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ABSTRACT

Molybdenunm single crystals have been grown by
the electron beam floating zone melting technigue in

© to 1077 torr. Tensile specimens,

a vacuum of 10~
with the deformation axis orientated in the {110

and <100) directions, and in a direction near the
centre of the unit stereographic triangle, have been
prepared by surface grinding. The amount of de-
formation introduced during the machining of the
specimens was carefully controlled.

The effect of orientation on the yield and flow
stress of the single crystals 1s investigated over
the temperature range 4150K to 77OK. At tempera-
tures g BOOOK the proportional limit and work-
hardening rate is strongly orientation dependent.

At temperatures >5000K the proportional limit is
practically independent of the orientation, and the
crystals can experience a large uniform elongation.
Crystals with the tensile axis orientated in a
direction near the centre of the stereographic
triangle exhibit three work-hardening stages.

After a study of the active slip systems, at
varlious temperatures, an explanation is suggested for
the softening observed at temperatures')BOOoK.

The temperature and strain rate dependence of

the flow stress is investigated for crystals with



{100y and <110y orientation. A model is proposed
to explain both the effect of the orientation and
the temperature and strain rate sensitivity of thg
yield and flow stress. This model is based on the
existence of two simultaneous thermally activated
processes. One is the non-conservative movement of
jogs in screw dislocations and the other is the
overcoming of an intrinsic lattice friction. The
magnitude cf the lattice friction at 0°K is of the

order of 10 kg/mmg.
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CHAPTER 1,

GENERAL INTRODUCTION

Plastic Deformation of b;c.c. Metals

1.1 Preliminary Remarks

It is well known that the main characteristic
features of the b.c.c., transition metals are the
strong temperature and strain rate dependence of the
yield stress, and the large decrease or complete
loss of ductility at low temperatures. In fact all
of them, with the exception of tantalum, undergo a
change from ductile to brittle behaviour when the-
temperature is lowered.,

The problem of the ductile-brittle transition
which is believed to be closely related to the rapid
increase in the yield stress which preceeds the onset
of brittleness,has stimulated in the last decade a
considerable amount of research into the mechanisms
of yielding and flow of these metals.

Much useful information has been obtained in
the past from the study of polycrystalline materials
of commercial purity, and the effect of temperature,
‘strain rate, grain size, and impurity content on the

yield stress of the b.c.c. metals has now been



clearly established.

However, the study of single crystals of high
purity is of the greatest importance when a special
knowledge of the actual atomic mechanisms which
govern the deformation behaviour is required. Al-
though in the last few years this study has been
facilitated by advances in the technigues of pre-
paration of single crystals, the information on the
mechanical properties of b.c.c. single crystale is at
present scarce and inconsistent.

The present investigation is an ettempt to
understand some of the discrepancies which have become
apparent from a review of the present state of know-
ledge of the deformation of the transition b.c.c.

metals.

l:2s The Yield Foint FThenomenon

Both single crystals and polycrystals of b.c.cs
metals of low purity exhibit discontinuous yielding,
or a pronounced drop in load in the early stages of
the deformation, The first explanation of this
phenomenon was proposed by Cottrell (1948) and
Cottrell and Bilby (1949) in terms of the dislocation-
locking effect of certain solute atoms which may
migrate to dislocations and form 'atmospheres&! about

them, Yielding can occur when the stress is high

11



enough to free the dislocations from their impurity
atmospheres, and once the deformation is initiated,

a yield point or drop in load can be obs:zrved because
the stress necessary to keep the free dislocations
moving is smaller than the unpinning stress.

This theory has been agble to exrlain satis-
factorily the effect of the impurities on the yilelding
of bic.c. metals. It was also able to account for
the temperature and strain rate dependence of the
yield stress, because the unpinning or unlocking
process can be thermally aided (Cottrell and Bilby
1949, Yokobori 1952, Fisher 1955, Cottrell 1957).

However, this interpretation was unable to
explain the observation that the upper yield stress,
the lower yield stress, and the flow stress all
exhibit the same temperature and strain rate depend-
ence (Conrad and Schoeck 1960, Hutchison 1963%),

This suggested that perhaps some mechanism other than
unpinning might control both the yielding and sub-
sequent flow.

An alternative view of the yield point phenomenon
was put forward by Johnston and Gilwman (1959) to
explain the behaviour of LiF single crystals, and
subsequently the same idea was apnlied to the bic.c.
metals by Hehn (1962) and Cottrell (1963). This in-

terpretation is based on the dynamic properties of

12
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the dislocations and their rate of multiplications
The plastic shear strain rate,‘Y,_produced by a
nunber .of dislocation segments, moving at an aversage

speed v is given by (Cottrell 1953):

Y: Lbv (1.1.)
where b is the Burgers vector of the dislocations
and I is the number of moblile szgments per unit
volume.

A relationship between the strain rate and the
stress can be obtalned if the velocity 1s expressed
as a function of the effective stress, T*, acting on
the dislocation segments. The effective stress 1is
the difference T~ ?f’ between the applied stress, T,
and the long range internal stress,z}, that arises
from the presence of other dislocations,

It has been experimentally verified by several
authors that for lithium fluoride (Johnston and
Gilman 1959), silicon iron (Stein and Low 1960) and
tungsten (Schadler 1964) the relation between the stress

and velocity is of the form:
. m -
v = (T /) (1.2.)
where Tb is the effective stress nccessary to move

the dislocatioms at a unit velocity, and m is a

dimention-less constant. The meaning of the stress



which appears in the empirical Eguation 1l.2. is not
altogether clear, and it is cven possible that in the
case of Si-Fe and bungsten it is not strictly equal
to the effective stress T* as defined above.

Equation 1l.1l. can now be written as:

Y= Ib (<* /'Tb>m (1:34)

If the initial number of mobile dislocations in
a crystal (which is being deformed at a constant
rate) is small, a large velocity is required to
accommodate plastically the imposed strain rate, and
the stress increases rapidly at the beginning of the
deformation., If there is a sudden increase in the
number of mobile dislocations, L, the same plastic
strain rate can be maintained with a smaller disloca-~
tion velocity, end hence with a smaller stress. It
is then possible that a drop in load may occur.

The conditions mnecessary for a crystsl to ex-
hibit a sharp yield point are: a) a rapid increaame
in the number of mobile dislocations, and b) a small
value of m.

It is important to rcalise that this theory does
not exclude the possibility that a yiecld drop may
result as a comnsecuence of a disleccation unpinning
process., The conditions which may give rise to

different types of yield points have been discussed

14
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by Cottrell (1963).

Equation 1.5, not only explains the yield point
phenomenon, but it may also be used to describe the
subsequent deformation behaviour if the veriation of
both I and T* with strain is known, On this basis
Hahn (1962) has proposed an ecquation to describe the
deformation of the b.c.c. mctals, In this epovroach,
the variation of the stress with temperature can also
be accounted for if one knows the temperature de-
pendence of the paremebters T, and m (Orava 1963).

This method has been particularly successful
when applied to the deformation of crystals with the
diamond structure (Dew— Hughesl961l, 1962; Schifer
et al, 1964), because for these crystals Haasen (1957)
has proposed an expression that gives explicitly the

varistion of the velocity, v, with the stress ¥*
and the temperature.

It must be pointed out that Hahn's model is
merely descriptive, since it is based only on em-
pirical relations.+ From a fundamental point of
view the knowledge of the particular mechanisms
which determine the dynamical properties of the &is-
locations is far more important.

However, one fact that seems to have been clearly

established is that the yielding and flow of b.c.c.

+Dorn and Rajnak (1964) have recently given some theoret-

ical Jjustification to the form of Eguation 1,2.
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metals is determined by the mobility of the free
dislocations, It will be convenient therefore to
review the various factors which are responsible for
" the resistance to dislocation motion and their tem-
perature and strain rate dependence. This will be

done in the following sections.

1.2, The Peierls-Nabarro Stress

The force which opposes the movement of a dis-
location as it tends to move through an otherwise
perfect lattice from one equilibrium position to the
next, was originally considered by Peierls (1940)
and subsequently studied by other investigators
(Watsarro 1947, Teibfried and Dietzel949),  This
force, known as the Peierls-Nabarro force was found
to be very sensitive to the width of the &islocation
(Foreman et al. 1951) and it was also believed that
the temperature dependence of the friction stress
could be due to the varietion of the width of the
dislocation with the temperature (Heslop and Petch,
1956).

The calculation of the Peierls-Nabarro force
for any particular type of lattice is a rather
difficult problem.  Kubhlmamn-Wilsdorf (1960), after
introducing the concept of the 'uncertaintycipaﬁtﬁzlOfthe

dislocation axis' has concluded that the PeierlseNabarro



stress is large for the b.c.c. netals at low tempera-
tures CE(ZTM),and intrinsically temperature de-
pendent.

The overcoming of the Peierls-Nabsasrro barrier
by a dislocation segment 1s believed to be thermally
aided through a process involving the nucleation of
a palr of kinks of opposite sign. This concept was
introduced by Seeger (1956) to explain the Bordoni
peaks of internal friction observed in some f.c.c.
metals,  According to Seeger (1956) (and Seeger et
al. 1957) the pairs of kinks can be formed under the
combined actlon of the thermal fluctuatlons and the

applied stress. The energy of a kink is given by:

U, = (2a/h)(2anb‘r;/rz)% (1e4.)

where a is the distance between the position of the
minima of potential energy, Eo is the line energy
of the dislocation, and ¢} the Peierls stress at

0°K. The activation energy for kink formation is:

H - U, [1 + % 1n(16 —c;;/m@] (1.5.)

The kinetics of dislocation motion has been
discussed on the basis of this model by Lothe and
Hirth (1959). More recently Dorn and Rajnak (1964)
have reformulated the problem of the nucleation of a

palr of kinks., In their model the activation energy

17
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nuﬁ‘(lkﬁiﬂjfmust be calculated by numerical integration,
but the ratio Un/2Uk is given as a function of

T%/“t; in a simple graphical form, An importént
difference between Seeger's and Dorn and Rajnak's
model is that in the latter the activation energy
becomes zero when the applied stress approaches the
Peierls stress’tg. However, in both models ?he
energy of =2 kink pasir is intrinsically independent

of the temperature. The temperature dependence of
the Peierls stress simply arises from the effect of

temperature on the rate of nucleation of kink pslrs.

1.4, Dissociation of Dislocations into Partials

A lattice frictibﬁ”opposing the motién of screw
dislocations can arise in b.c.c. metals as a result '
of the dissociation of the a/2 <111) dislocations
into partiels. Since screw dislocations possess
three~fold symmetry with respect to the possiblé
slip planes,Hirsch (1960) has suggested the possibility

of the cxistence of the dissociation:

as2 [111]»a/6 [111] +as6 [111] +as6 [111]
along the three {112} or {llO} planes of the [111]
zone. Sleceswyk (1963), on the other hand, has shown
that the dissociatioh is energetically more favourable
if it tekes place on two rather than on three ‘planes,

and that it is more likely to occur on {112} than on
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{110} planes. In both cases the movement of a screw
dislocation will require the formatiom of a constric-
tion or fault, and this will result in a friction
stress inherent of the b.c.c. lattice. Mitchell et
al. (1963) thought that this effect might account

for the low mobility of the screw dislocabtions and

for their preferentisl alignment along {111>directions,
at low temperatures (Low and Turkalo 1962, Keh and

Weissmann 1963, Lawley and Gaigher 1964).

1.5, The Effect of Impurities

The hardening of crystals produced by the pre-
sence of impurities is a well established fact, Since
impurities can be present in solution and in the form
of precipitates the way in which they can affect the
dislocation mobility may be quite different. The
pinning of dislocations by atmospheres of inter-
stitial impurity atoms has already been mentioned in
Section 1.2,, and it will not be repeated here.

The strained regions which arise from the pre-
sence of impurity solute atoms randomly distributed
in the crystal, act as obstacles to the movement of
dislocations. Since the interaction between the
dislocation and the strained region is of a short
range (i,e. takes place only over a few interatomic

distances), thermal fluctuations can help to push the
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dislocations through the obstacles, As a result of
this, the stress needed to move the dislocations
through the impurity solute atoms can be temperature
dependent. Cochardt et al. (1955) have estimated
that the interaction energy between a dislocation and
an impurity stom is of the order of 0.75 e.V.

Fleischer (1962 a, 1962 b, 1963) has studied in
detail the interaction between solute atoms and dis-
locations for a wide range of solution hardening
systems, and in particular has considered the
hardening effect of those interstitials which pro-
duce asymetrical distortions. This type of
hardening is specially important because it increases
rapidly with the concentration of interstitial im-
purities and may affect the mobility of both edge
and screw dislocations.

The frictional resistance to dislocation motion
due to the Snoek effect may be relatively important
at temperatures at which the interstitial impurities
attain high mobilities. This friction is the
result of the ordering of the interstitial impurity
atoms (mainly carbon and nitrogen) into preferenﬁial
positions as a dislocation passes near them. This
effect is believed to contribute significantly to the
flow gstress of iron above room temperature (Schoeck

and Seeger 1959j:
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The resistance that impurity precipitates offer
to dislocation motion varies considerably with the
size and dispersion of the precipitate particles
(Mott and Nabarro, 1940, 19485. A uniform distri-
bution of fine precipitates may give rise to a
temperature dependent lattice friction (Mordike and
Haasen 1962). On the other hand the obstacles
offered by large precipitates cannot be surmounted
with the help of thermal fluctuations, and the dis~
locations must by-pass them either by bulging out or
by cross-slip. The kind of hardening arising from
this type of obstacle is generally small and tempera-
ture indpendent. This should be particularly true
for b.c.c. metals, since in these metals dislocations
do not seem to be extended (Hirschhorn 1963).

Precipitates can also contribute to the hardening
of crystals in an indirect way. It has been ob-
served that, in some metals profuse dislocation
tangling takes place in the proximity of the precipi-
tates (Van Torne and Thomas 1963, Lawley and Gaigher
1964), and that at these sites cell structures and
long range stress filelds subsequently develop (Ii

1962).

l.6.  The Non-Conservative Movement of Jogs in Screw

Dislocations

It has been observed that, in various types of.
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crystals, edge dislocations have a much higher mobility
than screw dislogations (Johnston and Gilman 1959, Low
and Guard 1959, Low znd Turkelo 1962, Lawley and
Gaigher 1964). This was interpreted as being due to
the fact that the Jogs on screw dislocations exert a
dragging force on the dislocaﬁions themselves,

A jog in a screw dislocation can move in two
different ways: a) by gliding conscrvatively along
the dislocation line (Friedel 1956), and b) by moving
non-conservatively with the dislocation and producing
point defects ewmdimede—buoetds (Seceger 1955, Johnston
1962). Since in the letter case additional energy
is reguired to move the screw dislocation, a dragging
force is exerted on it. The force necessary to move
a screw dislocation is temperature dependent when the
production of point defects is thermally aided.

This is possible only if the Jjogs move conservatively
whilst they make a non-conservative Jump, or if the
temperature is high enough for the point defects to
diffuse away from the Jjogs (Seeger 1955).

it is believed that in b.c.c. metals the dis-~
locations may retain a high concentration of jogs
when they cocl down from high temperatures (Schoeck
1961). Jogs must 2lso exist in the dislocation net-
works for geometrical reasons (Schoeck 1961), and they

can also be formed during the deformation as a result



of dislocation intersections (Cottrell 1953).

l.7. Inbtersection of Dislocations

The intersection of dislocetions in metals with
a low stacking fault energy can be a thermally acti-
vated process, bubt this is unlikely to be the case for
b.c.c. metals, Howaver, dislocation interactions
can still account for an important psrt of the athermal
component of the hardening of b.c.c. metals.

When two dislocabions come into contact at more
than one point they may form a repulsive junction
(Saada 1960), and then a stress is only required to
bring them close to each othere. On the other hand
some dislocations can also interact according to the

reaction:

as2 [111] + a/2 [11I}» a(200] (1.6.)
and form an abttractive junction (Saada 19€1, 1963).
This type of Jjunction may be an important source of
internal stress, and it originates the hexagonal
networks as predicted by Amelinckx and Dekeyser (1959)
and observed in many b.c.c. metals (Carrington et al.
1960, Benson et al. 1962, Keh and Welssmann 1963).
Under a sufficiently high stress the attractive junc-
tions can be destroyed, leaving a jog on cach dis-
location, or alternatively they can become unstable

producing = chain of point defects (Saada 1963).



The processes mentioned above may result in an

athermal contribution to the flow stress.

. When the dislocations simply cross each other,
s jog is formed on one or both of them (Cottrell
1953), but since thc energy of formation of an ede-
mertary jog is small (it is proportional to the in-
creasc in the dislocation length), the cutting of
dislocations that are not extended is a relatively

easy process.

1.8. Flastic Deformation as a Thermally Activated

Process

The methods for investigating the thermally
activated processes which control the mobility of the
dislocations and the ovcersll deformation rate, have
mostly becen based on the theory of rate processes
(Eyring 1936). It hos been generelly accepted that
if the mobility of the dislocations 1s controlled by
s single thermally activated mechanism, the mean
velocity of a dislocation segment is given by an

equation of the form (Orowan 1936):

v = b v, {ep(-A3/KT) - oxp(-AGAT)  (1.7.)
where QO is a frequency factor, p is the distance
moved after a successful activation, and AG, and AG,
are the free energies of activation for motion in the

‘directions favoured and opposed by the local stresses

24



respectively; k is the Boltzmann constent and T
is the absolute temperature.
Similarly, the plastic shear strain rate, 5;’

at which a crystsl deforms is given by:

?==V{exp(—AG,/kT) - GXP(—AGE/kT)} (1.8,)

where Q: NAbVO; N is the number of activated sites
per unit volume, A is the areca swept by the dislcca-
tion segment per successful fluctuation, and b fhe
Burgers vector.

Tor simplicity the symbol A is genecrslly amitted
on the understanding that G always represents varia-
tions of free energy and not absolute values.

The free energy cof activation is:

G=H«-9T=U ~ w*ST

where H is the enthelpy, S is the cntropy, U is the
internal energy, and w T* is the work done by the
effective stress during the activation event. The
effective stress, T*, has the seme mcaning as in

Section 1.2. (tv* =T =~ ). 73« ig the stress re-

?%
guired toc overcome thermel-insendgbtive long-range
obstacles, and its magnitude is influenced by tempera-
ture only through the shear modulus)a.

Equation 1.8. can now be written as:

25
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%‘=\)[exp{— (U~w1ﬁ)/kT} ~ XD {—(U+W‘T*)/kT}1(l.9.)
= 2Vexp (U/kT) sin h {w-*/kT)
In this equation the entropy term, exp (8/k ), is
included in the pre-exponential facbtor V., The term
wT* in the second exponential is positive because
it represents the work done against the effective
stress during the a2ctivation eyent.

When w v*>»kT, Equation 1,9. tokes the form:

* = Y exp {—(U—W’T*)/kT} ' (1.10.)
which is the cexprescion usually employed to describe
the rate of deformation at low temperatures. It
follows from Equation 1.9, that the condition w r*>kT
is eqguivalent to Y > 2V exp-(U/kT).

In all these equations U, w-T*, and therefore H

can be functions of the temperature and stress.

The Activation Volume

The parameter w can be defined as:

W o= —(BG/DT?)T

and if the varistion of +the entropy is smell during
the activation event:

w ==(3H/37T*)
From Equation 1.10. it follows that if the total
energy to overcome the obstacle is not a function of

the stress (Conrad 196l1a):
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w=T (d1n Y/?/B'z')_r (1.11.)
On the other handy; by definition:

wT* = PFd = DbL'd T
where F is the force exerted on the obstacle, 4 is
the distance that the dislocation segment moves during
the activation event, and L' is the total length of
the dislocation segment involved in the activation.
Therefore:

w = blL'd (1.12.)

w is termed the 'activation volume' and it is in
general a function of the effective stress, since

both L' and d may be variable with stress.

The Activavion knerecy

Conrad and Wiedersich (1960) have shown that the
enthalpy of activation, H, (which is usually termed

'activation energy') is given by:

(9%/ 21,
H(T, ¢*) = ~kT° / ?Y = —wT (2T/31).
(®T/1n ¥ Ay ' Y
(1.13.)
and also Dby:
H(T, ") = M)ﬁ (1.14,)

In writing Equations 1,11., 1,13, and 1l.1l4., it is

generally assumed thet the variation of‘?% with T and
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temperature is negligible compared with the variation
of the applied stress. However Gibbs (1964) has
pointed out that this assumption is not necessary and
that the velues of w and H calculated from these
equations do not need zny correction.

If the pre-exponentiel factor, V , is constant,
Equations 1,11., 1,13, and 1l.,14., provide a basis for
deternining experimentally the values of w and H,

In practice the variations of stress with strain
rate and temperature, and the variation of the strain
rate ulth temperature at constant stress, are measured
at a fixed plastic strain during the course of a test
on a single specimen, Thereby the variations of
stress, or of strain rate, are obbtained for a constant
dislocation configuration, and this Jjustifies the
agssumption that the pre-exponential factor, VvV, and
the long range internal stress remain constent during

the experiment.

The PFnergy Barrier Choracteristics of the Process

When in Eguation 1.12. only L' is a function of
the stress, U is stress independent and egual to the
energy characteristic of the thermally activatbed
process. In this case U can be determined from
U= H + w<t, However when 4, in IEquation 1.,12., is

a function of tre stress, U is stress dependent and



the characteristic enefgy of the process must be ob-
tained by extrapolation of the values of H to zero

effective stress. (Christian and Masters 1964).

The Activation Farameters ot Low Stresses

When the condition w v*5 kT is not satisfied
(this will occur when the defornation takes place at
- high temperatures or small strain rates) Equation
1.10. is not applicable, Then Equation 1.9. approxi-

mates to(Alefeld 1962 and Christian 1964):

Y= 2V (we*/kT) exp (~U/kT) (1415.)
Alefeld (1962) has shown that under these cir-
cumstances Eguation 1,.,11. does not yield the true
activation volume of the process, w, but an apparent
activation volume, w'. In fact, differentiation of

Egquation 1.9. yields:

(21nf/oT)g = s&e (we/6D) coth (we/kD) (1.16.)

and therefore the relation between w' and w is given

by:

w! = w coth (wrt/kT) (1.17.)

Although w may remain finite at very low stresses,

the value of w' tends to infinity when ¢ tends to-

wards zerc.  Alefeld has pointed out that this may
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be the reaéon why the value of the activation volume
obtained experimentally from the strain rate de-
pendence of the applied stress increases sharply at
low stresses.

Similarly, when w~*« kT Equation l.13. gives
only an apparent aftivation enerzy H' which ié re-

lated to the true activation energy, H = U-we* by:

H' = U tan h (we*/kT) - wot (1.18,)

This relatiocnship can also explain why the values
of the activation energy obtesined at low stresses are
sometimes very small (Orava 1963). It can also
account for the chenge in slope in the plot of H
versus T obtained by various suthors (Conrad 1963,

Christian and Masters 1964).

1,9, Exverimental Evidence for the Rate Controlling

Mechanisms in b.,c.c. Metals

The method of analysis outlined in the last
secticn has been exteunsively used to study the nature
of the processes controlling the deformation in b.c.c.
metals, The experimental evidence cobtained in
support of the various proposed mechanisms will be
briefly reviewed in this section,

From a comprehensive analysis of the existing

experimental data, Conrad (1961, 1963) and Conrad and
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Hayes (1963) have concluded that the overcoming of

the Peiprls barrier is a mecha@nism consistent with

the experimental observations for all the b.c.c.
metals, They have observed that the values of H

and v, and their variation with stress are independ-
ent of the impurity content, dislocation structure

and of whether yielding or flow is considered.

Conrad (1963) suggests that all these facts are not

in agreement with any mechanism but that of overcoming
the Peierls stress.

A similar conclusion was reached by Basinski
and Christian (1960) and Christian and Masters (1964)
after an analysis of their results on iron, niobium,
vanadium and tantalum.

Furthermore, Conrad (1963) and Christian and
Masters (1964) have shown thet at low stresses the
values of the activation energy are in agreement with
those predicted by Seeger's model of kink nuclestion,

However, some of the evidence that Conrad (1963%)
has collected zgainst other specific mechanisms is
not substantiated by results obtained by other
workers. Tor example, lordike and Heasen (1962)
found that for iron single crystals both (dTVdT)?
and (dT/dln%)T werc increasing functions of the
stress (and strain), and therefore structure sensitive.

From this observation they concluded that the rate

31



32

controlling process could not be the overcoming of

an inherent lattice friction, Instecad they suggested
an explanation besed on the overcoming of fine
precipitates of carbides or nitrides. But this view
has also been subsequently gquestioned by Nabarro et
al. (1964).

It has often been emphasised that jogs in screw
dislocations mav play an important role in the de-~
formation of b.c.c. metals (Schoeckl96l, Low and
Turkalo 1962, Lawley and Gaigher 1964), but the
actual mechanism which determines the mobility of
the jogs is not sltogether clear. Mordike (1962)
obtained results for tantalum single crystels which
he believed were not in complete agreement with the
Peierls mechanism, and he favoured the thermally
activated conservative movement of Jjogs in screw
dislocations as the rate controlling process, On
the other hand, Gregory (1963) and Gregory et al.
(1963) have obtzined supporting evidence for the
non~-conservative movement of jogs as the rate con-
trolling mechanism in niobium.

The temperature dependence of the yield stress
of molybdenum single crystals (Lailey et al. 1962),
tungsten single crystals (Koo 1963), and iron single
crystals (Stein et al. 1963%) has been found to de-

crease considersbly as the purity of the material is



improwed. This effect was interpreted by Stein et
al. to mean that the irnteraction between dislocations
and interstitial impurity atoms is the mechanism re-
sponsible for the temperature dependence of the
yield Stress at low tempgratures. However, Conrad
(1963) and Nabarro ¢t al.(1964) have argued that at
very low temperabures the yield stress is independent
of the impurity content (Lawley et al. 1962) and

that this is again consistent with the mechedsm of
oveércoming the Peierls friction, The different
temperature dependences observed at intermediate
temperatures would be only due to the fact that the
number of gites available for thermal activation
varies with the amount of impurities present.

Rose et al, (1962) have investigated the effect
of orientation on the yielding and flow of tungsten
single crystals and obtained results vhich are
difficult to explain in terms of the Pelerls mechanism.
The proportional limit of crystals with the tensile
axis orientated in the <110) direcction was found to
be three times higher than that of crystals having
the tensile axis in the <100 direction.  The
subsequent work-herdening rate was a2lso guite different,
but the activation energy for yielding was »nrectically
independent of the crientation. These authors

suggested that the difference in proportionsl limit
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could be a geonetrical effect on the mechanism itself,
and proposed an explanation based on the properties

of the dislocetion networks and dislocation Jjogs in
the b.c.c. lattice. Rose et 2l1l. did not investigate
in detail the effect of temperature and strain rate
on the flow stress, and therefore they could not
reach any conclusion concerning the nature of the

rate controlling mechanism.

1,10. Purpose of the Investigation

After a considerction of the results described
in the last section & series of cxperiments were
designed to study the effect of the orientation cn
the yield and flow sbtress of molybdenum single
crystals. This wcs done with the purpose of in-
vestigating whether the temperature =nd strain rate
dependence of the yield and flow stress could be
explained in terms of an inherent isotropic lattice
friction or not.

The present work can be divided into three

le The preperation of single crystals, the
machining of single crystel specimens and the
auxiliary experinental techniques arc described in
Chapters 2, 3 and 4 respectively.

2« The effect of the orientation on the deformation
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behaviour of the crystals,;as determined by conventional

tensile tests,is described and discussed in Chapter §.
3. The effect of temperature and strain rete on

the flow stress of crystals with two different

crientatlons is studied in Chanter 6. In this

chepter the dilslocation mechenisms controlling

yielding and flow are also discussed,



CHAPTER 2

THE GROWTH OF MOLYBDENUM SINGLE CRYSTALS

2.,1. Introduction

For = long time single crystals of refractory
b.c.c. metals were usually grown by strain annesl
methods or by the application of a high temperature
gradient (Tsien and Chow 19%7, Chen et al. 1951).

The limitations of purity, size and shape which are
inherent in these techniques were not felt until
rather recently when crystals of higher purity and
perfection have been needed for a better understanding
of the mechanical properties of these metals.

The problem of growing large single crystals of
refractory and reactive metals of high purity was
solved with the use of the fldating zone melting
technique, applied for the first time by Keck and
Golay (1953) to grow single crystalé‘of silicon.

The advantage of this method is that the crystal grows
without any contact with a crucible, whilst extra
purification is achieved as a result of zone refining,
and the eveporation of impurities if the process is
carried out in vacuum.

In this chapter the growth of molybdenum single

crystals by the electron beam zone melting technique
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is described after giving a brief account of the growth

and purification processes.

2.2, Crystal Growth

When a molten zone is moved along a polycrystal-
line metallic rod the metal solidifieg behind the
molten zone in the form of a single crystal, if
suitable conditions to avoid the formation of ex-
traneous nuclel ghead of the growing crystal are
maintained. This condition is fulfilled by keeping
the degree of supercooling of the liquid near the
interface to a minimum. To grow a single crystal
it is, therefore, necessary to impose a steep tem-
perature gradient in the liguid metal and a slow rate
of cooling, i.e. a slow speed of the molten zone,

At the same time, if a low dislocation density is
desired, the temperature gradient in the recrystallized
s0lid should be small and the growth should be carried

out in still conditions.

2.%. Zone Refining

The zore refining process tekes place simul-
taneously with crystal growth. If the metal contains
soluble impurities that lower the melting point of the
solvent, the impurities will be rejected from the
freezing solid and will accumulate in the molten zone,

On the contrary, if the soluble impurities raise the
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melting point of the solvent metal, they will accumulate
in the freezing.solid. In the first case, the im-
purities will travel with the molten zone and will Dbe
concentrated at one end of the rod. In the second
case, bthey will accumulate at the other end as a

result of being rejected to the solid. In both cases
a limiting distribution of impurities is reached after
a large number of zone passes in the same direction.
The basic theory of zone refining was developed by
Pfann (1952) and has been thoroughly reviewed by the
~same author (Pfann 1957, 1958). Its aim is to predict
the impurity distribution profile in terms of the rela-
tive zone length, the speed of zoning and the distri-~
bution coefficient, k, which is the ratio of solute
concentration in the freezing solid to that in the
main body of the liquid.

Many of the assumptions that are made in the
theoretical solution of the problem are not met in
practice and it is always difficult to reproduce the
ideal conditions for good zone refining. For instance,
in order to ensure a constant relsastive zone length,
verj good power control, and a rod of uniform cross-
section are needed, The liguid metal should have
uniform composition,and this is not achieved unless
good stirring or convection action is provided and the
zone speed is sufficiently small. Stirring can produce

vibrations which are not particularly good for the
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perfection of the crystals, but, if on the other hand,
a large concentration of solute is built up in the liquid
‘next to the interface a strong constitutional super-
cooling may result and this will have a deleterious
effect on crystal growth. Finally, the condition of
negligible diffusion of solute in The solid phase is
hardly met in the case of carbon in solution in b.c,é.
metals,

In single crystals of some refractory metals
grown by floating-zone-melting a slight preferential
redistribution of impurities has been detected by
resistivity measurements (Buehler and Kunzler 1961,
ernick et al. 1959). Chemical analyses seem to
show that, in the case of molybdenum, carbon tends to
be carried along with the molten zone (Belk 1959,
Belk and Calverdsy 1961), as one would expect from the
phase diagram of the molybdenum-carbon system (North-

cott 1956) if zone refining is really effective.

2,4, Evaporation of the Impurities

The evidence that can be obtained from the
‘existing literature (Buehler 1958, Carlson 1959,
Schadler and Low 1962, Lawley et al. 1962) and specially
from Buehler and Kunzler (1961) and Belk and Calverley
(1961) saows that zone refining plays only a mihor role
in the purification of single crystals of refractory

metals, at least for the speeds of growth (about 2mm/min)



used in common practice. The purification is almost
entirely due to the evaporation of the impurities
when the melting is carried out at pressures of the
order of 10*5 torr or less. This view has been
further confirmed by more recent experiments (Drangel
and Murray 10964, Votava 1964). Thig result is not
surprising, since it is known from the principles and
experience of vacuum melting, that gaseous impurities
and many metalllc elements asre preferentially vola-
tilised (Wulff1957, Winkler 1960, Smith 1958).  De-
oxidaticn also occurs through evaporation of the
metal monoxide (Wulfr 1957, Winkler 1960). Carbon is
evaporated mainly as CO after combining with the
oxygen present in the metal as an impurity (Wulff 1957,
Winkler 1960, Hurwitt and Adams 1963)., It is ex-
pected that carbon will be more effectively removed
if the oxygen content of the metal is high, (Hurwitt
and Adams 1963). This observation is worth bearing
in mind because carbon is always the more difficult

inteirstitial element to eliminate.

2.5. TIlectron Beam Floating Zone Melting

Radiation heating (Emeis 1954) and induction
heating (Buehler and Kunzler 1961, Wernick et al.
1959, Buehler 1958) have been employed in the floating
zone melting technique. However, since Davis,

Calverl: s and Lever (1956) described for the first
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time the use of electron bombardment, much equipment
based on this principle has been built and is now
commercially available.

The principle of the electron bombardment
method is very simple: +the polycrystalline metallic
rod is placed vertically in a vacuum chamber and it
is surrounded by azn incandescent filament. Thé
electrons emitted by the filament are accelerated
towards the rod by applying a high voltzge between
the filament that acts as a cathode and the rod
acting as an anode, The electron beam is focused
in a narrow zone on the rod where melting takes
place. By moving the cathode, the molten zone can
be displaced along the rod.

Although this method, in its simplest form, is
not suitable for melting metals thet have a high
vapour pressure at their melting temperature, 1t has
some clear advantages over induction heating. These
are:- A) easy constructvion,

B) very smell power reguirements,
C) easy power control and the possibility of
obtaining e very narrow molten zone,

Practical details of this method can be found iﬁ
the basic pepers by Calverley et al. (1957) =nd Bir-
beck and Celverky (1959) and in the review article by
Schadler (1963).
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2.,6. Descrintion of the Apparatus Used

Figure 2.1, is a general view of the electron
beam zone melting avparatus in which the molybdenum
single crystals used in the present investigation

have been grown.

2.,6,1, Vacuum Parts

The body of the furnace is a cylindrical chamber
made of nickel plated mild steel, and is pumped through
the bottom by an oil diffusion pump with a capacity
of 300 litres/sec. Between the pump and the furnace
there is a liquid nitrogen trap to reduce back-
streaming of o0il wvapours into the chamber. There is
a thick quartz window shielded by a movable screen
and a silica glass plate easy to remove and clean,

The pressure is measured by an ionization gauge placed
in the side of the chamber. A1l the internal parts
of the furnace are attached to the 1id and can be .
lifted clear of the chamber with a hoist. The elec-

trical power unit can also be seen in Figure 2.1,

2.6.,2., Internal Parts

Figure 2.2. is a view of the internal parts of
the furnace which are numbered and described in the
caption,

The stainless steel liquid nitrogen traep, mounted

on the lid, acts as a very effective getter of vapours
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inside the chamber, and helps to improve the ultimate
vacuum. It also reduces considerably the frequency

of the electrical discharges that normally occur when
there is much volatilization of metal:

The cathode is run at a high negative voltage and
it is mounted on =z lead screw by means of two in-
sulating blocks of '"pyrophilite". The rod and all
the other parts of the furnace are earthed. The
lead screw is driven by a variable speed motor
through a reduction gear giving a cathode travel speed
variable between zero and 30 mm/min. The "electron
gun" is similar to the one developed by Cole et zl,
(1961) and its components are made of molybdenum.

With this type of cathode assembly the filament is
hidden from the molten zone and contamination of the
crystal with mefallic vapours evolved from the fila-
ment is avoided. At the same time;, the filament does
not get coated with metal ejected or evaporated from
the molten zone, and its life is increased. In fect,
one filament lasts enough to give more than 90 passes.
The visibility of the molten zone is also improved.

A schematic diagram of the electron gun is shown in
Figure 2.3.

The electrostatic screen which deflects the
electron beam towards the rod is electrically connected

to and is at the same voltage as the filament, although
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FPigure 2.3, Schematic diagram of the electron-gun
cut away to show interior parts.
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provision has been made to bias it if necessary for
focussing purposes. The filament is a locop of tung-
gten wire of G.5 mm dismeter. The focus of the
electron beam can be adjusted by varying the diameter
of the filament loop.

The impedance of this type of electron gun is
greatver than the impedance of the emitter described
by Ceolverley et al. (1957), and Birbeck and Calverley
(1959), and is very sensitive to the position of the
filament and the diameter of the hole in the top

plete.

2.0e%, High Voltage Power Supply

The high Voltage d.c. supply consists of a 10 kV,,
1 Amp. full wave rectifier. 1t incorporates a trip
circuit to prevent overloading and a power control
circuit, operated by thyratrons, which regulates the
tenperature of the filament and therefore the emission
current. It is necessary to operate the emitter in
the emission limited range to ensure effective regula-
tion. The control circuit is analogous to the one
described by Birbeck and Calverley (1959).

The filament voltage is supplied by a high

voltage insulated transformer rating 20 Amp. at 50 volt,

2.7+ Polyvcrystalline lMaterial

In the furnace described above, single crystals



have been grown from arc~cast molybdenum, hot swaged
to 6 mm diameter rod, and from sintered molybdenum rod
of the same dianmeter.

The arc cast molybdenum was supplied by Mr. dJ.
M. Clyne of the Armaments Research and Development
Establishment, Woolwich. A typical analysis of this
material is given in Table 2.1. In view of the in-
consistencies previously found (Wronski snd Johnson
1962) it should be teken as a very rough approximation,
The large carbon content is due to the addition of
this element for deoxidation during the fabrication
process,

The sintered molybdenum rods were supplied by
Murex Ltd. In Table 2.1. the analysis of this

material is also given,

2.8+ Operating Characteristics znd Growth Conditions

The ultimate pressure attained, when the furnace

is cold is about 4 x 107°

torr and when the trap in-
side the chamber is filled with liquid nitrogen, the
pressure is further reduced to 107° torr.

Lsvable molten zone is established with a voltage
of 6.6 kV and zn emission current of 100 mi.  This
means that to melt the 6 mm diameter molybdenum rod a

power less than 700 watts is needed. This value may

be compared with the figure of 760 watts cuoted by
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TABLE 2,1,
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Analyses of polycrystalline molybdenun, and molybdenum

single crystals.

Element Content in p.p.m. in weight
H 0 N C |Fe |81 Other
Elements

Arc cast molyb- 4 6 12180 1100420
denum. Anelysis
supplied by
-A-\URQDQEC" WOO]_—
wich.
Sintered molyb- 1 10 10140 80
denum. Approxi-
mate analysis
supplied by
Murex Ltd.
Sintered nmolyb- 0.35|2-% 1«10 |6-7{ 60 Not
denum, Analysis detected
supplied by ‘
B.N‘.FIMIR."&. 3
Two pass single KO.0L{<1 |KK102-3| 16 Not
crystals, grown to detected
from sintered 60

molybdenum,
Analysis sup=-

plied by B.N.F.M.R.A,




Belk (1959) for éimilar conditions. This discrepancy
is possibly explained by the fact that the voltage
measured may include the voltage drop developed in
other parts of the circuit. In our case this is only
of the order of 100 volts, but when the impedance of
the emitter used is smaller, the voltage drop will be
mucihr higher. It has been experienced that when the
power exceeds 700 watts the molten zone becomes un-
stable.,

With a view to what has been discussed in section
2.%. n0 sgttempt has been made to obtain purification
by zone refining. It wes felt that it would be more
important to optimize the conditions for effective
evaporation of the impurities and to obtain a uniform
gsolute distribution along the crystal, The maximum
power compatible with the stability conditions was
therefore used in order to maintain a well superheated
molten zone, and the crystals were grown by passing
the zone in opposite directions for an even number of
passes at a speed of 2.5 mm/min, After each pass,
melting was restarted within the single crystal region
away from the last freezing zone,

Violent ouvutgassing and spluttering is observed,
during the first pass, when sintered molybdenum is
melted. This behaviour is not observed if arc cast

molybdenum is used. In neither case was solid state
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Pigure 2.4. Variation of the pressure with
time during the growth of

molybdenum single crystals.
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outgassing necessary.

As soon as melting is started, the pressure in
the furnace begins to decrease and continmues to do
so until it reaches an ultimate value of zbout 2 x 10~/
torr, A typicel variation of the pressure with time
during melting is shown in Figure 2.4, The reason
for this decrease in pressure 1s that the molybdenum
evaporated from the melting rod deposits in the cold
parts of the furnace and this deposit acts as a getter
for gases, mainly hydrogen (Hunt et al. 1960), The
amount of molybdenum lost by evaporation, with the
melting conditions described above, is 8% in weight
per pass.

The crystals grow with random orientation, and if
a specific orientation of the crystal axis is desired
it is necessary to seed them. Any crystal with the
right orientation can be used as a seed, but to grow
the first oriented crystel the device shown in Figure
2.5, was used, A randomly oriented crystal is cut
through 2 plane normal to the desired direction by
the method described in Section 3.3, By screwing
this face flat ageinst the horizontal plane of the
holder, the seeding direction coincides with the
vertical and the axis of the rod. The misorientation
of the axis of the crystals grown by this method is

less than 20.
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2¢9. Perfection and Purity of the Crystals

A molybdenum single crystal grown with two passes
of the molten zone and one grown with six passes are
shown in Figure 2.6, The two pass crystals have a
length of over 20 cm. and a diameter about 5.5 mnm,

The six pass crystals are slightly shorter aﬁd thinner
due to the evaporation of metal,

The structure akd purity of the crystals grown
from sintered molybdenum were found to be very dif-

ferent from those grown from arc cast molybdenum,

2.9.1s Crystals Grown from Sintered lMolybdenum

The X~-ray Laue photographs of these crystals show
always very clear spots, indicating that the mis~
orientation of the subgrains is smaller than 30',

The low angle boundaries and dislocation structure
can be seen in the photographs of Section 4.1l., all
of which are representative of crystals érown from
sintered molybdenum rod, The etching technique used
to reveal the dislocations 1is discussed in Section
4.1. The true dislocation density of the as grown
crystals is difficult to estimate, because of the
peculiar orientation effect which is also described
in Section 4.1, The etch pit density of the as grown
crystals varies from 107 pits/cm2 on {lOQ} planes %o
108 pits/cm2 on planes that make an angle of 30° with
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{100},  The substructure end density of etch pits,
as 1t appears on {115} planes, compares favourably
with that of other refractory metallic single crystals
grown by the same technique (Schadler and Low 1962).
The different mechanisms of dislocetion nucleation
during crystal growth haove been summarily reviewed by
Tiller (1963). In view of the conditions in which
the present crystels hove been grown, it is believed
that the major part of the dislocations have been
introduced by thermsl end mechanicel strescses.
Thermal stresses are expected to be important because
the focus of the electron beam on the surface of the
rod is not very uniform, and therefore the shape of
the solid ligquid interface can be very irregular.
The mechanical stresses are produced by the vibrations
of the system.

Chemical analyses of the crystals grown wifh'two
passes of the molten zone, have been made by B.N,F.M.R.A.
and the results are listed in Table 2.1. Accurate de-
termination of the impurities by ordinary analytical
methods is very difficult, for it is not unusuel that
in the single crystaels grown by floating zone melting
the impurity content is below the limit of defection.

To obtain an idea of the impurity distribution
along the crystal, microherdness and Vickers hardness

measurements were made on {100} faces of slicdes cutb
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from different parts of two molybdenum
single crystals grown from sintered rod.



from different parts of a two pass crystal. The
results of these measurenents are shown in Figure 2.7.
To check the results of the hardness measurenents, the
proportional limit of compression specimens machined
from different parts of two crystsls weas also measured,
The specimens were machined os described in Chapter 3,
and with the compression sxis in the {110} direction.
The values of the proportionsl linits are plotted in
Figure 2.8.

From these results, it can be concluded that the
distribution of interstitial impurities more likely
to influence the mechanical properties of the single
crystals is uniform enough to make any two 8pecimens
cut from different parts of the rod mechaniceally
indistinguishable. It also became evident, from the
results obtained in the course of the present investi-
gation, that all the crystals grown in similar condi-
tions have the ssme mechanical properties.

Although single crystals with four and six passes
of the molten zone have also been grown by the same
method, an assessment of their impurity content and
distribution has not been made, because they were not

used in the present investigation.

2+9.2. Crystals Grown from Arc-Cast Ilolybdenum

The X-ray Laue photogrsrhs of these crystals



show very ofteg double and triple spots which indicate
the presence of sub-grains with misorientations be-
tween 1° and 20.‘ The mean eteh pit density of the
crystals grown from arc-cast molybdenum is not sub-
stantialiy different from that of crystals grown from

sintered molybdenun, There is, nevertheless, a greab

difference in the dislocation arrangement. Figure 2.9.

shows the etch pit pattern on a {115} plane of a
crystal grown fromlarcwcast molybdenum. Clouds of
dislocation etch pits surround what are believed to be
precipitete particles of MOEC (Lewley and Caigher,

- 1963). This seems to be a typical example of dis-
“location nucleation by differential thermal stresses
around inclusions, pfoduced during cooling. It can
also be seen in Figure 2.9. that the precipitates tend
to segregate to the sub-boundaries.

Chemical amalyses of these crystals have not been
made., There is, hewever, strong cvidence to believe
that their carbon content is greater than that of the
crystals grown from sintered molybdenum; first, be-
cause of the greater amount of carbon in the starting
material, and secondly, because of the presence of the
large precipitates;

The proportional limit of compression specimens
oriented in the 110> direction ond machined from

different parts of a two pass crystal has been
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measured. The results, shown in Figure 2.1l0., suggest
a very inhomogeneous distribution of impurities.
Specimens from different parts of the crystal show not
only different proportional limits, but also guite
different stress-strain curves. The softer specimens
yield smoothly, the harder ones show a pre~yield region
followed by a yield point. This non-uniform dis-~
tribution of impurities is not believed to be the
result of zone refining, but rather to be the effect

of an inhomogeneous distribution in the starting

material.

60



CHAPTER 3

PREPARATION OF THE SPECIMENS

%.1e Introduction

The methods usually employed to prepare strain-
free specimens of single crystels fall in two main
categoriesy
‘a) Machining that does not introduce any deformation,
such as chemical attack and electro-machining (Farmer
and Glaysher 1953, Avery et al. 1958, Young and Wilson
1961, Titchener and Davies 1963).

b) Machining that produces a thin deformed layer whichl
has to be subsequently removed by chemical or electro-
lytic polishing (Cole et al. 1961).

The choice of the method of preparation for any parti-
cular case has to be, gquite often, a compromise between
perfection and practicability. If a specimen is
desired that does not contain any "fresh" dislocabions
it would be advisable to use chemical or electrolytic
machining., Spark erosion, as well as careful mechani-
cal machining are possible methods if the main concern
is only the absence of asterism in the X-ray Lauve back-
reflection photographs.

It is possible, sometimes, to estimate the depth

of the cold worked layer by more sensitive methods than
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the X-ray Laue technique, as for instance by disloca~
tion etch pitting, but it would be unrealistic to
think that a specimen without any fresh dislocations
can be prepared by spark erosion or mechanical machi-
ning., It is possible to reduce the free, and even
total, dislocation density after machining by an
adequate annealing of the specimen. In this case,
precautions should be taken to make sure that the
final purity of the crystal is not endangered.

Single erystalline specimens of b.c.c. metals
have been prepared sometimes by electro-machining
(Schadler and Low 1962, Lawley et al. 1962), as well
as spark erosion (Mitchell et al. 1963), and center-
less grinding (Ferris et al. 1962, Koo 1963).
Electro-machining and sperk erosion are relatively
slow methods, and they are only practical when the
specimens can be machined from single crystalline
rods of small and very uniform diameter. The moly-
bdenum single crystals that have been obtalned by
the method déscribed in Chapter 2 have a rather
large diameter, and as a result of having been grown
in superheated conditions their shape is in many

cases not very uniform. To machine specimens out of

these crystals 1t is necessary to remove a considerable
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amount of material, and consequently a method relatively

fast and reliable had to be developed.
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3.2. Machining of Tensile Specimens

The tensile specimens were machined by surface
grinding. A few preliminsry experiments were neces-
sary to investigate the amount of deformation intro-
duced by this method and to establish the most
convenient machining conditlons.

The oriented single crystalline rods are cutb
with a carborundum slitting wheel into 21 mm. lengths.
These pileces are held in a steel tray, encased in
Wood's alloy, and they are machined into slabs about
2.5 mm, thick by surface grinding. 4 self cleaning
alumina grinding wheel is used for this operation.
The slabs thus obtalned are clamped in a specilal de-
vice, shown in Figure 3.l. in batches of six, and the
specimens are finally shaped by grinding across the
length of the slabs. A harder alumina wheel is used
for this final operation and during the last cuts a
small fillet radius is introduced in the shoulder of
the specinen, Throughout the grinding process only
cuts 0.0012 mm. deep are used, but in the final stages
the cutting rate is reduced to one cut for every four
passes of the wheel,

The specimens thus obtained have rectangular
cross section of dimensions 2.55 x 2,7 mm., a total
length of 21 mm. and 2 gauge length of 12.5 mm. A

typical specimen, after it has been electropolished,
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is shown in Figure 3,2., together with a longer ten-
sile specimen, machined by the same procedure, and a
compression specimen,

The flat faces of these specimens are highly
suitable for slip line znd etch pit observations, as
they can be made to coincide with specific crystallo-
graphic planes,

The deformed layer introduced during the machining
is subseguently removed by elcectropolishing the speci-
men in concentrated H2804. The depth of this deformed
layer was estimated by X+ray Laue back-reflection
photographs and by observing the dislocation etch pit
density at different depths below the machined surface.

An X-ray Laue picture of the machined surface
shows a faint Debye ring on a background of clear spots
which exhibit slight asterism (Figure 3.3.), but after
removing a layer 0,040 mm, thick, the asterism and ring
have disappeasred and the picture is typical of a
crystal in the as grown condition,

The sequence of photographs of Figure 3.4. show
the dislocation etch pit structure at differcnt depths
below the machined surface, The density of pits de-
creases with increase in depth and after a layer 0.120
mm. thick has been removed from the machined surface,
it reaches an almost constant value. It zppears from

this result that the thickness of the deformed layer
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is not less than 0,100 mm. and therefore much greater
than revealed by the X-ray Laue photographs.

The effect of the cold worked lsyer on the
mechanical properties of the crystals was investi-
gated by testing, in the same conditions, specimens
that were polished different amounts. The results
of these tests, shown in Figure %.5., indicate that
the specimens retaining the larger amount of deforma-
tion have a greater work-hardening capacity. However,
all ﬁhe specimens tested exhibited the same propor-

tional limit,.

3.3, Machining of Compression Specimens

Prismatic compression specimens with the com-
pression axis orientéd in any desired crystallographic
direction were machined by slitting the single crystal-
line rods with a carborundum disc turning =t high speed.

The rod is clamped in a two stage goniometer
(Figure 3.6.) designed to fit in both the X-ray bench
and the magnetic table of the slitting machine. The
crystal is conveniently oriented to be cut into slices
with faées perpendicular to the direction chosen as
the compression zxis. These slices, that have ad-
curate parallel faces, are held in the jig shown in
Figure 3.7., and finally cut into prisms. The dimen-

sions of the specimens, before electropolishing, are
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2.55 x 3.00 x 3.00 mm. azpproximately. The compression
axis is parallel to the larger dimension,

The deformed layer introduced during cutting is
subsequently removed by electrolytic polishing in
concentrated H2
After the specimens have been electropolished,

504.

its faces do not remain perfectly flat. The com-
.pression faces have been finally flatened by polishing
with grade 500 silicon carbide paper. This operation
introduces a cold-worked layer of 0,020 mm. that does
not affect the mechanical characteristics of the
crystal. This cold worked layer can also be removed
with a very light electropolish,

The variation of the etch pit density with
depth below thé cold-worked surface was investigated
in a specimen that had been annealed in vacuum at
1600°C for one hour. A slight recrystallization took
place at the surface of the specimen, but at a depth
of 0.025 mm., no recrystallization was observed and
below 0,150 mm, the etch pit pattern and density was
found to be alre=dy similar to thet of an unstrained
crystal. The asterism of the Laue spots disappeared
completely after a layer of 0,040 mm. was removed
from the machined surfsace.

The effect of the deformed layer on the mechani-

cal properties of the compression specimena is shown
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in Figure 3.8, The results obtained in this case

are rather similar to those obtained with the ten-
sile specimens. The cold worked layer does not

seem to affect the proportional limit of the crystals,
but it increases their work-hardening capacity,.

It appears that the criterion of the sbsence of
asterisms in the Leue photographs is equivalent to
the absence of surface damage that affects the work-~
hardening characteristics of the crystals, but both
criteria seem to underestimate the thickness of the
deformed layer introduced by careful mechanical

machining,
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EAPIRIMENTAT TECHNINSULS

4,1, Dislocation Itch Pits ir Molybdenum

4,1,1. Etching Reagents

Although severzl reagents to etch nolybdenum were
kxnown when this investigation was started;(ifetals
Jandbook 4A.S5.IM. 1948) it appears thet only Aust and
Maddin (1956) had previously used some of them to
reveal dislocationsub-boundaries in molybdenum.
Following their work a series of tests were carried
out to try to establish a simple and reliable dis-
location etching procedure for nolybdenum. Godd
etching characteristics were cobtained with the follow-
ing etchants.

a) Chemical etching in & 1:1 agueous solution of HNOB.

) Chemical etching in a solution of 10 gns. KBFG(CN>6’

10 gms. KOH, or NaOH, and 100 mi. Hgo.

¢) TElectro-etching in a 0.6025 M solution of (COOH)2

with a volbtage of 2V. and current density of 2 mA/cm2.
he concentraztions of the etchants were chosen

so as to give a conveniently slow rate of attack and

etching times easy to control.  The four etchants re-

veal fresh dislocations without any previous decoration,



. - A g B B
. 45, te . ¢
Y . -.., . . . :... . o ® .
. v o, . oot i‘f ® .
he L PO M :
- ‘-- . t.:..‘ . ./. :; «® e :.
' . - -~ . . " ..- \
. .- e‘ﬂ;‘ ... * % >‘~. s . . !
. .« 4. . LI ...‘-'1‘. ) .
/" * o. y -? f'.. handad 4
- :. . t . e . s M ‘e
, [ . . .. K
. " e . . . . -
. ® . . P e . . . . «
. ‘.. . . L L
‘ e ° . * Y . ¢ . * . .
* M TN ¢ £t . . e
. - - .. . .'l.b .0 . *
: "t s .
i LY S WA . . ] N
e o * ' M “ ° . * . " Ee .
. L. . . . . ...." . . ."..'.ﬁhuul’“. we g
Lo e T et e
(a)
—— _ e — _ . - ~ -
o o 4 ' !.: .
se *. o S o © . 4 & 0
» P . ® - « *®  w° c
e0 g +0® 0, . ..O.. 0.';. s e °°
..:": ". AT o, . . o *® '0..;. ‘e o °
. .. o ‘.'.' .‘ P L4 :Q .' ) .:. - 13
.. » .0
.. .o . .\. ."\i. . < -
1y oo P e . M gkg ' Py 1
) M. te LR Sopd, t
. . : . . o3 .&"ﬁ - L4
ﬂ .“: | I _....‘ ol . ..-.-..Q e .:;m’
R . ‘e o * . . \ [ Y . ® Ly ]
¢ o, . °e »* .’ t . ®°
Y ° [ I ) d . o [
. . . ‘. ... ‘o e oo LI e ©
L ) - U B . & ©
» L I ] ® . e %, . o, ..C oe®
..‘..:.- o (1] '.. ... - o - ® e . ©o
¢ : ‘0.'. . "‘ ..;. hd M ® cevo
. %0 o e o . :. . % .
e g . . ® . ¢ .
. LY 1 e @ .‘ e ® . b } «  on
[ ] ° & Y e b * .o - Mr
.‘ ‘. * q . S a® f . ‘e
" _** o % * . . 5‘ v - o ® o

Figure 4.1, Dislocation etch pits on a {lOO} plane
after etching times of (a) 20 seconds and (b) 40

seconds. Etchant c¢) x 256.
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Figure 4.2, Dislocation etch pits on a {113} plane
after etching times of (a) 20 seconds and (b) 75

seconds. Etchant ¢) x 500.
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and they appear to be active on the szme crystallo-

graphic planes,ss they produce pits of similar shape.

)
The rate of attack of etchant a) was found to be very
sensitive to The tempersture of the solution/and the

best results were cobtained with the lost three which

have exactly the same characteristics and hzve 211

been used in the etch »it studies described in this

thegis,

4,1,2. Etching Characteristics

The etch pits produced on {100% planes appear
almost conical,but they have really degenerated from
pyreanidal pits of o square base. As the plane of
obsexrvation deviates from {;OO} the pits become more
glongated, Mgure 4il. and Figure 442. show the
dislocation etch pits on {lOQ} and {113} planes re-
spectively. It corn be observed that the size of the
pits increases with the etching tine, whilst their
dengity remains alwost constant. The pits have a more

regular size on {115} plancs than on {lOQ} planes.

The shape and orientatior of the pits suggests
that their fzces are made of {110} planes, Simiiar
etch pits are also produced ir tungsten by the etching
solution b) and detsiled studies of their geometry
have been made by Schadler (1962),and Berlec (1962).

Etch pits revesling the fresh dislocations produced
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Figure 4.%. Dtch pits revealing the fresh dislocetions
produced by a microhardmess indentetion on a {}OO}

plane. Etchent ¢) x 200,

Figure 4.4, Ebtch pits revealing the fresh dislocations
I ()
produced by a microhardness indentation on a {115}

plane, Etchact ¢) x 200.
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by a microhardness indentation on a {10Q§ and on a
{115} plane are showr in Figures 4.3 and 4.4, It
was observed that when a scrabtch or indentation is
made on a {lOO} plane, which had been previously
etched, a subseguent etching does not reveal the
fresh dislocations introduced by the deformation.

It seems, therefore, that the surface beconmes passi-
vated as a result of etching. However, when the same
experiment is repeated on a {}15} plane, the fresh
dislocations are revezsled as small etech pits, super-
inposed on the background of the larger pits corres—

ponding to the original dislocations.

4,1,%3, Variation of the Etch Pit Density with the

Plane of Observation

A very peculiar characteristic of all the etchants
investigated is that the density of the etch pits
formed on a certain plane increases with the angle
that this plane mekes with §1ooy on which the density
is a minimun. In order to illustrete this effect,

a series of photographs were teken of an etched
cylindrical specimen with its axis in the {110) direc-
tion. The variation of the etch pit density with the
observation plane is shown in Figures 4.5. and 4.6,
The pits could not be revealed on {112} planes; not

even after having reduced the dislocation density by
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No., of Pits en™? Degrees

Figure 4.5. Variation of the etch pit density with

the plane of observation.  Ztchant ¢) x 80.



FPigure 4.6. The {113} region of Figure 4.5 at a
highexr magnification. x 200

\%

Figure 4.7. Orientation of the planes on which the
‘ etch pits can be formed.
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a prolonged annealing of the crystal near the melting
temperature. The region of the unit stereographic
triangle containing the poles of the planes that can
be effectively etched is shoun in Figure 4.7. This
effect cannot be the result of a preferential dis-
location arrangement ir the crystal, because it is a
characteristic of all the planes of the same form and
not of & particular set of planes.

In view of this result, it would be pointless to
try to establish a one to one correspondence betwesn
etch pits and dislocations. It is surprising that
Aust and Maddin (1956), and Duan et al. (1963) claim
to 'have verified such a correspondence, using etchant
cle

No further investigation was conducted to elu-~-
cidate either the effect of the orientation of the
observation plane on the etch pit density or the
apparent passivation of the {100} planes.

The limitations of the etching procedure for
guantitative studies are obvious, and a conclusion
of practical importance is thalt planes other than

{100} are the most convenient for etch pit observations.

4,2. Testing Technicues and Egulpnent

4,2.,1. Single Crystal Specimens

All the experiments described in this thesis were
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conducted with "o pass' crystals grown by the
technigue described in Chapter 2, where details of
their purity and structure are given.

The preparation of the tensile and compression
specimens is described in Chepter 3. After machining,
& layer between 0,001 and 0,015 mm, thick was removed
from the machined surface by electropolishing, The
final dimensions of the specimens are approximately'
as follows:

Compresgion gspecimens:

Crogs section: 2.8 x 2.8 mmg;

Gauge length: 3.5 Im.

Tensile specimens:

Cross section: 2.1 x 2.3 mm2.

Gauge length: 12:7 nme
Fillet radius of the shoulder: 0.5 mm,
A few tensile specimens of the same cross section

and gauge length of 18.0 mm,., were occasionally used.

4,2.2., Testing Machine and Accesories

The tests were conducted in an Instron machine
Model TT-CM, and 500 as well as 5000 kg. capacity load
cells were used. With this machine, discretely
variable cross-head speeds between 0.005 and 50 cm/min
can be obtained. The automatic load recorder has a‘

% second full scale response.
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For tests at other than roon temperature a frame
nade of nickel plated mild steel, mounted on the
bottor of the mobile cross head, was used. This
freme cen be immersed in 2 liquid during the test.
Tts lower part is shown in Pigure 4.8. holding the
jig that was used for the compression btests. The
compression plates, mede of hardened steel, viere
ground and lapped.

Special grips were designed to fit the tensile
specimens used,

The compliance of the system composed of testing
machine, load cell, universal coupling and grip ad-

nd

)

apters is 0.0011 mm/kg at a load of 50 kg,
0.00075 mn/kg at a load of 500 kg. When the frame
for low and high tenperature tests is incorporated in
the system, the compliance is 0.001% mm/kg at a load
of 50 kg, and 0.0008 mm/kg at a load of 500 kg.

4,2.5, HMethods of Obtazining Test Temperztures

The different testing temperabtures were obtained
by immersing the frame and the specimen in liquid
baths contained in & Dewsr flask. For the tempera-

tures below 20°C the following coolants were used:

~20°C - Iixture of ice and KaCl

-20°¢
-78°¢

Boiling liquid CCl,F, (Isceon 12)

Sublimation of solid CO, in acetone, or
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CCL,F (Isceon 11) cooled with liquid N,.
2

-120°C - Isceon 12 cooled with liguid Ii,

~196°C - Boiling liguid N.

These temperatures were meintained constant within
* 1% during the test.

Temperatures above 20°C were obtained by heating
a silicor2 0il bath with an electric resistence placed
in the bottom of the Dewar flask, The temperzture
was stabilised within ¥ 0.5°C by =djusting the
heating voltage with a variable transforner.

The temperatures were measured with pentane and
mercury inmersion thermometers placed close to the

specimen,
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CHAPTER 5

THE EFFECT CF ORIENTATION ON THE YIELDING

AND FLOW OF MOLYBDENUM SINGLE CRYSTALS

5.1. Introduction

When the present investigetion was started, no
information was available on the effect of orientation
on the deformation characteristics of molybdenum single
crystals. Therefore some preliminary btests were con-
ducted with compression specimens in order to establish
which orientations are the most significant To examine
for providing & full picture of the deformation
properties of the single crystals. As a result of
these tests, it was decided to investigate the
mechanical properties of the crystzls with their
deformation axis in the <110),{100), =and {111) direc-
tions, and alsc in a direction lying near the centre
of the unit stereogrenhic triangle.

The results of these investigations are described

and discussed in the followling sections,

5,2, Deformabion ixis in the [011] Direction

Typical stress-sbtrain curves of crystals deformed
under a stress applied in the [Oll] direction at

various temperatures and cross-head speeds are shown
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in Figures 5.1, and 5.2. The values of the proportion-
al limits and yield stresses are sumnmarised in Table
5.1. The proportional limit is defined as the value

of the stress at which the first departure from
linearity is observed in the load-elongation curve.

When a yield dron ig present, the lower yield stress

[0}

is - used as the yileld stress, and in the absence of a
vield drop the extrapolsted value of the flow stress
on to the elastic slope of the stress-strain curve is
takern,

A pre-yield region followed by a smooth yield
drop is observed in the crystals defcrmed at and below
room temperature. The subseguent work-hardening rate
is rather low and =zlnmost insensitive to tenperature.
However, at 3530K the yield drop disappears and as the
temperature is further increased the crystal can
experience a large uniform elongation.

Unless otherwise stated, the curves of Figures
5.1. and 5,2. are plotted up to the onset of necking.
The necking is always very localised and fracture
occurs after 100% of reduction in area, giving rise
to a perfect type of 'chisel' fracture clearly visible
in Figure 5.3. vwhere it csn slso be observed that the
reduction in area hes taken place only in one direction.

At 770K sone specimens fractured prematurely by

cleavage at the shouldep,and in one case. the fracture



TABLE 5.1,

91

Proportional limit and yield stress of single crystals

with the deformation axis in the fOli] direction.

Tes ts

Tensile

Temperature‘ Cross-head | Proportional Yield
speed limit stress
°x cm/min kg/mm2 kg/mm2
0.005 1.1 2.5
. 413 0.100 1.5 4,0
0.500 2.5 6.0
0.005 4.1 6.0
35% 0.100 10.0
0.500 8.9 10.8
0.005 [11.2 ¥ 0,7(13.,9 % 0.2
0.010 11.5
203 0.100 13,4 (17.2 £ 0,5
0.500 16.6  {19.6 £ 0,7
1.000 15.0 18.5
B 0.005 16.6 21.2
ou%
0.100 20,0 25.0
0.005 | 21.5 28.%
195 0.100 | 31.2 = 0.2
0.500 26.6 33.5
0. 005 7.2 50.1
77
0,100 | 51.0 52.6




TABLE 5.1. Continued.

Temperature |Cross-head] Proportional| Yield
speed limit stress
°x cm/min kg/mm2 kg/mm2
0.005 10.7 £ 0.3
. 0.010 10.7 £ 0.3
+ +
@ 0.020 |12.7 ¥ 0.2
B ‘ .
@]
g 0.100 |14.2 % 0.2~
Q
a 0.200 15.0
= -
8 O.5OO 16-7 - 007

§2






was accompanied by twinning.

The results of a few compression tests, carried
out at room temperature, are also included in Table
5.1, The corrssponding stress-strain curves are
shown in dotted lines in Figure 5.1. It is not
surprising that these curves do not show any yield
drop, since yield drops are difficult to obtain in
compression tests, and even nore in the present case
where no extra care was taken to ensure perfect
axial loading. Furthermore, rather short compression
specimens were used for these tests, end the effect
of friction between the specimen and compression
plates should be rzther important. This is possibly
the reason why the flow stress in compression is so
nuch higher than the corresponding flow stress in
a tensile test performed at a similar strain rate,

The conpression experiments show more clearly the
unidirectional deformation of the crystals which has
already been pointed out when describing the necking
of the tensile specimens, . Two deformed conpression
specimens are shown in Figure 5.3, It can be ob-~
served that only one of the dimensions of theilr cross
section has increascd. This effect results from the
fact that when a stress is applied in the [Oll] direc-
tion there are only two active slip directions, which

at the same tinc are coplanar with the deformation
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axis. This situation is illustrated in Figure 5.4,
When the [iOO] direction is a diagonal of the cross
section a deformed compression specimen assumes a
rhonbohedral shape, as shown in Figure 5,3.

The values of the Schmid factor (i.e. ratio
between resolved shear stress and applied tensile
or compressive stress) for the possible slip systems
involving {llQ} and {112} type planes when the de-
formation axis is in the [Oll} direction are given
in Table 5.2.

TABLZ 5.2,

Schnid factors for different slip systems when the

deformation axis is in the [011] direction.

S1lip Direction Slip Plane Schmid Factor

(211) Q. 4714
(101) - 0.408

[T11] (110) 0.408
(112) 0.236
(121) 0.236
(G11) | 0.4714
(110) 0.408

[111] (To1) 0.408
(112) 0.2%6
(121) | 0.236







From the distortion of the compression specimens
and from the chisel asvect of the fracture of the
tensile specimens it could be inferred that slip
takes place gymnetricslly with respect to the two-fold
(011 syrmetry axis. On the other hand, X-rzy Laue
back=reflection photographs of specimens deformed at
verious temperaturas showed no rotation of the de-
fornation axis and this result confirms that, in fact,
symmetrical operative slip sysbems are equally strained
throughout the deformation at 211 the temperatures

investigated,

5,2, s Slip Line Observations

The slip lines are usually very difficult to
resolve with the opbtical microscope after deformations
smaller than 6% tensile strain. In the specimens
strained at and below room temperature the slip lines
are only clearly defined in the region of the neck,
The aspect of the slip lines when viewed on a surface
near the (lOO) plane, after heavy deformction, is
very wavy (Figure 5.5. and 5.6.) but they are straight
and long on planes nearly perallel to the slip direc—
tions (Figure 5.7. and 5.8.). Sinilar observations
were reported much earlier by Vogel and Brick (1953)
in iron and by Meddin and Chen (1954) in nolybdenum.

The unambiguous identification of the slip planes
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by means of the slip traces observed on surfaces nearly
parallel to the slip directions is very difficult.

For this reason, cleasr evidence of slip in X}lo} type
planes couvld not be obtained, and only in one case
could the slip limes be identified with the traces of
(211) snd (211) planes. These traces are shown in
Figure 5.7. The observation was made on a (255)
plane of a tensile specimen strained 7% at room tem-
perature. On the (511) face of the same specimen

the slip lines in reglons away from The neck appear

as shown in Figure 5.09. These lines which are traces
of (112) and (12I) planes were also observed in many

of the specinens deformed at different temperatures.

5.2.2. Dislocation Etch Pit Observations

Several specimens were etched after being
strained different amounts in order to observe the
development of the etch pit pattern in the e&arly
stages of the deformation. Although a general in-
crease in the number of dislocation etch pits was
always observed, the arrangement of the pits did not
conform to any significant pattern. The variation
of the etch pit density with the shear stress in
specilmens deforned at two different temperatures is
shown in Figure 5.10. A significant incresse in the

number of etch pits is observed in the region of the

§9
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proportional limit, The homogeneous distribution
of the pits after different amounts of strsin is
shown in Figure 5.11.

The generzl features of the etch pit pattern
and the failure to observe dislocation arrsys are in
good agreement with the wavy aspect of the slip lines
that appear on the szme surfaces after heavier de-
formations. These results give support to the idea
that the waviness of the glip lines is the result of
profuse cross-slip or 'composite slip' (Maddin and
Chen 1954). This is consistent with the fact that
the dislocations intersecting the faces where these
lines are observed have a predominantly screw con-
ponent, and that in the present case the conditions
for cross-slip of the screw dislocations between
(101) and (110) planes, and (I10) and (I01) planes
are optimum.

The dislocations that intersect the surfaces
where the slip lines are straight have a predominant
edze component and well defined arreys of disloca-
tions are more likely to exist there. Unfortunately
they cannot be revealed with the etchant that has

been used because it is only effective on planes near

{100}.



0% strain

0.08% strain

&?w;o§25% strain

Figure 5.11. Dislocation etch pits or a plane near

(100) after different amounts of strain.

axis in the [116] direction. x 200.
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5.2.%. Asterism of the Laue Spots

The asterism of the Laue spots usually observed
in the X-ray back~reflection photographs of deformed
crystals is believed to be produced by the rotation
of the slip planes around an sxis which is perpendiculsar
to both the slip direction and the pole of the slip
plane (Chen and Maddin 1951). From =z stereographic
plot of this asterism it is possible, in some cases,
to determine the operative slip plane, (Chen and
Maddin 1951, Maddin and Chen 1953) and this method
has been used in the present investigation.

Figure 5.12. shows the asterism of a specimen
deformed in tension at 413°K. The stereographic plot
of Figure 5.14. indicates that slip has taken place
in (211) planes and, by symmetry, also in (211)
planes. The same planes were found to be active
in specimens deformed in compression at room tempera-
ture.

The determination of the axis of rotation of the
crystallographic plenes in the case of specimens de-
formed at 770K was not so simple. wWhen the asterism
of the Laue spots (Figure 5.13.) was plotted stereo~-
graphically a unique axis of rotation wass not found.
The plot of Figure 5.14. shows that this result can
be explained by simultaneous slip on (211), (110) and
(101) planes.






165

AXIS OF ROTATION (FiG5.13)

AXIS OF ROTATION (F1G5.13)

AXIS OF ROTATION (F1G5.12)

f7

Pigure 5.14. Stereographic fepresentation of the
asterism of Pigures 5.12 and 5.13.
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5.2.4, Twinning and Cleavage Fracture

Twinning and simultaneous cleavage fracture
occurred near the shoulder of one specimen tested at
77°K. The photogrsphs of Figures 5.15. (a, b and c¢)
show some of the twin btraces on a (311) plane. The
twinning planes responsible for these traces are
(113) and (121) which, together with the directions
[llif and [ili] respectively, correspend to the twin
systems 7 and 11 in the notation of Schmid and Boas
(1950). Slip lines following the traces of (12I)
planes can 2lso be observed in Figure 5.15(a), and this
indicates that slip occurred prior to twinning.

Prom the aspect of the twins near the fractured
surface, and from the »resence of a great number of
cracks crossing the twins, it can be concluded that
twinning occurred prior to fracture, and there is
good reason to believe that fracture was nucleated
by twinning itself.

The type of crack nucleating Swins commonly ob-
served to cause cleavage fracture in b.c.c. metals are
those that intersect slong a €110) direction (Honda
1961), Some authors (Hull 1960, Sleeswyk 1962) find
it more convenient to express the saeme condition by
sayving that these types of twin interseet on {lOQ}
plones, if they have finite thickness and meet at

their tips. The explanetions that sre given to this
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experimental fact are based on the idea ti:at cleavage
in b.c.c. metals is only possible on {100} planes.

From this it follows, irrespective of the crack

to crecate micro~cracks leading to brittle fracture by
twin inbersection under = tensile stress in the <110}
direction (Sleceswyk 1962). However the present case
.constitutes an interesting excerntion.

1f the twins observed in this case have a finite
thickness and meebt at their tips, they intersect on a
(011) plane. It can be observed in Figure 5.15(Db)
that the twins here involved are of 'non—prossing‘
type, i.e. they are arrested when they méét another
twin., Therefore the formatbtion of a crack in the
plane of intersection of the twins can be considered
in terms of the strain concentration at the tip of
the stopped twin (Honda 1961, Hull 1961). This
mechanism is regarded as more plausible than the forma-
tion of 2 sheet of holes in the (110) plane as a
result of the dislocation reaction &/6 [111] + a/6
[171]— a/3 [100] proposea by Bull (1960). Tor is
the emissary dislocation reaction g-’ [111] + %’ [ill]‘*'
@ [011] energetically favourable (Sleesuyk 1962).
The idea of a cleavage crack on the (011l) plane open-
ing under the action of the applied stress, normal to

that plane, is consistert with the appearence of the



109

fracture. In fact, cracks on (011) planes are
clearly visible in Figures 5.15 (a2) and 5.15 (b),
although the fracture deviated subsecuently towards
the (001) and (010) planes which formed the major
part of the fractured surface.

Cleavage in {110} type vlanes has been reported
in the past in silicon iron (Honda, 1961), tantalum
(Barrett and Bakish, 1958).and niobium (Churchman
1960); and more evidence of this iype of cleavage
has been found in other specimens during the present

investigation.

5.%, Deformation Axis in the (001} Direction

Typical stress-strain curves of crystals deformed
in the {boﬂ direction at various temperatures and
cross~head speeds are shown in Figures 5.16, and 5.17.
The crystals tested in this orientation yield smoothly
at relatively low stresses and show a large initial
work-hardening rate. As a result of this, it was
difficult in some cases to detect accurately the devi-
ation from the elastic region in the load-elongation
curve, and therefore a large relative error may be
involved in the determination of the proportional
limit. Values of the proportional limits of crystals
tested under different conditions are given in

Table 5.3.
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TABLE 5.5,

Proportional limit of single crystals with the

tensile axis in the [001] direction,

Temperature Cross-head speed Proportional limit
°g cm/min kg/mmg
0.005
413 2.6
0.500 ,
0.005 3.4
353
i 0.500 3.0
1 —
O-OO5 504‘
293 0.100 3.9
0.500 4,2 - 5,1
0.005
195
0.500 11.0
0,005 15.0
77
] 0.500 ' 17.4




The curves of Figures 5.16 and 5.17 show that
the work-hardening rate increases with increcasing
strain-rate and decreasing temperature, in all the

range of temperatures investigated. The crystals

tested at a slow cross-head speed, at,5550K, and those

tested at 415°K exhibited a peculiar behaviocur.
After the onset of plastic instablility and localised
necking, the specimen continued deforming uniformly
and experienced a large elongation. The crystals
fractured ultimetely by shear with practically a
100% reduction in area.

The crystals tested at and below room tempera-
ture fractured by clesvage after a considerable re-
duction in area which was szbout 50% at 2930K and
decreased with temperature. Twinning occurred in
some of the specimens deformsd atb 77OK. Other
specimens tested at the same temperature fractured
prematurely at the shoulder,

Typical stress-strain curves of crystals de-
formed in compression arc shown in Figure 5,18,
The large stresses at which th~se crystals deformed
cannot be explained entirely in terms of the strain

rate dependence of the stress. They are possibly

due to friction occurring between the specimen and the

compreéession plates, o peculiar distortion of the

specimens was observed in this case, and this is in

113
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agreement with the symmetrical character of the slip

elements with respect to the compression axis.

5.%5.1., BSlip Systems

The possible slip systems involving {llq} and
@12} type planes together with the corresponding
Schnid factors are given in Table 5.4,

X-ray Laue back-reflection photographs of the
deformed speciﬁens have shown that the symmetry of the
deformation axis is maintained up to the onset of
necking and this indicates that symmetrical and
equivalent slip systems are equally strained through-
out the deformation.

The orientation of the tensile axis of the speci-
mens that were deformed above room temperature, and
which experienced a large elongation becomes unstable
at the first onset of necking, because at that moment
the crystals start deforming by single slip in the
(I12) [111] system. This type of deformation is
initiated in the region of the neck and gradually
propagates along the whole gauge length of the speci-
men. The operative slip system was determined by
the rotation of the tensile axis and the orientation

of the slip lines.



Schmid factors for different slip systems when the

TABLE 5.4,

deformation axis is in the [001] direction.

i
1
i

]
i

- (1ol i 0.408

| (oT1) § 0.408

111] (113) . 0.4714
(311) . 0.2%

a (121) % 0,236

- ; S |

? (0I1) % 0.408
o) | 0.408

[113) LI - 0.4714
§ (121) % 0.236

‘ (211) Z 0.236

(011) } 0.408
(10I) % 0.408

[11) (T12) % 0.4714
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é £011) 0.408
. (ov) : 0.408

(117] o Qi2) L o.smn
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5¢3,2., Slip Line Observations

In the specimens deformed below room tempera-
ture the slip lines are only clearly visible in the
proximity of the neck and they are very fine
(Figure 5.19). In the crystals deformed at and
above room temperature similar traces czn be obscrved
as well as a fow very sharp and long slip lines that
produce a high step on the surface znd that sometimes
run almost across the face of the specimen (Figure 5.20).
The latter are preferentiaslly nucleated at scratches
and at the edge of the gpecimen and they seem to have
developed progressively rather than suddenly, otherwise
a load drop would probably have been observed in the
load-elongation curves. It is not surprising that
sharp slip lines leaving high steps on the surface
were never observed in crystals deformed in the EOlﬂ
direction, since in that case the slip directions
were almost parallel to the surface of the specimen.

The faces of the specimens where the observations
were made deviate slightly from (100) and (101)
rlanes. The fine slip iines which form an angle of
45° with the tensile axis (Figure 5.19) have been
invariably observed at temperatures lower than 5550K
and they coincide with traces of {110} planes, or
{112} type planes with a Schmid factor of 0.236.

Only on one occasion have a few sharp slip lines that
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could be unambiguously identified with traces of
{112} planes with a Schmid factor of 0.4714 been
observed at 353°K.

The slip lines on the specimens that deformed
by single slip above room temperature arce very distinct
and they are shown in Figures 5.21 (a) and 5.21 (b).
They are the result of slip in (112) planes. A few
connecting slip lines that appear to be traces of
(313) planes are also visible in Figures 5.21 (a) and

5.21 (b).

5.%.%, Dislocation Etch FPit Observabions

Dislocation etch pit observations similar to
those described in Section 5.2.2. were zlso made in
specimens deformed in the [001] direction. Arrays
of ctch pits were never observed in the ecarly stages
of the deformation at any temperature (Fig. 5.22).
In some specimens deformed at 4150K and 1950K and
given strains of the order of 7% or 10% it was pos-
sible to detect a rough alignment of the pits in
directions at 45° Lo the tensile axis (Figure 5.23).
The dislocations intersected by both the (100) and
(101) planes, where thése observetions were made, have
a small predominant edge component and consequently
they cannot cross-slip easily. This is the reason

why short arrays of dislocations in the direction of
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the slip lines are observed in this case,

The veriation of the etch pit density with the
shear stress,. at two different temperatures, is
shown in Figure 5.24. A substantial increase in the
number of etch pits churs‘in the region of the pro-

ﬁo%tional'limit.-

5;5.4. Asterism of the Laue Spots

The Laue spots of X-ray back-reflection photo-
graphs of specimens deformed at and below room tcecmpera—
ture showed splitting and multiple asterism as a
result of multiple slip. This made the analysis of
the asterism practically impossible. Only in those
specimens that deformed by single slip above room
temperature was the asterism of the Laue spots clear,
(Figure 5.25) and in this case the stercographic
represcntation (Figure 5.26) served to confirm that
slip was confined to the (I12) planes, as previously

daterminedhby means of the slip line traces.

5,%.,5, Twinning and Cleavage Fracture

With the exception of the specimens that deformed
by single slip, which fractured by shaér in the [lil]
direction, all the others fractured by cleavage on
the (001) plane, normal to the specimen axis., The
fracture was generally initiated on the surface and.

edges of the specimen, probably at points of high
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stress concentration, such as scratches. The

cleavage surface of a specimen fractured at 243OK,

is shown in Figure 5.27. A frecture profilc with a

cleavage step on a {llQ} plane is shown in Figure 5.19.
Twinning occurred in the spccimens tested at ‘7‘7OK

and at a cross-hcad speed of 0.005 cm/min. The

fracture was alweys subsequent to twinning but no

evidence of 'crack nucleating' twin intersections

was found, In some cases the fracture propagated along

the twin interface, as shown in Figure 5.28.

5.4, Deformation ixis in the [111] Direction

The deformation of crystals under a stress
appliced in the {llﬂ direction was not investigated
in detail, end only a fecw compression tests were con-
ducted at room temperature and at various cross-
head speeds.

The mechanical characteristics of the crystals
were found to be rather similar to those of vhe
‘crystals with deformation axis in the [001] direc-
tion. The stress-strain curves of Figure 5.29 show
that the only difference is that, in the present
case, the crystals have a higher proportional limit
and a smaller work-hardening rate. These differences
were not considered to be sufficiently important to

Justify a thorough investigation, and it was felt that
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Figure 5.29. Stress-strain curves of crystals with the
compression axis in the ¢(111) direction. The
numbers 0.5, 0.05, and 0.005 refer to the
crogs~head speeds in c¢m/min.
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more information would be obtained by concentrating

on the study of the other oricntations.

5.5, Deformation Axig in a Direction Near the Centre

of the Unit Sterecographic Triangle

Several crystals with the tengsile axis in a
dircction near the centre of the stereographic tri-
angle, as shown in Figure 5.30, were deformed at
various temperatures and cross-head speeds.

The crystals deformed at and below room tempera-
ture have a large initial work-hardening rate, and
generally behave in a very similar way to those ex-
tended in the [OOﬂ direction. In the present case,
however, the proportional 1limit is higher and it can
be determined more accurately. Values of the elastic
limits of crystals deformed under different conditions
are given in Table 5.5.

The specimens deformed below 2950K fractured by
cleavage after considerable necking, but at 770K
somec specimens fractured premsturely &t the shoulder.
Twinning was observed in some specimens deformed at
low spced, at 770K.

The stress-gtrain curves shown in Figure 5.3%0
ney be comparcd with those oktained by other workers
(Lawley et al. 1962, Lawley and Gaigher 1964) for

molybdenum single crystals of similar orientation
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Proportional limit of crystals with the tensile axis

TABLE 5.5,

in e direction near the centre of the stereographic

1

triangle.
Temperature} Cross—head speed E Proportional limit
; 1
g cm/min ; kg/mmg
0,005 4o b
413 0.500 1.7
O‘loo 2.4
0,005 4.7
553 0.500 a7
0.005 5.6 - 6.8
293
0.500 10.2
195 0.005 2.3
0.005 15.3 T 1.3
77 +
0.500 2342 = 0.3

3



grown also by electron beam floating zone melting.

The proportional limit of the crystals used in the
prescnt investigation is of the same order, or

lower, than that of the 'six pass' and 'threec pass'
crystels tested by these authors under similar con-
divions. By constrast, our crystals exhibit a
higher initial wdrk—hardening rate and a different trend
in the relation betwecn the maximunm uniform elongation
and temperature. A possible explanation for the
diffcrence in the work-hardening rete may be the
method of preparation of the specimens. Lawley and
Gaigher (1964) prepared their specimens by electro-
machining and therefore they possibly had a lower
dislocation density than our specimens which were
~~~hined by surface grinding. \ Up to what an

xtent the initial dislocation density really affects
the work-hardening characteristics is something that
cannot bc discussed without a good understanding of
the work~hardening mechanisms, which, =t this point,

is still lackin

a3

The specinmens dcformed at BBBOK (znd at low
speed) and 413%°K behaved quite differcntly. They
experienced a very large uniform elongation, and in
the corresponding stress-strain curves shown in Figure
5.31, it is possible to distinguish threse work-

hardening stages. These stages are not as pronounced
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as in the casc of f.c.c, crystals but they are similar
to those obsgserved in other b.c.c. metal single crystals
(Mitchell et al. 1963, Keh 1963), and they had never
before been observed in molybdenum.

Mitchell et al. (196%) showed thet the different
work-hardening stages that they observed in niobium
were the result of single and double glide processes,
as in f.c.c. metals, and they believed that the same
behaviour should be found in all the b.c.c. metal
single crystals providéd they were tested under
sultable conditions. The results obtained with the
molybdenum single crystals cannot be compared in de-
tall with those of Mitchell et al. because in the
present casc not enough systematic tests have been made
covering a wide range of orientations, strain rates

and tempcratures.

5.5.1. B8lip Systems

Although not all the crystals tested had the
tensile axis in exactly the same orientation, the
Schmid factorfrr the possiblc slip systems involving
f110{ and {112} type plancs does not differ greetly
from one crystal to another, A 1list of the glide
systems that have the largest Schmid factor is given
in Table 5.6.

The X-ray Laue back-reflection photographs of



TABLE 5.6,

Schmid fectors for different slip systems when the
tensile axis is in a direction in the middle of the

unit stereographic triangle.

Slip Direection ‘ Slip Plane Schmid Factor
(011) 0.500
(101) | 0.206
(T11] (I21) | Q.455
(112) | 0.455
(01I1) ' 0,472
(101) ‘ 0.296
{111l (131) 0.366
(112) | 0.433
L
(Io1) 0.3%21
(0I1) i 0.186
(111) L (I12) | 0.290
(211) i 0.258

specimens deformed at low temperatures showcd that

the tensile axis wanders eround its initial position
but it doss not migrate stcadily towards any diréction.
This indicates that, in this case, abt least Three
different slip directions must be operating. However
the axis of the specimens tThat show vhe thrce stage

hardening was found to rotate towards the [lli]
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Figure 5.32. Rotation of the tensile axis in crystals
deformed above 353° K, and orientation af
,the observation planes, '

39
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direction until it rcached the [OOﬂ -[ioﬂ synmetry
boundary. Then it moved towards {IOi] as a result
of equal amounts of slip in the [111]) and [I11]
directions.

The migration of the tensile axis during the
straining of a crystal at 413°K is illustrated in
Tigure 5.352. The values of the strain corresponding

fferent positions of the axis ar¢ shown in
the curve A of Figure 5.31. - It cen be observed that
the end of 'easy glide' and the onset of the second
stage of wopzhardening takes place before the tensile
axis reaches the [001] - [I01] symmetry line.

5.5¢2. Slip Line Observations

A detailed observation of the slip lines was
made in several specimens deformed at BBBOK and 4150K.
Although the results reported here refer to a single
specimen they are representative of all the specimens
deformed at these temperatures and which exhibit three
stage hardening. The average orientation of the
planes on which the slip lines were obscrved is in-
dicated in Figure 5.32. The observation faces are
referred to as Face 1 and Face 2.

After a tensile strazin of 0.045 (point 1 in the
curve of Figure 5.31) the slip lines on Face 1 (Figure
5.3%(a)) became composed of short wavy segments and

they define traces of (112) and (011) planes which both
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belong to the [11T]zone. Tong znd straight traces

of (I21) plancs can be obscrved on Face 2 (Figure
5.33(b)) where some fine slip lines that coincide with
traces of (0I1) planes are also visible. This seems
to constitute evidence of slip in the [I1l] direction,
which on the othcr hand can not have contributed
significantly to the total strain because a net
rotation of the axis towards the [11I] direction is
clearly observed.

The aspect of the slip lines on Face 2 has not
changed after =2 strain of 0.13 (Figure 5.34(a)), but
on Face 1 the traces of (112) planes are not clearly
visible (Figure 5.34(b)).

As deformation proceeds, glide bands formed as
a result of slip in (121) planes, appear on Face 1,
(Figure 5.35).

In order to observe more clearly the traces of
secondary slip which was cxpected to take place when
the tensile axis reached the symmetry boundary, the
specimen was vpolished and the slin troces were ob-
scrved after a totel deformation cf 0.175. On
Face 1 the segments defining traces of (011) planes
have shortened and the (I21) bands appear well
developed (Fig. 5.36). On Face 2 traces of primary
slip in (I21) planes and secondary slip in (110)
planes are clearly observed (Fig. 5.37).
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IMinally, the last observation was made after a
strain of 0,335 and no change in the appearance of the
lines was observed on Face 1. However, on Face 2
the traces of primary slip are broken into very short
segments and bands of secondary slip in (110) and
(0T11) plaﬁes can be clearly observed (Figure 5.38.).

The observations reported here have many simi-
larities with the results that Mitchell et al (1963)
obtained in the study of the work-hardening of niobium
single crystals, An important common feature is,
for example, that in both metals slip in more than
one plane of the same zone is observed, This fact
makes it possible to interpret the wavy aspect of the
slip lines as the result of cross-slip of the screw
dislocations between two planes of the same zone (as
explained in Section 5.2.2.). According to this
‘interpretation, the waviness of the slip: lines on
Face 1 results from thé predominant screw component
of the dislocations intersected by this face and the
ease with which they can cross slip between (112)
and (01l) planes. The resolved shear stress is larger
on (011) planes on which slip is predominant. Slip
in (112) planes acts as 'connecting slip' between

(011) planes.
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5.6, Digcussion

Debsle The Slip Systems

Since the early work of Taylor and Eiam (1926,
1928), it has beem known that in b.c.c. metals slip
takes place in the <1ll> close packed direction and
on more than one crystallogrephic planc. In fact,
slip on {110}/{112},and {125} type planes has been
repeatedly observed by many investigators. (For a
review see Maddin and Chen 1954).

The first attempt to correlate the operative
slip systems with the testing conditions was made by
Andrade and Chow (1940%‘but a great deal of evidence
showing the inaccuracy of this correlation has been
subsequeatly gathered. More recent investigations
have shown that slip predominates in {110§ and {112}
type planes and it appears that {;12} planes are pre-
ferentially active at high temperatures (Schadler and
Low, 1962, Erickson, 1962).

The results reported in the preceding sections
of this chapter also support this view. Evidence
of {110} and {;12} slip planes was obtained at tem-
peratures lowsr than 293°% . At temperatures above
2950K only slip on {112} planes was observed for
certain orientations of the deformation axis. When
the tensile axis is oriented in the centre of the unit

stereographic triangle, slip on {110} planes glso



occurs abt high temperatures and this shows that the
resolved shear stress acting on each system is an im-
portant factor in deciding the activity of the slip
plane.

A peculiar observation has been described in
Section 5.2.1., namely the presence of slip on (113)
and (12I) planes, on which the resolved shear stress
is only one half of that on the (211), (211) and
other {;10} type planes. This anomaly would be
readily explained if slip in planes other than {110}
is really the result of 'pencil glide'! or composite
slip on non-parallel {110} planes., However, any
explanation based on this idea which was put forward
by Elam (1935) and has been shared by other authors
(Greninger 1937, Maddin and Chen, 1954) should be
regarded as Speculative, since direct evidence of

such a mechanism has never been obtalined.

5.6e2. Calculation of the Shear Stresses and Glide

Strains

The multiplicity of slip which has been almost
invariably observed during the present investigation
complicates the problem of the calculation of the
shear stresses and glide strains.

To be consistent with the theory of composite
slip the shear stress should always be resolved on

{;10} planes. However, this criterion has not been

144



followed here and the shear stresses have been re-
solved on the system for which these were the larger.
The reason for doing this was that at high tempera-
tures, slip was only observed on {112} planes with the
meximum resolved shear stress. On the other hand,
as the values of the proportional limits are in many
cases very small,it was preferable to work with values
of the stress which would represent an upper limit,
and that in any case would only be 15% larger than if
the stresses had been resolved on {110} planes.

In all the cases where no rotation of the de-
formation axis was oObserved the shear stress was

calculated by the formula (Schmid and Boas, 1950):

T=2Z (éo+ €) _ cos %L cos Ao (5.1.)

Where P is the load, € the tensile strain (taken as
negative in compression), a, the original cross-
sectional area, %Zthe angle between the deformation
axis and the normal to the slip plane, Ao the angle
between deformation axis and the slip direction, The
subscripts, zero, indicate the values for the un-
deformed crystal. The term (1 + €) accounts for the
variation in cross-sectional area ( assuming constant
volume ) because(F and A remain constant.

The shear stress in the region of single slip’

of crystals in the [bOi] direction (Section 5.3,) was
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calculated by using the expression (Schmid and Boas,
1950):

cos 81n Ao
T —-—-—ﬁ-‘/( TrG-§ 02 (5.24)
where aq and are the cross-sectional area and the

tensile strain at the onset of single slip.

The shear stresses for the specimens that de-
formed by single and double glide (Section 5.4.) were
~calculated by the expressions for single glide (Eq.,
5.2.) and double glide (Mitchell et al. 1953):

2o vg"
where # is the angle between the [I01] direction and

= P—M—l COSF) COS(LI"S “F) (5030)

the tensile axis,and is related to its value Fo.for

the undeformed crystal by:

sin.P = (1 +€) sinpb.

The calculation of the glide strains is practi-
cally impossible because, except in one case, in all
the conditions intvestigated more than one active slip
plane was observed. Even when the rotation of the
tensile axis obeys the single and double glide con-
ditions: 1 + € = sin do/sin? and 1 + € = sin fo /sinp,
as in the case of the crystals that show the three
stage hardening, the glide strain cannot be calculated
unless the amount of slip on each of the active planes

is known,
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In the case of single slip observed at high
temperatures in the crystals with an [bOl] orientation,
the rotation of the tensile axis was found to obey the
single glide condition within an accuracy of 10%.

If any possible slip on (2I3) planes is neglected the
glide strain in the (1I2) {ili] system may be cal-
culated by the formula (Schmid and Boas, 1950):

Y = Si}l% (\/(2,2 - sin° Ao - cOs do) (5".4.)

Glide strains calculated in this way are represented
in Figure 5.17. from the onset of single glide.

The reasons for having plotted the stress-strain
curves in terms of the true tensile strain (defined
as, 1n [1 + €] ) are obvious., It is also evident
that the values of the work-hardening rate obtained
from the stress-strain curves would only have a con-

ventional meaning.

5.6.%, The Effect of the Orientation on the Propor-

tional Limit

It has been shown in the previous sections that
the proportional limit and work-hardening rate of
molybdenum single crystals is very strongly orienta-
tion dependent. The results reported so far are very
similar to those obtained by Rose et al. (1962) with
single crystals of tungsten. In both cases the

highest proportional limit is exhibited by crystals



148

with {110) orientation and the lowest by crystals de-
formed in the {100) direction. The yield drop and
low work-hardening rate characteristic of the {110)
orientation is also observed in tungsten. By con-
trast, niobium (Mitchell et al. 1963, Votava 1964),
tantalum (Ferris et al. 1962) and iron (Allen et al.
1956, Edmondson 1961) appear to behave differently.

The orientation dependence of the yield stress
can neither arise from differsnces in the resolved
shear stress nor from differences in the impuridty con-
tent of the crystals., Other factors such as method
of preparation of the specimens and condition of
the surface were also considered and ruled out by
Rose et al. (1962). The yield drop. cannot be an
impurity effect, because it is observed only in crystals
with one specific orientation. |

It appears, therefore, that the effect of the
orientation is essentially of a crystallographic
or geometrical nature and it was on this basis that
Rose et al. interpreted their results on tungsten.
Although the same geometrical and crystallographic
considerations will apply in the case of molybdenum,
a different interpretatioh of this effect will be
attempted here.

It is becoming generally accepted that free dis-

locations or dislocations generated at points of very
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high stress concentration become mobile in the metal-
lic lattice at very low stresses, well below the
detectable proportional limit (Brown and Fkvall 1962,
Lawley and Gaigher 1964, Shaw and Sargent, 1964 .
Additional evidence in support of this view will be
given in Chapter ©). The awmount of plastic strain
which is produced at these stresses is very small,
either because the dislocations become immobile as
soon as they meet an obstacle (exhaustion hardening)
or because they experience the effect of very strong
and rapid interaction hardening. When the stress
is high enough to free the dislocations from the ob-
stacles, or to cause dislocation multiplication,a
proportional 1limit which corresponds to the onsetb
of a detectable plastic strain. is observed. It
seems therefore, that in order to explain the
variation of the proportional limit with the direc-
tion of the applied stress it will be necessary to
know how the nature and number of the obstacles in
the Wmicro-straid region varies with the orientation.
As @z result of a consideration of the type of
obstacles that arise from the dislocation interactions
discussed in Chapter 1, it can be shown that the
mobility of screw dislocabtions may be strongly

orientation dependent.
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Crystals with filO] Orientation

When a crystal is deformed under a stress applied
in the [011] direction, the jogs produced by the inter-
section of mobile dislocations will have [Ill]aﬂd Epl]Bquns
vectors. These Jjogs, and many others of the 'in-
trinsic' type (Schoeck 1961), lie on the (0I1) plane
on which the resolved shear stress is zero, and
therefore it will be difficult for them to glide
conservatively, As a result of this, The screw
components are expected to become strongly locked
in the micro-strain region. In Sectioms5.2.2. and
5.3¢3%. 1t was shown that the number of dislocations
increases when the proportional limit is reached.
Since any multiplication mechanism involves the
movement of the screw dislocations over large dis-
tances (Low and Turkalo 1962) macroscopic yielding
is believed to occur as soon as the jogs become
mobile. Rose et al. (1962) supposed that this would
happen when, as a result of slight 'misorientations,
the stress on the jogs reached a value lerge enough
to move them conservabtively. However our inter-
pretation will stress the fact that the screw dis-
locations may become mobile when the jogs move non-
conservatively producing point defects.

The high proportional limit of the crystals with

<110) orientation would be explained in the following



way.
If the temperature is low enough for the thermal

diffusion of the defects to be negligible and the

jogs do not glide conservatively, the energy, Uf,

to create a defect and the energy, U,, to move the

m’
jog away from it must be entirely supplied by the
applied stress (Seeger 1955), If the Jjogs in the
dislocations are long, dipole trails will be created
instead of point defects and the energy required to
form the trails would also have to be supplied by
the applied stress (Johngpn and Gilman 1960). The
type of Jjogs that produce vacancies will be the
easiest to move, because the energy of formation of
a vacancy is smaller than the energy of formation of
an interstitial (Broom and Ham 1958), although, from
the geometrical configuration of the glide elements
(Figure 5.4.) it appears that the jogs produced by
screw~-screw intersections would mainly lead to the
formation of interstitials (Cottrell 19573).

If some of the Jjogs glide conservatively under
the influence of internal stress fields, the
yielding process can be thermally activated. Since
the jogs move away from the point defects as soon as
the latter are created, the activation energy for
such a process would be U, - t*lb2, (Seeger 1955),

where 1 is the Jjog spacing. As the conservative’



tovement of jogs in screw dislocations is
a difficult process in crystals with {110) orienta-
tion, there will be in general very few places
available for thermal activation. Therefore, the
pre-exponential factor in the rate equation which
describes the process will be small and a relatively
large stress will be neceded to maintain a given
strain-rate. This stress will be, however; smaller
than (U, + Uf)/lbe, which is the stress required
when the process is not thermally activated.
Dislocation multiplication takes place as soon
as the screw dislocafions become mobile, and since
this happens at a stress when the strain rate
sensitivity is high, (see Figure 5.40.) a rapid in-
frease 1n the number of mobile dislocations can give
rise to the yield drop observed in the crystals with
{110) orientation.

Crystals with 100> Orientation

The low proportional limit of crystals with
{100} orientation can be explained on the grounds of
the same dislocation interactions previously dis-
cussed. The main difference is that in crystals
with this orientation a stress of the same order as
that acting on Tthe dislocations is acting also on the
Jogs. These Jjogs will glide conservatively very

easily, and they may become attached to an edge

(A J

[



component or may annihilate by meeting Jjogs of oppo-
site sign, As a result of this, the screw dis-~
locations will be able to move under relatively low
stresses for two main reasons, The first is because
there wlll be a large number of jogs available for
thermal activation, and the sccond is because the
mean jog spacing will be larger than that for de-
formation in the {110) direcction.

For any orientation other than those two con-
sidered before the situation will be an intermediate
one, and intermediate values of the proportional
limit are to be expected according to this inter-
Pretation. This is indeed in close agreement with

all the results obtained in the present investigation.

5.6.4, The Temperature and Strain Rate Dependence of

the Yield Stress

If the deformation is carried out at a tempera-
ture high enough for the diffusion of the vacancies
to be important, yielding may occur with the help
of thermal activation on a large number of sites,
even in the case of deformation in the {110> direc-~
tion. The activation energy of this process would
be Uf + Um - Y*lbg. However, the deformation of
crystals with <1007 orientation would require only an

activation energy equal to Uf -'t*lbe, because in



this case the vacancies do not need to diffuse awsy
from the jogs.

When the number of sites available for thermal
activation is large, the crystals deformed in the
{110) direction may not exhibit a yield drop because
the transition between the micro-strain region and
macroscopic flow occurs through a gradual increase
of the number of mobile dislocations, In this case
yielding takes place much in the same way as for the
‘other orientations.

The temperature and strain rate dependence of
the proportional 1limit for the orientations that have
been studied are shown in Figures 5.39, to 5.43.

The plastic strain rates at any point of the stress-
strain curve were calculated by using Equation 26 of
the Appendix. The curves of Figures 5.41. and 5.42.
do not include much experimental data because of the
difficulties in determining the proportional limit
already explained in Section 5.3.

The temperature and strain rate dependence of
the yield stress is larger for the {110) orientation
than for the other orientations. Data from the work
of Lawley and Gaigher (1964) have also been included
in Figure 5.43%, It can be observed that the propor-
tional limit increases very sharply between 77 and

42°K and there are reasons to expect a similar



155

[ [{ I I
' 50:. o 3x107¢ sec’! ..:
i PROP LIMIT|o 3x 107 sec™ -
B @ 4x107° sec”’ -
N ' _ A 45x107° sec™ N
B A YIELD STRESS| A 4°5 x 107% sec™ N
501 % A 9 x107* sec’ -
- -
. B
E -
g
w o |
L(.G ’ e
s -
% b
% -
T |
Q -
S 20
Q e
2 u
10—
T = . | i i !
0 700 200 300 400

TEMPERATURE °K.

Figure 5.39.'The ei_‘féct of temperature on the proportionsl
1imit and yield stress of crystals with the
deformation axis in:the <110) direction.



156

Log €p(sec) (YIELD POINT)

-5 -4 -3 -2
| T T ] I T T T T 1 T T {
301 " TENSION |0 PROPORTIONAL LIMIT. -
A YIELD STRESS,
© COMPRESSION.
15~ —
'
g
§ r _
o 195°K
2 20 A ”
S
%) - -
<
L
I 15
Q.
S
~d
3
w
< 101
51 -
353°K . o
— o
2 —
1 ] 1 1 ] 1 L ] 1 | ] 1 1 ]
-6 | -5 4 -3

Log €p (sec™!) -(PROP. LIMIT)

Figure 5.40. The effect of strain rate on the proportional
limit and yield stress of crystals with the
deformation axis in the <110} direction.



] ] ] il | l ] I ] 1 l ] I ]
Né i / -
£ . 77°K .
}3’) 151 O —
k e . -~
8 — -
@ | .
s - -
& 10 -
$ T ]
=

Q - ; -
y ; -
;3 SF- A—y——i”"‘_1r—' —* 7
e r ¥ 293°K -
€ | , R i
R | i

0 | ] 1 L I | ] 1 1 I 1 I ] 1
’6 5 -4 3

ng Ep(sec).

Pigure 5.41, The effect of strain rate on the proportional
limit of orystals with the tensile axis in the
{100) direction.

\' ] ' ) 1
® 3 x10™ sec” _
T . o 1-5x10° sec™

LY
)
|

o

1 i /| 1
- 100 : 200 300 400 500
TEMPERATURE °K

RESOLVED SHEAR STRESS Kg/mm?
S
]

Pigure 5.42. The effect of temperature on the proportional
1imit of crystals with the tensile axis in the
<{100» direction.



60 I T ~ {

A LAWLEY and GEIGHER
o 3x107%sec™ -
o 3x107° sec™

50

G A
Q Q

RESOLVED SHEAR STRESS Kg/mm?2 -
N
Q

10

] | ' ! 1
0 ' 100 200 300 400
TEMPERATURE °K.

Figure 5.43. The effect of temperature on the proportional
limit of crystals with the tensile axis in a
direction near the center of the unit stereo-
graphic triangle.



behaviour from the crystals tested in the <100)
direction. It appears therefore that the effect

of the orientation tends to disappear at temperatures
near 0°K and above 400°K:

This result is consistent with the predictions
of the mechanism proposed to exple’n the effedt of
the orientation. The different proportional limits
of crystals with different orientation arises from
the different numbers of jogs available for thermal
activation,and hence from the differences in the
pre-exponential factor in the corresponding rate
equations, When the temperature of the deformation
approaches 0°K the influence of the pre-exponential
factor is negligible compared with that of the ex-
ponential term, and therefore in order to maintain a
given strain rate, Y, a large difference in the pre-
exponential factor,V , is compensated by an insigni-
ficant difference in ~*. This is clearly shown by
the relationship:

| - XT a(lnV) = 1b° 4 ¢+
obtained by differentiation of the rate equation,
For example, if at a temperature of 4.2°K a stress of
50.0 kg/mm2 is necessary to give a strain rate of
1074 sec‘% when V has rthe value of 10°° sec_l, then

an increase in stress of 0.1 kg/mm2 is all that is

necessary to maintain the same strain rate at the
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same temperature even when the value of V decreasés
by a factor of 10° sec™1.

The reasons why at high temperatures no orienta-
tion dependence is observed have already been given.

The arguements developed so far cannot be claimed
to constitute a complete model of the yielding
phénomenon. Even if the non-conservative movement
of jogs is responsible for the-oriéntation depend-
ence of the yield stress, it is possible that other
mechanisms are-invblved‘in\the pProcess, For example,
sb’far nothing has been said about the effect of the
friction stress arising from the interaction between
dislocations and impurity gtoms, or about the effect

of the Peierls stress of the lattice. These will

be considered latef.

5.,6.5. The Activation Parameters

Values of the activation energy and activation
volume involved in the yielding of crystals with
{110Y and <100) orientations have been calculated
using the data of Figures 5.%9. to 5.42., and
Equations 111 and 1,17, The use of these equations
is entirely Jjustified, because in this case the pro-
duct wx* is ten times larger than the product kT.
The calculated values are given in Table 5.7,

It is important to realise that the values



TABLE 5,7,

Values of the Activation Parameters at the Proportional Limit (P.L.) and at the

Yield Point (¥.8.).

Orientation|{Temp.|{Strain Applied H(*15%) w(ilo%) U=H+wz*| V
0K rate 4 stre58‘ e — e.V. sec~1
€, sec kg/mm 10-12erg| e.V,|10~22e¢m3| p2
195 |3x107° | 24(P.1.) | 0.79 0.49{2.6 13[0.96  |5x10°
293 |3x107° | 11(2.1.) | 1.17 0.73|3.4 1710.94  |ax10°
<1105 T L
273 310 2.5(F.L.) | 1.24 0.7717.5 3710.84 | 3x10
93 |4.5x107°| 19.5(1.5.)| 1.17 0.73]3.4 17/1.1 %107
100> |29 |3x107° | 4,0(R.L.) | 1.36 0.8513.6 67] 1.1 5x10°
T::T%ft* 1§~- 1.0 kg/mm2 at the proportional limit.
Th= 4.0 kg/mm2 at the yield point.

P91



obtained for the activation energies are too small %o
be in agreement with the idea that yielding is con-
trolled by the non-conservative movement of jogs in
screw dislocations, If the work done by the effective
stress, wtt, is added to the activation energy, AH,

the total energy obtained is still much smaller than
the energy for vacancy formation (Uf = 3.6 eV, Peacock
1961) in molybdenum.,

Although the importance of the non-conservative
movement of jogs in screw dislocations on the yield-
ing of b.c,c. metals has been discussed and emphasised
by many authors (Schoeck 1961, Mordike 1962, Gregory 1963,
Gregory et al. 1963, Lawley and Gaigher 1964), there
has always been great difficulty in obtaining ex-
perimental evidence in favour of this mechanism which
requires a large activgtion energy. Only on one
occasion have activation energies of the order of 3
or 4 eV. been obtained for niobium (Gregory 1963,
Gregory et al. 1963%) and even in this case the in-
terpretation of the results is not unquestionable.

Mordike (1962) has suggested “hat the low value
of the activation energy found in tantalum is in
agreement with the activation energy for the conserva-
tive motion of interstitial jogs in screw dislocatlons.
(Hirsch 1962). It is difficult,-however, to imagine

how this mechanism would apply to metals that do not
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conbtain extended dislocations.

QOther Mechanisms

The overcoming of the Peilerls-Nabarro stress is
a mechanism which would be in better agreement with
the values of The activation pérameters determined
here, The activation energies and activation volumes.
of Table 5,7. would fit very well into the unified
picture of yielding and flow of b.c.c. metals pro-
posed by Conrad (196%)., The main difficulty that
this mechanism faces is that it is unable to explain
the orientation dependence of the proportional
limit, which is the main concern of the present dis-
oussibn.

The interaction energy of an interstitial atom
with a screw dislocation is of gbout the same order
as the activation energies measured in the present
case (Cochardt et al. 1955, Koo 1963).  However not
t00 much significance should be attached to this
agreement because no orientation effect would arise
from such an interaction.

On the other hand the strengthening due to in-
terstitial solute atoms would be rather small. For
instance the temperature independent strengthening due
to the Snoek ordering (Snoek, 1941) can be calculated
from Schoeck and Seeger's (1959) formuls:
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A concentration of carbon in molybdenum of 10 p.p.m.

0,65 kg/'mm2 . at. conce % . (5.%%)

in weight is equivalent to an atomic condéentration of
10-4. If all the carbon is assumed to be in solu-
tion, one obtains from Equation 5.5. that
T= 0,65 Kg/mmg, which only has significance at very
high temperatures.
The increase in shear stress at 0°x produced

by the solute atoms causing tetragonal distortion in

the {100) direction is, according to Fleischer (1963):

‘t:}v‘%—‘-& \]—5 (5.6,)

where ¢ is the atomic concentration of solute and Ae
is a measure of the tetragonality. For iron
Ae= 0.4 (Cochardt et al. 1955) and as the lattice
parameter of molybdenum is 10% larger than iron,
A¢ can roughly be taken as 0.36. The value of M is,
from the data by Bolef and de Klerk (1962), /\c 1.5 x
lOlgdyna/cmg. Equation 5,6. then gives T= 15 kg/mmg.
which 1s only one fourth of the stress at 77OK.
Although the solubility of carbon in molybdenum
at room temperature is 40 p.p.me. by weight, (North-
cott. 1956) it is possible that the actual concentra-
tion of carbon in solution is smaller than has been
assumed. In fact Lawley and Gaigher (1963) have

observed fine precipitates of Mo,C in single crystals

2
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of molybdenum of a similar purity. These precipitates
were seen to act as obstacles to dislocation motion,
but their contribution to the yield stress is imposs-
ible to estimate in the present case because nothing

is known about their size and distribution,

The friction stress arising from the dissociation
of screw dislocations into partials lying on {112} planes
may be significant in b.c.c, metals wiﬁh a relatively
low stacking fault energy, but its importance in the
case of molybdenum is difficult to assess. This ef-
fect is not 1ike1y to give rise to an orientation de-
pendent friction stress,’because for the {110) and
{(100) orientations the distribution of the resolved
shear stresses on the {112} slip planes is the same.

Since none of the mechanisms considered above
provides a satisfactory explanation of the experimental
results it is possible that the interpretation of the
yielding phenomenon cennot be given in terms of a
single mechanism., This situation merits a more com-
prehensive study aﬁd although at this stage a detailed
treatment will not be attempted, certain considerétions

should be made.

5.,6,6, The Existence of a 'Rate Controlling Mechanism'

Whenever yielding is the result of several dif-

ferent indepentent and parallel processes, it .is
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possible for the easiest one (i.e. that with the
smallest activation energy) to be rate controlling,
(Conrad et al. 1961), In such a situation the cal-
culation of the activation parameters by means of
Equations 1.11 and 1.1% ig jus%ified. However the
problem is not so straightforward when the disloca-~
tion motion is controlled by two or more almost
simultaneous mechanisms, and such a situation might
well exist in the present case.

If both the dragging of jogs and the Peierls-
Nabarro stress affect significantly the mobility of
the screw dislocations, the stress, € , necessary
to keep a dislocation moving at a constant speed is,
in the simplest case, the sum of the stresses required
by each one of these two mechanisms independently.

The variation in stress (At')é necessary to maintain

&8 constant strain rate when the temperature of the

deformation is changed is the sum (L\“ca)é+(A‘tiJ)é’ of the
variation required by both of these two mechanisms,
Similarly, the increment (ET)T necessary to produce
an increase in the plastic strain rate at a constant
temperature is (AT%)T+(A?§)T.

Since the value of the activation energy, H,is
calculated from the temperature and strain rate de-
pendénce of the stress through the ratio (A't')é /(A'I‘)T,

it turns out that in general, this calculation will



not give the activation energy of any of the two
processes involved,

Yet, if a situation such as that described above
is to be investigated in more detail, the effect of
the pinning points on the rate of nucleation of
double kinks should also be considered (Celli et al.
1963). The problem is still further complicated if
the interaction between dislocations and interstitial
impurities or precipitates 1s taken into account,

It seems therefore, that the results obtained
when considering that the deformation is determined
by a unique rate controlling process should not be
accepted without reservetion., . Further consideration

to this problem will be given in Chapter 6. .

5.6.7. The Effect of Orientation on the Work-

Hardening Rate

It is possible that the orientation dependence
of the work-hardening rate observed at temperatures

lower than BOOOK is actually larger than it appears
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when the curves of Figures 5.1, and 5.16, are compared

with each other, The reason is that in the case of

deformation in the {100 direction there are probably
twlce as many active slip systems as for deformation

in the <1107 direction. However,the magnitude of

the work-hardening rate is rather unimportant here, .



because a Quantitative discussion cannot be attempted
on the grounds of the experimental evidence obtained.

The nature of work-hardening in DeCsCe
metals has been so little investigated in the past
that it would be premature to aim at a reasonable
understanding of the orientation dependence of the
work-~hardening rate without more extensive and
precise information than that so far obtained. It
seems, however, important to realise that it is pos-
sible to correlate the larger work-hardening rate of
crystals with a {100y orientation with the compara-
tively larger number of obstacles arising from dis-
location interactions in crystals of this orientation.

Let us consider the barriers formed by the
a{001) dislocations that result from the reaction
1.6. When the deformation axis is in the [011]
direction, and if only the planes with the maximum
resolved shear stress are considered to be active,
the @(OO]} dislocations may 1lie in three different
directions on each slip plane.

When the deformation axis is in the [001] direc-
tion there are four active slip directions and the
a{100) dislocations may be formed as a result of six
different reactions of the same type as Ll,0., At the
same time on every slip plane (if only planes with the

maximum resolved shear stress are considered to be
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active) these dislocations may lie in five or six
different direcotions, depending whether the slip
plane is of {110} type or of {;12} type.

One would expect that in the last case a denser
network of obstacles is built on each slip plane.

By analogy with the role of Cottrell-Lomer sessile
dislocations in the hardening of f.c.c, metals, this
would result in a more profuse dislocation tangling,
(Benson et al. 1962, Ohr and Beshers 1964) a denser
cell structure and a stronger long range stress
field (Ii, 1962).

The dislocation etch pit arrangement shown in
Figure 5.22. constitutes a small piece of evidence
in favour of the mechanism of cell formation. This
arrangement is somewhat similar to that observed by
Livingston (1962) in copper single crystals in that
it indicates regions of low dislocation density (cells)
separated by high density areas (cell boundaries).

A dense cell structure will produce an effect
which is similar to forming within the -lattice roughly
defined sub-boundaries (Li 1963, lMcLean 1962). The
multiple splitting of the TLaue spots, mentioned in
Section 5.%.4., may be an indication that this effect
is present in the crystals deformed in the {100
direction.

The behaviour of crystals with (110> orientation
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is more difficult to explain satisfactorily in terms
of the cell structure and the long range internal
stress, since the work<hardening rate exhibited by
these crystals is high in the pre~yield region and it
changes suddenly to a lower value after the yield
point. It would be pure speculation to discuss the
present results in context with other theories of
work-hardening (for a review see Nabarro et al.1964),
" and further comments should be deferred until the
results of a more detailed study of the flow stress

are presented in Chapter G.

5.6.8. The Temperature Dependence of the Work-

Hardening Rate

The most significant effect of temperature on
the work-hardening rate of molybdenum single crystals
is the 'recovery transition' observed at about ESOOK.
The large uniform elongation that the crystals ex-
perience above this temperature is interpreted as the
result of a decrease in the work-hardening capacity
of the slip systems in which the deformation is ini-
tiated. For this reason, only the planes with the
maximum resolved shear stress are active, and cross-
slip on other planes is less prominent, At lower
temperatures the higher work-hardening rate of the
initially active slip systems probably induces slip

on other planes with a smaller resolved shear stress.
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Thus, the work-hardening effect is enhanced.

Lawley and Gaigher (1964) thought that the
absence of single slip in molybdenum single crystals,
deformed at room temperature, could be explained in
terms of the solubility of interstitial impurities.
They suggested that the presence of precipitate
particles would shorten the dislocation mean free
path and enhance their multiplication rate, and that
this would produce a parabolic hardening. This
suggestion demands further investigation since the
argument as it stands is not likely to explain the
softening observed above room temperature and it does
not account for the strain hardening prior to recovery.

The fact that in all the orlentations investi-
gated the deformation is initiated by slip in more
than one plane, and that the softening takes place
after an initial stage of a comparatively large work-
hardening rate, suggests that the recovery may be due
to a collapse or destruction of obstacles created in
the first stages of the deformation. This would
happen more easily at points of high stress concen-
tration (for instance in the region of the neck of the
tensile specimens, as observed in crystals with
<{100> orientation) and it would also result in a
sudden increase of the number of mobile dislocations.

The softening observed in the {100} orientation should
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be more pronounced for the following reasons:

a) The amount of pre-stmin is larger and therefore
a larger number of obstacles collapse.

b) The destruction of barriers to dislocation
motion occurs at the front of a propagating region of
single slip where the stress concentration is possibly
high,

¢) The deformation takes place by single slip
and therefore any hardening produced by dislocation
interaction is small.

The collapsing of obstacles appears to be a
thermally activated process, since the transition
temperature for recovery is strain rate dependent,
Since recovery takes place Jjust above the temperature
at which the yield point in crystals with a {110)
orientation disappears, one is tempted to think that
it might be associated with the diffusion of point
defects. A supersaturation of point defedts may be
built up in the first stage of the deformation and
the migration of these defects to dislocation lines
may induce climb of the edge segments and the pinching-
off of dipole trails.

However, in the present case the recovery cannot
be controlled by the normsl diffusion of vacancies
through the lattice, because fhe mobility of vacancies

at temperatures near 400°K is very smeall, In fact,,
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a rourk calculation shows that the mean jump fre-
quency, Jj, of a vacancy at this temperature is aboul
1072 sec"l. A more detailed study of the processes

by which point defects can promote recovery is re—-
quired in order to check the ideas presented above.
While this is being done,it is useful to consider

other methods that may help to gain a better under-
standing of the recovery phenomenon. One of these

is the examination by transmission electron microscopy ’
of the deformation structures produced before and

after the recovery transition. The other method is
the comparative study of the deformation characteristics
of group VA and group VIA b.c.c. metals, and their
temperabure dependences., The first of the two methods
is simply mentioned as a suggestion for future work.
The second approach is discussed in more detail in

the next Section.

5¢6.9., Comparison of the Mechanical Properties of

Different b.c.c. Metals

It is well known that the refractory b.c.c.
metals of Group VIA, molybdenum and tungsten, have
similar chemical and mechanical propertiés, and in the
present investigation some of their mechanical simi-
larities have been emphasised. These metals have a

higher critical resolved shear stress than niobium and
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tantalum. The latter belong to Group VA of the
Periodic table and experience much larger uniform
elongations in a tensile test. Some results have
been reported in this thesis which show that the
mechanical properties of molybdenum and niobium
single crysbvals are not so different from each other
as has been thought. When molybdenum single crystals
are tested above BBOOK, they exhibit a behaviour very
similar to that of niobium single crystals tested above
200°K, Compare, for example, the lower curve of
Figure 5.2. with curve 17 of Figure 5 in the paper of
Mitchell et al (1963); and the curves of Figure 5.3Ll.
in this thesis with the curves of Figure 7 in the same
paper. Niobium and molybdenum also behave similarly
when deformed at temperatures lower than 200°K and
350°K respectively. For example, niobium single
crystals, with the orientation of the tensile axis in
the centre of the stereogrephic triangle, do not ex-
“hibit any three stage hardening when tested at 1750K.
A1l these observations suggest that the main dif-
ference in the deformation characteristics of these two
metals is that the 'softening' or 'recovery' transition
occurs in niobium at a lower temperature than that in
molybdenun, If this is a correct interpretation, it
should be expected that the proportional limit and

work-hardening rate of single crystals of niobium,



175

tested at temperatures below 200°K, would show the
same orientation dependence as that of molybdenum.
Also, one would expect tungsten single crystals to
exhibit a recovery transition at temperatures higher
than 350°K,

As there is no data on the recovery transition
for tantalum single crystals, a comparison with this
metal is not possible at present. It will also be
extremely interesting to extend this comparison to
iron if results for this metal become available.

The above discussion leads one to believe that
the solution to the problem of the recovery transi-
tion would have to explain the detailed mechanism in
‘both molybdenum and niobium. It would also have to
account for the different transition temperatures of
these two metals., It is therefore possible that
this phenomenon may be further understood if the de-
formation of the b.c.c. metals is investigated in a

unified manner.
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CHAPTER 6

DEFORMATTON MECHANTISMS TN MOLYBDLNUIM SINGLE

B,le Inbtroduction

In the last chapter the deformation characteristics
of ndybdenum single crystals were discussed after an
analysis of the results obtained from conventional
tensile tests at various temperatures and strain rates.
A more detailed study of the variation of the stress
with temperature and strain rate, in the micro-strain
and flow region, ‘is described in the present chapter
where, at the same time, an attempt will be made to
understand more fully the mechanisms involved in the
deformation of single crystals with the tensile axis

orientated in the (110 eand {100) directions.

6.2 The Relaxation Test

A stress relaxation method particularly useful
for calculating the strain rate sensitivity of the
stress has been developed during the present investi-
gation, The interpretation of the relaxation phenomenon
and. the anelysis of the test are described 1in detail
in the Appendix, and for this reason they will be only
briefly outlined here,.

When a solid is plastically deformed in a hard



177

tensometer and the movement of the cross-head is
arrested, a continuous decrease of load with btime is
observed. This effect is due to the continuous de=-
formetion of the solid at a decreasing stress and
strain rate. Since the amount of strain that occurs
during the relaxstion is small, the long range internal
stfess,'? , is assumed to be constant, and the relaxa-
tion process is interpreted as the variation of the
effective stress, ~*, with tine. The solid reaches
the eguilibrium state, €= 1T = 0, when <* = O,

If the values of T during the relaxation are
plotted against log (t+c) (where t is the time, and o
is a conveniently chosen constant) a straight line is
obtained. The positive value of the slope of this
line, \ , is the strain rate sensitivity of the

gtress. Thus:

DU S
~ 4 logé 4 logé

(6e1s)

Therefore, in the interval of t during which the
linear relationship between T and log (t+c) is experi-
mentally satisfied the equation of the relaxetion
curve is:

T-7, = Alog ¢ - A log (t+c) (6s+24)

Such an equation is Jjustified by the fact that a
suitable integration of the rate eguation yields a

linear reclationship of the same type as (6.2.). It
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must be noticed, however, that in order to perform such
an integration the pre-exponential factor, the internal
energy, and the activation volume in the rate equation
have to be constant., The values of A can be measured
from the semi-logarithmic plot with an absolute error
smaller thanx0.05 kg/mmga

The main advantages of the relexation method over
the strain rate cycling test are as follows:

a) Values of A can be obtained in parts of the
gstress~strain curve that show a very large work-hardening
rate.

b) If the strain rate sensitivity is strongly
stress dependent, with the relaxation test one 6btains
true values of A instead of mean values.

¢) The amount of strain introduced in the de-~
termination of A is very small; and it is therefore
possible to determine simultaneously the strain rate
dependence and the temperature dependence of the flow
stress.

The importance of these advantages will become clear

later,

6.5, Experimental Results Obtained at 2950K

The parameter A was determined at various points
on the stress-sitrain curves during the deformation of
crystals with {110) and {100> orientation. Strain

rate cycling tests as well as relaxation tests were



used for this -determination. The different types
of experiments performed at 2950K will be described

separately in the following sections.,

6.3.1, Relaxation Tests During Deformation at a

Congstant Cross-head Speed

The values of A obtained by the relaxation method
during the deformation of crystals with the tensile
axis in the {110> and {100) directions are plotted as
a function of the applied stress in Figures 6.1. and
6.2. Finite values of A were obtained at a stress
as low as 1 kg/mu®, and this indicates that the
specimens undergo plastic deformation at that stress.
However, the fact that deformation may start at points
of high stress concentration should not be overlooked
if any consideration is to be given to this resulst.

In the crystals deformed in the {110) directionj
A increases very sharply near the proportional limit,
but remains constant after the specimen has-yieldéd
macroscopically. By contrast, in the crystals with
(100> orientation X\ increases continuously, and after
the proportional limit has been reached the Cottrell-
Stokes law, AT/T = constant (Cottrell and Stokes 1955),
is closely obeyed.

The strain rate at which the specimens are de-
formed has also some influence on the value of A,

It can be observed in Figures 6.1..and.6.2., that for
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the same stress,4) is larger when the crystals are

deformed at a smaller strain rate.

6,%3.2. Determination of the 'Relaxed Flow Btress!

According to the interpretation given to the
relaxation phenomenon, it should be possible to measure
the value of the long rznge internal stress, 7}\, by
allowing the specimen to relax until the equilibrium
state € = %’ = 0 1s reached. Unfortunstely the
determination of the stress at which this equilibrium
is attained is in some cases very difficult. For
instance, in the case of molybdenum single crystals
deformsd at room temperature it was found that the
equilibrium is not reached even after 14 hours of
relaxation, and this mekes the determination of T% not
only impractical, but salso unreliable. It is possible
that by leaving the specimen under stress for such a
long time some recovery process may teke place, and
therefore the value of the equilibrium stress may not
be a true measure of ?% &t the stress at which re-
laxation was started.

In order to avoid these difficulties the following
method for determining ?% was tried. The specimens
were loaded up to succesively increasing values of the
stress, and the amount of relaxation taking place in
one or two minutes was recorded at each stress level,

The maximum stress that the specimen can withstand
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without relaxing during this time was tentatively taken
as an approximation to the stress at which the equili-
brium is attained.

Since it is impossible to know a priori how close
an approximation this is, it is also impossible to
know how accurately the value of Tf" can be determined.
For this reason, it will be convenient to designate
the stress measured by this method by the more general
term 'relaxed flow stress', This term was already
used by Bell and Bonfield (1964), and it will be
represented hercafter by the symbol T}.

Conventional stress-strain cruves, and curves of
X, versus strain, for crystals with {110> and <100)
orientation ere shown in PFigures 6.5. and 6.4. The
values of't-j; versus strain are also shown in the
same figures, TFor the crystals with the deformation

xis in the <110 direction the difference'C—T} in-
creases in the micro-strain region, and beyond the
proportional limit (16 kg/mm2) it remains constant
and equal to 10 kg/mm2. The strain-hardening is
then exclusively due to an increese in.T}.

For the crystals deformed in the {100 direction,

both‘T} and't—;; increase\throughout the deformation.

Bed.3., Strain Rate Cycling Tests.

Simultaneous strain rate cycling tests and re-

laxation tests were performed in the following weay.
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The crystals were strained at a cross-head speed of
0.1 cm/min up to a stress T, where relaxation was
carried out. After partially unloading the specimen,
straining was continued at a cross-head speed of 0,01
cn/min up. to the samc stress T, wherc relexation was
carricd out again, This procesg was repeated at
increasing values of the stress, and after the specimen
yieldéd plastically, conventional strain rate cycling
tests were also performed. In this way, it was
possible to obtain in the seme test the stress lncre-
ments corresponding to a variation of the plastic
strain rate by a factor of 10. |

Figures 6.6, and 6.7. show two typical strain
rate cycling and relaxation experiments conducted with
crystals with {110) and {100 orientation respectivelys.
In these figures the continuous line represents the
conventional stress-strain curve and the dotted line
indicates the variation of stress with time during the
relaxation. The values of the plastic strain rate

at the beginning of the relexation test, and the

<

parameters, A and ¢, are given in the figures. The
plastic strain rates that occur after certain relaxa-
tion times are also indicated.

The plastic strain rates were calculated by the
three methods described in the Appendix. By estimating

the errors inherent in each one of these methods, the

186



8

- 1 74x107 N
= 1 N -
T F 203°K ‘QZKJFE_._(_QE?Q'.‘ ...... _Jx10%
L . o, S . 2 5 M -
’ gys- 7\~8x10" k§-4x10" / ‘&23—519—1 ----- 20?‘2:(_’0 TS
- ~o ~o ~- - =~
8 r 42x10° 2-5x10°¢ (\A R h
w L S .o I T .
£ T [ ------ As28 22284 2:2:84
: 10-1-2x 10°% 8x10° | S cef S cu0 call-§ ]
R R Rt 1 asrs Asl1-6 A=2:6 A=2:6 £ 3 §
20-44 -0 S 3 ]
5 p A0 Az0-44 calS =20 €295 cul2 £ § £ .
S [ car25 es17 = 2 = ]
3 - o o o -
Q 58 < < c s .
€13 £ § € i £ ]
RS £ § £ § £ G Ledo b be b b Latocadd
3 o 3 8 3 - 5 0 0050 60]
Fo S S S S S G TENSILE STRAIN TIME(secs) ]

Figure 6.6. Results of a strain rate cycling and relaxation test for a crystal with
{110) orientation, Values of the strain rate are given in sec-l,
values of A in kg/mma, and values of ¢ in sec.

LST



< J
N
~ 20
E +
s |
" -
2 15-
5
1]
<
Iu -
% 10-
g [
'8 e’
] i 2:0-325
.E c=d
[ E
X
B3
(-]

293°K

0-1em/min

0-0tcm/min

7-3x10°%

-~

5-6x10°%

o~

X=0-835
cs!5

0-1em/min

0-0fem/min

0-1cm/min

o

0-0tcm/min

9x10°*

A=175
cs§

0-1cm/min

0-tem/min

J
96x107* / Jx107 \ X108 ]
~ e 1
2=1-88 2223 20223
c+0-6 c=5 c=6-8 .
£ c j

£ £
: £
G E k
5 3 4
S & i
FEEREEENED R RERENS N
o 0050 60 1

TENSILE STRAIN 'ME(secs)

Figure 6.7.

{100) orientation.
values of A in kg/mm2, and values of ¢ in sec.

Values of the strain rate are given in sec™ —,

Results of a strain rate cycling and relaxetion test for a crystal

1

with

88T



185

most reliable value was obtained. The accuracy de-
pends on the cross-head gspeed at which the crystals

are deformed, and on the slope of the load-elongation
curve. The values of ép given in the figures have

an error of - 10%, when the cross-head specd is 0.1
cm/min, and en error of. - 5% when the cross-head speea
is 0.01 cm/min,

The values of )\ determined by the relaxation method
were always in perfect agreement with those calculated
from the ratio AT/ log (éh/éz) obtazined from the
strain rate cycling experiments, This agreement is
better illustrated in Figure 6.8., which shows tThe
results of a cycling test between the cross-head speeds
of 0,005 and 0,1 cm/min.

The curves of Figures 6.6. and 6.7. show a very
interesting result. When the work-hardening rate is
small, the plastic strain rate at which the crystals
deform is a function of the applied stress alone.

t is irrelevant whether the specimen has yielded or
not, and whether the stress is increasing or decrecsinge.
Observe, for example, in Figure 6.6, that at a stress
of 16.2 kg/mmz, the plastic strain rate is (8 Iy
T x 10_5 sec™ and at a stress of 15 Lg/mmg, it is
(2,4 % 0,2) x 10 "3 see™t irrespective of the manner
in which the stress was achieved,

When the crystals deform in e region of a high



work~hardening rate, the plastic strain rate is not
only a function of the applied stress, but also de-~
pends on the amount of strain. This could be inter-
preted to mean thet the small amount of deformation
intréduced during the relaxabtion and subseguent strain-
ing produces a significant increasc in the work-
hardening component of the stress, or in other words,
that a very small strain modifies considerably the
dislocation configuration.

The fact that, at constant temperature, the
plastic strain rate is only a function of the disloca-
tion configuration and effective stress is already
expressed by Equations l.3. and 1.10; |

Figure 6.8. shows the result of a strain rate
cycling and relaxation experiment in which the machine
cross-head speed was varied from 0.005 cm/min to 0.1
cm/min, The dotted lines indicate the amount of strain
introduced by the relaxation. The values of A ob-
tained by the relaxation method are compared with those
obtained from the strain rate cycling test, in the
upper part of Figure 6.8. They have alsc been plotted
as a function of the epplied stress in Figure 6.2,
During this test the value of the relaxed flow stress
was also determined at different stralns and at the
two strain rates involved in the expcriment, The

results indicate that within the accuracy of the
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measurements, g does not vary when the strain rate
is changed.

Another strain rate cycling test which illustrates
the variation of A with the applied stress in crystals
with (110> orientation is ghown in Figure 6.9. In
this experiment, the first straining of the specimen
was conducted using 2 machine cross-haad speed of
O.1 cm/min, The plot of the values of X versus T
obtained from this test (Figure 6.1,) indicates that
at constant temperature the strain rate sensitivity
is a function of T alone, and that for values of
T > 14 kg/mmg it is independent of the previous amount
of strain.

If 2 similar test is performed with crystals
orientated in the <100) direction, it is found that
the strain rate sensitivity is not only a function of
the applied stress, but also depends on the amount

of previous strain.

Gols The Strain Rate Sensitivity of the Stress at

Temperatures Other than 2950K

When the relaxation tests were carried out at
temperatures other than 2950K, special precautions had
to be taken. Since both the specimen and the frame
for low and high temperature experiments, had to be

immersed in a temperature controlled bath, it was
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necessarj to walt for a time long enough for all the
prarts of the frame to be in thermel equilibrium. If
this precaution were neglected, a variation of the

load with time could be chserved as a result of the
different rates of cooling, or heating, of the various
parts of the frene. Thig variaztion of the load is
small, and it is negligible in an ordinary tensile test,
but it can be very significant during a relaxation
experiment.  when small variations of load are measured.
Relaxation tests have becn performed during the strain-
ing of crystals with (110) and {100p orientation at a
cross-head speed of 0,1 cm/min and at various tempera-
tures. The values of A obtained from these tests

are plotted against the applied stress in Figures

6,10. and 6,11,

Figure 6.10. shows that for crystals with {110)
orientation A increases rapidly at stresses Jjust below
the proportional limit, Ynen the crystals are de-
formed at 413°K, Aexhibits a maximum value at a
stress T= 8 kg/ﬁmg. As the stress is increased and
when the crystals experience a large uniform elonga-
tion (a characteristic of this temperature), A de-
creases.

Figure ©.11l, shows that in the crystals with a
{1007 orientation the strain rate sensitivity increases

continuously with the applied stress except when the
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temperature is 413°K, In this case the curve of QA

versus stress exhibits a meximum value at T= 10 kg/me.

Gebe Determination of the Relaxed Flow Stress at

Temperatures Other than 2950K

The value of the relaxed flow strecs was determined
for crystals with both the {110y and {100y orientations.
The tests were verformed at a cross-head speed of
O.1 cm/min and =2t various temperatures. The method
described in Section 6,3.2. was also used in this case,
and extreme care was taken to stabilize the Temperature
of the bath and testing frame in order to avoid random
veriations of the load during the determination,

The results of some of these experiments are
shown in Figure 6.12. and in Figures 6.1%(a) and (b).

It is clear, from these results, that 37, lncreases
considersbly by decreasing the temperature, and more
striking is the fact that at temperatures lower than
BOOOK the difference “T- 1}, at a given streain, is
indervendent of the temperature. The increase in the
flow stress produced by lowering the temperature is
entirely due to the increase in 'T}. However, when
the crystals are deformed at 353°K, the value of both
’T} and T- }} at & given strain are snaller than

the corresponding velues in crystals deformed at

-0 o s
293 K. Therefore, when the temperzture is increased
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above 295°K, the decrease in the flow stress  1is due

to the decrease of both 7% and T~ t;;

0.0. Temperature Cyecling Experiments

Temperature cycling experiments were performed
with crystals of the <110) and {100> orientations.

At the same time, relaxstion tests were carried out
at the two temperaturcs involved in the experiment,
and thus the straln rste sensitivity of the stress
could be neasured in the same test. The results of
these experiments will be described with the help of
Figures 6,14, and 6,15.

Figure 6,14, shows the results of a test per-
formed in the folleowing way: A crystal, with its
tensile axis orientated in the {100) direction, was
strained at the basic tenrerature of 2950K and a2t a
cross~head speed of 0.1 cm/min, up to a stress
T= 8 kg/mm2 when relaxation was carried out. The
specimen was then partially unloaded, and the tempera-
ture changed to 243%% ., The crystal was restrained
at the same cross-head speed and up to the same
value of the stress where a relexation test was agaln
prerformed. This process was repested atv successively
increasing values of the sbtress until the region of
low work~hardering rate waos reached. At this point

the crystal was given larger strains than previously,
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at the low tempersture, and a conventional temperature
cycling test was thus conducted. The relaxation
paremeters A and ¢, snd the plastic strain rates at
the points chosen for relaxation sre indicated in
Figure 6.14. The test illustrated in this figure
is also similar to a crcep best, since the variation
of the plastic strain rate produced by a change in
temperature at a constant stress can be measured.

It is interesting to observe that the strain rate

sensitivity, A , at a constant stress, is a function

of the temperature and that the ratio Ra%oK/)xz%oK:f 3

is not equal to the ratio of the temperatures,

293/247% = 1,2, This means that the activation volume,

w= 2.3k T/} , at constent stress, varies with the
temperature.

The values of A obtained from this experiment
are plotted in Figure 6.11. In this figure it can
be seen that A is mnot a function of the applied'stress
and temperature alone, but depends also on the history
of the crystal and on whether the specimen is being
deformed in the 'micro-strain' region or in the 'flow'
region,

Figure 6.15, shows the results of a similar

temperature cycling experiment performed with a crystal

with the tensile axis orientated in the {110) direc-

tion. The values cof the relaxation parameters and
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Figure 6.15. Results of a temperature cycling and relaxation test for a crystal with
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plastic strain rates arc zlso given in the figure,

The observations to be made here are similar to those
mede with reference to the test of Figure 6.14, The
activetion vclune afF constant stress is a function of
the temperature, because the ratio )2930K/02430K216
is not equal to the ratio of the tenperatures

293/243 = 1,2, The values of A obtained from this
test are plotted in PFigure 6,10, In this case, the
strain rate sensitivity is a function of the stress
and temperature aloney it is independent of the
history of the crystal. In factv, all the values of

A obtained at 293°K fall on a unique curve. Also,
all the values of A obtained at 24%°K fall on a single
curve, irrespective of both the way in which the stress
is reached, and of the actual strain rate at which the
specimen deforms, and indcpendent of any previous

straining at other temperatures.

G.641le Determinstion of the Eelaxed Flow Stress During

Temperature Cycling

Figure 6,16. shows the results of a temperature
cycling test, between 2930K and 2430K, conducted with
a crystal whose tensile axis is oriemtated in the
{100) direction. The relaxed flow stress was measured
during this test at each one of the temperatures in-

volved. The results of. Figure 6.,16. show that when
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the temperature is lowered 7} increases, and that by
raising the temperature to its original reference
value, T decreases. The varistion of T, with
temperature is reversible, and is equal to the varia-
tion of the applied stress, T, with temperature.
The difference T~ T} remains constant and its value
at a given strain is equal to that obtained during
the continuous straining of the crystal at a constant
tenpereture of 2950K or 24BOK. (¢f. Figures 6.4. and
6.13(a)).

The stress-strain curve of Figure 6.1%(a) is
also plotted on Figure 6.16. to show that the straining
at 295OK during the temperature cycling test pro-
duces an irreversible dynamic recovery (Cottrell and
Stokes 1955) in the crystal. In fact the stress
necessary to deform the specimen to a given strain is
lower for the specimen that is temperature cycled
than for the crystal which is deformed constantly at
the same temperature. It is also evident that this
difference in stress is equal to the difference in
the relaxed stress T

For the crystal deformed at constant temperature,
the strain rate sensitivity at a stress T= 33.3 kg/mm2
is A= 2.15 kg/mm2, (see Figure 6.11.). For the
crystal that is subjected to temperaturs cycling A

has a value of 2.25 kg/mmE at the stress T= 33.5 kg/mm2.



This observation suggests that 2 is a function of the
stress, but independent of strain.

Figure 6,16, also shows a final temperature change
from 243°K to 195K,  The variation of the flow stress
corresponding to this decrcase in temperature is equal
to the variation of T The differcnce T - 'z:’r remains -
constant and approximateiy equal to 10 kg/mmg.

A temperature cycling cxperiment between 1950K and
1550K was carried out with a crystal with its tensile
axis orientated in the {110) direction, The results
of this test are shown in Figure 6.17. The specimen
was strained at the initial temperature of 2450K and
the relaxed flow stress was determined at various
strains. After a tensile strain of 0,044 the tempera-
ture was decreased %o lSBOK, and the relaxed flow
stress was measured without any further straining, that
is to say, at the same strain of 0,044, The value of
‘T} was found to increase by 5.6 kg/mmg. This incre-
ment was equal, within the errors of the measurement,
to the increase expcerienced by the applied stress
when the crystal was subscquently strained at the low
temperature. The difference T- T, remained con-
stant after the proporticnal limit, and its value, is
the same as that for the crystals deformed at 293°K
(cf. Figure 6.3.),

Figure 6,18. shows the results of a temperature
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cycling experiment between 5550K and 2950K carried out
with crystals whose tensile axis is orientated in the
{100y direction. It can be observed that the re-
versible variation of applied stress with temperature
is almost equal to the variation of T However,
the difference T- . is in this case smeller than that
obtained when the crystcls aore continuously deformed
at 2950K. (cf. Figure 6.4.).

The results of a temperature cycling test between
353 and 293°K performed with N crystal with a (110}
orientation are shown in Figure ©.19. As a result
of the change in tempercture there is a variation in
both ?} and T- 2;. The difference U=~ t} at 29§OK
is 9 kg/mmg, in fact slightly smaller than in the case
of continuous deformation at the same temperature.

Figures 6,20, and 6.21. show the results of two
temperature cycling tests between 4130K and 3450K
conducted with crystels with (110> and <100} orienta-
tions respectively. It can be observed that both
the relaxed flow stress ., and the difference
‘C-‘;r are variable and reversible with temperature.
After a strain of sbout 0.20 the difference z:—'rf
decreases, and it seems important to notice that there
is a connection betwecn the decrease of TT—'tf and a
decrease in the strain rate sensitivity. (See Figures

6.10, and 6.,11,, where the values of A obtained during
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the tests shown in Figures 6.20., and 6.21. are plotted).

6.6.2. BSummary of Results of the Temperature Cycling

Experiments

The results obtained during the tenpesrature
cycling tests conducted with crystals with {110
and {100) orientation azre summarised in Tables 6.1.
and 6.2. These tables show the variation of the
flow stress with temperature, at constant strain
rate, and the c¢ffedt of temperature on the plastic
strain rate when the applicd stress is constant,

Figure 6.22. shows the effect of temperature on
both the flow stress, T, and the relaxed flow stress,
. at 2% strain, for crystals with {110) orienta-
tion.

Figure 6.2%. shows the effect of Teuperature on
both the flow stress ond the relaxed flow stress, at

the U.T.S., for crystals with (100> orientation.
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TABLE 6,1,

Summary of results of the temperature cyeling tests

for crystals with {110) orientation.

. - §2§§§ra- AT 1Ty At €1/é,|1n€ve,
u¥re AT
1
0,02 6.0 |413 60 5.40{0,090] 1 0
0.01 |11.5 {353 60 7,0210.,117{ 1 0
0,06 {13.2 | 353 G0 7.20{0,118| 1 0
0.026]18.3 | 293 50 7,0310.14 | 1 0
0.026{18.31{ 293 50 0 0 86 4,45
0.,0441%4,0 {195 42 5.06{0.12 | 1 0
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TABLE 6,2,

Summary of results of the temperature cycling tests

for crystals with <100 orientation.

217

& R t%rg A | & z,
1

0,02 {9,200 |413 60 4,80(0.08 |1 0
0.045{12,90{413 60 4,4010.075 | 1. o)
0.015{14.00 60 5.16{0.,086 | 1 0
0.0%3{17.65¢ 353 60 5.27{0.,088 { 1 0]
0.,065{19.1 60 5.1 {0.085 |1 0
0.027|22,57 50 4,38/0.0875 1 0
0,049[25.7 {293 50 4,40{0,088 | 1 0
0.091}27.8 50 4.6 {0,092 |1 0
0.035}23.27| 293 50 4,7 {0,094 |1 0
0.0351235.271293 50 0 0 200 5.3
0.10%|33.45| 243 48 5.9 |0.123 | 1 0
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6.7. Discussion

Ge7¢ls The Relaxed Flow Stress

As a consequence of the interpretation which was
given to the relaxation phenomenon it was tentatively
acsumed in Section 6.3.2. that the long range internal
stress,734, could be determined by measuring the value
of the relaxed flow stress. Now, in view of the re-
sults described in the subsecuent sections serious doubt
arises as to the velidity of such an assumption, The
long range internsl stroess should vary with temperabture
through the variation of the shear modulus only;
however, the experimental resuvlts show that the re-
laxed flow stress has a much larger temperature de~
pendence and that the difference T- T i1s sometimes
independent of the temperature.

In order to understand the nature of the relaxed
flow stress it is essentiecl to realise that when the
StreSS'rf is applied to the crystals they may still
deform at a finite strain rate. The fazct that no
relaxation is observed during a period of one or tTwo
minutes indicectes only that the plestic strain rate
is too small to nroduce any detcctable deformation in
that interval of tinme.

An upper limit of The plastic streain rate‘%b
at which the crystals deform under the stress T}

can be obtained by an extrapolation of the relaxation



plot obtained at a higher stress. If the plot of

T versus log (t+c) is extrapolated to the stress g
(assuming that A remains constant throughout) = value
of (t+c)r is obtained. Then the plastic strain rate
at the stress Ta? is cazlculated by substitution of A
and (Jl:+<:)r in Equation (13) of the Avppcndix. Since
the extrapolation is made assuming thet A is constant
an upper limit for *fr is actually obtained, By this
nmethod it has been found that éI‘EUSt be smaller
than 1077 sec~l.

This limit can also be estimated from the
sensitivity of the load recording device. Since
the veriation in losd can be measured with an accur-
acy of only 0.4 kg. - (Section 4,2.2.), a de-
formation of the specimen smaller than 107% mm will
not produce any detectable relaxation. For a
specinen with a length of 18 mm, the strain rate

4

necessary to produce a deformation smaller than 10 mm

in the interval of one minubte will be:

=L

: 10 " ¢ 1077 sec

-1
ér< 60 x 18

The Variation of ‘t} with Temperature

Since the deformation of the crystals at strain
rates smaller than J_O"'7 secml nay still be controlled
by a thermally activated process, it should not be

surprising to find thalt the relaxed flow stress is

220
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temperature dependent. An expression for the effec-

tive relaxed flow stress, ThH =T, - ?%, nay be ob-

tained from Equation 1.9.(4lefeld 1962)

R R S S
T = 5 Wln(/yr)Jr

%Tln‘/é [1+\/1+ (8oxp '.'(U/kT) )2]
. YI‘ .
(6.%.)
Then essuming the activation volume rcmolns constant
if the temperature is changed by AT, the variation in
stress necessafy to maintain the sme strain rate, Yr’
is:
Z&Y} = - 5%2 1in (0/?f) + correction term (6.4.)

where the correction term arises from the third term
of the right hand side of Equation 6.3,

The variétion of the relaxed flow stress predicted
by Lguation 6.4. ney be large athrelatively'low tenpera-
tUres_when'the.correction Yerm is negligible, i.e.
when ﬂ}j} 29exﬁr;(U/kT). This veriation will becomne
smaller at high temperatures, when the correction term
may be significant.

Although this result secms to be in agreement
with the experinental observations, a mnajor difficulty
in the interprctvetion of the relaxed flow stress
arises when one tries to determine the nmagnitude of

the difference T} e

/0\



The Magnitude of the Effective Relaxed Flow Stress

Equation 6.3, is of very little practical use
for the determinetion of the effective relaxed flow
stress, because neither the value of ?& noxr the
activation parmmeters of the nechonism which deter-
mines-w} are knowny However, the experimental re-
sults described in Section 6.6. provide good rcasons
to believe that the effective relaxed flow stress 1is
very snall,

For example, Figure 5.15. shows that during bthe
deformation of the crystals at 2430K, the strain rabe
sensitivity, ) s increases from O.4 kg/mmg to 244
kg/mm2 when the sbtress is increased from 18.5 to
25.8 kg/mmg. It has also been found in the course
of other experiments that '), at any given strein,
decreases very rapidly with the applied stress, and
that it assumes & very small value when the stress
approaches ?}. This means that the acctivation volume
increases by at least o factor of © as the stress
decreases towards‘r}, and such a large variation of
the octivetion volume can only be explained if the
effoctive stress is asguned to be very small. In
order to clarify this point the magnitude of1; will
now be calculated from the relationship bebween the
activation volume and the effective stress given by

yy

Equation 1.17.
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Although the apparent activation volunme, W; (in
this case the activation volume a2t the stress T})
cannot be experimcntally measured, 1t is sufficient
to realise that the gtrain rete sensitivity a2t the
stress'rr, at 2430K, is gmaller than 0.4 kg/mmg.

Therefore Tthe opporent activation volume w' nmust

be:

-21

w' = 2.3 kT/) > 2.7 x 10 cmB.
On the other hend the maxinmum value of A at this
. 2 . .
temperature is 2.5 kg/mm~, and hence the activation

volume w is:

w o= 2.5 KI/) = 4.3 x 107°° ond, |
From Equation 1.17., it follows that:

22

2.7 x 100 ¢ 4.3 x 10722 cotn(w 1 /KT)

and therefore:
coth (w r;/kT)}G , and wr;/kT < 0,17
Hence:

"t; £ 1,0 kg/mm2

At the Temperature of 2950K the maximum value
of N is 2.8 kg/mmg, and if the strain rate sensitivity
at the stress ‘rr is zcssumed to be Q.4 kg/mmg, as

before, one obtains at this temperature:

coth (wx/kT) > 7, and w Tx/KT £ 0.14
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Therefore:

Th & 0.9 kg/mmz.

If there is a genuince variation of the activa-~
tion volume with stress, Hquation 1.,17. should not
be used, for then it is neccessary to know the real
variation of w with T*. The rclabtionship between
w and t*/‘tg obtaincd by Dorn and Rajnak (19864) (see
Figure 6.24.) might be used in this case. If the
activation volume has a certain value, W, when the
ratio —T*/ T} is about 0.5. (for exomple T} =
50 kg/mme, and T* = 25 kg/mm2 are conservatbive
figures) then the activation volume could only be
six times larger than W providing that ‘t;/?ﬁ = O,
that is to say, only when the effective reclaxed flow
stress is practically zero.

If the variation of the activation volume with
the stress is due to both a real and an apparcent
effect, then one should vake smaller valueces of w in
the obove calculetions. If the values of w used
~before are divided by two one obtains:

At 243°K

coth (wTi/ET)> 3, and T < 1 kg,/mn=,
and at 293°K

coth (w T;/kT)) 345, and L1 kg/mmg.

These calculabions show that the effective relaxed



22

Sr ----- a = -1 -
: ‘ a=0
'l — cams § o ¢ @ a = o 1
i
I
i
4af .
3_

(T2 20 (B3Un/ AT Mo W

| 1
o 02 o4 06 08 1-0

T*] T

FPigure 6.24. Variation of the activation volume
with the effective stress after
Dorn and Rajnak (1964).



flow stress, is possibly very small and that it does
not vary with the temperature,

- After careful consideration of the implications
of these results it was believed that a consistent
interpretation could be siven in terms of the exist-
ence of two Tthermally activated mechenismss,

Interpretetion of the Repults

The possibility thet the deformation of molyb-
denun single crystals could be controlled by more than
one thermally activated process was already suggested
in Chapter 5, The same view will now be adopted
here, and an attempt will be made to interpret the
nature of the relaxed flow stress accordingly.

If one considers the simplest case of the de-
formation being controlled by two simultaneous
thermally activated mechanisms, the value of the re~-
laxxed flow stress might be controlled by that with
the largest activation energy. FPhysically this would
mean that a2t the stress t% the mobility of the dis-
locations is practicelly nil, because the stress is
not high enough for them to overcowme the nost dif-
ficult obstacles (although it might be sufficiently
high to overcone the‘easy ones if the dislocations
were mobile),  As the stress increases above T, the
difficult obstacles could become surmounted at an

increasing rate, and then the movement of the
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dislocations would be controlled by both mechanisms,
According to this interpretation, the mechanism
that would determine the nagnitude of the relaxed
flow stress should meet.the following requirsments:
a) It should have a large activation enersy.
b) It should involve the overcoming of discrete
obstacles in order to account for the variation of T,
with strein, |
¢) It should be thermally activated at temperatures
as low as 77°K (and possibly 4,2°K).  Thercfore the
activation encrgy, U, the activation volume, w, and
the relaxed flow stress,'t;, should satisfy the re-
lationship:

even at very low temperatures.

The non-~conservative movement of jogs in screw
dislocations is the mechanism that was proposed in
Chapter 5 to explain the c¢ffect of the orientation
on the deformation of single crystals, and it is the
one that should be Favoured if this interpretation
of the relaxed flow stress is to be accepted, This
nechanism obviously satisfics the requirements (a)
and (b), and a simple calculation will show that it
is also consistont with the recguirenent (¢)e.
Equat%on 6.5. can be written in terms of the mean Jjog

spacing, 1, and for very low temperatures:



1 22 U/b° < (6.6,)

and taking U = 3.6 eV and T2 = 50 kg/m®, one
obtains for the nmean jog spacing, 1% 50 b, which

is o very rensonasble value (Schoeck 1961),

6.7.2. The Non-conservative Movement of Jogs and the

Peierls Stress

The idea that the defofmation mey be controlled
by more than one thermally activated process will now
be considered in nmore detail,

It will be assumcd that the overall rate'of flow
is controlled by the mobility of the screw dislocations
(Gilnan 1960)+, and that these can only move by
dragging the joge non~conservatively, as exploined
in Section 5.6.4, If at the same time a strong lat-
tice friction opposes the movement of the dislocation
segnents lying free between the jogs, the stress, x*
necessary to move the jogged screw dislocations at a
steady macroscopic rate may be resolved into two
ccmponents,‘rg, and'Tg. This can be explained as
follows:

The ccmponent‘tg is the stress necessary to bow

out the dislocation segments lying frec between the

+This assumption is Jjustified by the fact that the
nobility of the screw dislocations is nmuch smaller than

that of the edge dislocations (Lawley and Gaigher 1964),



Jjogs. The magnitude of the stress t; is determined
by the force, F, necded to nove the Jogs at a certain

rate, and by the jog spacing, 1, and it is given by:

‘fg = Fb/w = TF/bl

The component Tg is equal to the lattice friction
that the bowed dislocation segments must overcome in
order to be able to move at the mme speed as the Jjogs,

Although this argument is based on a very
idealiscd model, it serves well the purpose illu-
strating physicelly the fact that the effective
stress ©* can be expressed as:

T = TE o+
i P

The same result could be obtained from a con-
sideration of the cnergy necesszry to nove o jogged
screw dislocation over a certain distance in a given
tine.

Now 1t is possible to see that from the mean jog
spacing obtained before (1 ~ 50b), and from the stress
observed at 4.2°K (‘tr = 50 kg/mmg) a value of the
right order of magnitude is obtaincd for the line
tension of the dislocation line, Since at 4.2°K
the non-conservative movement of jogs is still a
thermally activated process, the jog spacing, 1,
should be smaller than twice the radius of curvature

of the bowed dislocation lines, ri Thus §

223



230

12 50h £ 2r
The lince tension of a bowed dislocation line is
given by (Cottrell 1953):
T = T br
r
Therefore:
- 1x o 2
T>» 1.5 x 10 b~ dyne/cn
On the other hend, T can a2lso be calculated from

(Cottre11_1955):

o 0.5/4132

2

and with./dzvlol dyne/cm2 (Bolef and Klerk 1962) one

obtains:

11 b2 dyne/cm2

T2 5 x 10
and this is in agreement with the value of T obtained

before,

The Variation of‘tg and T* with the Strain Rate

The magnitude of‘tg and'rg, and its variation
with the temperature and the strain rate, are the
points that must now be investigated,

In order to simplify the argument, the effect of
the conservative movement of jogs will not be con-
sidefed, and instcad it will be assumed that an
equilibriun distribution of Jjogs, with o mean spacing
1 exists in the screw dislocations., The contribution
of the interstitial impurity atoms to the mobility of |
the jogs and to the lettice friction will also be

neglected. For the monment, the lattice friction
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stress will be considered to be due solely to the
Peierls stress.
For a crystal to deform at a small strein rate,

of the order of 10~( soc T

jw]

stress, Thy (which at
low temperatures may be very large) is necessary.

If the activation energy for the non-conservative
novenent of jogs is large conmparced with that for the
Peierls mechanism, it is possible that (mainly at

low temperatures) the grecater part of the stress’r;
will be needed ﬁo move the jogs non-conservavively,
and only a very small part of‘t; is reguired to over-
comne the Peierls barrier. If the stress'tg is very
snall, the activation volume, wp, for the Peierls
nechanisn will be very large, namely of the order of
5Ob5 (Dorn and Rajnek, 1964). This activation volume
is of the same orde§’9£ that for the ron-conservative
movement of jogs, LT (Equation 6.6. gives ch:SOba),
It is not surprising; therefore, that at the stress
T, & large activation volume (w' = 2.7 x 10-4L cﬁa:z
100b%) is obbained.

For the crystal to be deformed atv a faster strain

rate (e.g. € = 1072 sec_l) an effective stress T* is
required. The stress necessary to move the jogs at
this fast strein rate is not nmuch greater than before,
because the activation volume for this process is

large, and practically constant at low temperatures.



The variation in stress with strain rate in this case
is given by:
nxy = %—f Aln y

and when the strain rate varies by a factor of 104
sec'—l,[_\_tg is approximately equal +to T/100 kg/mm2,
for T < 300°K, It is possible that at temperatures
highex than.BOOOK;AtE may be smallér than T/100 kg/mm2,
for when 'recovery'! occurs (Section 5.6,8.) the
equilibrium jog spacing may increase, and the acti-
vation volume may be greater than has previously been
assumed._ |

However the stress needed to overcome the Peierls
barrier nmust increase considerably with the strain
rate, because the activation volume for this mechanism

decreases rapidly with increasing stress. For this

process the variation in stress with strain rate is

given by:
Frer W ()
‘1'*
v L x ¢ - opo Dl
AlnX- T wp(‘tp) dTP = A*c;;

x
where ﬁpCT;) isthemean value of the activation volume,

This value can be roughly estinmated by graphical
integration of the function prt*/Ig), given in

Figure 6.24, It is then found that Whenéﬁr=lo4 sec ™t

at 295°K, AT = 9 Kg,/mo”,

Therefore when the crystal deforms at a
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relatively high strain rate the lattice friction is
relatively large, and this may be the reason why small

values of w are then experimentally determined.

The Variation of TS and T; with Temperature

According t¢ the ncdel now being proposed the
relaxed flow stress 1s approxinmately equal to the
stress necessary to move the Jjogs non-conservatively,
and the difference between the flow stress anrd the
relaxed flow stress is approximately equal to the
stress necessary to overcome the lattice friction.
Thus:

T, T ™ T, end T- T ¥ T
The variation of'Tg and T; with the tenperature may
be obtained from the variation of T and T, (see
Figures 6.22, and 6.23.).

The merit of the preceeding argument is not only
that it gives 2 consistent interpretation of the
relaxed flow stress, but alsco that it is in agreement
with the explanation of the effect of the orientation
proposed in Chapter 5. Furthexrnore a basis for
analysing the various experimental results is now
established, and in the following sections it will be
shown that most of these results may be expleined by

the existence of the two thermally activated mechanisms

discussed above.



6,75« The Magnitude of the Lattice Friction Stress

The experimental results reported in this chapter
show that when the strain rate is of the order of
1072 sec™, and the temperature is higher than 293°K,
both‘fgvand t; vary with temperature. However, at
temperatures lower than 2950K only T; is temperature
dependent and T* has a value which is constant and
egual to 10 kg/mmz. This suggests that the over-
coming of the lattice friction is almost temperature
ind e pendent below 2930K, when the crystals are de-
formed at a strain rate = 1072 sec” , and that the
Peierls stress at O°K in the crystals investigated
would be of the order of 10 kg/mmg.

Lawley 2nd Gaigher (1964) using an extrapolation
method obtained a value of about 10 kg/mm2 for the
friction stress of molybdenum single crystals of
sinmilar purity. They also found that the friction
stress was almost constant at temperatures lower than
293°k. A similar result was also obtzined by
Kosscwsky and Brown (quoted by Lawley and Gaigher
1964).

It seens convenient now to sunmarise some of the
implications of this result.

1) Below 295OK, and at stroin rates of the order

of 1072 gec™t (and possibly at lower strain rates as

the temperature decreases below 2950K), the variation
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of the flow stress with temperature is mostly due to
tHe variation of 1% (8ee Figure 6.22.).

2) At temperatures above 293°K and at strain
rates of the order of 10"5 sec*l (and possibly at higher
strain rates as the temperature increases above 2930K),
both the non-conservative movenent of Jjogs and the
overconing of the lattice fbiction are thermally acti-
vated processes. Then the variation of the flow
stress with tenperature is due to a veriazation in both
‘tg and tg, (Figure 6.22.).

3) The stress'tg should not increase by in-
creasing the strain rate sbove 1072 sec-l, at tempera~
tures lower than 2950K. This conclusion seems to be
supported by some results which are discussed in the

next section.

6.7.4. The Strein Rate Sensitivity of the Stress

If the strain rate sensitivity of both the pro-
portional limit and the yield stress obtained from
Figure 6.1, is compared with the slope of the plot of
T versus 1ogé shown in Figure 5,40., good agreement
is found to exist for the crystals deformed at strain
rates within the range of 1072 sec "t to
5 x lO"5 sec"l (cross-hezd speeds of O.1 to 0.005
em/min).  The prameter A has a raximum velue of

2.8 kg/mm2 when the strain rate is about 10-5 sec"l.

By increasing the strain rate from :LO_5 :secnl to



10:2 sec™’ the strain rate sensitivity decreases

slightly, whilst both the proportional limit and
vield stress remain constant (Figure 5.40.,). Since
the scatter involved in the determination of the
proportional 1limit and the yield stress at the strain
rate of 1072 scc”' has not been deterrined, it would
be premature to draw any conclusion from this result.
However, it is important to realise that no
increase in the valuc of‘t; should be expected as a

3

result of increasing the strain rate from 10 7 to

- ~1 . .
107° sec . This result seems to be in agreement

ct that A never becomnes greater than

I

Now the question arises of how strain rates faster
than 1072 sec™’ can be accommodated. Although it is
possible to imagine that nore dislocation segments
Mgy become nobile at the higher rates of strain, the
way in which this occurs is a problem which demands

further investigation.

6.7+5, The Variation of A with Temperature and Stress:

The effect of temperature on the strain rate
sensitivity of the yield stress for crystals with
{110) orientation is shown in Figure 6.25. The
values of ) at the U.T.S. for crystals with {100)

orientation have alsc been plotted as a function of



temperature in this figure, In both cases the strain
rate sensitivity was meésured at a strain rate of the
order of 1077 sec .

The shepe of the curves shown in Figure 6.25s
is choracteristic of all the b.c.c. metals (Basinsky
and Christian 1960, Conrad and Frederick 1962, Mordike
1962, Slecswyk and Helle 1963, Christian end Masters
1964), and Christian and lMasters (1964 ) have pointed
out that this type of dependence may be a conseguence
of the almost linear relationship which exists between
MT and ©*, They also indicated that the linear
relationship between A/T and T* could provide an
argunent in favour of the Peierls mechanism as the
rate controlling process in the deformation of Db.c.cC.
metals. Figure 6.26. shows that, in the case of
molybdenum single crystals, a plot of 7VT against T*

does not give a straight line, and this is.by no
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neans an exceptional result. Similar non-linear plots

have also been obtained for other b.c.c. netals
(Mordike 1962, Christian and Masters 1964). For
exsnple, the results of Christian and Mesters for

polycrystalline tantalum hsve been replotted in

Figure 6.26, in order to show that the relation between

N/T and ©* for this metal is similar to that ob-
tained for the molybdenum single crystals.

In an attempt to ratiohalize the varistion of
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Figure 6., 25.

The effect of temperature on the strain rate
sensitivity of the stress for molybdenum single
crystals, and tantalum single crystals (after
Mordike 1962),
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Figure 6,26, The variation of A/T with the applied stress.
The zero in the stress axis is chosen
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the strain rate sensitivity with stress, the values
of %ﬂh obtained at various temperatures for the two
orientations investigatced, have been plotted against
”(—“Cr in Pigure 6.27. - It can be observed from this
plot that =211 the dota fall in a single curve. This
regult seemg to be in ogrecment with the relation
Wf-”féﬁTg, since it would indicate that the measured
activation volumes are only a function of the stress
T;, and independent of the strain, temperature and
orientation,

If it is assumed that the stress t; does not
increase when the temperature decrcases below 2950K,
a multiplicity of values of AT is obtained for
‘t§ = 10 kg/mmg. However, it does not seen Jjustified
to give such a precise limit to the wvalue of‘t;; in
the first place because of the error involved in the
determination of’t}, and secondly, because of the
approximation in the relationffn‘tgm'tg. it is
possible (and more satisfactory from a physical
point of view) that the stress'tg still increases
slightly when the temperature decrecases below 2950K,
and therefcore the dotted curve of Figure 6.,27. is
probably a closer approximation to the real variation
of AT with 'f;a

The activation volume has been plotted as =a

function of'tg in Figure 6.27. Although the wvalues
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of )/T increase rapidly when the temperature decreases
below 293°K, the corresponding variation of the acti-
vation volume is smell, and it is in qualitative agree-
nent with the theoretiéal calculation of Dorn and
Rajnak (1964). Comparec, for example, the curve of

Figure 6.27. with those of Figure G.24,

6e7e6. The Equotion of State for Crystols with 10>

Crientation

- The yield and flow stress of crystals deformed
in the {110y direction in the temperature range
between 300°K and 77°K obey an equation of state of
the type: |
T=T(E, €, 1,),

This statement has been derived from a consideration
of the following experimenﬁal fesults.
1) The work hardening-rate is independent of the
temperature in the range 300K to 77°K.
2) The yield and flow stress have the same temperature
dependence (Figure 5.1l. and Table 6.1.).
3) The strain riate sensitivity of the yield and flow
stress are equal (Figure 6.10.).

Now, A can be expressed as a function of't; and
temperature alone (Figure 6427 .):

A=d@ D = AT, D) 0 . (6.70)

Bince for crystals with {110) orientation the variation

of’t} with strain is rather small, one can make the
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approximation <, = TE(T), in the range of strain
rates investigated, Therefore Equation 6.7. can be
written as: A X A (T, T)

This last equation explains the results already
described in Section 6.6., nanmely that the strain
rate sensitivity obeys an equation of state of the

variables T and T, for stresses greater than'tf.

6s7.7« The Failure of an Equation of State for
Crystals with ¢100> Orientation
The flow stress of crystals deformed in the {100>

direction does not obey an equation of state. This
is clearly shown by the results reported in Figure
©.16.

| In Section 6.6, it has also been pointed out that
the strain rate sensitivity of the flow stress is not
only a function of stress and temperature, but that
it also depends on the history of the crystal, This
behaviour can now be understood by means of the
relationship between A/T andﬁ;; given in Figure 6,27,

Let us examine, for example, the results ob~

tained during the temperature cycling experiment shown
in Figure 6.14. The values of A obtained during
this test are plotted as a function of the applied
stress in Figure 6.11.

At the stress T= 20 kg/mn> and at 293°K, A is
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equal to 1,75 kg/hme. When the temperature is de-
creased to 243°K and the crystal is reloaded up to

the stress T= 20.7 kg/mm2 the strain rate sensitivity |
has decreased to A= 0.47 kg/mmg. This has happened
not only because the temperature has been lowered,

but possibly also because the value of T, has increased,
In fact, the higher value of T, atl 243°K can be
obtained from the data given in Figure 6.16. There
one finds'T; = 177 kg/mmg. Therefore, after the
temperature change has been nade and when the applied
stress is 20,7 kg/mmz, the difference Z'-'réezt; is
only 3.0 kg/mm“. Now the value of A/T that would
correspond to‘T; can be determined in Figure 6.27.

3 kg/mme.ok, so that

There onme finds, A/T = 2,2 x 10~
1==O.53 kg/mmz. This is in good agreement with
the value of ) experimentally measured.

The strain rate sensitivity, A , at 243°K  has
been determined by the same method for each point of
the stress-strain curve where the temperature change
was made., The values thus obtained are plotted in
Figure 6,11., and it can be observed that they are in
very good agreement with those determined by experi-
ment.

The previous argument also explains why the
ratio %}%ﬁ%g% is not equal to the ratio 293/243,

(see Section 6.,6.).



6.7.8., The Activation Parameters

The results of the present investigation have
been nainly discussed in terms of two thermally acti-
vated mechanisns. However, one should not ignore the
fact that other authors, when analysing similar types
of results, have found reasons to believe that the
deformation of b.c.c. metals could be explained by the
existehce of a single rate controlling process.

These reasons were mainly based on the values of the
.activation parameters determined from the temperature
and strain rabeidependence of the applied stress.

Tn this section it will be shown that some of. the
present results are not consistent with this view,

Activation Parameters for a Single Rate Controlling

Meckaonirm

The activation parameters calculated from the
data given in Tables 6.1, and 6.2., and from the values
of A given in Figures 6.10. and 6.11., are shown in
Tables 6.3. and 6.4, Fquations 1.13%. and 1l,l14. were
used for this calculation. Figure 6.28. shows
graphically the wvariation of the activation energy
with the applied stress.

The first observation to make is that the values
of the activation energiecs obtained here are of the
seme order as those obtained by other authors for

polycrystalline molybdenum (Conrad 1963), It must
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TABLE 6.3,

Activation energies for crystals with {110 orientation.

Mean Mean | H+ 1% :
Stress | Temperature =15 From
erg x 10 sV beots
8.7 38% 2.15 1.49 at
14.5 32% 1,49 0.9% constant
16.8 3203 144 0.90 strain
21,8 268 1,22 0.76 rate.
2645 174 0,522 0.%25
' N From tests
18.5 268 0.,72-0.03 C45 at constant
: stress.




Activation energies for crystals with {100} orientation.,

TABLE 6.4,

Mean Mean HE 3%
tress | Temperature From
erg % 107 | o.v. tests
11.6 383 2.33 1,45 |3F
15,1 38% 2.18 1,36 |constant
16.A 2% 1,62 1,02 |Strain
20.3 323 1.42 0.88 |Tate
21.6 323 1.31 0.82
24.8 268 1.15 0,72
25.6 268 1.1% 0.70
27.9 268 0.97 0.60
20.1 268 0.93 0.58
| i From tests
23.3 268 1.00-0,05 0,624 |at constant
stress.

2

7
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also be pointed out that these values are consistent
with the interpretation given by Conrad (1963) for
the yielding and flow of the b.c.c. nmetals, |

The fact that, for a given stress, the acti-
vation energies obtained in Chapter 5 are smaller
than those calculated from the strain rate cycling
tests is not really significant. The reason is that
in Figure 6.28, the values of H are plotted versus
the applied stress, whilst they should be plotted
against effective stress if the results are to be
compared,

It is fer nore important to realise that the
activation energies obtained from temperature change
experiments at constant strain rate do not agree with
those obtained from temperature change experiments
at constant stress. The disagreement is quite
narked for the case of crystals with a {(110) orienta-
tion, and it is certainly too large to be due to ex-
perimental errors. This result in itself, suggests
that inconsistencies can occur in the method of
calculation,

There ﬁave been reports of scme cases for which
no disagreenent exists, For example Stone and
Conrad (1964) determined the activation energies for
the deformation of polycrystallire niobium from

creep experiments and found values in good agreement
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with those calculated from tests at constant strain
rate.

Another point that should now be commented upon
is the differcnce found between the ratio j&éﬂéﬁg

A2u3°x

at constant stress and the ratio of the temperatures
293 /243, This result implies thet the activation 3
volume, at constant stress, is a function of the
temperature, Certeinly some.authors have arrived
at a similar conclusionf but in the present case this
has a greater significance. If the activation
volune is an intrinsic function of the temperature,
then the energy characteristic of the process that
controls the deformation,.U, should 2lso be an in-
trinsic function of the temperature. This result
would be in disagreement with the models of Seeger
(1956) 2nd Dorn and Rajnak (1964) for the Peilerls
mechanism, on which most of the interpretations of
the behaviour of b.c.c, metals have been based
(Conrad and Hayes 1963, Conrad 1963, Stone and Conrad
1964, Christian and Masters 1964). In both these
models the encrgy for the nucleation of a pair of
kinks is independent of the tenperature.,

Similar results to those reported here for molyb-
denum single crystals have also been obtained by

Stone and Conrad (1964) for polycrystalline niobium,
although these authors do not mention them explicitly.

4+Thornton and Hirsch, 1958, Feltham and Copley 1960,



The variation of the strain rate sensitivity when

the temperature is increased from 84.2OK to 92.6OK at

a constant stress of 84,3 kg/mm2 can be determined

from the data shown in Figure 3 of Stone and Conradls

L O

paper.  On doing this it is found that ELQQLQEK =
Asu, 2%k

whilst the temperature ratio is only 92.§/84.2 = l.l..

Therefore, in this case the interpretation of the

values of the activation energies could zlso be ob=

The variation of A with stress observed for
crystals with a 100> orientation is another result
that would be difficult to explain on the basis of a
structure independent lattice fricfion alone,

The Activation Energy for Overcoming the Lattice Friction

According to the interpretation proposed in this
thesis, the activation energy for the mechanism of
overconing thé lattice friction should be calculated
from the variation‘of‘t; with temperature and from
the values of } given in Figures 6.10. and 6,11,

The Variationle;/ZlT obtained from Figure 6.22.
is agbout 0.05 kg/mm%/OK, for temperatures between
100°K and Z\OOOK7 and almost negligible at lower tem-
peratures. Values of the activation energies cal-

culated at three different temperatures are given in

+Equation 24 of the Appendix is used for this calcula-

tiona
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Table 605.
TABLE 65
Stress| Tempe. A H
kg/'mm2 °x kg/ﬁmg erg x 10712 e .V,
0O 2.65 1.65 |Extrapolated
4 41% | 1,5 1.80 1.12
7 353 | 2.4 0.85 0.51
9 300 | 2475 0.52 0432
11 0 0 Extrapolated

A linear extrapolation of the calculated values
to”(; = 0 would give a value of 1;65 e,V for the
activation energy of the process; By extrapolation
to zero activation energy a stress: of 11 kg/mm2 is
obtained.

The activation energy at zero stress is in the
present calculation almost equal to that obtained
from the varietion of the applied stress with tenm-
pereture (Figure 6.28.), However in the present
case the activation energy decreases much more
rapidly with increasing stress.

It nust be pointed out that the results of
Table 6.5. can not be satisfactorily explained in
terms of Seeger's model of double kink nucleation

{Seeger 1956)., If the energy for the nucleation of



a peir of kinks, EUK, is calculated from Equation l.4,
one obtains (with ¥ = 10 kg/mn®), 2U,_ = 0.26 e.V.
This value is six times snaller than that obtained by
extrapolation of the data of Table 6.5. to zero stress.
The significance of this disagrecment is diffi~
cult to assess)and before it is used as an grgunent
against the interpretation proposed in this thesis
sorme considerations should be nadc, In the first place
the variation.ATS/ﬁT obbtained from Figure 6,22, is a
crude approximation, Secondly, the lattice friction
ney not be solely due to the Peierls stress, but also
to the presence of impurities. Pinally, the length
of the dislocation segment lying free between the
Jjogs is relatively smell, and therefore it is pos~
sible that Seeger's nmodel of kink nucleation would
require some mnodification in the present case.

The Activation Energy for the Non-conservative Move-

nent of Jogs

The activation energy for the norw~conservative
novenent of jogs should be calculeted from the varia-
tion of'TS with tenperature (Figure 6.22.) and from
the value of Wy obtained in Section 6.7.2. For
temperatures between 77OK and 3000K5 An%/AT = 0,16
kg/mm%(OK. The activation volume, in this range of

21 3

temperatures is approximately 50b° = 107°% em

(Section 6.7.2.)



Table 6.6, shows the values of H (calculated
fron Eguation 1l.13%.) and U= H + Wj'tg at three

different temperatures.

TABLE 5.6
Stress’T} Tenp. 7o U§-~H + W'TE
kg/mm2 °k  lerg x 107 % e, v. e .V,
35 100 1.6 1.0 %430
22 200 5e2 2.0 3637
7 300 4.8 3.0. 3 o Lt
Sl
TJ . T}
2
T x3 kg/mm

These values of Ujare in good agreenent with
the value of 3.6 e.V. which was taken as the energy'
for vacancy formation.

At temperatures higher than BOOOK the varia-
tioxLATéA&T decreases, and therefore smaller values
of Uj would be obtained if the same value of wj were
used in the calculation of the activation energy.
However, at these temperatures, it is possible that
the mean jog spacing znd hence the activation volune
nay increase, and then values of Uj of the szme order
of magnitude as those of Table ©.6. could still be

obtained.



6.7.9. The Effect of Orientation on the Propocrtional

Limit and the Work-hardening Rate

The results reported in this chapter support the
explanation given in Chaepter 5 of the effect of
orientation on the yield and flow stress of nolyb-
denun gingle crystals. Sone aspects of this effect
which can now be understood in more detail will be
discussed briefly in This section.

Crystals with <110 Orientaticn

For crystals with this orientation, a relatively
small number of sites are available for thermal
activation at the beginning of the deformation (see
Section 5.6.%s), and this is reflected in a rapid in-
crease of the stresses'tg and T; in the micro-strain
region,

After the yield point, when a large increase in
the number of mobile dislocations has occunad,‘tg
and TS ettain an almost constent value, and this neans
thet the concentration of jogs docs nrot imcrease
significantly with strain, Since at the senme time the
work~hardening rate after the yield point is small,
one is tenpted to conclude that the total dislocation
density remains o2lmost constant. The etch pit ob-
servationg reported in Section 5.2.2. showed a
rapid increase in the number of dislocation etch

pits after the proportional limit had been reached,

o

LFY



but this technique is unable to show whether the
dislocation density tends towards a saturation value
or not. Thig is a problen which could probably be
solved by transmission electron microscopye.

When the crystals deform at tenperatures higher
than 300°K the strain reote sensitirity, A , decreases
with increesing stress (and strain), and this is
consistent with the corresponding decrease in‘tg
with strain observed at these temperstures (sec
Figure 6.20.)., This behaviour is similar to that

exhibited by niobium single crystals deformed at
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roon temperature (H: C. Kim, private communication), and

by polycrystalline iron deformed above 150°K (Conrad
and Frederick, 1962),. The decrease in A and't; with
strein may arise fron an increase in the total length
of free dislocation segments as a result of the re-~
covery phenomenon described in Section 5.6.8.

Crystals with <1002 Orientation

Since a relatively large number of activated
sites exist in crystals with this orienthtion,a
sufficiently large nunber of dislocations\can becone
rnobile to produce nacroscopic deformation at low
stresses, Under these conditions both‘?; and'T§
are snall, since at the proportional limit the
plastic strain raote is also small. Continuous

nultiplication of dislocations also takes place at



257

low stress. As more dislocations become mobile

the number of dislocation intersections increases, and
hence the dyncnic equilibriun spacing of jogs de-
creases, Then the stresses 7,‘1"; and }j’a‘f incresse for
two reasons. One, and the most important is that the
nean jog spacing bacomes smaller; the other is that
the plastic strain rate increases with strain.

The fact that %g increases at the same tine as
the total dislocatiog dengity nmgy secnm paradoxical.
However this can be understood by realising that the
nagnitude of‘Tg nay be determined by the length of
the free dislocation segments, cnd not by the total
nurtber of mobile dislocations, The reason for this
is as follows:

The overall deformation rate is controlled by the
speed at which the jogs nove, | This speed is given
by

by, —by exp (- Z ;TFb)

where VP is the frequency of non-conservative jumps,
y' is a frequency factor, and F is the force on the
Jjoge. The force F is not constant, but varies with
tine, and decreases when the Jjog moves forwerdy since
then the curvature of the dislocation segnent de-
cresses. Therefore the average value of F, and

the number of non-conservative Jumps per second,

will 2l1so depend on the speed with which the curvature



of the dislocation line is restored, and hence on the
nagnitude of'tg._ Once the value of Ub is fixed (by
the imposed strain rate) the stresses’ts and t; are
not independent of each other, but must satisfy the
condition that TS + Tz be a mininun, Fron this it
follows that when the*nean jog spacing varies there
is a variation on both't§ and T;.

At high stroins, when a fikal,equilibrium distri-
bution of dislocations and jogs is almost reached,
the work-herdening rate is snall. Then'TE and‘tg
and their variation with tenperature and strain rate
is of the same order as for crystals with {110
orlentation.

There are three differésnt processes contributing
to the work-hardening rate., The variations d't}’;/d&
and d ‘t§/d& both give rise to the thermal component
of the wvork-hardening, There must exist also an
athermal component dg,/de which 1s only a function
of the dislocation configuration, and which may arise
from dislocation intersection processes and fron a
long range internal stress field. However the dis-
cussion of the nature of the stress ?% and its varia-
tion with strain is a subject which falls cut of the
scope of the present investigation.

When the crystals are deformed at temperatures



higher than 300K, both the strain rate sensitivity
and the stress'T; decrease with increasing strain
(Figures 6.11. and 6.21,), This effect which is
associated with the recovery phenogenon, has already-
been discussed above for crystals with <110) orienta-
tion. The explanation given there is also applicable

to the present case.
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CHAPTER 7 4

CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

7.1e Conclusions

(1), The yield stress and the work~-hardening
rate of molybdenum single crystals grown by electron
beam floating zone melting has been found to be very
strongly orientation dependent.

Crystals deformed in the {110) direction ab
temperatures lower than 300°K exhibit a high propor-
tional limit and a rounded yield point, The sub-
senucnt work-hardening rate is relatively low. At
temperatures higher than BSOOK the yield point
disappears and the crystals experience a large uniform
elongation.

The crystals deformed in the {100) direction
exhibit a very low proportional limit and parabdlic
hardening. At temperatures above 550°K work-softening
is observed, and the finel elongation of the crystals
is of the order of 30%.

At temperatures lower than BOOOK, the crystals
with the tensile axis orientated in a direction near
the centre of the stereozgraphic triangle behave like
the crystals with (100> orientation. However when

they are deformed at temperatures higher than BBOOK
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they exhibit three work-hardening stages rather
similar in characteristics§to those of the f.c.c,
single crystals.,

The transition in the deformation behaviour
observed at temperatures between BOOOK and 550°K has
been termed 'recovery transition' and is believed to
be due to a softening of the ini $:ially active slip
systems,

(2)s An explanation based on the non-conserva-
tive movement of jogs in screw dislocations has been
proposed for = +the effect of orientation on the
proportional limit of molybdenum single crystals.

This explanation also accounts for the fact that
at high and very low temperatures no effect of
orientation is observed. |

(3). A study of the temperature and strain rate
sensitivity of the flow stress has been carried out
using a stress relaxation method. The results ob-
tained indicate that the stress T, necessary to
deform the crystals at a strain rate <1077 sec™l is
very strongly temperature dependent. At the same
time the stress increment CT-Y&) necessary to

1 0 1072 sec—l

increase the strain rate from 10‘7 sec
is temperature independent at temperatures lower than
- 2923°,

(4). In order to understand these results an
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explanation has been proposed assuming that the
deformation is controlled by two simultaneous pro-
cesses, One is the non-conservative dragging of
Jjogs in screw dislocations; the other is the over-
coming of the lattice friction opposing the movement
of the free dislocation segments lying free between
the Jjogs. In order to move a jogged screw disloca-
tion at a steady macroscopic rate an effective stress
T* = TS + j; is required, The component 13 is the
stress necessary to move the Jjogs non-conservatively,
and Tg is the stress needed to overcome the lattice
friction.

The value of‘tg is approximately equal to zi;}7\
and'fé is approximately equal to the difference T~ z}i
The variation of'TE with temperature, below
2930K, is large, whilst‘rg is almost constant. Above
29%°K both stresses‘tg and'tg are temperature dependent.

(5). By applying this model to the experimental
results, it is concluded that the lattice friction
stress at 0°K is about 10 kg/mm®, and that the
overcoming of the lattice friction is not a thermally
activated process below 293°K (for € 1072 sec_l).

The temperature dependence of the flow stress
below 295OK is due entirely to variations in.tg,
whilst the strain rate dependence of the flow

stress at any temperature is equal to the strain



rate dependence of‘tg. The calculation of the
activation energy from the variation of the applied
stress with temperature and strain rate is therefore
gquestionable. |

(6)., The activation energy for the mechanism
of overcoming the lattice friction has been calculated
from the variation of‘tg with temperature and strain
rate, The value of the activation energy thus
obtained, for’tg = 0, is 1.65 e.V. The activation
volume varies from lOb5 (at‘ts = 11 kg/mm2) to 120b3
(as T3 = 2 kg/mm) .

The activation energy for the non-conservative
movenent of jogs calculated from the variation of‘tg
with temperature is 3.4 e.,V., and is in agreement
with the value of the energy for vacancy formation
in molybdenun. At low temperatures the activation
volume for this process is 50b3, and the mean jog
spacing is 50b.

The model proposed explains also the éffect of
the orientation on the work-hardening rate, and the
variation of the strain rate sensitivity with tem-

perature and stress.

7.2  Suggestions for Future Work

Many of the ideas presented in this thesis to

explain the effect of orientation in terms of two

263
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thermally activated mechanisms nsed to be further
developed. The implications of the explanation
proposed (Section 6.7.%.), not only lend themseclves
to easy experimental verification, but also suggest
that the study of the deformation mechanisms.should
be extcended over a range of temperatures and strain
rates from the region where‘rg is temperature de-

pendent to that where'tg is Temperature insensitive,

It seems obvious that it would be profitable to
apply the experimental methods used in this investi-
gation to study the deformation of other b.c;c; metals,
and it should be investigated whether the results
obtained can also be explained in terms of the model

proposed in this thesis.

The work contained in this thesis suggests a new
method of approach to the problem of the effect of
the interstitial impurity atoms on the yield and flow
stress. For example, it is possible to investigate
whether the inpurity interstitial atoms affect the
mobility of the jogs (i.e. the value of’tg) or the
magnitude of the lattice friction (i.e. the value of

*
Tb).

A detailed theoretical treatment of the movement

of a Jjogged screw dislocation through a lattice with



a high frictional stress would also be desirable.

The recovery transition discussed in Section
5.6,8. is a problem which also requires further
investigation, A comparative study of the disloca-
tion structures by means of btransmission electron
microscopy in different b.c.c, metals would probadly

be a good zpproach to the problem.
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APPENDIX.

STRESS RELAXATION AND THE PLASTIC

DEFCORMATION CF SOLIDS
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Stress Relaxation and the Plastic Deformation of Solids

By
F. Guiv and P. L., PraTT

When a solid is plastically deformed in a hard testing machine and the cross-head is
arrested, a continuous decrease of load is observed. An interpretation and analysis of this
stress relaxation phenomenon is made. This effect can be used to study mechanisms of
plastic deformation in solids, and details are given in the paper.

Wenn ein fester Korper in einer Hirteuntersuchungs- Apparatur verformt und die Gleit-
backe angehalten wird, wird eine kontinuierliche Abnahme der Belastung festgestellt. Es
wird eine Deutung und Analyse dieser Spannungsrelaxation gegeben. Dieser Effekt kann
zur Untersuchung des Mechanismus der plastischen Verformung in festen Kérpern ver-
wendet werden. Einzelheiten dariiber werden in dieser Arbeit mitgeteilt.

1. Introduetion

Two kinds of mechanical relaxation phenomena can be distinguished in solids.
One type arises from the “‘anelastic’ or imperfect elastic nature of real solids and
is manifested even at very low values of the applied stress. Such an “anelastic”
behaviour can be described by ZeNmr’s “standard linear solid” model [1] which
is characterized by an exponential time dependence of the relaxed strain and a cha-
racteristic relaxation time. This fact makes it possible to study the physical
nature of the elastic imperfection by means of internal friction measurements [2].

A second kind of relaxation is observed when a solid is plastically deformed.
The phenomenon is then associated with the movement of free dislocations and
can not be described in terms of ZENEr’s model. The relaxed strain does not
involve a time exponential but instead is logarithmic with time. In order to
show this effect the solid must be deformed plastically in a hard testing machine
by the application of a load. If then the movement of the cross-head of the ma-
chine is arrested a continuous decrease of the load is observed. The decrease in
load is a consequence of the deformation of the solid. The term “‘relaxation at
constant strain’” which has been sometimes applied to this effect seems therefore
rather unfortunate and it is better to refer to it simply as stress relaxation.

The purpose of this paper is to analyse the stress relaxation process and to
show how it can be used to study some aspects of the plactic deformation of solids.

2. Analysis of the Test

Let us imagine that a specimen is deformed in a hard testing machine at a cross-
head speed § and that on reaching the point o, £, of the stress strain curve (Fig. 1)
the plastic strain rate experienced by the specimen is &, If at that moment taken
as t = 0 the movement of the cross-head is arrested, the specimen continues
deforming under a decreasing stress and decreasing strain rate. From the record
of load versus time the relaxation curve o = ¢(t) can be obtained.
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j Fig. 1. Typical stress-strain curve and relaxation curve
obtained at o, &

o=0 (t)

Stress —e—

Strain—=— t=0 Time —

Throughout the relaxation process the relation between the stress and strain
is determined by the stiffness of the machine, and the geometry and elastic modu-
lus of the specimen. This relation is obtained as follows:

The speed ¢ at which the cross-head of the machine is moving is matched by
the elastic plus plastic deformation rate of the specimen 7, 4- 7, and the elastic
extonsion rate of the different parts of the machine itself 2. Thus

G=ly+ I+ 2. 1))
When the cross-head is arrested § = 0 and then
lp+lo=—%. (2)
z is related to the stiffness of the testing machine given by
dP
S = ®)

which is practically constant in the small range of load, P, involved in the rela-
xation. Then, converting from deformation rates to strain rates, (2) can be written
«,

70 )

bptbe= —
? e
lys

where /, and q, are the length and cross section of the specimen at time = 0.
Expressing £, in terms of the elastic modulus & of the specimen

G

Ep = A {5)
the relation between the strain rate and the stress rate takes the form
tp=—M¢, (6)
where
LR
M = is K

can be assumed to be constant because the deformation introduced during rela-
xation is small compared with 7,, When a numerical constant « is introduced to
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convert tensile strain and tensile stress into shear strain and shear stress (6) is
written as
y=-—Mt (6a)
with M = o M’ .
The applied stress 7 is the sum of the thermal component or effective stress ¥
and the long range internal stress 7,.

T = T* + T‘u - (7)
During relaxation 7, is practically constant. It varies with strain as dz, = 6dy
where 0 is a work-hardening coefficient and from (6a) dr, = — 6 M dr. In a hard

machine # is of the order of 10~¢ mm?/kg and therefore dz, is only a very small
fraction of dv. Then (6a) becomes

y=—M7*. (6V)
The strain rate sensitivity of the stress defined as (87*/2 log $)y is casily obtained
from the relaxation curve ¢ = o(t). Eq. (6b) shows that

dv* dr*

dlogyp = dlog (— %)

= AMr*). (8)

Therefore, if 7 is plotted versus log (— 7) the slope of the plot at any point gives
the value of A(7).

An alternative way of analysing the relaxation curve which was originally used
by FerraanM [3] consists in plotting 7 versus log (¢ + ¢), where ¢ is a constant. It
has been repeatedly verified [3, 4, 5, 6, 7] that in such a plot a straight line is
obtained. This mcans that the relaxation equation is of the form

0 — o, =2""logec — X' log (t + ¢) (9)
or if shear stress is plotted instead of tensile stress,
T —7To=2Aloge —Alog(t + ¢). (9a)

The constant ¢ is chosen so as to give a linear plot from ¢ = 0, and —- A" or — 1
are the slopes of the straight line. (9) and (9a) are only valid for the interval
0 <<t <t; in which the experimental lincar relation is established. The deri-
vative of 7* with respect to ¢ calculated from (9a) is

dr* A
@ T T 23 +o (10)
Combining (6b) and (10), taking logarithms and differentiating, one obtains

dlogy 1 ‘
dt 23 +¢’ (1)
and from (10) and (11) it follows

de* (12
dlogy — )

The positive value of the slope of the logarithmic relaxation plot is the strain
rate sensitivity of the stress. This result shows that A(t*) as defined in {8) is con-
stant and equal to 4 and that the plot of 7 versus log 7 will also give a straight
line.

8 physica
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The plastic strain rate at any time ¢ during relaxation can be evaluated by
combining (10) and (6b)

. M2
YT 330 1o 13)
or
. M ¥
©5=330+0 (132)

if tensile strain is used.

The plastic strain rate &, at which the specimen is deforming under the imposed
rate of extension of the machine, is determined by making { = 0 in (13) or (13a).
The alternative way of calculating the strain rate is by measuring the slope & of
the relaxation curve and using (6).

The experimental relations (8) and (9) on which all the analysis has been based
can be theoretically justified. If the deformation process can be described by the
rate equation '

. H — wr*
y=4 -exp—{T} (14)

then (8) is immediately obtained from (14) if A, H and w are constant.l)
Using (6b) the rate equation (14) can be integrated. Assuming again that 4,
H and w are constant, one obtains

H kT MET
L SR Nty B feinlhididl
K ~w+wl"(Aw

)_%’zn(t+c), (15)

which is of the same form as (9a). The integration constant ¢ is given by

MET H—wty
“=dw ° { LT } (16)
where 7§ is the effective stress at ¢ = 0.
In both cases the well known relation
23k7
A= (17)

w

between the strain rate sensitivity and the activation volume is obtained.

3. The Relation between Stress Relaxation and Creep

A creep experiment connected with the relaxation test can be carried out as
follows: The specimen is deformed at a certain cross-head speed and, when the
point 6, ¢, of the stress strain curve is reached, the speed of the cross-head is con-
tinuously varied in such a way as to maintain the applied stress constant. The
amount df that the specimen extends is entirely balanced by the displacement dy
of the cross-head. This situation is deseribed by (1) with the conditionl, = £ = 0.
Therefore, # =1, and it is possible to know the variation of I, with time by .
following the variation of y.
R -wT

1) 4 is a frequency factor including the entropy term N4 the activation enthalpy, w the
activation volume, t Boltzmann’s constant and 7' absolute temperature.
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It has been found experimentally [4] that the relation between strain and time
during the creep process has the form

gE—gg=—0logg | dlog (¢t + g) (18)
or if shear strain y is plotted instead of tensile strain
y —ve=—0logg +dlog(t+g). (18a)

A relation between the relaxation parameter 4 and the creep parameter ¢ has
been derived by two different authors [4, 8]. They expressed the variation of the
applied stress with time by the equation dz/di = (8t/0t), + (0r/0€), de/di. In
their derivation both authors overlooked the condition that at constant strain
07/0t must be zero; furthermore the equality de/dt = 0 was introduced as a con-
dition during relaxation and it has already been made clear that during relax-
ation the strain is not constant.

To establish a satisfactory relation between stress relaxation and creep it is
necessary to distinguish in the applied stress v the thermal component t* and the
long range internal stress 7, as in (7). For creep, dv = 0 and from (7) one obtains

dr* = —dry, . (19)
Defining a work-hardening coefficient 0 as 6 = dz,/dy from (19) it follows that
dy = — dx*0, (20)
which with the relation derived from (18a),
W
s 21
dlog (t+g) =0 @)
yields
dr*
— = 04. 2
dlog (¢ + 9) o9 ®2)

The variation of the effective stress v* with log ¢ given by (22) can be compared
with that derived from (9a) to obtain

A=06. (23)

Equation (23) simply states that the strain rate sensitivity measured from a re-
laxation test is the same as that measured from a creep test. This result is to be
expected because in the proximity of the point o, g, in the stress strain curve (not
too large values of ¢) the same deformation process is taking place in both cases.

It is also evident, as Buck [8] already pointed out, that the coefficient § would
be equal to the work-hardening coefficient measured from the slope of the stress-
strain curve if no thermally activated process contributes to the work-hardening.

If for the creep test the relation (18a) is experimentally verified then a plot of y
versus log 7 should give also a straight line of slope — 4, for from the eqgs. (12),
(20) and (23) it follows that

dy de* 2
dlogy  0dlogy 0 0 24)

This linear relationship has also been experimentally established [9, 10].

A logarithmic creep equation of the same form as (18a) is obtained by integrat-
ion of the rate equation (14). The relations (24) follow immediately from eq. (14).
In both cases A, H and w in (14) must be assumed constant.

8¢
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The relaxation test is rather easier to perform than the creep test, specially when
an automatie load recording device is available, and it has been extensively used
in our Department in the study of the plastic deformation of molybdenum single
crystals. The fow results that will be presented here are intended to show the
practical application of the analysis, to discuss the sources of error, and to show
how the errors can be accounted for.

4. Experimental Methods of Analysis

If a specimen is left to relax for a long time, the equilibrium state ¢ = 0, & = 0
should be reached when v = 7,. It has been found, nevertheless, that in the case
of molybdenum even after 14 hours no equilibrium has been attained. This
result suggests that the possibility of a recovery process taking place should ngt
be disregarded, and this would conflict with the hypothesis that 7, is constant
during relaxation. To avoid this difficulty it is necessary to make the relaxation
time as short as possible, and it has been found that a relaxation time of one
minute is sufficient to obtain reliable results for molybdenum.

Plots of ¢ versus log (£ -+ ¢) are shown in Fig. 2 and 3, with various values of c.
The values of 7 are corrected from the variation in cross section area during rela-
xation. It can be observed that a very good linear plot is obtained in some cases,
whilst in other cases there is a departure from linearity at ¢ < 6 s. In the same
figures are also shown the plots of T versus log ¢ in order to illustrate the deter-
mination and effect of the constant c.

4.1 The effect of “machine relaxation”

If the relaxation test is reproduced with a stiff calibration piece replacing the
specimen a certain amount of relaxation in some part of the machine takes place.
The observed decrease in load with time has the following characteristic features:
It increascs with the applied load and with the speed of the cross-head, and is
insensitive to work-hardening, i. e. it is always reprodueible in magnitude.

When a test is performed at very low cross-head speeds (<< 0.01 em/min) the
amount of machine relaxation is negligible, but at higher speeds (> 0.01 em/min)

o Plot of t versus Log ¢
f 9y o Piotof T versus Log (t+085)
> __Jdr__ _ 2
2 \\ A 720G (#4c) 28 kp/mm
N S
x
NI/ \\
k\) °
o
s o
L 6+
5 >
[ 3
5 I
% 74+ N Tig. 2. Logarithmicrepresentation of
3 u'\,_\ the relaxation curve obtained at the
S point A of the stress-strain curve re-
73 L 1 1 | presented in Fig. 5
0 a5 70 75

Log (t+c )——
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Fig. 3. Logarithmic representation of 7
relaxation curves obtained at thesame — [[)g 0 =1 07§——»
stress after straining at two different ° \

cross-head speeds.

O and @ cross-head speed 0.01 cm/
min, A cross-head speed 0.1 em/min.

o
~N
T

°

\A 2= 044 kp/mm?

A point A with the coordinates
(1.22; 9.75) must be added

o
1Y
-

Resofved Shear Stress ©(hp/mm 2)

a5
> flof of T versus Log ¢
- fororc versus Log (t+72)
94 s Plo? of ¢ versus Log (E+77)
L - b3 .
0 05 70 15 20

g (140) —=

can sometimes be relatively important compared with the relaxation of the spe-
cimen. In any case, after 3 to 6 s thc amount of machine relaxation has become
so small that it could be entirely neglected.?)

As aresult of this effect, in the first seconds of a relaxation test a certain amount
of “anomalous” extension is superimposed on the extension of the specimen. If
P is the variation in load produced by the machine relaxation then the relaxation
rate of the machine is p/s and (4) should be written as

byt b= =2 (4a)

&y s

and instead of (6) one would obtain
ép:—*(M'—{—lo—sﬁ)b‘, (6¢)
0

where f§ = p/P =1 is the ratio between the variation in load due to machine
relaxation and the observed variation in load during the test.

The variation in stress ¢ for a given deformation of the specimen (equation (6¢))
is now larger than it would be in absence of any machine etfects (equation (6)).
The ratio 8 = p/P which is variable with time and is zero after 3 to 6s will
destroy the linearity of (8) and (9). This is what is shown in one of the plots of
Fig. 3. In this case, the constant ¢ was chosen so as to fit a straight line from the
smallest possible value of £. Whenever the ratio f is negligible at { = 0 no depar-
ture from the linearity is observed.

4.2 The strain rate sensitivity

For the calculation of the strain ratc sensitivity, the relaxation meth.od has
clear advantages over the strain-rate-cycling test. Values of A can be obtained in
parts of the stress-strain curve that show a very large work hardening rate, and

2) The machine relaxation is less pronounced the softer is the machine, in accord with (6).
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molybdenum single erystals oriented in the (110> direction

%)
S

Fig. 4. Plot of strain rate sensitivity versus applied stress for
T o Dafa from fest in Fig.§ ‘]
- o Dala from Strain-rate~ ,2008%
L change experiment's

1 2514 Data from ofher ] even at stresses lower than the proportional
N [ reetrests limit. If the strain rate sensitivity is
S, oh / strongly stress dependent, with the relaxa-
N / tion test one obtains true values of 1 in-
o / stead of mean values. The amount of strain
R8¢ oh introduced in the determination of 1 is
3 / very small and it is therefore possible to
& 108 / determine simultaneously the strain rate
£ / dependence and the temperature depen-
E r // dence of the flow stress.
o5 A In Fig. 4 are shown the values of 1 as 2
- 7 function of the applied stress for a mo-
F e it iiia .| lybdenum single crystal with the tensile
g 5 70 75 20 25 axis in the <110> direction, deformed at
Resolved Shear Stress T( hp /mm?) —w room temperaturc at a cross-head speed

of 0.1 em/min. The stress strain curve
of this test (Fig. 5) shows the points at which the relaxation was carried out. Some
values of 4 obtained by the strain-rate-change method are also included in Fig. 4.
The agreement between the values of 4 determined by the two methods is always
better than 19,.

Finite values of 1 are obtained at stresses below the proportional limit, indica-
ting that the specimen is undergoing some plastic deformation. The possibility
of this relaxation at low stresses being produced by an anelastic process (for in-
stance, reordering of interstitial atoms) does not seem likely since it is impossible
to obtain a linear relation between ¢ and log 7. This indicates that the relaxation
is not: described by an equation of the type

T — 1= B-exp— {t/ty}, (25)
where B, 7; and {, are constants, but by (9).
Kzerrrr and Werr {11] studying the reordering of interstitial N atoms in

iron, used the relaxation method and found that the results could not be represent-
ed by (25). They could, nevertheless, separate the relaxation curve into a spec-
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) Fig. 5. Stress-strain curve of molybdenum single crystal
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trum of four different curves of the type of (25) each one characteristic of a differ-
ent process. A similar procedure has not been tried with our results. The lowest
values of the stress are not regarded as being significant, because deformation
may have taken place at regions of high stress concentration. At higher values
of the stress the large amount of relaxation observed can only be accomodated
by plastic deformation.

4.8 The plastie strain rate

The plastic strain rate at any point in a stress-strain curve can be derived from
the rate of variation of the load, the speed of the cross-head, and the constants of
the testing machine. Combining (1), (3), and (5) one obtains for the plastic strain
rate

_ 9= P
2 l

& — P|E a,. (26)
The plastic strain rate calculated from the relaxation curve using (13a) at time
t = 0 should be equal to that obtained from the stress-strain curve at the stress g,
chosen for relaxation.

When the test is carried out at cross-head specds of the order of 0.01 cm/min,
the values of the strain rate calculated from (13a) agree very well with those cal-
culated from (26). The agreement is not so good for very low strains when the
test is performed at cross-head speeds of the order of 0.1 cm/min.

There are two important sources of error in this last case. At low strains the
ratio P/s can only be measured within an accuracy of 4 89, but its value is so
close to the value of ¢ that the error of the difference ¥ — P/sisof the order
of £ 30%. At the same time, at low strains and large cross-head speeds the
ratio § = /P is rather large (~0.3) and too large values of ¢ are obtained in the
non linear logarithmic plot (Fig. 3). Equation (13a) gives then too small values of
&,. Here the sign of the error is known and & can be obtained more accurately
by measuring directly the slopes P and p of the relaxation curves at t = 0 and
using (6c).

When the errors are taken into account, once again good agreement between
the two methods is found.

The agreement between results obtained by the different experimental methods
serves to confirm the validity of the analysis and interpretation given to the re-
laxation phenomenon.
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