1965

Stress~induced ordering - Wilson, Russel and Vshelby 1959
Wakada and Keh 1967
Schoeck and Seeger 1959

Precipitation formation - Hartlev and Wilson 1963
Thomas and Leak 1952
Sulloush end Yewman 1962

Bach of these processes of solute redistribution can ocour

during the strain apeing process, and the pfeSent observations
suzzest that the Cottrell-Bilby atmosphere formation is of

prime importance in causing the return of the sharp vield point
below 473°K, while the rapid increase in flow stress, insensitive
to the ageing time at above 473°K is probabhly associated with
stress-~induced ordering, Though there are many theoretical and
indirect indications of the pregipitation formation, there has

so far been no direct expecimental evidence found, At the pres-
ent time it is not possibdle 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 hich purity niobium as used here, and theres
fore it is improper to :oint 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:

(1) strain ageins took place at reom temperature after

lons areing periods,

(ii) +the temperature at which strain aweing takes place
© wasg found to be significantly lower than previously
reported,



(iii)

(iv)

(v)

pre-yield wicrostrain was observed after ageing
treatment at 373°K for one hour for pure crystal
of {1L0) orientation,

the strain ageing kinetics and consequently the
activation energy of diffusion of interstitials are
strongly influenced by the initial concentration
and relative concentration of interstitials in the
srystals,

The development of yield point was observed for the
erystal oriented slonz €100% axis,

111,
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CHAPTER 5

DEFORMATION BEHAVIOUR OF NIOBIUM SINGLE CRYATALS
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5.1 Introduction

The nature of plastic deformation in b,c.c. metals is
not fully understood althouch 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 temperatufe without paying serious attention to the
effect of purity and orientation, It has generally been con-
gidered in the past that the plastic deformation of single crys-
tels of b.c.c, metals is isotropic because of the facility with

which multiple slip takes place.

However, recent work on tungsten, wolybdenum, niobium tan-
talum and iron has revealed that when the orientation of the
crystal is properly chosen the yield stress and work hardeniug
rate can exhibit a strong orientation dependence - particularly
at 1Ow temperatures. ’

Furthermbre, recent studiesof the slip systems operating
in tension and couwpression of the many b.c.c. metels 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 (110)
€Q00) amd <ill) orientation, The experiments were performed
with two zone pass - single crvstals and because of the uncertainty
about the actiye 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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TABLE 5,1

Proportional limit of single crystals with the

deformation axis in the {110) direction

‘ Tension Kglum® 7 - Compression Kg/mmz
Temperature °K om {112} on{112}
2.715 1.25
375
2.65 ' 1.25
5.272 2.485 3.976 1.877
296
273 5.368 2.53
9,63 4.562 7.45  3.51
243
885 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

28.62 13.49
153 23.55 11.2 30.28 14.29
© 25.14 11.87

60.72 28.€5

77 IV 41.5 TW 19.5
60.2 28.4

24.4 ™ 30.5 TIW 14.3




TABLE 5.2

Slip and twin planes observed in single crystals stressed in the <110> and 400> directions

(T = tension, C = compression, TW = twinning)

e . o | ;
110> (100> 110y 0 ¢loor (11O {100> (110 {100}
High stressed T 413°K ™ 77°K
§112] ™ 77°% 413°K 450 -
77°k
- Schmid factor
0.472 c 77k ™ 77K 253" & 450 ~
o o o o 77K o 77°%K
{110} T 77°K 293°K 77°% 77°K 293% - 450 -
193K 77%
Schmid factor C
0.408 @. 77° 77°k 293°K
Low stressed T
{112} ™ 77°K 450 ~
77°K
Schmid factor C
0.236 . TR

% Data from Argon and Maloop (1966)
#% Data from Sherwood, Guiu, Kim and Pratt (1967)

‘811
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(116) orientation at various testing temperatures are showm

in Fig, 5.1 Table 5,1 summarizes the value of the proportionsl
limit, The characteristic features of this orientation were

a pre-rield microstrain followed by a rounded ~ield drop in the
crrstals deformed at end below room temperature, and the sub- .V
sequent work—hardenmrr rate was rather 1ow and almost temperature
insensitive. However, the yield drop and pre—yleld microstrain
are increased at decreasing testlng tempe4ature, The yisld
point disappeared at 373 K and neckln was alwa"s localized. :
Fracture occurred after 100% reduotlon in area cau51ng a perfect .
chisel-type fracture and symmetry,conslderatlonsRinq;cgted,thatJL
this orystal must be orviented for double slip, The crystal, .
at TT°K, deformed entirely by slip and necked immediately upon
yieldino leading to a chisel edge fracture, Tbekslipjsystems

cbserved are summarized in Table 5% |

In Fig, 5.2 the true stress and straln curves for compres-
sion are illustrated, The specimen yielded discontinﬁously
with pre-vield microstrain below 195 ¥ in the same mannexr as in
tensiony however, at 77 °K it underwent prolific twinning with
audible clicking before slip took place at a stress of 41.5 Kg/hm .
This twinning produced a load drop of more than 50% and yielding
at much lower stresses followed by repeated twimming and slip
without any sism of work.hardening at much lower stresses than
the first twinains stress as shown in Fiz, 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 %o work-harden with increasing plastic
deformation. There was no big load drop after the first
twinning as in the case cf 77°K and this hehaviour is in strong
contrast to the behaviour at 77°K.

5.2,2 Crystals with {100) deformation axis

In Pig, 5.5 the true stress versus true strain curves
of crystals with (106) axis in tension are shown at various
temperatures, The crvstals tested in this orientation yielded
smoothly at lower stress snd showed a larger initial work-harden~
ing. The rate of Work—harﬁenlng increased with decreasing teu-

perature, The value of the proportional limits of the crvetals



TABLE 5.3

Proportional limit of Single crystals with the

deformation axis in the (100 direction

121.

fencion !stg/nnn2

Conpression Kg/mm2

Temperzture °K ohq 112] o i 112}
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
33,27 15.26 45.05 21.24
77
35,33 16.97 45,14 21.28
24 .4 59.0 27.58
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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,7,5, end showed & small yield drop at the begimming 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 teken from the linear part of the stress
strain curve in the same way as in the tension tests, is slways
greater than in tension below BOOOK. The specimen was deformed
into a perfect barrel shape in this case, and this is in good
agrecment with the svmmetricel character of the slip element
with respect to the compression axis, There are no sirms of
yield drops or of twinning, except at 20,4°K and even at this
temperature, as shown in Fig, 5.6, only sporadic load drops

were oObserved after considerable amounts of plastic strain,
5.2,3 Deformation exis with €111 orientation

It is clear from the stress strain curves of Fig, 5,7 that
this orientation is characterised in tension by an unusually
severe shear deformation., The initial discontinuous yielding
was followed by rapid work-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
épecimen changed from a circular to a markedly elliptical shape
which implies that strain essociated with local necking is very
severe, and therefore, the load drop in the stress-strain curves
does not necessaiiij represent the true softening effect,
Occasiohaiiy & second elliptical mecking in the Specimen yet to
be deformed was observed at room~tempersture testing, As
shown in Fig, 5.8 there was shear necking in the speci-
mens tested at all temperatures which was‘espeéially pronounced
in the specimens tested at 770 end 195°K. The specimens necked
with sinple shiea¥ mecking, undergoing extrewely severe deforma-
tion with no evidence of twinning, At 77°K, these lamellae
lav close to the {Gli} ‘ﬁlane and the shesr direction approached
€100} . There were also a few clearly visible secondary slip

lines.,
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5¢3 Discussion

5¢3.1 Orientation and Tempereture dependence of the proportional

limit of <110 and €100 orientation in tension snd
compression

It would be expected that for a critical resolved shear
stress law to hold the resolved shear stresses to initiatethe seme
slip systemgin€110Y and <200D directions must be similar,

This would‘ be expected because the Schmid factor for {110},
{111y, {112}, {111) enaf123}, €111D) elip systemsin 1207 crienta-
tion are virtually identical to the respective Schmid factors

for €100) orientation,

Recent observationson molybdenum (Guiu and Fratt 1966,

Stein 1967), tungsten (Rose et al 1962, Carlick and Probgt 1964)
tantalum (Sherwood, private communication) snd iron (Stein and
Low 1966) in tension tests have shown thet a high proportional
limit is exhibited by crystals with <110} orientation

& yvield drop aund low work—hardenmg rate were the character-—
istics of this orientation, whereas the €100 orientation yielded
continuously with high work-hardening rate, DBeardmore and Hull
(1965) have. examined the crystals with 8rientation along the
' ;é.dge“ 6_f the ~storeogréphio triande ond found a gredusl incresse
in yield stress from <100p toward {110> orientation. Tt
‘sppenars that the effect of orientation is cssentially of crvse
tallo~raphis or iz:eometi'ic naeture, and is common to &ll b.c.c.
metals,  This observafion susgests thet the resolvedfsheér
stress necessary to initiate slip in the same slip system in both
{110} and {100) orientations is atronsly dependent on the
deformation axis of the crystals, This conclusion is contrary
to the critical resclved shear #tress criterion.

The temperature dependence of the proportional limit for
- single crvstols of niobium in tension and compression are showm
in Fig, 5,9 and Fig, 5.10 respectively, The value of %he
_ proportional limit, or deviabion from the linear region in the
stress strain curves, arc 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 flow,

The proportionsl limit of a{110) orientation in tension
is always higher and more strongly temperature dependeut than
that of a €100 orientation. This observation in tension,
generally agrees with previous work on molvbdenum (Cuiu and
Pratt 1966; Stein 1967), tungsten (Rose et al 1962y CGerlick and
Probat 1966; Beardmore end Hull 1965) and tantalum {Sherwood
private communication).

However, the behaviour in compression is more complexs
the preportional limit of 4 110) orientation at teumperatures
above 243QK exhibited a lower value than the 100> orientation,
but at 196° and 148°K exhibited higher values and even exceeded
the value of tensien in <110 orientation, The proportional
linit forx the ﬁ.’lO) orientation in compression was always higher
than that in tension, Above 153°K the <{110% oriented crystal
vielded discontinuously with relativelv low work—hardening rates,
whilst <(M)d>' oriented crvstals ~ielded Smoothly‘with high
work hardening rotes similar to the hehaviour in tensgion for
both orientations, However, at 77GK twinnin; was observed
in arstals with 110} orientation before slip and this
produced & load drop of more than 0%, and subsequently yielding
ocourred at a much lower stress and repeated twinning and slip
took place.

In contrast the (]Dd>' oriented crystals vielded continuously
without any sign of either a load drop or twinning, This beha-
viour was more pronounced at 20.49K where, in <Ald> oriented
crystals, twinning and slip took place repeatedly with increasing
strain, whercas only sporadic load drops were obsexved in the
case of the €100) oriented crystals.

The observed marked oricntation depencence of the yielding
behaviour end 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, teumpting to consider either
double cross slip, movenent of jogs on screw dislocations, or

asymmetry arguments as the mechanism capable of iving rise to
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misotropic behaviour,

Rose et al (1962), Cuiu and Pratt (1966) and Beardmore end
Hull (1965) have explained this enisotropic behaviour in tension
a8 arising from the geometry of jos formation, assuming that
most jogs erise from the inter~nctioh 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 junce
tion (Saada 1961), A siress is them  required to bring them
close to each other; On the other hand some dislocatiouns cen
algo interact according to the reaction:

3 Gl o« $§ [uIj— a [00] (5.1)

forming an attractive junction (Saada 1961, 1963), this type
~of junction may be an important source of internal stress, and

it produces the hepagonal neiwork of dislocations predicted by
Amelinckx and Dekeyser (1959) and observed in many b.c.c, métals,
(Carrington et el 1960y Bemson et al 1962; Keh and Weissmen 1963).
When the crystel is deformed slong {110> orientation the jogs
produced by the intersction of mobile dislocations will have

EIll] and [111] active Burgers vectors, then the plame of

jogs formed in screw dislocations is {Oll} on which the resolved
shear stress is zero beccuse this plane ie normal to the stress
axig., It will therefore, be difficult to move them conservatively,
Since the dislocation multiplication mechanism involves the:
movement of the screw dislocatioms over large distences (Low

eand Turkeld 1962) the macroscopic yielding is believed to ocour

as soon as the jogs become mobile, Rose et al (1962) suggested
that this would happen vhen, as a result of slirht wmis-orientetion,
the stress on the joss reached a value high enough to move them
conservatively. :On the other hand, tuiu and Pratt (1966) suge
gested non-conservative movement of jogs based on the fact that

the serew dislocations may become mobile when joas ‘move non-
comservatively, producing point defects, They explained the '
vield point phenomenon exhibited by the €0Q) orientation as resulting
from the coubined effect of a rapid increase in the number of
mobile dislocations, the hish 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 om planes on which tho
resolved shear stress is of the same order as that =zcting on
the dislocatione themselves, A8 & result, the screw dislocations
will be able to move under reletively low stresses, both because
there will be & large number of jops 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 josus with the help
of thermal activation on a large number of sites,

| Although meny workers (Schoeck 1961; Mordike 1962; (Tegory
1963; Gregory et &t 1963; Lawley and CGaisher 1964) have sugyested
$hat the jog wovement 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

%o obtain, The value of the activation enerzy H is too small

to be in agreement with the idea <that ylelding is controlled

by thih?gzifigf of JOogs. The presently obtained value of E of
0.6 eVyis also much smaller than the energy for vacamey diffusioen
jn niobium, Cregory (1963) and Cregory et al {1963) have reported
H of the order of 3 t6 4 eV in their polverystalline niobium close
to that for vacancy formation, but this seems to be an exceptionhsl
case, In tantalum, Mordive (1962) susgested that the low value
Of H is determined bv the conservative motion of extended inter-
stitiasl joge in screw d;slocationq but this is not likely because
of high steckihg fault enmergy in b.c.c, wmetals, There is smother
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, Finelly it is difficult to envisage how this mech-
anism can give rise fo the observed difference in tension and
compressiony unless the jogs are extended, and this possibility

is considered unlikely (Schoeck 1961) in vicw of the high stacking
fault energy.
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TABLE 5,

Activation Volume (V) and Emerzy (H) at 296°K

Stress Axis V at yielding V7.6 vV 207 H at vielding
total strain  total strain
{110} 48.3 51.48 b7 52,06 B2 0,604 oV
<100) 82.05 b> 83.21 v° 83.21 b°  0.613% sV

The orientation dependence is also expected from the asymmetry
in the critical regolved shear stress to move screw dislocations,
This asymmetry effect was discoversd by Taylor (1928) on siungle
exystals of § brass where the resistence to slip in {111) direc-
tion on a given plane is not equivelent to slip in the opposite
-sense, and that, for a particular Urientation of the deformation
exis, 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
(19865) an asyumetry of the critlcal resolved shear stress {112}
would be predicted if the dislocations are disscoiated on these
P_langs, This follows from .the non-equivalence of the poéitive
and negative {11 ) twinning direction on £112} planes in the
‘b. C.C, 1attvice. Edpe dislocatious can only dissociate asvmmetnoan
ally on {,112 3 plemes according to the reaction (Frank and Micholas
1953). | |

2 oan) -8 Gy o+ 2 ) (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 pertial will
glide first. Conversely, if the sense of an applied stress is
unfavourable for twinning, the complementary partiel % {111)
will glide first, It is expected that the stress required to move
the dislocation in these two cases will be different, since =
larger energy change is involved ih en&r:‘mg the cowplementery partial
first.
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It has also been preposed by Hirsch (1960) and independentliy
by Sleeswyk (1963) that screw dislocations cen dissociate into
three -2-(111) partials ou the %112} planes which intersect
along the axis of the original screw dislocation, An analysis
Uf 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=-
locatioh in the b.c,e. lattice may be 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, Duesberry and Foxall (1965) end Argon and
Maloof (1966) have invoked this argument to explain the is;,rmmetry
of the observed slip planes in niobium and tunzsten and the dif-
ference in yield strength in tension and compression for certain .
orientation,

Considering the deformation axis in the £00I) amd {310)
divections, the {112} Q1I) slip system is the most highly
stressed (,112} (111) system in both cases, but for compression
in (001> onda €110Y the semses of slip are opposite, so that
the sense of slip for temsion in {001) is exactly equivalent
to that in compression in 4110 =nd vice versz, the only differ-
ence is that the components of stress normal to the slip plane are
opposite., Any asymmetrical effect will be manifested by e dif-

. ference in flow stress,

The dissmiatioﬁ of screw dislocations on the {112} plenes
should result in & higher yield stress in the {110 direction
for tension than for compression, and the reverse effect in the

{00) direction, TEven 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 enisotropy
of the yield stress should result, ¥or the sense of the resolved
shear stress on the highly stresses {_112} planes, unfavoursble
for twinninz, it is predicted that slip will oceur either on the
lowly stressed planes, or on the highly stressed {112} planes,
if thermal activation can constrict the partials back on to the
s8lip plane.
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Several favourable dissociations of% {111) dislocations
on the {,110} planes have also been proposed" (Firsch 1960; Cohen,
Hinton, Lay and Sase 19625 Cryssard 1962; Eroupa end Vitek 1964),
However, @ consideration of the sense of slip and the goometry of
the partials lying'on the {110} planes does not lead to m asymmetry
of the oritical resolved shear stress to move screw dislocations
on these planes, ' ‘

If the core dissociation on the {112} planes is the only
foctor determining the magnitude of the stress to move screw disw
locations, the proportionel limit for €001% in coupression should
equal the préportional limit for (110) in tension and vice versa.
Trom the above diseugsion the difference in the proportional limits
in tension end compression can only be accculted for in terms of
an asymmetry of the critical resolved shear stress on the {112}
planes, however, thiswas not the case in the present investigatiom.
It appears that the orientation dependence of the yleld stress in
tension and compression cannot be accounted for simply in terms of
an anisotropic Feierls~Habarro stress due to disloeation core
asymmetry, some other mechanism must be involved.

5¢3+2 Slip and twinning systems

At low temperature only {1103 slip plancs were ohserved.
When the sense of the resolved shear stress on the highly stressed
{ 112} slip planes was unfavourable for twinning slip occurred
on the {110; planes with a Schmid factor of 0,408, 1In Table
5.4 the data for molybdenum and tantalum (Sherwood et =2l 1967),
and tunzsten (Argon and Maloof 1966) are included for comparison,

It can be seen that in niobium and tantal um, slip occurs ou

{110} plaenes, whereas in molybdenum and tuns~sten slip ocours
on {112} plancs v:itln a Schmid factor of 0,236, There 18 another
anomaly in the slip and twinuning behaviour which cemnot be readily
accounted for by the splitting of dislocations on the {112} planes:
at 77°K in niobium, slip oceurs on the {110} . Similar dehaviour
has been reported at 77°K by Reid et al (1966) in electron beam-
melted niohium single crystals.
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The causes of the difference in the behaviour of the grow
VA and group VIA metals with resard to the slip plane may be
related to the differences in the stacking fault energy, It has
generally been believed that the stacking fault energy on the
j112} 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 -,‘;112} planes:

TABLE 5, 5

Calculated stacking fault energies and width on the {,112} planes
(d = width of dissociation, a = lattice parsmeter)

¥Xerg/ em® &/a : }fergcm2 d/a
)] 150 36 Mo 430 3.4
Ta 210 4,5 WV - 500 3.7

It is likely that the stacking fault energy determines the extent
of the core asymmetry, end hence affects the stress required to
uove screw dislocations on the £112} planes. Vhen the seuse of
the applied ‘stress is unfavourable for twinning, whether dislocam
tions will slip on &_110} planes or the low stressed .{112} planes
will be determined by T112/T110, and ultimately this may be dete
ermined by {112} 81lip plane, and hence by the stress required to
constrict the partials into the favoursble {,112} slip plane, and
hence by the magnitude of the stacking favlt energy.

It hag been frequently observed in iron and silicon iron
(Opinsky snd Smoluchowski 1551; Vogel amnd Iirick 1953; Steijn and
Srick 1954; Erickson 1962) that the ratio T 112/€ 110> 4 and
increasgwith decreasing temperature and increasing alloy eontent
Thus, for a crystal oriented with the Schmid factor highest for

{11’2} slip, there may be a transition to {110_‘,r slip on lower-
ing the testing temperature, With the defornﬁation axis in the

Q1) ana €100} airection, slip will ocour on the {110F
rlenes if the following inequality holdss

T12/k.472 > T110/0.408 (543)

where 'til2 and T'no are the critical resolved shear stregses
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and 0,472 and 0.408 are the respective Schmid factors on the
{112} ana {110} planes.  This inequality was valid in

niobium at 770‘%( for the sense of stress unfavoursble for twinning.

—  From the above discussion, the slip planes W niobium camnot
be accounted for simply in terms of an asymmetric core dissociation
of mrew dislocations on the {,112(} planes,

5343 The occurrence of twinning

There are fewer studies of the twinning mechanism compared
with deformation by slipping, The upderstanding of the twinning
mechanism is far from é&&isfactory; the crvstallography, morphology
and the effect of temperafu’re,‘ strain-rate , composition pre~straining
and specimen dimension snd shape are still in dispute. . Table 5.6
shows the allowed‘ and forbidden twinning svstems in crystals with
{011} =nd €001y orientation in tension and compression.

As shown in Figy 5.3 and ¥iz, 544 the present observation
does not agree with previous predictions and observativns, In
the crvstal with {011} orientation, two sllowed@ systems are
more highly stressed in compression tests at 20,4 and ‘7?°K. in
the 001) orientation, as seen in Table 5,5, theresre no allowed
twinning systems in comprcssion, accordingly, nc twinning took

pl'ace at 7"{°K, but a sporadic load drep was observed at 20,4°K,

However, tension in (O()l}' orientation is an ideal orientation
for twinning on the Schmid-Boas system of & (1I2) LI1) with
a Schmid factor of 0,500, Nevertheless, no twimning was observed,
and on the contrary, the specimen elongated about IIL2.5‘;!I up to
U,7,.S., after a small rounded load drop at the initial yielding
withouf & further load drop or twinning, = This observation is ine
consistent with the previous predictions (Sleeswyk 1963 Milchell
1968); Similar observai:iohs on niobium were reported by Reid et
sl (1966), however, it is not understood why compression along
(Ol]) should he more conducive to twinning than teunsion along
{11y .

Many workers have reported that the transition fron slip to

twimming in b.c,c. metals takes place at higher temperature as
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Schmid factor

0.473
0.442
0.341
0.339

0.468
0.448
0.097

0.39
0.463
0.463
0.500

0.433
0.460
0.474
0.494
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interstitial impurities are removed (Anderson and Boronisg 1959
Simonson 19603 Vellings and Maddin 1962; Koo 1963), IicHargue and
1icCoy (1963) reported the concentration of oxygen, nitrogen and
argon in binary niobium alloys above which twinning was not obtained
under coumpression test at 77°K, Their data suggewts that twinning
is inhibited by the onset of the precipitation of the oxide, nitride
or carbide, However, Bowen et al (1967) reported that no twinming
wes observed in tension at 77 K for an unépecified 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 hizh vacuum
pressure, This finding is contradictory to the sbove predictiom,

Teble 5.6 shows the first twinning stress of {011) oriented

single crystals with a different number of zone passes in compres-

gions
TABLE 5,6
Number of zone passes Testing temperature
at 77°K at 20,4%K
41,5 Kefam® 3446 Ke/mm®
3 not tested 30,7 K@/hmz
> | not tested  40.5 Kg/mm

Table 5.6 indicetes that firstly, the primary twinning stress at
20.4°K does not vary svstematically with increas ng numbers of
zone passes, i.e, increasing purity. The present observation
does not agree with the previous observation that an increese 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-svstematic change of twinning stress with increesing purity
agreés with the observation in ultra pure iron, by Altshuler and
Christian (1966).

Secondly, it was observed that the first twinning stress at
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20.4°K was found to be much lower than that st 77°K and that the
twinningﬁehaviour was remarkebly different at the two temperatures,
This enomalous twinning behaviour at these two temperatures has
not been previously reported, The specimen at 77°K underwent
prolific twinning with sudible clicking before slip took place,
this twinming produced a2 load drop of more than 509 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 wanner 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: Or the 77°K test, gauge
length 6 mm, gavge dismeter 2,5 mm, whilst the specimen for 20.4°K
hag 2,5 mm gauge length and 1,27 mn gatge dismeter. The 77°K
test was performed on an Instron machine with a 10 ton load cell,
whereas the 20.49K test was performed by a screw driven Folanyi
type machine, Therefore, it was impYssible to decide whether

this marked difference in the first twimming stress and subsequent
twinning behaviour was due to the veriations in the harduess of
the testing ﬁachines, or to differences in the specimen dimension
or genuinely hasd 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 A .
If the angle between the operstive elip plane and the tensile axis
is defined as A , and the angle between the slip direction ond
the tensiob axis is defined as © , the factor sin © cosh will
inerease during rotation if both & =and A 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 yieid 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 ocour without the slip plane at the end of
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the slipped region being éonsidersbly bemnt., The bend can be accoun-

ted for by a pile~up of dislocations which subseduently leave the
crystal as the slip plenes again become straishtened., In this

case one slip system predominates throuchout deformation,

Brindley et el (1962) found geometricel Luders propagation
in copper base alloys of the so~-called *soft orientation' in a
Tegion extending inward from the {110% corner orientation. They
observed that during the Luders extension a geometrical front passed
along the crystal, the cross-secction changed from circular to
elliptical, and the measured flow stress varied by about 107
glving rise to an unduleting curve betwe:n 770 and 473°K, Hwever,
this phenomenon would be very difficult %u the b.c.c. metals,
especially for en-.orientation where multiple slip occurs at an
early stage of deforwmation.

~ 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 wes extremely high, however, as
“the testing temperature increased, the degree of severe shear d
deformation was less remarksble 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 lemella
due “to the severe shear necking, end occasionally, a large rise
-in flow stress produced a second elliptical transition region in
the crystal yet to be deformed, leading to the second recduction
in the flow stress, These were directly observed in & room teme

peraturc test,

Previously Votava (1964) has reported .catastrophic flow beha~
viour in niobium single crystals of similar orientation st room
temperature, He observed a small load drop, each of which was
associated with the formation of .2 plansr constriction in the
crystal =md be attributed the effect to geometricel softening by
intensification of the applied stress due to lattice rotation,
However, the crvstallographic 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 tonsile specimen, however, was prepared by Verying the
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power supplied durin- zone-melting, and this technique could lead
to variation in specimen diameter and straightness along the’ zauge
length, which could give bending of the specimen and could affect
the yielding and flow behaviour, Jaoul and Gonzalez (1961) have
considered geomptrical 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 <111> exis, 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 significsntly to the oscurrence
of the plastic instability after a short incubation period,

The preseunt 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 snomalbus behaviour, Basinski (1957) and Basineki
and Slceswyk (1957) proposed a "thermel instability" in order to
explain serrated flow behaviour of polycrrstalline iron and
aluminium at 4.2°K. They ascribed the thermal instability to
adigbatic heeting of specimens as a conscquence of plastic defor-
mation., Owing to the small specific heat and low thermal cone-
ductivity at low temperature, the temperature of the slipped rezion
increases significantly and the flow stress is lowered. This
effect produces the load drop, However, this possibility has been
denied by Reid et sl {1966) by determining the temperature rise
of AT -0.3°C for their niobiun single crystals at 77°K using

Basinskits formula (1957) and councluded this effect is negli-

gible br comparison with geometrical softening,

At TT°K Reid et al (1966) observed very localized shear
deformation very similar to the present result in Fig, 5, $ .and
reported the shear direction %o be near {I00Y and the plame of
shear {011} ., Similarly, in the present work, the same sheer
direction and plane were found %o {Oll} plane, They sugeested
that the dislocations with {100% Burgers vecltor avre mobile on

{110}' plane and that such dislocations are originally Fenerated
in this crystal by the association of dislocations with <1

Burgers vectors and this is a result of the low value of the

: o,
anisotropy factor A = 2044 = 0.53 et 77 %
Cyq = C

11 12
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Their suggzestion wes 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 e%astic constants of niobium single
crystal by Armstrong et sl (196;7) the enisotropy factor A deoreased
to a broad wminimum value of 0,49 around 203°K, then increased to

s value at 923°Z which wes 109 higher them that at room temperature.
Thus, as the temperature incressed, the anisotropy factor A indicated
e trend toward greater isotropy. If the low value of the
anisotropy factor is the only reason for this catastrophic behaviour
et this temperature, then there should be a maximum effect observed
at this temperature (eround 203°K) where the smisotropy factor A

is winima, But thi@aiot the case in the present investigation,

The direct obscrvation of mobile {100) dislocationshss been
reported by Dinzley and Hale (1966) in electrbn.micrOSGpr studies
of iron and iron slloys, The value of g used to distinguish
‘between {1113 , <110) end {100) dislocetions were gz(123),
g = (222) and g = (013) respectively, and about 205" of total dis=-
locations were found to be of the €100y tvype., The proportion
was unaffected by the temperature of deformation, elloy content,
the amount of strain or strain rate. In contrast, Lorreto end
Reid (private communicetion) observed less than one percent of the
total dislocations 40 he of tha €(108) type. Thus, the explana=
tion in terms of mobile dislocation of (IOQ) type appears to be

premature. at this time,

It appears from the precedins discussion that the plastic
instebility observed in this orientation between 77° end 373°K in
tension may arise from neither of the above~-mentioned theories
along., The change of cross-section of the specimen from circular
t0 elliptical shape and local shear deformation was so extreme,'
that the load drop in the load elongation chart does not necessarily
represent true seometrical softening, Tt 4is thus difficult to
adopt the conventional sense of ceometrical softening, 1If 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 observed not only at
"{7°K hut elso between 195° and 37301{ in the present case, the
catastrophy on the specimen was more pronounced with decreasing
testing tewperature., This sugpests thet the contribution of
adiebatic heating may be also responsible in certain degrees.

5¢3.5 Orientation dependence of yielding and work-hardening

From the observation of the orientation dependence of yielde
ing and work hardening in Fig, 5,1 and Pigz, 5.5, it can be said
in genersl terms, that the initial work-hardening is dependent on
the number of active slip systems, consequently this work-hardening
rate delermines the type of yielding,

In the case of the{D 01) deformation axis, ther are approximately
twice as many active slip systens a8 for the deformation axis in
{011) direction, Considering the barriers formed by dislocatioms
resulting from a reaction of the type '

.52.1 Qud o .‘2'4 (111> ——5a {2000 (5.4)

When the deformation axis ism in the {011) divection, end if

ohly the plane with the maximum resolved shear stress is considexed
to be mctive, thea {001} mey lie in three different directions on.
each 'slip plane (Guiu 1965),

When the deformation axis is in the €001) direction there
are four asctive 8lip 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 £110} or {112} type.

Ags & result a higher dislocation density smd 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, metels, this would result in a more profuse
dislocation tangling (Benson et al 19623 Ohr end Beshers 1964),
higher dislocation density and smaller cell structure (Keh 1965)
and a strono long remnge internal stress (Li 1963), '
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The dislocation etch pit studics also revealed significant
anisotropy on the same etching plane for various cfystal orientat
tions, .Argon and Maloof (1966) observed that the rate of dis-
locatiozrggﬂﬁﬂguérystal with <011y deformation axis is sbout
twenty times less than the rate of multiplication in all other
orientations of zonecemelted tungsten crystal, Guiu (L965) observed
some indication of cell structure in the crvstal with {01ll>» def-
ormation axis in molybdenum single crystals; He suggested that
nultiple splitting of tbe 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 19625 Li 1963). ‘

Veissman (1962), in exemining the strain distribution before
and after the upper yield point, found some evidence that the upper
yield point is mssociated with initiation of the secondary elip
system, In the deformation of single crystal tantaluw and tungsten,
if the deformaetion axis is such that many systems can operate
simulteneously, 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, & yield point appears due to the relaxation of the internal
stress, Johnston (1962), in his caloulated stress-strain curves,
demonstrated that a severe work~hardening rate completely eliminates
the yield drop, although there is still a definite yield peint.

The mechanism of work—hardeniﬁg in b,c.c. metals has heen so
little investigated in the past that it would be premature to aim
at a reasonable understanding of the orientation dependence of
the work-hardenins without more precise knowledse, However, it
eppears important to realise from the evidence presented, that
it is feasible to correlate a large work-hardening with a larger
number of slip svstems which result in the vield point phenomeunon.
For instance, the orystal with '(OOi) 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 zene melting of niobium crystals, The

effects of these parametery on certain measurable properties were:

i.

ii.

iii,

iv,

Ve

vi,

A good agreement was found between yield stress, hardness,
gtrain ageing behaviour, electrical resistiv y ratio- and
chemical enalysis in the evaluation of the purification

caused by varying the zone-melting paramecters,

The improvement in overall purity achieved with increasing
number of zone passes was found to be greater between omne

and two zone passes, then diminishing between subsequent
zZone passes,

A fast zone speed resulted in a cdrystal of low purity
and caused a considerable gradient in impurity distribu-
tion alonz a single crystal rod, This arose from an
increase in the value of the effective distribution
coefficlent,

No significant difference in the impurity distributilon
profile was observed between zone~levelled and zone-

refined crystals when the same zone speed was used.

The vacuun pressure during the zone-melting process
was found to be the most influential parameter in con-
trolling the purity of the crystal,

The prosress of purification, and the improvement in
the vacuum pressure of the furnace with time were in
good egreement, This implied that the removal of the
products of volatilisation aild degassing by the -acuum
system, was a major part of the purification. Vacuum
distillation of lower welting point elements would also
be promoted by decreasing the furnasce 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 nitrozen contents. This
nizht be associated with the observed hirher yield stress
and the discontinuous yielding behaviour in the crvstals

with the least number of zone passes,

The results on the effect of the overall impurities on the

vielding and strain azeins beheviour has showns

1, The temperature dependence of the vield stress was decreased
warkedly with increasing oversll puritw for both {110
and {100y orientations. It was found that the tem-
perature dependence of the vield stress was followed
linearly by loa G - T relationship, ond the difference in
the yield stress between pure and less pure crvsials can
be expressed as HE = AE’.ﬁBT.

ii, Gilmen's "reaction rate theory" which is based on the
multiplication and velBeity characteristics of dislocations
provided the bestckplanatﬁnlof 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 comcemtration

of interstitial impurities « a result that was found by
Stein and Low (1966) for irom.

iii, The strain rate sensitivity of pure aund less pure crystals
cannot be adequately explained on the basis of a single
thermally activated process.

iv. The strain ageing kinetics may be divided into two stages:
the one staze below 473°K whers - the Cottréll-Bilby'tz/Bf
law is obeyed, and the second stage sbove 473°K where the ageing
factor is insensitive %o the areing time when stress-

induced ordering takes place,

ve. 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,



vi,

149,

After strain ageing yield points were observed for
the crystals with {1003 tensile axis, This nay be
caused by the low work-hardeninge where the strain ageinge
togk 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 single cr-stals with a svmmetrical
orientation has showns '

i.

il‘

iv,

Ve

At high temperatures the yield stress was found to be
1ndependent of the orientation of the crystal and of the

' gense of the applied stress,

At low temperatures, the vield stress was stronsly 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 (100> above 200° and below 100°K.

The observed difference in the yield stress in tension
and compression mav be accounted for in terms of an asyme
metry of the critical resolved shear stress on the {112}
plane, If the core dlgsoclatlon on the ‘{112}' plane

is the only factor determining the magnitude of the stress
to move screw dislocations, then the yiéld gtreas for
(lOO) in compression should be equal to the yield stress
for €110 in tension, however, thie was mot so in the
case of the present observation,

Yo current theory of orientation dependence W thought

t0 be adequete, however, there seems to be rough correla-
tion between the number of slip svstems and the low

value of the yield stress with a hich work-hardening rate

which subsequently affects the yielding behaviour,

The crystal orientation most favourable for twinning
under compression is the (110) orientations although
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equivalent in terms of shear stress, the crvstals
with <}OO) axis in tension did not *twin,

There was no systematic variation in the first twinning
strees with the interstitial impurity content of the
erystals,

Catastrophic, very loca=lized f£lOw behaviour was observed for
crystals with (lll) tensile axiss the plane of shear
was found to be near {110'} and the shear direction
neaxr <10d> . Howe#er,:it is still premeture to be
interpreted in terms eof mobile dislocations with »(lOd)
Burgers vectors. The load drop in the load elongmtion
curve which was caused by the chanve of cross-section of
the specimen frow a circular to an elliptical shape and
local shear necking does not necessarily correspond to
geometrical softening, However, the catastrophic shear
necking of the 8 pecimens was wmore pronounced with
decreasing testing tewpersture which sugrests that this
behaviour may be caused by a combination of adiasbatic h
heating at localized necked regions and geometrical

softening,



151.
SUGCESTICNS TOR FUTURE WIORK

It has been shown that inhereunt lattice hardening is not
the dominant source of low tempersture stremgth in b.c.c. metals,
and the interstitial iﬁpurities do contribute a wajor paxt of
the strength, It would be interesting to investigate the inter-
action of dislocations with interstitisgl iwpurities bv strain
ageing experiments, microstrain measurement in the region of
107° - 1078 gtrain and internal friction measurcments, These
experiments could be carried out for various crystal orientations
as a function of temperature, strain rate and impuiity 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
(1965) gave fair agreement to the tempersture dependence of
the yield stress, however, further experiments would be neces-
paxry to differentiate between the two models involving lattice
hardening and solution hardening, echanical testing both in
tension and compression at very low temperatures, sav between
4.2 end 20°K, for various orientations doped with known amounts
of interstitials, should help in this,

At the moment, it appears that there iz no aaceptable
explanation of the observed orientatien dependence of the defor-
 mation behaviour of b.c,c. metals, or its dépendence on the sense
of the applied stress. There is an asymmetry in the critical
resolved shear stress for slip on {112}- planes at low tempeXa-
ture, but it is difficult at this stage to predict the right
megnitude of the asymmetry since the veslue 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 planc both in tension and cowpression since there is no
general agrecement on the operative slip planes, The :
observation of a £110% <100} slip syetem with marked shear
necking et 77°K for €111) 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 uee the low order
diffracting vectors because of anomalous dislocatior invisie
bility with high order diffracting vectors in Bursers vector
deternination (¥rance and Loretto 1968y Dingley 1968). The jog
theory however, predicts the correct variation with orientation
to explain the workwhardening, but the difficulty with this
theory is that it is difficult to believe a sufficiently high
jog density could he attained, Further experiments would be
necessary before the effect of the orientation and the difference
hetween tension snd compression could be properlv explained.
Heasurements of the resistivity ratio, in conjunction with a
transmission electron microscopy study mi-~ht indicate the number
of jogs which are wovin: non~conservatively, which on the jog
theory, would be different for {110y and £100) orientatious.
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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 erystals
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 siress 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 erystals 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 3.5x10_6 Torr at the
end of one zone pass. The purity of the single crystals reached
the 1limit 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
gleotric resigtivity ratio (3273°K/R77°K) sy 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

S
< .

Resolved stear stress(kgimm®) —=

shear stress, hardness, and
251 electrical resistivity ratio
ol Tensil axis <100> with number of zone passes
15y Tensile specimens with
, L L , a gauge diameter of 2.8 mm
ol mmmmmmwmw and a gauge length of 16 mm
% ol Q\\\\L\~', Merohardiess (iad Z4g) were sparkmachined with a
S ===t ;.| shoulder radius of 6 mm and
§j0~ *“-s-~4_%fffﬁﬁffﬁffzk gubsequently electropolished.
= 40F : Tenslile tests were performed
= s ' L ' L » in. Instron Universal testing
%53_ machine at a cross head speed
§ Rod axis <190> of 0.05 em/min at temperatu-
§ﬁ4~ \k\\\‘\\\\*\~\¢\““-- res of 373, 296, 273, 245,
85l =] 195 and 77 °K.
% The stress-strain curves

7 7 3 2 5 5 Wwere very anisotropic and an

. Numberof zome posses —— orientation dependence similar
to that observed in molybdemum (9), tungsten (8), and tantalum
(10) was noted below 245 °K. The <110> orientation yielded
smoothly at 373 %% but below room temperature ylelded 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
temberatures 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
1imit of <1102 crystals is shown for the different number of
zone passes. From this it can be seen that by increasing
overall purity the temperature dependence of the yield stress
is deoreased significantly. A similar trend was also observed
for the {100 orientaticn. 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 24
1imit of crystals with ten-
sile axis in the <1102 direc-
tion with cross head speed

of 0.05 cm/min.

X
T

S
T

(5), and by Stein et al. on
iron containing <10 ppm C
(65 7

A1l the specimens de-
formed entirely by slip at
all the temperatures inves-
tigated. Twinning was never
observed. The crystals with
<1102 orientation necked
down immediately after the
upper yield point but <100
crystals with two zone passes

Resolved sheor stress(kg/mm¥

Br

mr

extended 12.5% before the UTS ’ w w )
at 77 °K.

The effects of impurity were also prominent on the strain
ageing. A series of experiments were carried out on one zone
pass orystals of <110) and <100 orientations. For the <110)
orientation, specimens of two different purity levels were
tested at room,température, one batch of a standard purity
~and the other grown under a vacuum of 4x10~° 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 orystals. 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-

8
purity on the strain ageing
- a characteristics of one zone
é\5“ & % & § pass crystals with tensile
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) True lensiie strain ———e

strain ageing was that in the former preyieid 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 weuld 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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THE PROPERTIES OF N'[OBIUM CRYSTALS PRODUCED BY
ZONE- MELTING
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London S. W. 7, England
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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 y1e1d stress and "~
‘less marked discontinuous yielding behaviour. -

Introduction

The electrou beam zone melting technique has been used by'mauy
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 4)and
by chemical analysis >(5) However, in this investigation stram agemg experl-

ments were also used for the purpose ‘of this evaluation.

Experimental Apparatus and Techniques. -

Descr1pt10n of Electron Beam Apparatus

The cy11ndr1ca1 furnace chamber, made from m1ld steel protected by B

nickel plating, is cooled by running water. This chamber is evacuated frqm
. 323
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below by an oil diffusion pump, 6 inches in diameter and with a capacity of -
300tlitre/ sec. A liquid nitrogen cold trap between the diffusion pump and the
chamber reduces the back-streamtng of oil vapour. On one side of the furnace
wall there is a quartz window prctected by a moveable radiation shield and a
silica glass plate The pressure is measured by an 1on1sation gauge w1th its
head connected to the side of the chamber '

A stainless steel 'cold fmger 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 negatlve voltage, is insulated by'two

pyrophyhte' blocks

The cathode assembly used in the initial stages is similar to the one
develcped by Cole et al. (6). In this the filament is hidden from the molten
zone to avoid contamination of the crystals by metalhc elements emitted from
the fllament and to avoid coating of the filament with the metal ejected or
evaporated from the molten zone. Because of the high impedance of this

' des1gn, the emlssion 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. ’I‘his ensures that the |
plates are at the same pbtential so that the electrons are focussed electro-
statically. , The high voltage power supply is controlled by a circuit simtlar
to that of Birbeck and Calverly (7). | I

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 quuid

nitrogen thepressure improved to 2.5 x 10'6 torr. On maintaining the rod at
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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, eingle 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 usmg a
length of previously grown crystal as a seed. The misorientation of the axis )
of crystals grown by this method was less than 3° from the desired orientation.
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There was no definite pre- 7'_IVV‘ABL'E 1.

ferred orientation of crystals, Chemical Analysis of Starting Material,
and of Single Crystals After One and

grown without seeding, after one Four Zone Passes

zone pass. However, the crys-

tals tended to grow with their - Weight in p. p. m.

_ 02 H2 C N2
axes closer to <110> than to .
ti terial 9 1 -8 ‘
any other orientation. Similar St@r g Ma eria 2 L o 63
. One pass = (1) 12~ * 7-9 28
results were reported on.iron . ' _
. S (3) 21 * 35
single crystals grown by strain - R .
. . . . 4 passes (1) 37 * 4 20
annealing, using zone refined RO _
* %* .
iron (9). , (3) 29 t 31
o _ Precision of Method: O 3 p.p.m.
- Preparation of Single Crystals : o . HZT <1p.p m.
In order to avoid the * not determined. C32*. 5p. p. m.
complexity which may arise - N%T 2ppm

from crystallographlc geometry _

all the tests were carried out on specimens oriented in the <1 10> orxentatlon

- This orientation was chosen because preliminary experiments showed that the
y1e1d1ng behaviour was influenced by impurities to a greater extent than in any
other orientation. | | o

Tensile specimens were produced using a Servomet SMD Spark ma-
chine. As-growrn single crystals of 3 mm. diameter were cut into 3 cm.
lengths by the spark slicevr.‘v ‘They were then spark lathéd, _ Starttng froni'rang'é “
3 and finishihg at range 7, which is the finest range. ‘In this way the tensile
s‘pecimen.s were givené 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-
fdrmity of the diameter of the as-grown crystal. The deformed layei‘, 100
microns thi'ck due to the spark lathing, was subsequently removed by electro-
. pohshmg for 1 hour at a voltage of 15 17 volts and 0. 3-0.4 Amp

v Evaluatlon of Specxmens

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). Inthe pi‘esent investigation, resistancés were determined at
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low temperatures in a liquid nitrogen bath (77°I§) and at high temperatures in
- a mixtu‘re of ice and water (273°K);: for varying numbers of zone passes.

Hardness ;neasurements ‘were -made on a cross section at one end of .
the tensile specimen, after preparation by spark planing and ,subseq'uent‘ chem—j ;
ical polis:hing for 45 sec. in 7 parts of HNO3 and 3 parts of HF. Since it is N
well known that the microhardness value under low load is higher than the
value obtained from macrohardness it was decided to cax'jry 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 1074 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, 9-3.0x 10'6 torr. They were then prestrained at room temperature at a
strain'raté 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 pré?17
" 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. 3asa function
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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 highér than the values reported by Votava of 5. 05,,
5.15, 5.10 for 8, 16 and 27 zone pass niobium. This discrepahcy 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 Aand BCrystals

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 speéd 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 alohg 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’ refinihg process
.0 by experimental scatter in the measurements is not clear. By contrast
Koo (9) has found that in zone refined timgsfeh single crystals, the yield stress
increased rather steeply up to 7.6 cm. from the startingend and then remained_
constant up to the fuushmg end Theory suggests that, for the case of moblum,
k must be >1 for the impurity controlhng the yield stress. '

Effect of Vacuum Pressure During Zone Meltmg, Type D Crystals

Previously it has been accepted that the purification mechamsm 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 inveetigation the vacuum pressure was
found to be much more influential than the number of zone passes or the zone
speed in controlvlingr the purity of the crystals. In Fig. 7 the crystal grown at
poor vacuum pressure shows a much higher proportional iimit, } 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 1mportant process in the zone meltmg 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 dre transferred through the vapour phase to a -
cooler part of the furnace such as the lliquid nitrogen cold finéer or the water
cooled furnace wall. However, in the case of dissolved gaseous elements such
as nitrogen and oxygen, the solubility is proport1ona1 to their partial pressures,
By improving the vacuum pressure in the furnace the solubility is correspond-
ingly reduced and this leadsto the higher crystal purity. Furthermore, the
observed similarity between the improvement of vacuum pressure with time
and with the number o1 zone passes, and the improvement of ourity aichieved
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w1th increasing number of zone passes also provides substantlal evidence to

support this view of the purification mechamsm
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.FIG. 1.
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-
tamina‘tion 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.
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In contrast to Reed, the analysisv 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 pla;ce in his case, whilst, due to the better cold trap, this did not_“voc,cu,:r
here.

-

In the case of dissolved gaseous elements such as nitrogen and oxygen
the solubility is found to be decreased by increasing thetempe_ratu're ancl by
decreasing the vacuum pressure. However, an increase in oxygen-in the pres-
ent case with fﬁrther zone passes is not unreasenable Consider the therm‘ody-
namics of oxide formatlon calculated from the free energy of formation of NbO :
the equihbrlum partial pressure of the Nb/ NbO system at approximately
2,400°C is 10710

furnace is pro‘bably less than that, so no NbO is formed in the 'molte"n' Zone., '

torr. (15), and the oxygen partial pressure in the vacuum

However, as the temperature drops immediately behind the molten zone, the
partial pressure of the oxygen will be sufficient to form NbQO 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 oniy by further
improvement in the vacuum pressure and by increasingvthe témperature gra-

dient near the molten zotte.

The larger yield drops and higher yield stresses occurred in the 'cbrys-
tals with the least number of zone pasees, 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 greatér 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 preésilre during the zone melting process was found to be

the most influential parameter in controlling the purity of crystals.

»_ The prdgréss of purificafion and the improvement in the vécuum 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. Vapuum distillation of lowex_' melting poihf _element‘s would alsb be

promoted by decreasing the furnace pressure.

Chemical analyses show that the improvement in overall purity 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 v

zZone passes.
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PLASTIC ANISOTROPY OF TANTALUM,
NIOBIUM, AND MOLYBDENUM:!

P. J. SeErwoon, F. Guiu, H. C. K1y, axp P, L, Prarr
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 {112}
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 g 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 ;
Sest4k and Zarubovi 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 Sestik 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 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 @¢/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.

IPresented at an international conference on the Deformation of Crystalline Solids, held in
Ottawa, August 22-26, 1966.
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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 crystaliography 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 ¢t 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~%-10~" Torr
in the case of molybdenum, and 3-5 X 10~¢ 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 Société Générale Métallurgique 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 365 4-8+5 2-3
0 1143 13-25-£3 i <1
N 7%3 263242 <10
H 1141 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 H,SO4 The
approximate dimensions of the tensile specimens were as follows:

cross section 2.1 X 2.3 mm?
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 479 HF and 9 parts concentrated H,SO, 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,
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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-% and 10~ sec™! 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—* and
4.5 X 107 sec™ respectively. Compression tests between 4.2 and 20 °K were
performed at a strain rate of 9 X 10—* sec™L.

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 Jinear region in the
stress—strain curves, have been chosen for comparison, since crystals with
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Fic. 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 defornied at 77 °KK 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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Fic. 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 proportional limit 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/mm? for compression in the (110) direction and this produced
a drop in load of more than 509%,. 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 npiobium 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 11, 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 11.
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F16. 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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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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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 distocations (Rose ¢t 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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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)
[117] 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
112} 77°K 413 °K 413 °K 450-77 °K
Schmid factor C ™
0.472 77 °K 77 °K 203 and 77 °K 450-77 °K
{110} 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 ™ 293-77 °K
77 °K TW 77 °K 450-77 °K

{112}
Schmid factor C
0.236

*Data from Argon and Maloof (1966)

AJdOYLOSINV DILSVId IV 13 AOOMATHS
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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 {112} 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 {112} planes, unfavorable for twinning, it is predicted
that slip will occur either on the lowly stressed {112} planes, or on the highly
stressed {112} planes, if thermal activation can constrict the partials back onto
the slip plane.

Several favorable dissociations of ¢/2 (111) dislocations on the {110} 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 {112} planes. However, if the core dissociation on the {112} 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 {110} and {112} slip planes were observed, and it
can be seen from Table 11, 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
{112} slip planes is unfavorable for twinning, in tantalum and niobium slip
occurs on the {110} 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 {110} in tension in (100), but twins in compression in (110).
However, below 20 °IC 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 111
Calculated stacking-fault energies and widths on the {112} planes
Group VA Group VIA
vy erg/cm? d/a vy erg/cm? 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 calciilated 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, r119/7110, 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 7y12/7110 > 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 r112/0.472 > 7110/0.408,

where 7112 and 7130 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} svggest 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 7112/0.236 < 7110/0.408.
Results in both tension and compression in (100) show that
(3) T]10/0.408 < 1'112/0.472,

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 {112} 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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DISCUSSION

U. F. Kocks: Why should compression in {110} be equivalent to tension in {100), since
in the latter there are four {211} planes equally stressed, whereas in the former there are
only two?

Authors: In ideal orientations the work hardening in the two cases should be different,
and this is found experimentally. In most of the experiments, crystals were oriented close to
the (110) and (100} and under these circumstances, at least for the initial yield, slip should
occur only on one of the {211} planes in each case,
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