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ABSTRACT.

The influence of grain size, temperaturc and strain rate on the
low temperature (<lO.2Tm) tensile properties of polycrystalline arc-
cast molybdenum of purity 99.97% have been investigated. A model
for yielding based on the multiplication and velooity‘oharacteristics
of dislocations providod the best unified treatment of the grain-sisze,
toemperature and strain-rato dependence of yielding and subsequent

flow behaviour,

The lattice friction stress is closely rolated to the single
erystal yield stress and neither can be identified with the Petch
parameter OE; In addition to the effect of grain boundaries, kY
includes a contribution which arises from tho docrease in mobile
dislocation density with grain size. The value of k. (< kY) for
flow is more representative of the influence of grain boundaries
on yielding than kY itrolf. Slip is probably transmitted from grain
to grain by the athermal generation of fresh dislocations at or near
grain boundarioes. An explanation, based on the grain-size dependence
of dislocation multipliéation and velocity characteristics, is
given for the observed contradictions in tho temperatursc bohaviour

of kY in molybdenum and other b.c.c. transition metals.

Combining the results of thc grain-size analysis and thermal
activation analysis, the rate-controlling mechanism is establishod
ag one of overcoming the Poierls stress. A correction is introduced
for the stress-dopendence of the froqﬁoncy factor ¥ 4n the egquation

for thermally activated yielding and flow,
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The relationship betwecn logé. and the lower yicld stross
of fine-grained material may be representoed by several consccutive
straight lines of differcnt slopes for strain rates below
“ 0.5 x lO"llxsec:.—l Attempts have been made in the past to
associate these different lincar regions with different rate-
controlling mechanisms., This procedure is questioned in the case
of molybdonum., Evidence favours the view that thoy may be causod
by spurious grain-boundary offects during the propagation of

yielding.
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1. INTRODUCTION.

1.1 Purpose of the Investigation.

The growing demand during the last decade for new and improved
materials to meet the stringent requirements of the atomic and
space age has stimulated considerable fundamental research into
the deformation and fracture of the body-centred cubic transition
metals, namely, iron, molybdenum, chromium, tungsten, niobium,
tantalum and vanadium. These metals exhibit similar properties
and, with the exception of tantalum, héve been shown to undergoe
a change from ductile to brittle behaviour as the temperature is
lowered. This effect, which is extremely important in étrﬁcturél
componsnts, seems to be closely related to the rapid increase in
yield stress with decreasing temperature which precedes the onset
of brittleness. Consequently, a precise knowledge of the dis-
location mechanisms which control yielding and flow is essential
to an understanding of the above phenomena and to the formulation

of specific models for deformation and fracture.

In theory, one cannot over-emphagize the importance of using
single crystals of ultra-pure materials in atfempting to develop
an understanding of the microscopic mechanisms which govern
deformation behaviour. Neither can one ignore the fact that
materials of commercial purity, in polycrystalline form, are
used in nearly all practical engineering applications because of
their more attractive strength properties and far greater availe
ability. What information then, if any, can be derived from a

study of the latter ? It is the aim of this investigation to
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examine critically the two most widely rccognized, yot controversial
tochniques which have bocn utilized in such studies to date, the
grain-size analysis and the thormal activation analysis. Both will
-be applied to analyse the low temperature yielding and flow char-
acteristics of a represontative b.c.c. transition motal, in an
attempt to resolve somo of tho apparcnt discrepancics which have
arisen. Accordingly, it is proposed to consider which of the cur-
rent models for yielding provides the most unified treatment of the

oxperimental observations.

The choicc of a specific metal and the soloeection of oxperiments
will be discussed after the existing literature on the subject has

been roviewcd.

1.2 The Yield Point Phenomecnon.

One of the features of the plastic deformation of annealed
single crystals and polycrystals of b.c.c. metals which contain
small amounts of interstitial impurities is the pronounced drop in
load which occurs in the carly stages of yielding. This "yicld drop"
results in the obscrvation of a sharp "yiold point", a phonomenon
often described as "discontinuous yioclding". We shall consgidor only
yicld points which arc belicved to arisc as a direct result of an
increase in the number of mobilc dislocations during deformation by
slip. Other offects can lcad to the observation of yicld drops as
well, of which thosc duc to mechanical itwinning arc the most
familiar. However, these offects will not concern us in tho inves-

tigation.
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Two significant conﬁributions have bcen made to an understanding
of the particularly sharp yield poiﬁt occuring in b.c.c, motals. The
carlier thecory, proposed by Cottrelll, and Cottroll and Bilbyz, is
baged on the cxistence of clastic stress fields about dislocations
and impurity atoms, which induco interactions botweeon thom. 4s a
congequence,; the strain cnergy of the lattice is reducoed when the
former take up preferred sites near dislocations. In this way, the
dislocations arc immobilised, "pinned', or "locked". Thc mechanics
of pinning, and thc ncccssary proscnce of intorstitial impuritics fo
ensure the immobility of dislocationg of both screw and cdgo

oriontation are well ostablished1—6.

If dislocations are pinnod in the manncr just proscribed,
yiclding can occur when tho stress acting on the dislocations is
sufficient to free thom from their impurity atmospheres. Since the
unpinning stress is more than that required to move fresh dislocations
an abrupt drop from the upper yield stross to the lower yicld strecss
ensues to produco the yield point. This assumecs that the rate of
strainirg is too high and tcemperaturc too low for tho atmosphores
themselves to bo mobile, Assuming a condonscd atmospherc of carbon
in «-iron in the form of a singlec line in a position closc and
parallel to a dislocation, with one solute atom per atomic plane,
it is estimatedl’z, for oxample, that a concentration of 10"7% by
woight of carbon would be sufficient to give a full yiocld point for
an initial dislocation density of 108 lines cm~2. The dcpendonco

of tho magnitude and existence of the yield drop on interstitial
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impuritics has been conclusively demonstrated 2.

Anothor important foaturo of the impurity yicld point model
is that it providcs onc oxplanation for the temperature and strain-

2,5,6,10,11. Qualitatively, the

ratc dependence of the yield stress
initial stage of unpinning is cnvisaged as the breaking away of a
small loop of dislocation, a fow atomic diamcters in length, from the
condensed row of solute atoms. As the distance moved by the loop to
an unpimed position is considcred to be of the order of the wave-
length of thermal vibrations, the brcak-away proccss can bo thormally
assisted. The highor the temperaturc, tht groatcr the thermal encrgy
available, with the result that the applied stross for yielding
decrcascs rapidly with inercasing temperaturc. Cottrell6 cstimatos
the activation cnergy for unpinning as

)3

U = 0.9 (1-0“/92 s (1)

for the rango of applied stross between 0.2 and 0.8 CT; wherc a, is
the truc unpinning stress, i.c at toemperaturc ncar 0%K. As thormal
fluctuations with onergy of ordcr O.S cV(35kT) arc not uncommon at
IOOOK, the obscrved break-away stress should fall by two-thirds of
(j“; during the first IOOOK risc in tomperaturo. Thercaftor, at
highor tomperaturcs, tho fall should be less rapid. This is in fair
agrecement with experioncez.

The offcct of strain rate on the yicld stress is oxplainod6‘on
the basis of the probability of the occurrence of thermal fluctuations

of the rogquircd magnitudzs in the time intcorval when the stress is

within a givon rangoe., For oxample, for a high strain rato this
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interval is smaller than for a low strain ratc. Therefore, the

probability is lowor, and tho yield siress is correspondingly higher.

One inadequacy of the unpinning hypothesis is its failure to
account for tho obscrvation that the upper yield stress, lowor yield

stross and flow stress all oxhibit the samc temperature dependen0012’13

and tho same strain-rato dependencel4’15. This difficulty arises from
the fact that the dislocations which contribute %o the flow sircss

are most certainly free from atmosphercs at low and ambicent
tomperaturcs. In addition, Cochardt ot al4 cast doubt on the idea

of a singlc line distribution and proposcd a more cxtensivc atmospherc,
The diroct observation by transmission electron microscopy of particles
formed on dislocations in iron tondg to support this view16’17.

Under the circumstances, to delcasc a dislocation from its atmosphere
would require tho nucleation of a more oxtensive loop. It is
possible that any thermal contribution to the cnorgy nccessary to
form such a loop would be nogligibly small, thoreby predicting a
yield stress indcpondent of tomperaturc, which is clearly not tho

casc in practice. This suggests that somo mcchanism othor than un~

pinning must control yioclding and flow,

Thesc apparcnt discropancics betweon theory and oxperimont, along
with othors to be outlinod in following sections, directed Hahn's
a‘btentionl8 to an altornative view of tho yield point originally

.
forwarded by Johngon and Gilman?

to explain the bechaviocur of their
lithium fluoride single crystals. Thoy found that dislocation

rosponsible for slip nuclcated hetorogenouslyzo and multiplied
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rapid1y21 without any cvidence for the unpinning of grown-in dis—
locations. The yield point was accounted for in terms of the rapid
multiplication of dislocations and the stress-depondence :of their
velocity. Johnston22 gives a fuller quantitative outline of the
theory but finds it expedient to distinguish two itypes of yield point,
the multiplication yield point characteristic of LiF, and the sharper

impurity yield point of Cottrell which cccurs in materials like iron.

As will become cvident, this distinction is probably unnecessary.

The model for yielding derived by Hahn18 regombles that of
Johnston and Gilman cxcept fhat it is based on the observed
properties of dislocatiorsin iron and steel, not LiF. Consequently,
there is some justification for believing that the model may be
applicable to the related b.c.c. transition metals as well, when their

closely allied behaviour is taken into considerationi

The essential points of Hahn's development are as follows.
The total strain rate é s imposed by a testing machine in com-
Pregsion or icnsion has two components, the clastic rate, éé, of
the machine and specimen, and the plastic rate, élf of the specimen,
Thus,
€= €+ € (2)
The plastic strain rate is maintained by the motion of L lines per init

volune of mobile dislocations of strength b at a velocity, v, so that5
L}

€ = ¢ vlv (3)

P

where ¢ ¥ 0,5 for tension, To establish an analytical relation for
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the stress-strain curve, one must express L and v in terms of

stress, ¢, and strain, Ei.

Etch—pittingl9’23 and electron microscopy24’25 have shown that
the total dislocation densitys f’, increases with strain in the
manner,

nCéa
¢ 0 (4)
for 1075 <:'§2)<:IIO~1 where C and a are constants. To take account

of smaller strains

€=@+cga (5)

is assumed valid to a first approximation. In the absence of dis—
location locking fz represents the grown-in dislocation density.
However, when dislocations are locked, f% is regarded by Hahn as
the average density of unlocked dislocations which are created
heferogenously at a stress level below that associgted with
significant mobility. Since therc is no measured relation between
the mobile dislocation density, L, and fj, it is further assumed

that
L = fE (6)

with £ % 0.1 for the case of mobile dislocations freshly produced
by deformation. Initially, LO must correspond to ?B independent

of which of the above interpretations holds for f%.

The influence of stress on dislocation velocity in silicon~

iron was found by Stein and Low26 t0 be given by
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v (0 oy )" (1)

wherse (T; is the tensile stress corresponding t0 unit velocity and
m is a constant. Gilman and Johnston27 find that the work-
hardening in LiF closely approximates the stress increment, [}ﬂ”,
needed to maintain a given veloctiy. Hahn accepts this as con-
ditionally applicable to metals in order to include the influence of

work-hardening. This yields a linear work-hardening law of the form
L0 =q €, (8)
where q is the work-hardening ratc. Therefore, it follows that

v (O (0= )" (9)

A suitable combination of Equations (3)(5)(6) and (9) yields the

equation

/ %p‘ 1/m (10)

gor ( eo + oépa)

0 =q ffp-% g,

by neglecting the contribution to E;,

This ®xpression enables Hahn to account for many features of
b.c.c., deformation by utilizing, not dislocation unpinning, but the
multiplication and velocity. characteristics of dislocations. At the
noment, we can deal conveniently with one of these features, namely,

the yield point itself,

On Hahn's model, abrupt yielding is a consequence of the
Presence of a small number of mobile dislocations initially
(small Lo)’ rapid multiplication {large a), and a low sensitivity

of dislocation velocity to stress (small m). In view of the usually
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large number of grown-in dislocations in metals, 106 - 1080m:2

) 1t
is suggested that impurity locking immobilizes them in order to
satisfy the first condition. However, it is not necessary to
postulate unpinning for the occurrence of a yield point, although
the possibility is not excluded by Hahn., Note that in neglecting

éé’ the model requires a non-zero Lo frr a finite yield stress.

The above treatment suffers from certain difficulties. To be
consistent, fo9 by definition of §7in Equation (5), should pertain
to the total dislocation density at fi = 0, This would immediately
fix L as one-tenth of ?o’ normally a high value, If grown~in
dislocations are locked,; then LO would be too high. Irrespsctive
of the definition of ?O, our knowledge of the magnitude of the
mobile dislocation density L0 to be accorded to the upper yield
point is insufficient to permit an absolute comparison between the
predictions of the model and experimental observations. At best,
from a series of values assumed for Lo in performing calculations,
one can only select that value which gives the closest agreement
between the predicted and experimentally determined upper yield
gstresses, Despite this uncertainty, a key point is that the sub-
sequent yield drop follows directly from the model. Therefore, the
requirement that yielding and subsequent flow be governed by the
motion of free dislocations is satisfied. Finally, Hahn does not
deal with the temperature and grain-size dependence, but suggests
that they arise through the influence of temperature and grain

size on one or more of the parametors in Equation (10). As the
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zole of temperature in Equation (10) is not directly known, it may

be rather optimistic to term it 2 mechanical equation of state.

More recently, Cottr91127 himgelf turned to the seemingly more
satisfactory interpretation of discontinuous yielding in terms of
dislocation mechanics., However, he rewrites Equation (10) in a

glightly différent form: .
¢ l/h
' P (11)
J=a €, + 0T -
go (L + 6 &%)
\ 0 iy

thercby introducing the pessibility that the mobile dislocation
density need not be related initially to f)o by the fixed factor
of 0.1, Therefore, it is suggested that sharp yicld points can

occur if one of three conditions is satisfied., Firstly, if

?O = 0 (12)

and stress concentrations are not important, macroscopic yielding
begins when the strcess is able to create dislocations in the
undislocated lattice. The stress then drops to the level
necesgsary to move and rultiply them. As this condition ig seldom

satisfied, this type of yielding is rare. Secondly, if

L =0, (Do>o (13)

and stress concentrations are not important, then it is not
necessary to have a total absence of dislceations initially, but
only that they be locked by impuritics. Yielding will then begin
when initial dislocations become unpinned,(weak pinning), or when

nsw dislocatiocns are created (strong pinning) at the upper yicld
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point depending on which is the ceasier process. ILastly, if
LO> 0 (14)

and, additionally, the multiplication and velocity conditions are

met, then the yield drop evclves by multiplication as suggested by

Hahn. Thus, Cottrellz7 distinguishes, ag doeg Johnston, betweon

yielding by creation and yielding by multiplication of dislocations

but with the reservation that unpinning in the creation process

need not occur if locking is strong. Murthermorc, to reduce LO to

a small value, pinning is still a primary rcquisite, However,
Cottr91127 agrees that a yield point by crcation (or unpinning)

would occur only under excoptional conditions such as these in the
experiments of Hutchisonl3. That is to say, ih the presence of
strong pinning, stress concentrations are usually sufficient to
create dislocations in their immediate vicinity at an applied stress

level below the upper yield point. This, of course, leads once

more to a multiplication yield point., It is revealing that Hutchison

himgelf concludes from his own results that the temperature de-

pendence of the upper and lower yield stress of polycrystalline iron

at low temperatures results mainly from the stress required to move

free dislocation and rot to unpin them.

It appears, therefore, that one can reasonably conclude that
the model of yielding based on the dynamical glide properties of
dislocations is the most plausible one for normal b.c.c. metals

testod under normal conditions,
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1.3 7Yield Propagation.

In many instances, the yielding of annealed impure b.c.c.
transition metals, whether polycrystals or single crystals, is
nucleated locally on a macroscopic scale. Consequently, positive
work hardening, as shown by a load-elongation curve, does not en-
sue until yielding has spread over the whole of a specimen after a
few percent strain, usually termed the "Liders strain"28 or "lower
yield extension'", During the course of this initial deformation,
yvielding is secen to propagate, without an approciable variation in
stress, by the traversal of the gauge length of one or more Luders

29

bands, originating from the localized regions .

Theories of Luders band propagation are closely allied to yield
point theories. Supporters of the impurity yield peint invoke
dislocation unpinning as a hecessary step in yield propagation where—
as the ideas incorporated in a yield point theory based on dislocation
mechanics can be extended to Iuders band propagation without the
prerequisite of unpinning. Let us then consider the sequence of

events associated with the yield process in the two approaches.

A1l agree that non-uniform yiclding is initially a consegquence
of a non-uniform distribution cf stress in a spccimen. The true
upper yield point is scldom reached in practice because non~axial
loading, scratches, changes in cross-section, intcrnal stress at
corners of grains and inclusions provide stfess concentrations which
can set off local yielding prematurely. In detail, Cottrell believed

3

at one time 0 that jlelding is propegated as follows. In the pre-
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yield region 2 few dislocation sources become unpinned and re-

lease an avalanche of dislocations into their planes, giving rise

to the often observed pre-yield micro—strainBl’Bz. Thereafter; the
freed dislocaticns pile up at grain boundaries and the stress con-
centration at the tip of thcvpile-ups activates pinned sources in

the next grain. The upper yield stress is gencrally regarded as the
. applied stress nccessary to propagate yield across the first grain
boundaries. As the number of points where the activation mechanism
operates increases; the stress required to maintain propagation falls,
resulting in the yield drop. When the yielded region has encompassed
the whole cross—section, propagation procseds as a Lilders band at

the lower yield stress, until $ho whole spceimen has yielded, © Ar
this stage;, one can foresee three obvious difficulties with this
concept of yigld proP;gation. Firstly, the existence of dislocation
pile-ups in b.c.c. metals has not been confirmed by dircct obser—
vation. Secondly, thc theory is not applicable to single crystals,
in which non-uniform yielding has been observed9’33. Lastly, as
alrecady menticned, the 1ower‘yield stregs has a similar temperet -

aturel?’%%aﬁd strainéna§ol4§15

.dependonce to tho subiequent flow
stress suggesting that unpinning may not be the controlling process

in yield propagation,

As an alternative, Hahn18 presents a unified treatment of the
lbwér yield stress and yield propagation which appears to be more
satisfactory., He argues that regions where {DO and stress exceed

i

the average will yield more rapidly. The yield point still occurs
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by dislocation multiplication but in a localized manner before the
upper yield stress of the bulk is attained. Thersby, one or more
enbryonic Luders bands are established which can propagate to cause
yielding of the specimen heterogeneously and more readily than if it
were necessary to initiate yielding in the undeformed matrix homo-
geneously. The detailed growth process itself involves the injection
of dislocations generated in the band short distances into the
regions immediately adjacent to the band front. Even in the event
of strong locking, sufficient free dislocations are now present to
satisfy the needs of further deformation so that successive steps
of this kind lead to a complete yielding of the specimen, Although
propagation occurs at the lower yield stress, it has no mechanistic
interpretation according to Hahn. Its magnitude is merely dictated
by the extension rate of the testing machine. A similar view of
the non~uniform ylelding process was adopted by Conrad34 to accompany
his conclusions that yielding is governed by the motion w»f free dis-
locations, In addition to the advantage that it applies to free dis-
locations, Hahn's approach can be applied to single crystals which
do not contain grain boundarics against which dislocation may pile
up. Once more it should be emphasized that pinning is still required
to limit the number of mobile dislocaticns in normally dislocated

naterials,

Most recently, Cottrellg7 has cxpressed agreement with the
basic concept of propagation by multiplication but also emphasizes

the importance of the role played by pinning.
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In summary, it appears that the yielding process in annealed
(or strain-aged) b.c.c. metals is best interpreted in terms of the
dynamical glide properties of dislocatiomswith the provision that
discontinuous and non-uniform yielding to0 the degree in which they
are oObserved experimentally cannot occur without the existence of

strong dislocation pinning.

1.4 The Grain-size Analysis.

The earliest technique employed in attempts to understand the
dislocation mechanisms which control the yielding and flow of poly-
crystalline Db.c.c. transition mctals at low temperatures involves
the study of the influence of grain size on these properties. The
mogt information can be gained from a @orresponding investigation of
the effect of verious testing and specimen parameters on the observed

grain-size dependence,

Considerable experimental evidence suggests that the relation
between the yield or flow stress,'cr: and the grain diameter, 1, for

each of the b.c.c., transition mcetals tekes the form
x
g = g, + ¥ = (15)

where (fg‘and k are empirical constants which may be functions of
temperature, strain rate, strain, impurity content and distribution,
and dislocation structure etc. The equation has become known as the

Petch equation and (T; and k as the Petch parameters; after one of

35

the principal originators~-. Only molybdenums, after neutron

irradiation, has been found to deviate from this pattern of ..

36,48

behaviour For Equation (15) to have any mechanistic use, CT”O
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and k must be interpreted theorctically in terms of the propertics

of dislocations,

1.4.1 Interpretation of k.

The bulk of the work on grain-size effects has been directed
ot nonm-uniform yielding, HallX®, Poton>?, stroh>? and CottrellsC
were primarily rosponsible for the earliest interpretations of the

grain-size parameters {Ti and kY in the observed relation between

the lower yileld stress (I}, and grain diameter, given by

i

3

7= 07+ k17 (16)
Their models werc based on the propagation of yielding by the passage
of Luders fronts from grain to grain at the lower yield point under
the action of a concentrated stress ahead of an array of like
dislocations piled up at a grain boundary, However, there is one
fundamental difference between the Hall-Petch treatment and the
Stroh~Cottrell approach, guite apart from numerical constants. In
the former, yielding can propagate when the combined stress is
sufficient to cmit dislocations from a solute strengthened grain
boundary. As a conscquence the strength of the boundary plays the
dominant rele in determining kY' In the latter, the combined stress
is thought to unpin and activatc Frank-Read sources in an adjacent
grain and, as a result, kY is a measure of the unpinning stress,
Since Cottrell's model mors conveniently accounted for strain-ageing
and the observed influence of the strength of locking on kY’ it
scemed at the time to be the more satisfactory. It also provided

a useful extension to fracturc phenomens., By using the expression
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for the stross concentration at the tip of a pilc-up developed by

Eshelby et a14o he obtained
z
kY=2y2 “Cdld (17)
where ‘i; is the shear stress required to unpin a dislocation source
and ld is the distance from the ncarest source to the grain boundary.
30

In agreoment with this model, calculations using appropriate values
? & P

of kY and {fa for iron gave a value of ld in accord with the scale
of a Frank-Read network. Thc sequence of events in the yielding

process envisaged by Cottrell has been discussed in Section 1.3,

Several cxperimental facts are inconsistont, however, with the
Cottrell model. Some of thesc have been outlined already, and we
shall now consider those which arise directly from the grain-sigze
analysis aspect. First, and perhaps foremost, the oxistence of pile-
ups has nct been confirmed by direct observation using electron
microscopy or etch-pitting techniques., Secondly, the majority of

to be relatively independent of

43,44,

investigations have revozled k
12,41,42

Y

Clearly, if kY is a

measure of the unpinning stress, this cannot be reconciled with the
2,10,11

temperaturc , and strain ratc

thooretical analysis of tho breaking-away from atmospheres

In addition, the valuec of k ( = kf) for flow beyond the LUders strain
12,45,46

is often the same as kY . As kf should refer to the motion

of free dislocations, it scems unlikely that k. 2k, if ky is

associated with unpinning,!l! oreover, f.c.c. metals often display

47

a dependence of yield stress on grain size' similar to b.o.c.

metals; yet in the absence of discontinuous yielding suggestive of
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little or no locking. All of this evidence rather strongly points
to the fact that kY is not a measure of the stress roguired to unpin

dislocations from interstitial atmospheres.

A significant contradiction doecs occur in the obscrved effect

48

v° In some cascs, for example, molybdenum™

silicon~iron49, stoel5o’519 tantalum529 and niobium53

of temperature on k
s thoe influence
of temperature on kY is appreciable., Surprisingly, tempsrature-
dependent and temperature~independent behaviour has been obtained
by different invegbtigations for cach of the matorials, En2

st001319549 tantalum5z’>5, and niobium53’56.

Conscquently, various alternative cexplanations of the effoct

of grain sizc on the yicld or flow stress have been proposed in order

12,55557-59

to ovorcome some of these difficulties. Some workers
suggest that kY may reflect a diffcrence in dislocation or precipi-

tate structurcs arising from the use of differont thermal treatments

55

to obtain a variation in grain-size., Gilbert et 2177 find.that when

the interstitial content is less than 75 p.p.m., increasing the

dislocation density decresases kY for tantalum. Alsc,; Conrad and

Schoeck12 propose that k., could represent the stress to athermally

Y
generate dislocations from the grain boundaries or their immediate
vicinity. Indeced; grain boundary sourccs are an integral part of
. 59 . . .
Li's theoretical model”” which provides for the obscrved grain-size
dependence of the yicld and flow stress, ond its insensitivity to

temperature. A4Alternatively, Johnson6o relates kY not only to

unpinning but to the extrz work hardening near graoin boundaries due
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t¢ the complexity of slip which cccurs there. The above approaches
have various short-~comings and at present there is insufficioent

evidence to fully substantiatc any one,

21,61 have put for-

Very reccently, however, Cottrell and Fisher
ward an interpretation of kY which is supported to a greater degree
by experimental findings. For this reason it can be considered less
speculative. They discard the nccessity of a conventiepal:pide-up
of the Ishelby et al4o type and think in terms of the stress con-
centration generated at the tip of a slip band meeting = grain bound-
ary, acting as if it were a shear crack, The suggestion is that if
pinning is strong, it is easier to create hew unlocked dislocations
immediately on the other side of the boundary from the slip band than
to unpin sources further within the grain. Since the former process
is almost temperature independent62 then ky, which is a measurc cof
the gtress required to do this, is expected to be independent of
temperature also. The latier process is predominant when pinning
is weak, leading to a temperature—dependent2 kY' Two main facts
support the model., Firstly, Fisher6l has observed the nucleation
of dislocation loops in iron from grain boundarics at the Luders
front when pinning is strong but not when it is weak. Similarlys

46

Lindley and Smallman’ found that pinned dislocations within the
grains do not appear to move during deformaticn. Instead, disloca-
tions are generated at or close to grain boundaries and multiply

during glide. Sccondly, the observed magnitude and temperature

dependence of kY's in iron produced by different quench-ageing
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treatments61 to give different pinning strengths are in accord with
the model. ¥or example, when specimené were quenched (weak pinning)
kY increased with decrecasing temperature. Successively longer
ageing times produced an increase in kY for a given temperature as
expected for an increase in pinning strength. If the specimen was
furnace-~cooled, then kY attained a maximum value independent of

testing temperature.

It seemsg, therefore, that kY is best interpreted in onc of two
ways, depending upon whether = state of weak or strong pinning
exists., As it happens, almost all experiments are condueted on
slow~cooled, strongly-locked materials which we have designated as
being "normal'.

The value of k. for flow, has received little theoretical

il
45,63

attention. It has been considered gencrally as a measure of
the difficulty of continuing slip across the boundaries from One

grain into another and is not associated with unpinning. Cot’crell27

[N}

uggests that if the next grain cannot acccmmodate slip by the mule
tiplication of its existing dislocations then a kf approximately

equal to the k

v characteristic of strong pinning will be needed %o

create new dislocations., However, evidence is not entirely consistent

45
v e

Hahn's workl8 it seems likely that the free dislocations produced

with the requirement that kf <k loreovery; on the basis of

during yielding can, in fact,; continue t¢ multiply but the variation
in grain size influences $he multiplication and velocity character-

istics.
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1.4.2 Interproctation of CTE.

Since k is relatively independent of temperature and strain rate
in b.c.c. transition mceials in which conventional annealing treatments
normally produée gtrong locking, the temperature and sirain rate
dependence of tﬁe yield and flow stress rmust necessarily reside with
G“S. For this rcason the interpretation of G'g is extremely dimportant

in determining the rate-controlling mcchanisms of yielding and flow.

It is now univereally =accopted that (Tz, for yielding, represenis
the resistance to movement in a glide plane that an unpinnoed dis—
location experiences as a rosult of cther dislocations, precipitates,
solute atoms, laftice periodicity, etc, and is generally termed the

30,35,64~66 o 38,60

lattice friction stress ome identify (Y; with the
yield stress of single crystals of similar composition but no data
exists to support this hypothesis. Nevertheless, assuming such an
N 60 ' . .
identity, Johnson ~y proposes that (r; must confain an unpinning
ferm since single crystals show yield points and lower yield
ex%ensions9’33. As there is no justification for the initial
agsumption, and as Liders band propagation in single crystals can

readily be explained by dislocnition multiplicationlB, it is unlikely

that pinning enters into ﬂ'i.

In order to separate some cof the effects which contribute to
CFE, Petch and his co—workersb4’o5 investigated the effcct of
temperature and impurity on (TE. They conclude that CTE can be
!

divided into itwo compcnents. One, CTE s 1s temperature independent,

but increases with an incrcase in the total amount of carbon and
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nitrogen in solution and varies with the prescence and dispersion of
procipitates., The othor, CT}", increases with decreasing temperature
in the same way as the lower yield stress but is independent of im=
purity content. As the temperature dependence now resides in a term
which is not influenced by composition or pinning strength, Heslop
and Pe‘bch65 and Cottrell3o propoge that the temporature dependence
of (f}

that is, the Pelierls-Nabarro stiress

“arises from the high inherent resistance of the lattice itself,

67,68

b

which can be overcome with
the assistance of thermal fluctuations. Although the evidence for
a Pelerls mechanism is far from incontrovertible, no satisfactory

alternatives have been provided by the grain-size analysis.

In summary, the current picture of the low temperature yielding
and subscquent flow of polycrystals obtained by studying grain-size
effects is as follows. During the initial loading of the specimen
below the upper yield stress, some dislocations are created at pre-—

26,69

cipitates or inclusions in regions of stress concentratiocn,

As the stress is increased they move and multiply by the double

10,71 forming sliﬁ bands in a few grains to

cross—-slip mechanism
produce the pre-yicld micro-strain., At the upper yield point the
effective stross (combining the latticc friction stress, applied
stress and stress concontration at the tip of slip bands) is
sufficient to create new dislocatiops in adjacent grains, profuse
multiplication occurs and the stress drops., At the same time, the

Luders front spreads across the specimen cross-section. At the

lower yield stress, the propagation continues along the specimen by
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ereation and multiplidation under the action of the effective stress
at the Lilders front. Once the Iiders front(or fronts) has traversed
the whole length of the specimen; uniform flow ensues and the rate
of stress change with further deformation is detcrmincd by the dis-
location multiplication and velocity characteristics. On this views
pro-yield, yiclding, and flow rcprosent the movement of free dislo-
cations and the rate-controlling mcechanism is one of overcoming the
Peierls stress.
Of coursc, there arce many limitations to the grain-size

analysis, not thce loaest of which is the fact that it is not appli-

cable to single crystals. One's attention is then directed to other

methods of investigating controlling mechanisms,

1.5 The Activation Analysis.

Onc of the alternative techniques which has bcen used with
some success in the detormination of the rate-controlling mechanisms
involved in the plastic deformétion of b.c.,c., metals is thermal
activation analysis., It is based on the premise that yielding or

flow may by thermally assisted.

The combination of a pronouncced tomperature dependence and
high strain-rate sensitivity of the strcgs required for yielding
and flow leaves 1ittle doubt that thermal fluctuations can play
a very important part 1o assist the applied stress in forcing dis~
locations past obstacles. Starting with this preliminary fact,

T2

Conrad and Wiedorsich'™ develop an exproession for the activation

enthalpy, AH, (i.e. the so-called activation encrgy) for
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yielding and flow in the follewing way. They assume, Tirstly, that a
single activation process is rate controlling, and soccondly, that AH
does nct vary appreciably from one activation site to another. One
may then express the shear strain rate 2; by an Arrhenius-type

equation of the form
¥ = Pexp (- AGKD ) (18)
which expands to
¥ = Yoxp ( - AH/KT + AS/k ) (19)

where AG is the Gibbs free energy of activation, A4S $he activafion
entropy, k Boltzmann's ccnstant, and T the absolute temperature. It

is standard practice to omit the £1fof simplicity, with thec under-
standing that we are dealing throughout with differences in G, H and

Sy not absolute values, The pre-cxponential term \), is commonly
known as the frequency factor, and represents the product of the strain
per successful fluctustion and the frequency'~§g a2t which the dis-

73

location attempts to overcome the barrier., Thercfore'”,

Yy = NAby), (20)

where N is the number of activation sifes per unit volume, A the arca
swept out per each successful fluctuation and b the Burgers vector.
Our purposes are best served by expressing'ﬁ in terms of the mobile

L T4

dislocation density L, so tha
Y = Lbs v (21)

where s is the distance moved by a dislocation after each succesgsful

fluctuation.
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It is further assumed that G,H and S may be functions of tem=-

*
perature and an effective stress, [ , given by
* "‘:
T = f" .Z:;,g (22)

with'f‘being the applied stress, and ?; the stress required to over—

come thermel-insensitive long-range obstacles. The magnitude of T

is influenced by temperature only through the shear moduluéjxl.

Thereupon, the activation energy for constant strain-rate defer-

d74 as

mation is cstablishe

A

LaTjy A ar

( AT
)

independent of 8. Moreover, since the second term of the numerator

(_é‘}?‘.. Y78
—kT°

(o, 77 = (23)

is always negligible compared to the first for b.c.c. metals, and

if ﬁ;;is independent of strain rats, BEguation (23) may be written

( 2T
a(r, ) = x1 ,;CT ¢ (24)
(%)

Another way of ecxpressing E results from o sultable differentiation

of Equation (19) to give

S
BT, T ") = =k {i-al' /Zb ‘ (25)

‘\ B 1/ T .f‘*

It should be noted that this is only true if both H and S are
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o
regarded as functions of the two variablesy; T and A Alternativelgsg
one can how derive Equation (24) from (25) if the material obeys an
equation of state which introduces a raticnal functional relationship

between gvg) y T and 1:* of the form
2(¥/y, 1,¢") =0 (26)

Ag a result, the expression

B‘C* /b in gzv 27T \

————— e o s e st Ut g s it SR e Bty e e e (27)
¥ u
b T + E} T a in "'f/))j X
¢ T
holds and the identity of (24) and (25) is cstablished. No change
in the assumptiors is regquired and the two cxpfessions must

necessarily yield identical results.

\

The potential cnergy barrier to dislocation movement may be
represented by e hypothetical force-distance curve cf the type
illustrated in Figure 1. Part of the energy necessary to enable
a dislocation seogment of length L* {0 surmount the barrier is fur-
nished by the effcctive stress,‘??*, and the.rest, Hs; by thermal
fluctuations, shown ag the shaded portion in the figure, Since the
work done by 75# is given by ‘E#bL* (x2 - xl) from dislocation
theory5 and H* is taken ag the total area under the curve between
the initial and final equilibrium positions of the segment, Y and

x,, fixod by T, then
HeH -0 (x, -x) (28)

*
The quantity bL (x2 - xl) is defined as the "activation volume',

*
v, 80 that

B=H -v T (29)
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* * *
As X and X, are functions of ‘T , the parametors H and v must

*
be functions of " also. By differentiating the integral

H = EEQ(F) - fl(F)} dF (30)

F*
with respect to T, Conred>4 obtains

. [

Vo= = | —— (31)
¥/,

where £, (F) and f, (F) denctc the curve on either side of F
1 2 max
in Figure 1. A direct differentiation of H from Equation (29) with
*
respect to “f alsc yields Equation (31) since it can be showrn from
the model that
b * *\ -
D\ yv | )
J— N 2 = 0 (32
* *
; at‘L T 3¢

In both cases, it must be assumed that the shape and height of the
onorgy barrier is unaffected by changes in stress. Provided that one
regards the entropy in Equation (19) as relatively independent of

stress, then the activation volume may be writicn as

A 11ii '
v = KT ___E_.-{fi (33)
0T 1o

if in addition T, is independent of strain rate.

/.l
. *
In practices; H and v arc calculated from the measured

dependence of stress on temperatureendstraih rate, with the
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assumption that ~D is relatively insensitive to stress. However,
neither Conrad nor others who have used these or similar cexpressions
have been able satisfactorily to justify this last peint on

experimental or theoretical grounds.
The frequency factor is determincd from the approximation
H = lean/g (34)

to the Arrhenius relation, as the slope of a plot of H against T
for z constant strain rate. That Q turns out to be constant is
probably only a conscquence of the fact that’it was assumed so0 in
the initial celculation of the H velues, but gertainly does not

constitutec a proof that this assumption is valid.

 Moreover, the neglect of the entropy term in Equation (34) and
its stress-dependence in (33) is a necessary sbtep in the application
of these equations. Whether the effects go ignored are appreciable
or not is an extremely complicated problem which still awaits

solution,

1.6 Rate - controlling Mechanisms.

In summary, numerous mechanisms have been proposed to account
for the strong temperature and strain-ratc dependence of the yield
and flow strcss of the b.c.c. transition metals at low temperatures.
‘These are:

1. Unpinning from interstitial atmospheresl92’10’11’76_78

34558565,74,79-83

2, Overcoming the Peierls stress

. . .. 84,8
3. Non-conservative motion of jogs 4505
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4. Conservative motion of jog586’87
Be Cross-slip32

. . . - 88
6. Overcoming interstitial precipitates

13

T. Overcoming solute atoms
Most of the doterminations are based on the activation analysis
and, clearly the grcatest rocont support is for overcoming the
Peierls stress. This is in agreement with the conclusions reached
by the method of grain-size analysis. 4 critical appraisal of the
results does ﬁot indicate any systematic relation between the type
of material used and the mechanism propesed. In fact, Conrad81782
shows that overcoming the Peierls barricr is consistent with the
experimental observations for all of the b.c.c. metals. In general,

— * *
he obtain582 HY O.l/,(b3 at “E?e = 1 kg.mm, 2, v @ 5Ob3 at ‘T =

2 kg,f.mm.;'2 and ;)= 106 ~ 10% see.”l  with the higher values of v
being associated with purcr materials. Both H and v* increase with
decresasing stress in a manner independent of impurity content,
structure, and whether yiclding or flow is considered., It is
suggested that these facts are not in accord with any mechanism but
that of overcoming a Pelerls strecss. Physically, Conrad proposes
that the Peilerls barrier can b¢ surmounted by the nucleation of kinks
in dislccations. At low streseés, the magnitude of H and the

varistion of H with stross are in agreement with those predicted by

Sceger's modelg9 for kink nucleation.

No apparent criticism can be atbtached to the conclusions

reached by Conrad from an exhaustive series of calculations
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utilizing a wide range of experimental data., What can be
questicned, howsver, is the extént of the validity of the
assumptions used in the development and subsequent application

of the activation equatiohs. Conzequently, it would probably
be-well to treat the activation analysis in its present form with

some Iceserve,
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2, EXPERIMENTAL PROCEDURE.

2.1 Selection of Experiments and Material.

The present investigation constitutes part of a more extensgive
programme initiated in this Department some years ago with the aim
of gaining some understanding of the contribution of lattice defects
to the mechanical and physical properties of the b.c.c. itransition

metals.,

The grain-size analysis was the only comprehensive method of
treating deformation and fracture data at the time that John50n90
and Wronski37 carried out their studies on niobium and molybdenum.

As a result, their work was concentrated on the grain-size dependence
of the lower yield stress and fracture stress, and the corresponding
effect of temperature on the Petch paramcters, Now, it is possible,
in addition, to consider observations in the light of the more recent
activation analysis, and also of the view that discontinuous yielding
may be a consequence of dislocation multiplication and velocity
characteristics instead of unpinning from impurity aimospheres.
Information necessary for the applicﬁtion of these ideas was cbbained
in the current work by conducting experiments mot only on the grain-
size dependence, but also on the temperature and strain-rate

dependence of tensile yielding and flow characteristics in a rangs

where temperature has the greatest influence on these properties.

The major prercquisite of a material to be used for the
investigation is a high sensitivity to changes in grain-size,

temperature and strain rate. From this point of view, molybdenum
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is one of the most suitable of the transition metals. At the same
time; molybdenum has certain other advantages over, say, tungsten.
It is readily available in bulk form of sufficiently good purity to
bo ductile down o about 200%K in normal tensile tests. Thus, its
machining properties at room temperature are favourable, MNoreover,
mechanical working and heat treatments are not complicated by phase

changes as in iron, for example.

2.2 Preparation of the Specimens.

2.2.1 Material.

Arc~cast molybdenum for the investigation wes supplied by
Mr, J.M. Clyne of the Armaments Research and Development
Fstablishment, Woolwich., In order to ensure the absencé\of
. intergranular brittleness, deoxidation during melting was effected
by the addition of carbon., Typical molybdenum produced in this
manner at A.R.D.E. contains nominally 0.01% iron and 09002% silicon,
An analysis for interstitial impurities in the second of two ingots
( 1 and 2 ) produced in an identical manner, revealed 80 PeDolty
carbon; 12 p.p.nn. nitrogen, 6 p.pem. OXygen and 4 b.p.m, hydrogen;
but A.R.D.E. did not quote the limits of accuracy. However, in view

37,48

of the enormous incorgistencies in the results of anslyses .of
material from a single ingot carried out by independent laboratories
on eight different ingots used by Wronski, the present author felt
that a separate analysis for Ingot 1 would serve no useful purpose.

Instead, both ingots were comsidered to be impure (J>99.97%) with

the major interstitial impurity being carbon. Any integration of
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specimens from the two different ingots during any specific phase

of the investigation wasg avoided completely.

2.2.2 Fabrication.
All of the specimens were obtained from Ingots 1 and 2, which
were given differsnt thermal and mechanical treatments at A.R.D.E.

t0 provide various grain sizes,

‘ Initially, each ingot was reduced to a bar of one inch square.
cross—section by o series of rolling and intermcdiate annealing
operations at 135000, followed by recrystallization in purs hyd:psen
for one hour at 135000. Subsequently, each bgr was divided into
threc parts and then rolled to a 5/8 inch square cross-section at
135000. Thereafter, to obtain consistently finc grain sizes, all
parts of Ingot 1 were swaged to a final diameter of l/ﬁ inch at
SOOOC and rocrystallized for one hour at 135000 in hydrogen.\ On
the other hand, a finer grain size¢ was produced in two-thirds of
Ingot 2, by swaging also at BOOOC, but reducing the anncaling
temperature 1o 125OOC. The remainder of Ingot 2 was swaged at
1000°C and anncaled at 1600°C.for three hours 1o yield a coarse
grain size. The finél swaging and annsaling treatments with the

~resulting grain sizes are summerized in Table 1.

Hounsfield-type tensile specimens of gauge diameter Q.1 inch
and gauge length 0,75 inch were machined from the as-received 1/4
inch diameter rods. After machining, additional grinding and buffing
operations served to reduce surface irregularities to a minimum,

Stresses developed during cold-working were relieved by anpealing
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at 125000 for one hour in & vacuum of about 10—5mm. of mercury. A
final electrolytic polish ensured a microscopically smooth, oxidew

free surface.

Table 1. EBffect of fabrication treatment on grain size.

Ingotv Swaging Recrystallization Grain
Temperature Temperature & Time Diameter (mm.)
1 800°c 1 hour - 1350°C 0,026 - 0,054
2 800°¢ 1 hour - 1250°C 0.024 - 0.029
1000°¢C 3 hours - 1600°C 0,077 - 0.12
S

2.3 Achievement of Variation in Grain Sige.

A study of graoin size effects necsssitates the use of as wide
and as complete a range of grain sizes as possible. A strain-anneal
technique similar to that described by Savitskii91 was used previously

37,48

by Wronski with limited success. He encountered no difficulty
in obtaining grains of diameter less than 0,06 mm. or coarse grains
in a narrow range centred .about 0.25 mm, However, all but one or
two attempts at growing grains of intcrmediate diameters were
thwarted by the intervention of non-uniform grain growth. A
similar pattern was observed in the strain-anneal characteristics
of the present material, as shown in Table 2. The’inoidenoe>of
non-uniform grain growth was rare. Consequently, it became evident
that the technique required refinement in order to complete the

range of grain sizes. A detailed investigation of several

possibilities lead to the eventual adoption of a. procedurs which
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involved gn initial grain-coarsening anneal followed by a strain-

anneal treatment. The results are given in Table 3.

Table 2. Effect of strain-anneal treatment on grain size.

Duration of anneal: 1 hour.

Ingot Preg-strain Annealing Grain Diameter
(%) Temperature (°C) (mm, )
1 - - 0.026 ~ 0.054
% 1500 ~1 0,047 - 0.052
3. 1500 0.052
3 1600 0.060
5 1600 0.047 - 0.073
7 1650 0.25 - 0,31
2 - - 0.024 - 0.029
3 1600 0,029 - 0,043
4 1600 0.029 - 0,038
5 1600 0.049, 0.51,
0.17 - 0.25

2.4 Metallographic Technique.

Three types of metallographic study were necessary: grain size

measurementsy fractographys and substructure determination.

Grain sizc measurcnents were made on transverse sections after
testing. When a specimen had not received a strain-anneal treatment,
the section was cut from a shoulder. In cther instances it was taken
from a region of the gauge length adjacent to the shoulder remote
from the fracture surface or portion where necking had occurred,

Fach section was mounted in bakelite, polished and etched chemically,
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Table 3. Effect of grain-coarsening and subsequent strain-anneal

treatment on grain size. Duration of final anneal: 1 hour.

Ingot ’Grain-coarsening ‘Pre—strain Annealing o Grain
Anneal (%) Temperature( C) |Diameter(mm.)
T |1650°C - 3 brs. - - 0,049 - 0.060
2 1600 0.060
3 1600 0.073 - 0,077
3% 1600 0,098 -
4 1600 0.087 - 0.092
1.7
5 1500 0,098
5 1525 0,092 - 0,098
5 1550 0.092,
0.047 -~ 0.057
5 1575 0,054 - 0.060
5 1600 1.7, 0,063
6 1650 1.7, single
crystal
2 1600 - 3 hrs, - -
5 1600 0.054, single
crystal
7 1600 1.7

Polishing was carried out on wet silicon carbide-papsrs., Only for
fine yrain sizes was it necessary to apply a finc poligh-én .an
automatic wheel using diamond pasfe os an 2brasive., Chemical etching
was done in a 1l:l solution of nitric acid and water., Grain counts
were made with a Reichert projection microscope using the linear

intercept methed, This entailed counting the number of boundary
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intersecfions along approximately equally spaced parallel chords on
the circular surface of a section in each of two directions oriented
90o to each other. The average was teken of not less than 20 readings.
An examination of both types of afore-mentioned scetion from the 'same
specimen revealed a barely detectable difference in the value of the

e
2, the grain size

reciprocal square root of the grain diameter, 1

varameter of interest. This is not surprising since it can easily
s

be shown that the percentage increase in 1 ° is about one quarter

of tho plastic strain expressed in percent. MNoreover, shoulder

constraints prevent large strains in the region from which a gauge

length section was obtained. Therefore, one would rarely expect the

1
measured value of 1 © to exceed the true value by more than 2%.

wi-

Since the probable error in the measurement of 1 <, in the grain
gize range where the effect of strain is the largest, is about 2%,

it was considered unwise to uake a correction for prior deformgtion.

The fractography generally assumed two forms. PFirstly, the
fracture surfaces of unmounted specimens were cxamined to determine
whether fracture occurred by cleavage or in a fibrous manner.
Secondly,\in order to ascertain the extent of grain boundary failure,
longitudinal sections were mounted, polished and stchad, as described

abovey; to providec a profile view roughly normal to the fracture

surface,

The nature of the dislocation substructure was investigated by
an etch-pitting technique. Annealed, unmounted specimens were

initially polished electrolytically in concentrated sulphuric
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acid using a platinum cathode. Although the polishing conditionas
were not exceedingly oritical, the best results were obtained for a
current density'of %—— 2 amperes per cm.2 at 3 - 4 volts at a
temperature of 3000. A total of about 50 was removed from the
surface before a stable etch-pit density was achicved with additional
polishing. Of three ctohants?2? 721941 uhich are known to pit dis-

locations in molybdenum; & chenmical etdhant92 with the composition:

Ky Fe(CN)6 10 gm.
KCH 10 gm.
H,0 100 c.c.

proved most satisfactory.

2.5 Testing Technigues.

2.5.1 Tosting Kachines.

Conventional tensile tests were conducted on either a modified
Hounsfield Tenscmeter or an Instron testing machine. All strain-rate

and temperature cycling experiments were performed on the Instron.

The Hounsfield Tensometer was mounted vertically and driven
autcmatically by a fractional horse-power motor. By means of
suitable cembinations of two gearboxes (500:1 and 30:1 reduction)
and two sets of four standard bicycle gears (52,26,18 and 13 teeth)

it was possible to vary the strain rate in discrete steps from

6

0.72 x 107" to 0.88 x lO—er sec. Higher strain rates, of course,
could also be obtained but werc not used because the lack of an
automatic method of load obgervation appreciably reduced the

raliability of load-elongation datz above about 1074 seo.t
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Ordinarily, load measurements on a Hounsfield are made from a
mercury column which moves in a capillary tube under the influence
of the pressure from a piston operated by a deflected load beam.
Because %he meniscus change® shape when the load passes through an
extremum,, this method doeg not always provide an accurate picture
of the initial and final stases of plastic deformation. Therefore,
an optical system was devised by Wronski37 to increase the sensitivity
of mezsurement. 3Brisfly, two optical levers were mounted on the load
beam, Light from a slit source was reflected five timcs at the two
mirrors and then obzerved on 2 translucent metre scale suitably
displaced from the mirrcrs. Thus, any deflection of the lcéd beam
produced a deflection of the light beam, without the extensive
"backlash'" oxperienced with tho mercury column. Consequently, the
gensitivity of load detection was congiderably enhanced, Due to the
necessity of caliﬁrating this system against thc mercury scale before
each test the absolute accuracy of the load measurcment Was”not

increased. Both a 0.5 ton and a 500 1b. load beam were used,

Tests on the Hounsfield at temperatures other than room tem—
perature were performed in a2 rigid steecl frame designed9o in such a
way that the specimen could be immersed in a2 liquid maintained at
a congtant temperature in = dewar flask during the experiment while

at the szame time maintaining an axiality of loading.

The Instron testing machine95, Model TT-CM, had a capacity of
5000 kg, The standard pen recorder was replaced by one with

Z~second full-scale response, A quick-change push-button unit
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supplied with the instrument allowed a rapid change of cross-~head
speeds +¢ be made before or during a test, With the insertion of
a decade speed reducer into the drive gear system, the cross-hoad
speed could be varied in discrete steps frem 0.005 to 50 cm.min.-l,

which corresponded to strain rates from .44 x 10‘4 to 0.44 sec:."l

To avoid changing the shape and size of the specimens, stainless
steel adaptors were designed to accommodate the Hounsfield specimen
grips. For tests at other than room temperature, a frame tc f£it on
the bottom of the lower, mobile cross-head was constructed from mild
steel and subsequently nickel plated to increase its resistance to
corrosion, The whole frame was immersed in a liquid during the test.
A mild steel nickcl-plated rod transmitted the load from the specimen,
through the lower cross-head to a universal coupling fixed to a load
cell in the upper stationary cross~head. The coupling served to
maintain the axiality of loading. A 500 or 5000 kg, capacity load

cell was used for all tests.

2.5.2 Testing Temperature,

A range of temperatures from 19OOK to 45OOK was required for
the investigation. To ensure long term stability during cycling
experimcents,; four fixed tompsratures werc taken as those listed in
Table 4. Althouéh the deviation from 293OK9 or room temperature, is
given as < loK, the variation was never found to be greater than

0. . a .
g 0.5 K during the course of a single test.

Below 2930K, any specific tempcrature was achieved by bubbling

cooled nifrOgen gas through a suitablc liquid, The flow gystem was
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Table 4. Temperature media and corresponding temperatures.

FIXED TEMPERATURES.

Medium © Pixed Point Temperature K
CHC1F, Sublimation 193 £ 0.5
and solid CO2

CHC1F, Boiling 233 “f 0.5
Air Ambient 293 -

Weter Boiling 99.5 £ 0.5

CONTINUOUS RANGE OF TEMPERATURES.

Medium Temperature Range %
o ' +
CHClF2 190 - 233, -
CC1,F, 233 -~ 293, £ 1
Silicone o0il 293 - 450, *

set up in the following manner. First, an on-off type solenoid valve,
activated by the voltage from a tempersturc controller, permitted the
flow of gas from a ccmpressed nitrogen cylinder through a needle valve
which controlled the actual volume of flow, The solenoid valve

opened when the temperature detected by a chromel-alumel thermosouple
rose approximately ZOK above a preset valve and closed again when the
required temperature was regained. Thereafter, the.gas was dried with
anhydrous calcium chloride before being passed through = copper coil
immersed in liquid nitrogen and finally bubbled through one of the

coolants recorded in Tabls 4,
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Above 293OK, a continuous rangé of temperaturcs was obtained
by the controlled heating of a silicon oil bath., A standard system
consisting of a chromel-alumcl thermocouple, temperature controller
and a rogistance wire heating element was used., The latter was

located =t the bottom of the dewar flask.
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3. EXPERTHMENTAL RESULTS.

3.1 The Effect of Grain Sizc on Tensgile Proportics.

Specinens from Ingot 1 covering e wide renge of grain sizes
were uscd specifically for the detailed invostigaticn of the effect
of grain size on the tensile propertics of arc—cast molybdenum tc-
be described in this particular section. All tests wore performed
to fracturce on the Hounsficld tensometor at 2930K and a strain rate
of 0.88 x 1074 scc.™l Unloss otherwiso specified, stresses are
hencetorth given as tonsile stresses, and grain sizes in terms of

the grain dismetor, 1, in mm,

3,1,1 Lead-elonzation Curve.

- Load-clongation curves for seven typical specimens arce shown
in Figure 2. It is apparent that the grein size has a pronounced
effect on the tensile behaviour. 4n increase in grain size towards
0.28 mm. is accompanied, in goneral, by a decrease in overall sirength
and ductility, and a decrease in the tendency to cxhibit a yield
point, a Liders strain, and necking, At 0.28 mm., only an inflexion
occurs in the load-elongation curve at yielding, and thc elongation
to fracturce, which cccurred in tho rapid work-hardening region, is
only about 5%. Bolow 0,28 mm,, the yicld point and Liders strain
roturn, and ductility increases whereas the strength decreases, until
for a single crystal the curve appears very much similar to that for

a fine-~grained spocimen, but wn 2 greatly reduced scalc.

. " ]
In several instances, & pronounced Luders strain was observed

in the absence of a yield pcint for specimens with an intermediate
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grain size, 2.g. 0.092 mm, It was felt that this behaviour might
not necessarily be characteristic of the specimen but could instead
be & machine effect. When the Instron became available, it wos
pussible to make a comparison of the load-elongation curves obtained
using the Hounsfield with those using the Ingtron. Figure 3
illugtrates this effect of the testing machine on the observed
tensile behaviour of four specimens from Ingot 2, two of which had
a fine grain size, 0.027 mm., and the other two an intermediate

grain size, 0,098 mm,

Apart from the expected experimental scatter, the main
distinction between the two tensile curves for the fine-grained
material is the lack of detcil in the Luders strain region of the
Hounsfield curve. The difference in yielding behaviour,; however,
appears to be more marked for specimens with an intermediate grain
gize, In this case, the yield point is masked entirely in the
Hounsfield test which then leads to the observation of the absence
of a yield point but existence of a measurable Liders strain. The
Instron curve, on the other hand, shows the reverse behaviour. VA
yield point without a detectable ILdders strain was observed on
every occasion in over one hundred Instron tests on sepcimens from
Ingot 2 with grain sizes of 0.51, »~0.25, and 0.098 mm. under
various conditions of temperature and strain rate. One must regard
the latter results as the more reliable for two reasons., Firstly,
calibration experiments indicate that the Instron is about twice
as hard as the Hounsfield and consequently better capable of follow-

ing sudden drops in load. Secondly, the automatic recording device



55

of the Instron can detect load drops which may be missed by the
optical lever system of the Hounsfield. Therefore, more caution
should be exercised in regard to the weight given to measurements
of the upper yield stress, yield drop and Lilders strain teken from
Hounsfield than Instron data, particularly for material of inter-

mediate and coarse grain size.

3.1.2 Yielding Characteristics.

The yield stress, Lliders strain, and yield drop were measured
from the load-elongation curves in order to establish the effect of

grain size on the characteristics of yielding.

It was necessary to define the yield stress in three ways.
When a yield point was present, the lower yield stress was used.
In the absemce of a yield point, the yield stress was taken as eithor
that stress corresponding to the horizontal Liders strain region, ors
in the absence of a Luders strain also, as the stress at the propor-

tional limit. The yield stress is shown plotted in Figure 4 against
1

the reciprocal square root of the grain diameter, l-%; in mm~ %
Clearly the points 4o not lie on a single straight line as predicted
by the theories discussed in the introduction. However, for values
of l_%-;§2 mm.—%g(lii 0.25 mm.), the relationship between the yield
stress and l-% does appear to be linear and the points were fitted,
therefore, to a straight line by the method of least squares, A
mezsure of the scatter about this line can be expresséd statistically
2

as the standard error, having a value in this case of 1,0 kg.mm.‘

On this basis, the average slope, kY’ with the corresponding limits,
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is 4.3 = 0.5 kg.mm._3/2 and the stress-intercept, O}; by extra—

polation, 9.3 & 2.0 kg.mm. >

On the other hand, the yield stress of
specimens with a grain size 5#0.25 me., was practically independent

of grain size. Although there seems to be a tendency for the yield
1

stress to decrease slightly towards 172 = O, such a small positive
slopaz cannot be tresated with much confidence because of the experi-
mental scatter, The average single crystal yield stress is about

40% greater than the upper limit set on CYE.

The Luders strain, 619 and the yield drop, AC, for each
specimen were plotted against l‘%A(Figure 5). The scatter in the
experimental results was very large so that only a trend is
perceivable, Nevertheless, the results are portrayed better in this
way than in table form. mpaken together with the load-elongation
curves of Figure 2, and those of Figure 3 for specimens from Ingot
2, it appears from these results that the yield drop reaches a
minimum, which is not necessarily zero, at about 0.25 mm. Further—
more,; the presence of a yield point does not imply the existence of
a measursble Luders strain; the latter is effectively zero for a

range of grain sizes from 0.1 to 1,0 mm.

It iz well known that the existence of a yield point and the
magnitude of the Liders strain are very sensitive to the type of
testing machine used, axiality of loading, and the size, shape,
previous history, and surface condition of the specimen. As a
consequence, thoe absolute values of él}and A@G given in Figure 5

are 10 be regarded with some reserve., The only real significance
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to be attached 1o these obscervations is the tendency for the

valueg to pass through a minimum at cortain coarse grain sizes.

3.1.3 Flow Stress.

The true flow stress beyond the Lilders strain was calculated
for each sgpscimen at various strains from 0.02 to 0,10, To do this
it was necossary to assume that the volume within the gaugé length
remained constant with deformation in this range. Such an assumption
was proved to be valid by measuring the diameter after various
elongations., Two sets of typical flow stress data, at strains of
0.02 and 0.05 are plotted against 1_% in Figure 6(a). The whole
serics is presented in Figure 6{b) along with the yield stress

curve for comparison.

It would be conceivable to draw 2 straight line through the
points corresponding to a strain of 0.02. However, it is clear that
such a simple relationship no longer holds at strains greater than
0.02. 4lthough a sharp trensition such as appears in the yield s tress
relation is not cvident in the flow stress results,; an apparent

change in the grain-size dependence of the flow strcss occurs in the

region- of 0.25 mm,

3.1.4 Vork-hardening Rate.

The work-hardening rate, defined in the usual way as the slope
of the true stress-true strain curve, was determined for each
specimen., To simplify the calculations, an attempt was made to
fit the true homogeneous flow curves to a standard analytical

96

relation of the form
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n ., n
0p-x€ " -« £1n(L/LO)] (35)
where CEE is the true stress baeed on the assumption of constant
volume, E&,is the true strain, L the instantaneous specimen gauge
length, and Lo the original gauge length. The parameters K and n

are termed the work-hardening constant and work-hardening exponent,

respectively. If Hquation (35) is obeyed by molybdenum, then
log(ﬂi = log K + néETn (36)

should be a straight line for any given specimen. Figure 7 shows
that the above relation is @ good representation of the flow curve
for fine-grained specimens, up to strains of 0.14, but begins to
break down at abuout 0.1 mm. DLventually, at 1.7 mm. and for 2 singls
crystal the points sesm to fall on two scparate straight lines which
indicates that the flow curve can be represented by two parabolae.

: . . o I196-—98
Previous workers have noted similar bchaviour in iro 9

55,99 46

tantalum s and vanadium' .

Differentiation of Equation (35) gives the work-~hardening rate

as

a0,/a€y = ng7/ € (37)

When the flow curve did not yield unique values of n, that is, at
coarse grain sizes, care was taken to use a value of n characteristic
of the strain of intercst. The work-hardening rates are shown
plotted against 1—%'in Figure 8(a) for two strains, 0.03 and 0.06.

In the range 0.027 to 0.10 mm. there is no systematic variation in
the work-hardening rate with grain size; the average valucs are

270 kg.n .‘Z(m/u/éo) for 0,03 and 160 kg.mm.-z(v\/u /100) for
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0.06. TFrom previous observations of load-elongation curves and
yvielding characteristics, there appears to be some justification
for taking the results for grain sizes above 0,10 mm. at face
value and drawing the besf fitting curve through them as shown,
Even if this were not done, it seems that the work-hardening rate
at 1-% = 1.9 mm.-%(0.28 mm,) is groeater than the fine-grained
average, drops to a minimum at 0.8 mm._%.(l.7 mm. ), and increases
again at the single crystal configuration to a value about 20%

less than that at fine grain sizes,

The parameters n and K were also plotted against 1& ; in
Figure 8(b) and (c). A£ coarse grain sizes, their values were taken
from the poriion of the log (Ta -~ log GST curve corrssponding to
low strains. Their grain-size dependence is consistent with that

obtained for the work-hardening rate,

3:1.5 Fracture Properties.

The fracture stress of each specimen was calculated by measuring
the cross-secticnal area of the fracturc surface (Figure 9) and

dividing this into the load at fracture. The results are shown

fi-

Ly

plotted against 172 in Figure 4. With the exception of the single
crystal fracture stresses, the data were fitted to an inverse
square rcot law by the method of least squares, irrespective of the

large scatter.

The fracture surfaces of fine-grained specimens were fibrous
with a few clecavage facets. An increasc in the grain size was

generally accompanied by an increase in the tendency to fracture
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by cleavage, About 50% of the fracturs surfaces at 0.098 mm,
ccnsisted of cleavage facets and forilZiCh25 mm., fracture osccurred
entirely by cleavage. Metallographic examination of longitudinal
sections through fracture surfaces revealed that fractures were
basically transcrystalline in character élthough cracks were

occasionally scen to follow grain boundaries over very short distances.

3.1.6 Petch Parameters Determined by the Extrapolation Method.

The parameters CTE and kY of the Potch rclation are‘normally
taken as the stress-intercept and glope of a plot of yield stress
against li%. Howover, this method has two main shortcomings. A
large humber of specimens must be toéted to obtain accurate values
of (Ti and kY‘ In addition, since different thermal or mechanical
treatments are required to give different grain sizes, the possibility
exists that different internal or sub-grain structures are produced

30

concurrently. To overcome these difficulties, Cottrell™ has
proposed an alternative method of finding (FE and ky. This entails
extrapolating that part of the true stress-true strain curve which
corresponds to homogencous plastic flow, to the elastic range
(Pigurc 10). The stress at the point of intersection, 07ps is then
qopgideged to be the lattice friction stress, (TE. The difference,
(j'é, between the lower yield stress, (T?, and CTI is a measure of
the contribution to the resistance to yielding provided by grain
boundaries, From an appropriate comparison with the Petch relation
(Bquation 16) it follows that

ky = 0/ 17

Ty

(38)
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Methematically, the stress (TI is found by solving simul-
taneously the equation for the plastic region, (35), and that for

the elastic range; namely

0= EE (39)

where E is Young's Modulus. To a very good approximation § and €
can be considercd to be the true stress and true strain, respectively.

The solution gives, therefore,

g; = k€™ (40)

Using E = 3.3 x 104 kg.,tmn.'-2 for molybdenum at rocm tomperature and
the values of X and n from Section 3.1.4; the magnitudes of Cf;, (TE
and (TE/I_%'were calculated for cach specimen. Figure 11, a plot of
the results, illustrates the significant discrepancy in the magnitude
of the Petch parameters obtained by the two methods., In particular,
(I'i and {75/1‘%'are not independent of grain size as required, and

the magnitude of €Tz‘at fine grain sizes is nearly twice that of CT;.

3.2 The Effect of Strain Rate on Tonsile Properties.

The effect of strain raté on the tengile properties of
molybdenum w:s investigoted in detail at two temperatures, 243OK and
293%, for two grain sizes, 0.027 mn. and 0.098 mm. A1l of the
specimens tested came from Ingot 2. Both the Hounsfield and Instron
were employed to obtain a range of strain rates from 0.72 x 10"6590-.‘1

to 1.8 x 107 sec.™, as outlined in Section 2.5.1.

4 number of tests were also conducted at 373OK in the higher

strain rate ranges; but the results were used chiefly to calculate
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activation parameters., In addition, a series of experiments was
carried out to examine the applicability of the Petch relation at

four different strain rates in the above range.

3.2.1 Load-elongation Curvc.

The load-elongation characteristics at 293OK for various strain
rates are shown in Figure 12 and Figure 13 for typical specimens
with a fine and an intermediate grain size, respectively. At the
lower strain rntes; tests were concluded shortly after the Luders
gtrain or lower yield point., The most pronounced effect of an
increase in strain rate is the increase in overall strength, more
gpecifically, the uppoer and lower yicld stress, and flow stress up
to the onset of necking. At the same time, the extent of uniform
deformation in the finse-grained specimens dcoreases with increasing
strain rate above 10"4 sec.—l, as does the total elongation to
fracture for beth grain sizes. However, it ie apparent that the
Luders strain, yield drop and initizl work-hardening rate do not
geem to vary in a2 systemctic way with strain rate. It will be
recalled (Section 3.1.1, Figure 3) that the usc of different tensile
machines imposes an abrupt discontinuity in the presence and
magnitude of the yield drop, and possibly Luders strain also. This
accounts for the sudden disappoarance of the yield point in the
curves for spocimens with a grain size of 0.098 mm. The flow portions
of the load-elongation curves for both grain sizes closely parallel

one another for different strain rates,
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3.2.2 Yielding Characteristics.

The choice of a yicld stress criterion presented little
difficulty in the case of the fine-grained specimens, ©Since a
yield point was always observed, the lower yield sfress was
invariably used, However, dus to the detail brought out in the
Iliders strain region during the more sensitive Instron test it
wag then neccessary to define the lower yield stress itself in some
consistent manner; it was taken as the lowest stress attained during
the lower yield cxtension. Similarly, tho lower yield stress was
chosen for specimens with an intermediate grain size whenever
possible, but only one of the specimens tested on the Hounsfield
at low strain rates cxhibited a yield point, and often no ILuders
strain, as can be secn in Figure 13. 1In these instances; the yield
gtress was defined as in Section 3.1.2. Nevertheless, in view of
the fact that such behavicur did not bear any obvious reclation to
the strain rate, it was felt that the yield stress determined in
one of the two alternative ways would be reascnably representative
of the lower yield stress had a harder machine been used. As a
consequence, the yleld stress was spceified throughout as the lower
yiold stress, CY%, thereby distinguishing it from the upper yield

stress.

The values of (T} for 1 = 0.027 and 0.098 mm, obtained at the
threce temperatures, 243, 293, and 373OK, are shown plotted against

tho common logerithm of the strain rate, € 3 in Figurc 14,

Unfortunately, a large number of tests is o requisite of investigations



64.

of this kind. Consequently, cven though the fullest possible use
was nade of each speoimen, the limited amount of material in a
single ingot prevented the extension of the data at 373OK to the
full range of strain rates. Conceivably, a change to another

ingot would have raised the problem of intrcducing material with

a different impurity content thereby precluding reliable comparison
of experimental datz. Rach point reprcsents the average of 2 to 16
tests with an experimental scatter from the mean usually less than
3%, and only once exceeding 5% slightly. Onc can, in fact, account
for as much as 3% gscatter solely from o variation of the grain size

from the average value(cf. Table 1),

The strain-rate behaviour of specimens with an intermediate
grain size is strikingly differcnt to that of the fine-graincd
material. In the former case, all of the data at each temperature
can be fitted satisfactorily to a single straight line over the whole
range of strain rates examined. However, in the latter case there
appear to be four distinctly linear regions at 2930K end three at
243OK9 the existence of which cannot be explained on the basis of
experimental scatter alone. The reogilons arc numbered from I‘to v
ag shown in the figurc. The mothod of least squares was used for
curve fitting ond one can reproescnt each of the straight line

portions analytically by a simple expression of the form
0y = &+ Brogé (41)

‘ —
where & is the stress—intercept at €= 1 sec. lg and the slope, /5

is a measure of the strain-rate sensitivity of the lower yield stress.
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The various values of D(and/ﬁ are given in Table 5, with fg, the
most important parameter for our purpose, being accurate to about
%45

In addition to the decrease in (g of noarly 30%, the net
effect of ah increase in temperature from 243OK to 293OK is te
ghift the transition points in the 0".'1. - 1ogé plots for the fine
grain size to higher strain rates (Table 6). VWhercas the slopes of
the respective stages remain roughly independent of temperature in
this range, except in the case of Region III, it is evident from the
available dota that the strain-rate sensitivity in Region I of the
fine~grained specimens has been significantly reduced; as haé that
~4

\ . . -1
of the coarser grained material above a strain rate of 0.4 x 10 Tsec. ,

by increasing the tomperature to 3730K.

An interesting feature of the yielding behaviour of molybdenun
is the fact that a change in strain rate of five orders of magnitude
does not lead to a systematic variation in the value of the yield
drop., This is effectively demonstrated by plotting the upper yield
gtreas, CTB, against 1w;é in Figure 15 for 243OK and 293OK. in
apite of the large scatter, a comparison with the lower yield stress
curves, which are included, reveals the <losely parallel behaviour.
It should be emphasized again that the switch from the Instron to
the Hounsfield below 0.44 x 10—4sec. does produce an unavoidable
discontinuity in the values of Cﬁz, so that the results from the
two machines should be considered scoparately. No comparison can be

made between (ﬂ; and (I; for specimens with & grain size of 0.098 mm.
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Table 5. Values of the constants in the equation

CY%-= C{-ﬁ/Qlogé;.

Grain sige = 0.027 mm.

[ﬁ Region 0((kg.mm.—2) /B(Rg.mm._z(log sec.—l)—l)

243%  le93% | 373% 243% | 293% | 3713%

I 77.0 65.8 41.6 6.75 7.56 5,04
1 45.7 | 33.9 * " 0 0 *
111 106 69.7 * I 12.0 7.40 *
IV * 27.8 * * 0 *

Grain size = 0.098 mm.

I 61.5  |49.1 | 27.8 l' 6.30 | 6.40 | 3.92

Table 6. The strain rate at the transition points in the yield
stress ~ strain rate curves for spocimens with & grain

size of 0,027 mm.,

Transition Strain Rate (sec.*l)
Region 5 S 5
_243% 293% 373%
I -1 |0.22 x 1074 0.56 x 1074 0.9 x 1074
T - IIT |0.50 x 1072 1.4 x 1072 *
IIT -1V * 2.0 x 10"6 : *

since only one spacimen tested on the Hounsfield cxzhibited a yield

point. Thercfore,; the golid line is intended to indicatoe that

oy = (77;7 i.c. ATZ 0,

The scatter in the measurcments of the Ludors strain of fine-

L)
grained specimens, shown plotted against logé in Figure 16 for
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243% and 293%, is even greater then that of the yield drop. Although
there appears to be a slight tendency for éalto increase with an
increase in strain rate it is clearly difficult to place any con-
fidence in this trend. One can mercly note tko rclative insensitivity
of Gi to strain rate changes in the range used. The specimens with

an average grain size of 0,098 mm, did not exhidbit a Luders strain,

3.2.3 Fow Stress.

The experimental approach to the investigntion into the influence
of strain rate, and also temperature, on the flow stress of mclybdenum
differed from that used in Section 3.1.3 to study the effect of grain
size. In thce latter case, the flow stress was measured dirsctly from
a straightforward true stress-true strain curve, and the results
for various grain sizes compared at a constant strain. One had to
ignore the possibility that the same strain in specimens with
different grain sizes did not necessarily represent the some
dislocation structure due tc their inherently different dislocation
creation and multiplication characteristics up tc the strain in
question., In consequence, the obssrved variation in flow stress
with grain size may not be solely a reflection of the influence of
grain size per se. A similar argument holds for temperature or
strain rate changes. Whereas a sclution to the problem is not
roadily apparent in the grain size case, Cottrell and his co-

workersloo’101

enployed an alternative testing technique to reveal
the effect of a change in temperature on flow stress which is equally

applicable to str@in-rate changes. This method entzails making o

temperature or strain-rate change at a fixed plastic strain during



66.

the course of o test on a single sgpecimen, thereby permitting a
comparison of the flow stress at two different temperatures or
strain rates for a constant disloeation configuration. The
resulting flow stress change is, in effoct, a change in the thermal
component, 7:*, of the flow stress, discussed in Section 1.5 of

the Introduction. Furthermore, if the clange to the second
temperature or strain rate, and back to the initial one, could

be made instantaneously then the load would return to the initial
value and the flow curve would continue as if ths change had never
been made. For this rcason the changes in flow stress obtained by
temperature or strain-rate cycling sxperiments have become known as

reversible changes in flow stress.

In detail, two types of strain-rote cycling experiments were

conducted. On one hand, a series of specimens were strained

repeatedly at the same basic rate, éfi, partially unloaded, and then
strained at a second, higher rate, é 29 which was different for
each test. On the other hand, a scries of tests were carried out

in which éz and Gif'were beth changed in such a way that their
ratio, éf/ E 49 fermed the strain-rate foctor, remained constant
at a value of fwo. To distinguish between them, the first type was
designated a strain-rate foctcr change experiment, and the scecond,

a basic strain-rate change experiment. 4 itypical load-elongaticn

curve produced by strain-rate cyecling is shown in Figure 17.

The method of evaluation of the stress change was identical to

79,86

that used by cther workers ; that is, the values of the stress
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correspondiing to two strain rates were extrapolated linearly to the
seme plastic strain as illustrated in Figure 17. All measurcments
werc mads for an increase in strain rate, and therefore, an increase

in flow stress.

A number of preliminary oxperiments established the following
facts, Flow stress changes were independent of whether the strain
rate was changed instantanecusly or subsequent 0 unloading., Since
the latter method permitted more accurate extrapolation; it waes
adopted. The amownt and duration of unloading were not critical
variables. Morcover, intermediatc stages of load relaxation by
suddenly stopping the Instron did not seem to affect the outcome
of the results, and a continuation of the test at the same strain
rate brought the load back to the same point on the flow curve from
which it had fallen. Yield points were never observed after
reloading at the same or a different strain rate, or after load
relaxation, These observations tended to support the view that the
reversible changes in flow stross were not measurcs of unloading or

relaxation effects to any appreciable extent.,

Strain-rate cycling was carried out at three temperaturcs,
243,293 and 373OK, using only fine-grsined material with 1 = 0.027 mm.
The principle rcason for this choice, instead of the coarser grain
size, lay in the friet that its generally greaoter ductility enabled
one to cycle over & wider range of strain at the lowest temperature
and higher strain rates, Haoving chosen the fine grain size for this

work the selection of the range of strain rates and the minimum value
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of the basic strain rote was detoermined by two considerations.

Since the lowest cross-head speed of the Instron sets a lower limit

of 0.44 x 10—4 sec, on the strain rate, the only region within which
cyeling could be performed without the risk of running into another

stage was Region I. This, in turn, fixed the minimum of Efi at

4

0.88 x 10~ seo._l

A typieal serics of results produced by strain-rate factor
change experiments are shown in Figure 18 where the reversible
chenze in the flow stres% Zl(T&; is plotted against the stress O,
at which the change was madc to a higher strain rate. Stresses are
given as true values calculzted on the assumption of constant volume.
Cycling was discontinued at the onset of plastic. instability because
a sultable corrcection cculd no longer be made for the roduction in
ares. It is ovident that in every case Aiﬂx; decreases with
increasing stress (or strain) in an approximately linear manner,
Moreover, this stress-dependence of the strain-rate sensitivity at
293OK and 373OK becomos more pron@unoed ag the strain-rate factor
is increased, Howesver, at 243OK a change in the strain-rate factor
produces no apprrent change in the stress—~dependence of 13052 In
general, the strain-rate sensitivity at 243OK for low sgtrains is
gsimilar to that at 293OK, but falls off noticably at 373OK. This

: . . .
can be seen by plotting ACy against log €f/ €, i.c. Alog€ ,
as in Figure 19, As AﬁﬂT’/Alogé is in all cascs dependent on {,
the value of Z&OE'corresponding to the yicld stress of the specimen

was teken. To a first approximation this is equivalent to
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selecting ZXCTE at zero strain. The initial slopes, given by
A%/Alogé are 6.35, 6.35 and 4.05 kg.mm.—2 see. for 243°,
293O and 373OK, respectively, and can be compared with the values
QF/B appearing in Table 5 for Region I yielding of specimens with

1 = 01027 mm,

An increase in the basic strain rate, for a constant strain rate
factor of 2, results in an increase in overall strain;xate sensitivity
and an increase in the dependence of ASCZE(HlCTTF&gure 20). In
comparison, the plot for éf/ é ;= 20 illustrates the relatively

smaller effect of a basic strain-rate change of two orders of magnitude.

3.2.4 Potch Parameters.

Since the strain-rate dependence of the lower yield stress was
determined for two appreciably different grain sizes over a wide range
of strain rates, one has, in theory at least, the two points required
to establish the Petch relation at each strain rate. Correspondingly,
the values of CTE and kY derive directly and their strain-rate de-
pendence can be found., This dependence at 243, 293 and 373OK is
shown in Figure 21 for CTE'and ky caleulated on the basis of the
mean curves drawn for O‘YT versus log é in Figurs 14. The purpose
of using the curves themselves instead of the actual data points is
two-fold. In the first place, each curve wos considered to be more
truly representative of the average strain-rate dependence of the
lower yield stress than a series of results, at individual strain
rates, which show a certain amount of scatter from the least square

lines, In the second place, their use enzbled the determination of



T2

a continuous spectrum of values of (T; and kY as functions of strain

rate,
The results of Figure 21 indicate that the choice of strain
rate has a considerable influence on the Petch parameters. At high
strain rates corresponding to Region I yielding in the fine-grained
material, G‘i and ky both inercase lincarly with a logarithmic
increase in sirain rate, although thoe change in kY isg relatively
small. At the same timc, the strain-rate dependence of (Y; is
greotest at 2430K and least at 373OK, and of kY’ greatest at 2930K
and least at 243OK. It is also interesting tc note that Cff'and kY
apparently increasc with a decrease in temperature for a given strain
rate, but agnin, the change in kY is very small. On the other hand,
the existence of the various regions for the finc-grained material
leads tc a rother cdd effect of strain rate on the Petch parameters
at the lower strain rates. By comparing Figures 14 and 21 it is a
simple matter to correlate the transition points with the extrema
in the kY curves, and the horizontal Regions IT and IV with the
steepest slopes of the (IE

the fact that CTE becomes negative on decreasing the strain rate
-1

curves, Of particular significance is

below 10~2 sec,

Now, the wholc proccdure which was usScd to establish the Petch
plot experimentally on the basis of only two data points is, of
course, open to severe criticism, Nevertheless, it can be justified
to a reasonable degree, and tho most obvious way of doing so is to

carry out Petch~type oxperiments for = series of strain rates and
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temperatures. n practice, the inherent enormity of such a task
prohibited the selection of all but a few critical sirain rates at
a single temperature. In the end four were used, namely,

6 1.3 %1072, 0.88 x 1074, and 1.6 x 1072 sec.”™ at a

1,6 x 10°
temperature of 2930K. Grain sizes woere obtained by strain-annealing
(Pables2and 3). The results are given in Figure 22, whers the yield
stress was defined as in Section 3.1.2. Corresponding values of I
and kY determined from the linear portions associated with the finer
groin sizes are shown as data points in Figurs 22. More specifically,
@ and kg ot 0,88 x 1074 see.™ are 10.7 £ 2.0 kgm. ™ and

4,0 £ 0.5 k,g.mm."?’/2 roespectivoly, which agree very well with the
values for Ingot 1, within the assigned error. Conseguently, it

appears from these results that an appreciable discrepancy does noit

arise by determining CTE and ky from the two grain sizcs only.

Furthermore, it is of intercst that the single crystal and
coarse~grained rcsults at the two lowest strain rotes mest decidedly
confirm that a transition must occur in the Petch plot in order to
obtain finite positive strengths in the large grain-size rogion.

2 -1

Even 2t the highest rate of 1.8 x 107 sce, there is evidence for

this transition.

3.2,5 Additional Observetions.

The work-hardening rate of molybdeonum has been found to increase

78

with decreasing temperature' . It is therefore expected that an

increase in strain rate would also give an incrcase in work-hardening

rate, Calculations showed this to be the case. Typically, =

(=3
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6 1

variation from 0.72 x 10~ to 0.44 x 10~ sec.”t resulted in an

increase in the rate of work hardening from vj/1/65 to:70740 for
specimens with a2 0.098 mm. grain size. Although this variation is
not readily apparent from the tensile curves of Figure 13, it can
be discerned easily in strain-rate cycling oxperiments. In these,

the higher strain rate is always accompanied by a higher work-

ardening rate for the range of strain rates used.

4n attempt to deteet possible differences in work-hardening
rates in various stoges did not yield positive rcesults on account

of the extonsive secatter in the results.

The strein-rate dependence of the duectile fracturc stress was
examined for the relatively few spocimons which were deformed to
fracture, It was found thet an increase in strain rate, in the
range above 0.4 x ].O-4 see.”! d1d not affect the ductile fracture
stress as much as tho yield stress, but did lcad to a detectable
increasc of about 4.8 kg.mm._z(log sec.~l)—l for both grain sizcs,

0,027 mm. and 0.098 mm. However, at 243OK the strain-ratc sensitivity

dropped to practically zero.

From the point of view of ductilitys; there was a gencral
tondoncy for the totnl slongntion to decrcase with increasing strain
rate for both grain sizes at 243°K 2nd 293°K. This decrease was
accompaniod by a decroasc in the reduction in area 1o fracture,
except in thc case of fine-graoincd specimens tested at 293OK. Hers,
the carly onset of plastic instability resulted in a mcasured increase

48

instead of a deccrcase. In view of recent observations by Wronski
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on the grain-size dependence of the ductile~brittle transition
temperature for polycrystalline molybdenum, it was not surprising
that at 243QK, the onscet of brittleness occurred at a lower strain
rate for tho fine-grained than coarscr-grained matorial. For cxample,

3

three out of four of the former wers brittle =t 1.8 x 10~ sec.-l

whereas brittlencess was not encountered in the latter =

0.88 x 10—2 soc.-l

The extrapolation technique (Figure 10) of detormining the
Petch parametoers was applicd to specimens from Ingot 2 with a grain
size of 0.027 mm, and 0.098 mm., tested at 293K at various strain
rates., At 0.88 x 10.4 sec._'1 the valuces fell on ths curve of
Figure 11 for Ingot 1 gpecimens. However, their strzin-rate
dependence did not follow a systematic pattern similar to that in
Figure 21 as found by the conventional method of Petch. Consequently,

the extrapolation method was discarded.

3.3 The Effect of Temperaturc on Tensilo Properties.

Unlike the case of strzin-rote effects, the influence of
changes in testing temperature on the tonsile properties of
polycrystalline molybdcnum is reasonably well documented15’48’102—lo4
cxcept for reversible changes in flow stress, which have not been
reported. The main reason then, for investigating the effect of
temperature on the upper yiceld stress, lower yiocld stress, yield drop,
Liders strain, and flow stress in the prescnt work is to establish

the characteristics of the prcesent material for purposes of

correlation with the rest of the data.
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All of the tests were conducted on specimons with a grain
sige of 0.027 and 0.098 mm. using the Instron testing mechine at a
-4

strain rate of 0.88 x 10 sec.—l Temperatures in the range from

190K to 450°K were obtained es described in Section 2.4.2,

3.3.1 Yielding Characteristics.,

Since a yield point was invariably observed, the lower yield
stress, (j;, was defincd as in Secticn 3.2.2. A plot of the values
of CT} against temperature in Figure 23 shows that the yield stress
for both grain sizes is very sensitive to changcs in temperature,
particularly below 3500K. The linear portion bolow 3200K represents
a temperature scnsitivity of approximately 0.3 kg.mm.m2 deg._l As
the temperature sensitivity is practically independent of grain size
therc is a suggestion that kY may be relatively independent of
temperature for this matoerial. Although this cbservation was not
confirmed by conducting Petch-type experiments at the lower tem-
peratures, it is not itnoonsistent with the relatively small effect
- of temperature on kY found in the strain-rote cxperiments of

Section 3.2.4.

Whereas the experimental points for 0,098 mm. at 2ll tem—
peratures, and the cnes for 0.027 mm., obove ZOOQK ropresent an
average of 2 to 16 tests, with a scatter less than 5%, the onscet of
brittleness in the fine-grained material precluded the attainment
of a good average belew 200°K without an excessive wastage of
specimens. In fact, the result given for 195OK is from one test,

obtained after four attempts. As a consequonce, it is not
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considered particularly rcliable. Taken together with the lack of
embrittlement in the coarser-grained specimens down to 19OOK, these
observations support previous evidence that the ductile-brittle
transition temperature of molybdenum is higher for finer grain

48

siges’ .

In Pigurce 23 are alsc plotted the upper yield strosses,(ﬂg 9
for the two grain sizes. The reosults closcly parallel those for
C}’} although the yield drop for specimens with a 0.027 mm, grain

sizc has a tendency t0 increase slightly with decrcasing temperature.

Tho Luders strain plotted in Figure 24, appears to0 incroase
very slowly with increasing temperature, for the fine-grained material,

but remains zoro throughout for the 0.098 mm, grain size.

3,3.2 Flow Strcss.
The influcnce of temperature on the flow stress was determined
by conducting temperature cycling experiment® on materisl with a

grain size of 0,027 mm.

Initially a2ll specimens were defcrmed past the ILuders strain
at the basic temperature of 293OK and then unloaded to about 10 kg.
t¢ maintain axiality. Thereafter, the temperature was changed to
1900, 243O or 373OK by immersion in the appropriate bath as described
in Section 2,5.2, After allowing not more than ten minutes foxr
temperature stabilisation, the specimon was reloaded at the samc
stroin rate and deférmed approximately 1% at the now temperature,

unloaded again, and recloaded at 293OK. This cycle was repeatad
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several times up t0 onset of necking. In order to e¢nsure that 293QK
be reached consistently and reasonably rapidly, a water bath at this
temperature was used. The general features of tho load-elongation
curve Obtained by temperaturc cycling did not differ appreciably
from the typical one shown in Figure 17 for strain-rate cycling.
Moreover; irrcgularitics such as yicld points subscquent to unloading
or load relaxation worsc ncver scen., A4s a result, the obscrved change
in flow strcess ot a given strain was considercd to be = measure of
the influence of tomperature at a congtant dislocation configuration.
The change in flow @tress was evaluated in o similar mznner to

that described in Seection 3,.2.3.

Figure 25 shows the roversible change in flow stress Alﬁg',
plotted against the stress {§, at which the temperaturc is decreased,
It is apparent that within the experimental accuraqy,l}dé ig inde-
pendent of stress (or strain) for temperaturc changes between 293°K
to 19OOK. However, as the secondnry cycling temperature is inercased,

there is an increasing tendency for llog to decreasc linearly with ag.

A comparison of the temperature-dependence of the flow stress
with that of the lower yield stress is given in Figurc 26, The
values of AQUE fecund by extrapolation to the lower yield stross
(i.e. zero strain) ars plotted against the sceondary cycling tem—
perature and the lower yield stresses for 1 = 0,027 mm. arc shown
at a temperature T and that

Y
at 293°K. It is evident that therc is no appreciable differcnce Petween

as differences, 0‘,5 - 0‘593, between G

the temperature dependence of the lower yield stress and the thermal
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component of the flow stress. If the values of (Ta were plotted in
the same manner, one would not detect an appreciable deviation from

the curve,

3.4 Bvaluation of the Activation Parameters.

For purposes of application, Bquation (24),(33) and (34) were
written in terms of tensile stress and tensile strain rate,

neglccting the stress wvariation of \)9 a8

H o TP L o T ), (24a)

b Yen

dIné

T
v = 2T d1n € (33a)
A0
T

H = kT1n (Y/0.7€) (34a)

where 0= 27 and ¥= 0.7F€.

The magnitude of C;; which is required to establish the
effective stress ij'( = (T:-(Z;: ) is normally taken experimentally
as the obscrved yield stress at the temperature, TO, where the
temperaturce dependence begins to reside completely with the shear
modulus., In this work, experiments were not conducted at sufficiently

high tomperatures to permit a éirect determination of ;;J .

However, an cxtrapolation of the yield stress-temperature curves



80.
beyond 45OOK by a cocmparison with the results of other workers
(collated by Conrad and Hayesao) gave valucs for q;: of 16.1, and
5.4 kg.mm.—szragrain size of 0,027 mm., and 0,298 mm., respectively,
at T = 600 = 5OOK° The error, estimated at not greator than
+ -2 s o . .
-~ 1 kg.om. , in finding C;: by the cbove method is not ccensidered

significent as O is used only for plotting rosults.

3,4.1 The Activation Energy, H.

Values of the activation cnergy for yielding and flow were
calculated, using Equation (24a), from the measured dopeqdence of
the upper yield stress, lower yield stress and flow stress on
tomperature at a strain rate of 0.88 x 10_4 sec.-l (Rogioh 1) and .
on thc strain rate at 243, 293 and 373OK for the two grzain sizes, h
0.027 mm., and 0,098 mm., The flcow stress data corresponding to
strains of 2ero,0.025 and 0.10 were found from the results of strain-
rate factor change experiments. A record of the activation energies
is given in Teble 7., Figure 27 shows the sanw values of H plotted
against (T#, with the omission of thoso for flow at €= 0.05 and

0,10,

The dashed curve in Pigure 27 ropresents  activation energies
determined from results which were obinined by o combined extra-
polation and interpolation of the direct mecasurements of the tem=
perature and strain-rate dependence of the lower yicld stress. Since
one cann®t place absolute confidence in such values,; the curve is
intended only as a proediction of the way in which the activation

encrgies shown as the actual date pcints might tie together.
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Table 7. Values of the activation energy, H, for the yielding
and flow of polycrystalline molybdenum,

Activation Energy, Hy; in eV
Grain | Temp. * -2 Upper Lower Flow
?;;e) (%) | (xgemm.”%) 7Yield | Vield e
0 0.05 | 0.10
0.027 | 243 33.1 0.58 |0.48 10.47{ 0.53 | 0.55
293 20,2 0.75 | 0,62 | 0,64} 0.82 | 0,87
0'098 243 30-1 Oom Oow hand hed hand
293 17.5 0.7TL [0.71 | = - -
373 6.5 - 0.37 - - -

There i3 no doubt, however, of the faot that H for this material,

as caleculated using Equation (24a), increases with decreasing stress
at high stresses, and drops to a low valus at low stresses. In
addition, it is clear that H is independent of grain size and not
significantly different for upper yield, lower yield or subsequent
flow, In 8ll cases, H for flow increases ms the sirain increases,

and in turn, the strain-dependence appears to increase with increasing

temperature.

3.4.2 The Activation Volume v .

Activation volumes were calculated, using Bquation (33a), from
fhe measured dependence of the upper yield stress, lower yield stress

and flow stress on strain rate at 243, 293 and 373°K for the two
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*
Table 8. Values of the activation volume, v , for the yielding
and flow of polycrystallinc molybdenum.

- Aet'n wel, v in units of b3
Grain | Roegion Tgmp. . fz Upper Flow
Size (k)| (xgomm °) | and -
(mam, ) Lower Strain
Yicld 0 0.05| 0.10
0.027 I | 243 29.6-42.5 11.5 ,
33-1 1203 12'8 l3b3
293 17.8-44.4 12.4
20,2 14.8] 16.4| 17.4
' 373 5.2=31.2 23.7
[ 5.2 26.5{ 33.9} 39.7
0.098 I 243 17.6-43.0 12.3

293 5.3-35.8 14.6
373 5e¢3~14.3 30.5

0,027 II 243 29.6 o
293 17.8 o9
III 243 21.1-29.6 6.5
293 11.7-17.8 12.7

IV 273 11.7 o

grain sizes, 0.027 mm. and 0,098 mm, Table 8 gives the results for
yielding corresponding to the variocus regicns of Figures 14 and 15

for 1 = 0,027 mm. and the single region (designated I) for 1 = 0,098 mm,
Also listed in Table 8 are the values of v for flow ot €= 0, 0.05

and 0.10; as determined from the results of strain-rate factor change
experiments. The activation vclumes for Region I yielding,; and flow

at €= 0 are plotted against O“* in Figure 28. 1In the case of

yielding the constant slopes of the yield stress-log (strain rate)
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curves over wide ranges of strain rate nccessarily lcad to constant

* *
values of v over wide ronges of (0 . It is evident from the figure
that, in general, v* is not appreciably different for upper and lower
yield, and subsequent flow, for a given grain size and temperature.
On the other hand, v* tends to be somewhat greater for the coarser-
grained material at all throes twmporcturcs with the difference
increasing as the temperature increases, Howevoer, it is doubtful
whether the differance can be considerced to be significant at 243

and 293OK.

The effeet of stross, and strain, on the activation volume for
flow is better illustratod in Figure 29 in which arc plottced values
of v* for €= 0 and 0.10 obtained from results of basic strain-rate
change experiments conducted at 243, 293 and STSOK. It can be soen
that v* inéreases with decrcasing stress ot a given strain and with
increasing strain at a given stress. 4 ourve corresponding to

€ = 0.05 would lic SMmetrically between the ones for €= 0 and 0.10.

3.4.3. The Frequency Factor, \) .

The magnitude of the frequency factor at a strain rntc of
0.88 x 10—4 sec.” was calculated assuming that Equation (34a) is
a true reprcsentation of the relation betweon temporature and the
activation cnergy. It should be noted that only the data for 243OK
and 293OK cxuld be uscd effcetively in view of the abnormally low
values of H at 373OK. On this basis,3> was found t2 be about
2 x 106 sec.—l independent of grain sizec and irrespective of whother

the upper yield, lower yield or flow was considered.
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If one were to ignore the high temperature values of H ( and
there is no justification whatever for doing so ) then Equation (34a)

provides the only means at our dispossl for estimating H ( = H ) at

o
* - -
TO (i.e. where ¢ = 0). Taking Q-= 2 x 10 6 sec. 1 and TO = 6OOOK,

H would be 1.26 eV or 0.082/}1b3. This would compare favourably

with Conrad's value82 of 0.080//4b3

4

for polycrystalline molybdenum
tested at o strain rate of 10 soc.~1 Under the circumstances,
however, there is every reascn to believe from the current work

. *
that H approaches zero as T approaches TO (or as (- approaches

Z6TC)
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4. DISCUSSION.

4.1 The Model for Yielding.

Certain results of this investigation are particularly funda-
mental with regard to the selection of a model for yielding which
might provide the most satisfactory unified treatment not only of
the yielding but, as an extension, the subsequent flow bshaviour of

polycrystalline molybdenum,

Firstly, it has been shown that in the temperature range below
BZOOK down to the onset of brittleness at v~1959K, the upper yisld
stress, lower yield stress, and subsequent flow stress of material
with a grain size of 0.027 mm, exhibit a nearly identical tempepa-
ture dependence when tested at a strain rate of 0.88 x 1074 seo. ™t
Moreover, this temperature-dependence is not significantly different
to that of the upper and lower yield stresses of the coarser-~grained
(0.098 mm.) material., Sécondly, closely allied to the temperature
behaviour is the fact that there is no appreciable difference in the
pronounced strain-rate sensitivity of the upper yield stress, lower
yield stress and flow strcess at 243°K or 293°K, irrespective of the
grain-size, for strain rates corresponding to Region I yielding.
Therefore, in all probability, the dislocation mechanism which
determines the temperature and strain-rate dependence of yielding
is the same one that governs flow behaviour in molybdenum. It will
be recalled that one medel of low temperature yielding is based on
the unpinning of dislocations from dilute impurity atmospheres.

Yet it is unlikely that wapinning can be important in the homogeneous
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flow stage where there are already large numbers of dislocations

able to move outside the influence of conventional pinning by
stationary atmospheres. Consequently, one takes the view that the
rate-controlling mechanism is one which affects the propefties of
free dislocations, From this stand-point, Hahn's model fér yieldiné8
is adopted and the experimental observations are discussed in terme

of their consistency with this model.

4.2 The Yield Pzint.

The upper yield stress, (TB, was found to have a strain-rate
dependence which is equivalent; within the accuracy of measurement,
to that of the lower yield stress, Gy, over a range of 10_6 to 16~%

-1 . . . .
sec. in strain rate, Therefore, one can write for the yield stress-

in generzl that
07 = ol + plogé (42)

where ﬁ has the same value for 0'{] and 0‘} in any particular region.
On the one hand, Conrad34’82 favours such a semi-log relation to
describe the strain-rate dependence of the yield stress of b.c.c.
metals., On the other hand, Hahn18 suggests that the emphirical

relation

logG = log B + = log& (43)

is a satisfactory ropresentation of the experimental facts, EBach
investigator cbhtains a reascnably good straight line by fitting
results from the literature to the respective rclations. As the
source of data is the seme in several instances, it is uncertain

which of the two rcpresentaticns is tho more correct, It is
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immediately evident on c¢xamination that any clear distinction is
precluded by the narrowness of the stress and strain-rate ranges
covered by each set of experiments. This is alsc ¥rue here for the
fine-grained material, where several distinctly linear regiins
appear for (Y} (or (Tb) whether plotted on o semi-log scale, as in
Figure 14, or on a log-log scale. However, when o log-log plot is
used for the cf% values of the coarser-grained material, as in
Figure 30, a pronounced curvature is readily apparent which is
absett in the semi-log plot of Figure 14, Included in Figure 30
is an independent set of results for the lower yield stresses of

105

In 2 stecl . In this case, the log-log fit for strain rates

5

greator than w3 x 10° sec.”t is considerably better than the
semi~log one which exhibits a distinet curvature. Furthermore,
Fourdeux cond WronskilO6 find that the yield stress of niobium of
good purity conforms to o log-log relation over the range 10‘5 to
1 sec."l This presents no contradiction to the semi-log plot of
Sargent et 31107 for less pure nicbium since their range of stress

ig insuffiecient t¢ make a distinction between semielog and log-log

behaviour.
Using BEquation (10), Hahn predicted that for a constant strain
4
log 0 = log & + 1/;m log € (44)

which is: identical to the experimental rclation (43) providing A
is a constant. Is, thorefore, the linear semi-log strain-rate
dependence of (fﬁ(and (f}) for molybdenum consistent with Hahn's

model for yieclding ? From Equation (42) we have, experimentally,
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d1g€/d0 - 18 (45)
and thus

Blogé/élogﬁ": ¢ 1ln 10/ﬁ (46) -

where the left-hand side is denoted by m'. However, since A in
Equotion (44) is given by (1/ ¢bL)1/ T fhen a suitable differentiation

of (44) yields
d10g€/d1cgC = m + O log L/d1logd” (47)

By combining (46) and (47) it can be seen that a semi-log

dependence is compatiblce with Hahn's theory if
dlog L/ dlog( =0 10//_>, -1 (48)

In fact, Hehn 4id point out thet L may be a function of stress as
well as strain on the basis of evidence by L1108 and Guardlog,
available at the time, but a specific functional relationship was
not given. Subsequently, Johnston and Steinllo have found that
Alog é: /& 1og0™ for lithiuwn fluoride and silicon-iron increases
with strain (or stress) in strain-rate cycling tests through a
roughly linear increase of BlogL/ b log(l with strain. They .

6% tained an expression similar to (47) where m, independent  of
strain (or stress), is equal to Alogé /A logd at zero strain,

A replot ¢f the current cycling data for molybdenum revealed a linear
increase of Alogé /Alogﬁ" with stress., If onc assumes that

A log é /A 1logG™ = m at zero strain for molybdenum also, and that

m is independent of stress (or strain) as for polycrystalline



89.

silicon—-iron, then élogL/ blogo“' increases linearly with stress.
Whereas the sleope evaluates to 0.62, the slope of Equaticn (48),
given by lnlOéfg s is 0.31 for the same @onditiuns. This agrecement,
which is surprisingly good in view of the fact that two different
types of test are involved in the ecalculations, provides reasonable
grounds for believing that the modile dislocation density varics
with the upper or lower yield stress in a manner specified by
Equation (48) when the strain rate is changed. Unfortunately, there
are no direct measurcements tc confirm this point, Indirectly, one
piesce of evidence is favourable. The results of Brown and Ekvall32
imply that the mobile dislccation density ¢f iron incrcoases with
decreasing temperature because of an observed increase in the pre-
yicld microstrain. Hence, due to the parallel effects experienced

on decreasing the temporzture or increasing the strain ratce, one

is justified to some extent in presuming that an increase in strain
rate will cause an increase in the pre-yield strain and, by implication,
the mobile dislocation density. It is concluded, therefore, that a
model for yielding which is based on dislocation multiplication and
velocity cheracteristics can readily lend, under certain circum=-
stances, tc a semi-log relaticn between cﬁﬂcerTg) and strain rate.
Also of significance is the fact that neither Hehn's model,, ner

tﬁe activation analysis used extensively by Conrad, necessarily
predicts a spocific strain-rate dependence. Conrad uses the semie

log relation only as 2 matter of convenience in the calculation of

the activation parameters. Accordingly, it seems that the increase

in the yield stress of molybdenum which accompanies an increase in
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strain rate is not only = consequence of the increase in stress
requirod to move dislocations at ﬁigher velocities but is reduced
by the fact that more mobile dislocations become available to meet

the deformetion requircments as the strain rate incroases.

The observed rclative insensitivity of the yield drop tc changes
in strain rate follows directly from a similar argument if, again,
D logl/ 2 logl™ is considered 15 be linesr with stress. The yield
drop occurs when the number of mobile dislccations has increased to
such an extent that any further increase results in a decrease in
the average velocity necessary to maintain the imposed strain rate.

Correspondingly, the stress falls also.

It would be advanbageous to know how closely one can predict
the stress-strain curve for molybdenum from Hahn's equation. An
attempt to do this was not completely successful because of the
lack of accurate information on multiplication rates and velocity
characteristics for molybdenun in goneral, and this materiﬁl‘in'*
particular. Neverthcless, the exercise proved invaluable inasmuch
as it served to0 clarify two important points. On the one hand, our
knowledge of the dynamical glidc properties of dislocations and the
contribution of work-hardening must be precisc and pertinent to the
specific material under consideration before an equation such as
Hahn's can be fully tested, On the other hand, it became obvicus
that aﬁ upper yicld stress and a yield drop which agree very well
indoed with those observed experimentally can be obtained by this

method,
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In the past; the strong temperaturc dependence of the upper
(and lower) yicld stress has often boen interpreted in terms of the
temperature dependence of the stress required tc unpin dislocations.
Hcowever, as pointed cut, this concept is not completely consistent
with the cxperimental facts. Hahn suggests that the temperature
dependence of the yield stress may arisce through the influence of
tempcrature on cne or more of the parameters in Equation (lO).
Ignoring for the moment the rate~contrclling moechanism itself, let
us examine what magnitude of temperature dependence of CTE one
might expect purely from the observed variation cof m, cT; and L with

tenperature. Writing for the upper yield stress

n 07 = In 07+ 1/un In (é/C.5bLO) (49)

and differontiating with respect to temperature; one obicins

L

1 00 - 1 005 4 mf € \31m - 1 Q1nl5(50)
G—{J a7 o o7 0.5bL o T m o7

Now, substituting @7 = 35 kg.mm.~2, é= 0.88 x 1074 sec.‘l,

b=2,73 x 10"8cm., L,=3x 1o5cm."2, m = 10, 0 o“;/ O T =-0.266,
o (1/m)/ T = &(1/m') /3T = 0.00056 (from Tablc 9), and

3 1nL/ OT = 0.0056, 21l for a grain size of 0,098 mm., into

BEquation (50) gives

1 BG‘T}
0% o7

- 0.0076 -~ 0.0022 + 0.0006

it

-H

~ 0.0092
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Experimentally,

.
du 0

Bearling in mind that there arc large uncertainties associated with

= -~ 0.0105

|

the sbove datn, the ngreement between the predicted and observed
temperature~dependence of the upper yield stress is still exceedingly
good and encoursges the belief that the influence of temperature
can be accounted for in terms of its effect on the propexkies of
mobile dislocations, without recourse to unpinning.
Table 9. The stress dependence of dislocation veloecity cbtained

from the strain-rate sensitivity of the yield stress (m')

and flow stress (m), evaluated at a strain rate of
0.88 x 1074 sec.™t

Grain Yielding {m') Flow {m)
Size

(mm.) | 243% | 293% | 373% | 243% | 293% | 313%

0.027 18.1 13.1 10.9 14.5 13.1 7.6
Owo98 124:6 903 7.1 - ].OQO -

In order to establish whether the observed insensitivity of the
yield drop tc changes in temperature is in accord with the predictions
of the model, it is nccessary to show that the estimated temperature
dependence of the lower yield stress is nct significantly different
from that of the uvpper yield stress., In the determination of the
temperature dependence of 0';, we are beset by two main difficulties.,

The first involves the lack of 2 measurement of'the dislocation
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multiplication rate for this material. As o result, one for a

94

zone-refined single crystal of mclybdenum” ™ was used, given by

3.6 x 107 6'0'94, which is comparable to rates quoted by Hahnl8

for iron and steel., The second problem is more sericus and concerns
the contribution of work-hardening to the lower yield stress. As

a Tirst approximation, the tcmperature dependence of the macroscopic

work-hardening rate evaluated ot the lower yield strain using

Equation (37) was considered, Thue,%®ing Bquation (10), one can write

L4

3 00Y _ €, 34 + 1 005 + 1f € Yd1/u - 1 blnL‘
6y or Oy 2r Oo 9or 0.50L) P T m T
(51)

which evaluctes to -~ 0.0108. A4s a result, 30‘.;/31‘ becomes = .25
which compares favourably with the value cf — 0.24 for BGTJ/ 3.
Thus, as in the case of the insensitivity of the yield drop to éﬁénges
in strain rate, the properties of frec dislocations can be used

effectively tc account for its insensitivity to temperature.

4.3 The Grain-gize Analysis,

Previously, changes in the mechanical properties of molybdenum

36,37

which has undergcne neutron irradiation or & variation of

48

testing temperature have often been treated on the basig of changes

in the Petch parameters. The results of this investigation leave
little doubt that ot 293QK and o stroin rate of 0.88 x lO”4 sec._l,

the lower yield stress of arc-cast molybdenum in the ammealed and

unirradiated state obeys a Potch rclation of the form

0% - 07 + g ()

W
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in the grain size rangs from 0,027 to 0.25 mm. The corresponding
valucs of (FE and kY’ 9.3 kg.mm.—2 and 4.3 kg.mm.-3/2, rogpectively,
for Ingot 1, and 10.7 kg,mm.—2 and 4.0 kg.mm.—3/2 for Ingot 2 are
in agreement with those found by Johnsonlll(lleo and 5.5) and
Wronski48(10.2 and 3.7) for material produced in = similar manner
and tested under tho #88€ conditions, The value of Cﬁ; is comparsble

to that for cther b.c.c. metals but the k, value for melybdenum is

45,46

Y

the highest roported for the b.c.c. transition metals being

over ten tires greater than thet for nicbium,

Two features of fundamental importance,which have n:t been
reported hitherto for any of this group of materials, are cvident
from the yield stress-grain size plot in Figurce 4 for molybdenum,
Firstly, (T; is proactically independent of grain size above 0,25 mm,
This indicates that the hardening effect 5f grain boundaries in
molybdenum does not become significent until some critical grain
size, lc, is attained, in this case “~0.25 mm. Secondly, the lower
yicld stress of single crystals can clearly not be identified with
the value of GTE, as found by the extrapclation of the data for
finer grain sizes. Since thiz identity constitutes cne of the
basic mssumptions in the modified theory of Johnsonéo, its
applicability tc the deformation behaviour of mclybdenum is open
tc serious criticism., Irradiated molybdenum exhibits similar
behavicur in that (ﬁ; does n.t become dependent on grain size until
some critical grain size is reachsed, althcugh the transition occurs

at a much smaller grain size, namely, *A 0,06 mnm,
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4,2.,1 Characteristics of k.

It is pointed out in Section 1.4 that kY as a measure of the
grain-gigze dependence of Cf;, could reflect, to some extent, a
possible variation in the dislccation substructure which may arise
when different thermal or mechanical treatments are used to produce

55,112 46

different grain sizes. PFor example, tantalum and vanadium
appear to be particularly susceptible to such variations when the
annealing temperature is changed, Satisfactory data is not available

315113 nimed that in

for molybdenum although Johnson and Wronski
their material the sub-grain size was independeht of grain gize .
This may indeed be true, but the present author found that the
same metallographic technique used by the above workers gave mis-
leading results for the current meterial, The apparent sub-grain
slze agreed favourably with that reported by Johnson and Wronski
bt it was clearly seen to be a surface etching characteristic and
bore nc relation tc the dislocation substructure. Consequently, an
etch~-pitting technique,; described in Section 2.4, was usced to
reveal individual dislocations in typical specimens from Ingot 2
with 2 grain size of 0.027 mm. and 0.098 mm, Within the experimental
scatter, their yield stresses fell on the Petch plot for 1 €0.25 mm,
Figures 31(a) and (b) show that there is no appreciable difference
in the dislocation density and distribution for the two grain sizes,
and that sub-boundaries =re absent in both cases. The distribution
was found to be fairly homogeneous, with a density of about

8

3x lO7 cm.-g, therefore within the range lO6 - 10 cm.'2 usually

associated with amnealed metals. It would be unwise to place much
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faith in the absolute value of the dislocation density determined by
etch-pitting, especially since the pit density in molybdenum varies

94

markedly with orientation” . Néverthelessy one can obtain suitable
relative values by making thc comparison for similar pit shapes since
the shape also varies with orientatiog@' In order to demonstrate that
substructﬁre can play an importani role in determining 0}} and there-
fore kY in molybdenum, scveral specimens with 1 = 0.098 mm. were
pre-strained 5% and then annealed at 16OOOC for one hour. A change

in grain size was not detected, yet the yield stress invariably
inereased about 35%. If onc were to usc the (I; valuc for

1 = 0.027 mm., this could lecad to an obgerved k., of approximately

pd
1.7 kg.mm.”B/zy a rceduction of over 50%. Sincc the same anneal for
specimens without a pre-strain produccd no appreciable change in
grain size, and a slight decrease in yield stress, the difference
in behaviour cannot be attributed to the introduction of impurities
during annealing, Insicad, the increase in ngmust be attributed
to a difference in substructure., Figurc 32 shows the increasc in
dislocation densgity and introduction of sub-boundaries resulting
from the above strain-anncal treatment. One concludes, therefore,

that the k.. value determined from the prcesent Peich analysis is a

Y
true measure of the influence on CY; of grain size por se, but that
a variation in dislocation substructure with grain size can have a
pronounced effect on the magnitude of kY' Furthermore, it is

suggested that little variation from a true kY will be experienced

provided grain growth occurs to "mop up" some of the dislocations

introduced initially by prewstraining or during fabrication. This
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would account for the similarity in kY for Ingot 1 specimens where
the grain sizes were obiained by strain-annealing and kY for Ingot 2
where the grain size was varied by changing the fabrication treatment,

48,111

Any difference in kY from that found by other workers is not

large enough to be considered significant,

In order to overcome the complication of a possible variation
in substructure with grain size, some investigntora advocate the
use of the extrapolation method to find the true values of the grain
size parameters. Figure 11 shows that for grain sizes less than
0,16 mm., kY by extrapolation is less than that obtained from
the Petch plot, and cri is greater} In addition, the extrapolated
value of kY increases with increasing grain size whereas z;; decreases.
These facts clearly indicate that the two methods yield results
which cannot be identified with each other in the case of impure

114

molybdenum. Johnson renches the same conclusion except that
his values do not vary with grain size for similar materizl. This
difference in the two sets of results is understandable when one
considers that Johnson's extrapolations were performed graphically

using load-elongation curves. The analytical extrapolation applied

hare to true stress-true strain data is the more accurate.

Usually the differencs in kY obtained by the two methods, and
the increase in the extrapolated value with increasing grain size
is explained on the basis of a decrease in dislocation density or
substructure with grain size, This could occur when increasingly

higher annealing temperatures are employed to achieve an increase
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in grain sizellz. The implication is that if the impurity content
is low enough, the strength of locking increases as the dislocation
density decreases theregby causing = correspondingz increase in lel5.
These arguments break down in the present case for two main reasons.
Pirstly, it has already been shown that the dislocation density does
not vary appreciably with grain size., Secondly, the interstitial
impurity concentration of the molybdenum used here would be sufficient
to make the strength of locking independent of any variation in
dislocation density over the range expected in fully annealed
ma‘beriall’go Since the kY velue determined by the grain-size method
is believed to be a true value, it becomes difficult to attach any

gpecific significance to the extrapoiated parameters, at least for

nolybdenum.

The following considerations point t0 a serious shortcoming
when the extrapolation method is applied to niobium. Recently,
Lindley and Smallman115, and Gilbert et a155 found reasonable
agreement between the two methods for relatively impure vanadium,
and tantalum containing a large amount (147 p.p.m.) of oxygen.

Howgver, for electron beam melted niobium115

’ kY by extrapolation
was 5 t0 8 times higher thoan the Petch value and increased with
increasing grain size. This was attributed to the decreasing
dislocation density and accompanying incrcase in strength of locking
because of the high purity. However, if this is the explanation,
one should also get a decrease in the lattice friction stress with

increasing. grain size, whereas, in fact, CTE was found t0 be

independent of grain size., Another inconsistency is apparent when
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one recalls that kY by the grain-size method is also exceedingly small
for much less pure niobium36. Since any variation in dislocation
density of the order expected should not result in any change in
locking strength when a large amount of impurity is present, the
preceding arguments necessarily lead to a prediction of identical

low kY's by the two methods. Even if this were true, the small kY
would gtill present a problem from the locking viewpoint in that its
small magnitude is incompatible with the pronounced yield points
observed for niObium6O. Purther, Evans et a11169 also working with

nicbium of good purity, found k, by extrapolation to be only twice

Y
the Petch value, On the other hand, after neutron irradiation, the
former showed a general decrease, and a marked decrease with increasing
grain size, while the latter remained constant., This apparent
woakening of locking is contrary to the current view of the effect

of radiation introduced defects on yielding 116’117.

The preceding discussion further suggests that our understanding
of the meaning of the extrapolated parameters is far from complete
and care should be exercised in the use of the extrapolation method

in the determination of the grain size parameters.

Until recently, k., was generally interpreted30 as a measure

Y
of the unpinning stress (cf. Equation (18) ). Fisher® has since
demonstrated that this interpretation is fcasible only in the case
of weak dislocation locking. For strongly-locked materials he

suggested that kY is probably a measure of fthe stress roquired to

generate fresh dislocations athcrmally at or near grain boundaries
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while heavily locked dislocations remein inactive in yielding.
Under these circumstances, one would expect kY to be independent
of temperature and strain rate., Since the molybdenum used in the
present investigotion is relatively impure and well annealed, with
a dislocation density less than logcm.-e, its dislocations must be
considered =2s strongly locked. The relative unimportance of unpinning
in yielding is reflected not only in the previously mentioned
similority of the tempernture or strain-rate dependence of the yield
and flov stress, but a2lso in insensitivity of the yield drop and
Liders strain to temper:ture and strzin rata3oo Yet,the kY value
in Figure 21 does appear to increase slizhtly with decreasing
temperature and increasing strain ratc in Region I, However, on

closer exdminations k., 1increases from 4.0 kg.mm°_3/2 at 293% to

Y
4.8 kg.mm._3/2 2t 243% for a strain rate of 0.88 x 1074 sec.™ but

3/2

when a probable crror of : 0.5 kg.mm, is taken into consideration
the rangesof magnitude overlap. On the other hand, the results of
experiments on the temperature dependence of O (Figure 23) show

that kY is not detectably affected by temperature changes in the

range 200 to 320°K in which the influence of tempercture on (Y;

is the greatest. Thercfore, thce combined evidence from the tem-
perature and strain-rate sxperiments suggests that kY is not
appreciably sensitive to temperature, Moreover, ifigure 22 illustrates
that the strain-rate sensitivity of kY for Region I shown in Figure 21
is not clearly detectable from the Petch plots, One would be hard

pressed to explain such small, if not zero, effects of temperature

and strain rate on kY if, in fact, kY were a reflection of thermally
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assisted unpinning of dislocations from dilute impurity aimospheres.
Consequently, we shall regard ky, in this case, to be independent

of unpinning effects per se.

Two possible explanations may account for the avpreciably

smaller temperature dependence of k, observed here (v 0,01 kg.m5§/2

Y
deg.‘l) to that found by ronski and Johnson48 (0,022 kg.mm.'3/ 2
deg.—l)° Figure 21 indicates the importance of the choice of strain
rate for investigating the temperature dependence of the Petch
parameters. It may be that in their material, the various regions
are 50 situated that in going from one temperature (2930K) to the
other (196%K) one changes regions. 4As this would be expected to
give a smaller change in kY with temperature to that observed, this
explanation is unlikely. More probably, the answer lies in the
variation of one or more of the parameters in Equation (10) with
grain size., This could influence the temperature dependence of CT}
as given by Equation (51) in a manner which would lead to the
observation of either a temperature sensitive or insensitive (T%.
For example, the temperature variation of m (approximated by m')

is seen from Table 9 to be different for the two grain sizes,
0.098mm. and 0.027mm. in addition, the amount of pre-yield micro-
strain is }:nown118 to increase with increasing grain size in iron,
suggestive of a corresponding increase in the mobile dislocation
density at the upper and lower yield point. One can reasonably
expect a similar tendency in molybdenum, a fact which 1s consistent,

on the multiplication yield point hypothesis, with the observed
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decreases in yield drop with decreasing grain size., Another factor
which could be important is the variation in the initial total dis-
location density and configuration with grain size which could arise
during the production of different grain sizes. In this work, no
such variation was found whereas ‘ronski and Johnson48 did not
determine the dislocation substructure of their material. ‘lhether
kY is temperaturc dependent or independent is dictated by the balance
between the above Tactors. As it happens, the balance is such that
a decrease in temperature leads to little or no change in kY for the
material used here, and a significant increase for that of Wronski
48

and Johnson™ . 4 similar argunent prevails for the strain-rate de-

pendence of One can now understand the appzrent contradictions

kY.
in the observed temperature behaviour of the kY for other b c.0.
metals, discussed in Section 1.4.1. Aany detraction from kY as a
grain size parameter is not implied. Although the above approach

is largely speculative at this stage, it brings to light the extreme
complexity of the grain sizc analysis as a whole and of its appli-
cation to the fundamental understanding of various phenomena such

as strain-ageing, irradiation hardening and fracture.

The relatively larger values of kY/ for the Group VIA metals
(¥o,W,Cr) than those for the Group VA metals (Nb,Ta,V) metals46
has been attributed45’46 to the inferior stress concentrating
ability of the more cxtensive slip bands in the former. DPresent
ovidenee showed that up to strains of 3% the density of dislocation
otch pits in molybdenum increased fairly homogeneously within

individual grains, Any localised mass of pits which C.ould he
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likened to dislocation pile-ups, slip bands or "forced slip"  was

not found. This is in accord with the above explanation.

The theoretical development of the yield strcss-zrain size
equation is bawed on the propagation of Luders bands. In practiee,
specimens of molybdenum in the zrain size range 0.01 - 0.25 mm.
yieldad without a detectable Iuders strain. This uniformity of
yielding was confirmed directly by etch-pitting., Their lower yield
stresses, however, fell on a Petch plot which could be established
solely from data for finer grain sizes for which Luders strains were
observed., Both an etch-pitting and brittle lacquer technique showed
up the non-uniform propagation of yield, Hence, it seems that the
model used in the development is not of particular significance buit
that the grain-size dependence of the yield stress is nevertheless
caused by some grain size dependent boundary accommodation effect.
Hithout further evidence, we must regard kY with Fishersl, as a
measure of the stress required to transmit deformation across grain
by the athermal generation of fresh dislocations at or near the

boundaries.

The increase in the yield drop and Luders strain for molybdenum
with decreasing grain size presents an interesting and pertinent
problem, Using dislocation mechanicsy; the following tentative
explanation is forwarded to account for the above observation., Let
us ignore; for the moment, ths concept of the k parameter and
c.nsider generally the different behaviour of coarse and fine grain

sizes. The amount of pre~yield microstrain in the former is assumed
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to exceed that in the latterllS. This is regarded by some

118,119

as a consequence of the fact that the density of sources per grain
decreases with decreasing grain size. Additional multiplication
within coarse grains is probably enhanced by the smaller influence
of boundary constraints. Whatever the explanation, the net result
is that the mobile dislocation density is greater and dislocations
more evenly distributed throughout the gauge length in the coarse
grain size case, it the same time, ths effect of such macroscopic
Astress concentrators as shoulders is relatively unimportant.
Consequently, macroscopic yielding occurs uniformly, with or without
the appearance of a yield point depending on the value of Lo' By
contrast, the mobile dislocation density builds up less rapidly in
the finer grain sizes and macroyielding finally occurs at a higher
gtress while L0 is still fairly low. At these higher stress levels,
macroscopic stress concentrations become more important in two ways;
firstly, in their effect on providing initially a sufficient variation
of the mobile dislocation density in the specimen to encourage the
localized nucleation of yielding; secondly, in essisting the applied
stress in the nucleation process. As the mobile dislocation density
at the upper yield point decrceases with decreasing grain size, the
magnitudes of the upper yield stress and the yield drop increase
aocordingly18’27. The value of ths lower yield stress at which
propagation occurs is dictated by the combined necessity for the
average velocity of the available mobile dislocations at the Liders

front to conform to the requirement imposed by the extension ratel

and the propagation difficultics imposed by the presence of grain
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boundaries. Therefore, the increase in the yield propagation stress,
CT}g with decreasing grain size is seen to bhe dus partly to the
decrease in the number of mobile dislocations at the front and partly
to the increase in grain boundary resistancce. EHowever, the contri-
bution of each is rather difficult to asséss. One would oxpect the
Ilders strain to increase with decreasing grain size for the same

reasons.

A direct corollary of the preceding argument is that the k

value for flow, k., is more representative of the general effect of

£
grain boundaries on the yield stress than Ky itself. Figure 6 shows
that kf tends to vary slightly with grain size but an average value
would be less than kY and reasonably independent of strain. Empiri-
cally, this result is expected in view of the insensitivity of the
work-hardening rate to grain size and the increase in Llders strain
with decreasing grain size. If one could climinate the effects of
the variation in the mobile dislocation density with grain size
which are encountered in the early stages of yielding, then kY

would reflect only the influence of grain boundaries on (T}.

would approach k

accordingly, k as opposed to kf approaching ky.

Y £

The added implication here is that k, for molybdenum has a more

Y
complex meaning from the mechanistic point of view than has hithorto
(&)

been supposcd.

4.,3.2 Characteristics of 0o.

The results of this investigation introduce certain difficulties

with respect to the interpratation of the conventional gFE for
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molybdenum. The observation that O is relatively insensitive to

Y
grain size above 0.25 mm, so that the yicld stress of single crystals
never falls to the value of CTE does not by itsclf constitute a
significant contradiction to the consideration of CSE as a lattice
friction stress. ‘“hat does seem incompatible with giving czf any
mechanistic meaning is the fact that it is ncgative (Figure 21)

under certain testing conditions. Consequently, in the case of
molybdenum, it secms more rcasonable to identify the lower yield
stréss of single crystals, or slightly less accurately, of specimens
with a grain size of vw(0.,25 mm,, with the lattice friction stress
(YE. Since kY is not very sensitive to temperature or strain-rate,
one can regard the temperature or strain-rate dependence of Cﬁ{

as being closely approximated by that of CF; for a grain size of

0.098 mm. for which the behaviour has been well documented.

Now, as kY is very nearly ind@pendent of temperature or strain
ratc, the major part of the temperaturce and strain-rate dependence
of CF} resides with (ﬂ;. No atiempt has been made in this work to
geparate the lattice friction stress into the two component564’65
CF'I and cr"19 defined in Section 1.4.2. WNevertheless, the
identical temporature dependenée of the yield stress and flow siress,
where the lattcr must be governed mainly by 5"19 suggests that
most of the temperaturs dependonce, and accordingly, strain-rate
dependence of CT} rests in particular, with o"I. Since 0"1 is
independent of the amount and distribution of impurities65, one is

forced to rule out overcoming precipitates and solute atoms as

rate-controlling mechanisms in impure molybdenum. HMoreover,
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unpinning has alrcady been eliminatoed. At this point, however, tho
grain-size asnalysis can provide no furtheor conclusive information
concerning controlling mechanisms. Although Heslop and Potch65 and

CottrellBo

propose that the Peiorls stress is tho controlling
mechanism, one cannot safely disregard bthe possibility that the
motion of jogs or cross-slip may be controlling, As a consequence,

we go to tho thormal activation analysis.

4.4 The Activation dnalysis.

Bxcept for ons major point, and minor differcencus in detail,
the rosults of tho activation analysis for the yiclding and flow of
molybdenum do not differ substantially from the findings of Conrad
and Hayes8l, and Conrad82. Taking the analysis at facc valuc; the
apparont activation encrgy, H_ (i.c. at o; = 0) of 0.082//4b3 agrees
very well with that of Conrad (O.OSQ/leB) as does the stress~depen—
denee of H for offective strosscs greater than W14 kg.mm.-'2 In
addition, the observed stross-dependence of the activation volume,
v*, does not differ appreciably from that found previously,

3

* -
incrcasing from «8b” at ¢ = 40 kg,mm. 2 tc ncarly 3Ob3 at

* -
0" = 5 kg.mm,. 2 The rangc of the cxperiments does not pormit
3 - * -
comparison below O = 5 kg.mm. 2 The magnitude of v at 5 kg.mm. 2
% .
from Conrad's data is u~45b3. Since small crrors in ¢ at low

*
values can lead to large variations in v , this discrepancy is not

considered to be particularly significant. Good agrcement exists

6

betweon the froquency factor (‘Q wo10” soc._l) dotcrmined herc

and that given by Conrad and HayosSl as tho low range of 104 - 10

see,”™  and by Conradgz, of 100 ~ 1012 see.™t

11
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As in the casc of former investigations, tho activation encrgy
is tho samc for yiclding and flow which indicates that thc rate-
controlling mcchanism is probably the same for both. Any variation
in H with strain can be attributed to the strain-depoendence of 1).
Morcover, if onc werce to take tho activation volume for yiclding
and flow at thc same effoctive stross, then their valucs of v* would
agroec reasonably well. However, the fact that v* for yiclding is
independent of stross over large rangces of stress is somewhat
disturbing when, by definition, v% should increasc with docrcasing
stress, To clarify this point, lct us cxaminc the possibility of
determining the stress-dependence of Q whore Qis given as Lbys \) o
(Bquation (21) ). Assuming thet the stress-dependence of S and

), is nogligible # comparcd to that of L, then 31n¥ / 307
\‘-’*blnL/ aa ", Using Fquation (48), wc obtain, for a constant

temperature,

BlogL = 0 1nl0 -m (52)
o logcj""r /B‘Tb*

Substitution into

v = ok { d1n(€/V)
677

gives the activation volume as

¥
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Thus v* is no longor independont of strcss but approximately
inverscly proporticonal to it, in accord with the cxperimental
observatious for flqw in Pigure 29. A now cvaluation of v* lcads
to an elimination of the discontinuitics in Figure 28 for yielding
as onforced by changes in tompersturce. Iustcad; a continuous curve
rosults, irrcspcctive of the temperature usced in the evaluation.
The magnitude of v* increcascs from 6 b3 at 40 ‘-ch‘,mm."2 to 40‘03 at

S kg.mm._29 again in closc agrceement with the flow curve for zero
strain. Since the latter is thoughtllo to be free of variations

in L, then thc corrcction utilised for the stross—dopendence of \)

is believed tc be a reasonable first approximation,

The decrcase in Z&Cﬁ} and thg-with strain (or stress) in
the oycling experiments is simply attributed to an incrcaso in the
mobilc dislocation density with strain (or stress). This increase
is rcflected in the derived incrcasc in v* with strain. vhen a
correction for the stross—depcndence of L is incorporated in the
stress~dependence of \?thon v* assumcs the level at zero strain,

and becomes indepcndcent of strain.

As the general lcvel of v*, at the stressces where H has been
evaluated, has not changcd appreciably by making the above correction
for yielding, it is evident that no significant change in the
magnitude of H is cxpected in the present case, This introduces,
howcver, the aforcmentioncd major point of difference between
these results and thosc of other workors81’82, namely, the decrecase

* -
in H with a decreasc in stress below O ¥& 14 kg.mom. 2
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Mathematically, of course, onc can forcsce this bchaviour from
Equation (24a) if the temporaturc-dcopendence of the yield or flow
stross approaches zero more rapidly than the strain~ratc dependence
as tho tomporaturc is raiscd to To' ‘In the proscnt work, low
cffcctive strosscs were achicved by making measurcments at a high
temperature. In view of the possibility that H may be a function
of tempcrature as well as strsss, temperaturc may be more important
at high temperaturcs and a correction should bo made for it ‘o
obtain the true # -~ C}"je curve. Othorwise, from the mechanistic
point of vicw, the low values of E at low strcosses or high tem~
peratures would be difficult to understand., Idcally, low {r%
valucs whould bc obtaincd by lowering the strain rate at a constant
temperaturc but the scope of the currcent experiments do not pormit
the evaluation of H in this region because the tempoerature dependence
was only established for a single, relatively intermecdiate, strain
ratc. Before this is donc, it would be unwise to regard the low H
values as a reflection of an inadcquacy in the activation analysis.

Tentatively, we arc forced to take Hj as 0,082//(b3.

In summary, 211 of thc available cvidence indicates that the
activation encrgy and volume for plastic deformation arc insensitive
to structurc (i.e. amount of strain and grain sizc), whether yielding
or flow is considcrcd. The only known rate-controlling mcechanism
which mcets these requirements is that of overcoming the inherent
resistanco of the lattice i.e. the Poicrls stress. Another
convineing reason for discarding cross-—slip and the non-conservative

motion of jogs as possiblc controlling mechanisms is the similarity
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*

of H and v for yiclding and flow to those for the mobility of edge
dileCations82 sinco cdges cannot crogs-slip and contain jogs which
can move conscrvatively. A mechanism based on thc conservative

86,87

motion of jogs does not contradict the Peierls mechanism since
onc can visualisc this as a way in which dislocations overcome the

Peicrls barricr.

It is not the specific aim of this investigation to study the
causes of the high Peicrls stress for the b.c.c. lattice, or the
precise means by which dislocations can surmount the barricr.
Suffice it to say that the present results agree on most points

with those of other workcrs81’82

who found that the vaiue of HO and
thc stress—dopendence of H arc consistent with the predictions of

Scoger's mod0189 for the nucloation of kinks.

4.5 The Strain-ratc Behaviour of O Y.

Heretofore, most of the discussion has been restricted to
rosults for oxperimental conditions which pertain to Rogion 1
yiclding. A word is warranted on the interpratation to be attached
t0 the other lincar portions of the 0'{. - 10gé plot for fine-

grained material. Their cxistencc has also been observed for impure

107

niobium and tantalum and werc interpreted as being representative

*

of different rate-controlling mochanisms due to abrupt changes in v .
.x.

On this view, the infinite v for Regions II and IV is indicative

of the unimportancc of thermal fluctuations. That this should be

legitimatcly so when Region II, in particular, is bounded by two

othoers which have relatively low activation volumes seems unlikely.
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Tho explanation may be that morc than onc mechanism is controlling,
thereby invalidating the analysis. The single region for 1 = 0.098 mm.
further points out that thc significance of the presence of Regions

II and IV should not be overmrated in rogard to the determination of
mechanisms., As it stands, the author fecls that without additional
cvidence, identifying cach of the linear portions with a difforent
ratc—COntrplling mechanism is somewhat premature in the case of

molybdenum.

Alternatively, one can regard the existence of Regions II and
IV as a direct conscquence of the non-uniform yiclding in fine-
grained specimens, Should a change occur in the way in which
yiclding is transmitted from grain to grain during Ludcrs front
propagation when the strain rate is lowored, tho rcesult could be
reflcected as a strain-ratc insensitive propagation stress.
Meanwhile, thce primary rate-controlling mechanism remains unchanged.
Evidencs that this may be true is derived from the similarity of the
slopes, and hence activation volumos, for the neighbouring Regions I
and III. ‘“hethor the rapid increase in kY in Regions II and IV
supports the preceding argument is opon‘to question since it is
difficult to separate causc from effcct. 411 in all, the rcason
for the sudden change in the strain-rats sensitivity of ar& is not

clearly undorstcod at this stagc.
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5. CONCLUSIONS.

The principal conclusions which can be drawn from this

investigation are as followss

(1) The influence of grain size, temperature, and strain rate on

the yielding and flow behaviour of polycrystalline arc-cast molybdenum
ig best treated in o unified manner by the adoption of a model for
yielding based on the multiplication and velocity characteristics of
gree dislocations. The similar temperature dependence and strain-
rate dependence of the upper yield stressy; lower yleld stress, and
flow stress governed the initial selection of the model; since the
impurity yield point theory is necessarily ruled out. Strong dis-
location locking is still required to reduce the initial density of

mobile dislocations to a reasonable value,

(2) The strain-rate dependence of the upper yield stress, cra, is
identical to that of the lower yield stress, CT;, irrespective of
grain sizc and testing temperature. This dependence can be expressed
generally as O = oc’o + /3 1ogé . The adopted model for yielding
correctly predicts the strain-rate dependence of Cﬂa and CI; where
the mobile dislocation density, L, increases with stress in the
manner blogL/ dlog 0 = Crlnlo//ﬂ - m, where m is a measure of

the stress-dependence of dislocation velocity. Accordingly, the
observed insensitivity of the yield drop to strain rate changes 1is

also consistent with the model.

{3) An effective comparison of predicted with experimental stress~

gtrain curves is only possible if our knowledge of the glide
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properties of dislocations is precise. Nevertheless, approximate
data can be used to illustrate tﬁat +he model can lead to an upper

yield stress and yield drop of the observed magnitude.

(4) The reversible change in flow stress with a change in strain
rate AQ7, or change in temperature, AJE , decreases with
increasing strain (or stress) a8 o result of an increase in the

mobile dislocation density with stress, or strain.

(5) The strong temperature-dependence of Cﬁ}, and flow stress ¥
can be attributed to the temperature dependence of the multiplication
and velocity characteristics of free dislocations without recourse

to unpinning of dislocations from dilute impurity atmospheres. The
predicted temperature dependence for (Ia and ({; of = 0.24 and - 0.25
kg.mm.-2 deg.~19 respectively, compares favourably with the observed

dependence of 0.27 kg.mm._2 deg._l The observed insensitivity of

the yield drop to changes in temperature is in accord with the model,

(6) The lower yield stress at 293% for a range of strain rates
increases with decreasing grain size, 1, according to the relation

ey
- 3 =2
G“,} = (T; + ky1™" when 1 & 0.25 mm. where O':'E and ky evaluate %o

s

2.3 kg.mm.—a and 4.3 kg.mm."3/2, respectively, for Ingot 1 and

10.7 kg.mm.'_2 and 4.7 kg.mm.—3/2 for Ingot 2 at a strain rate of
4

0,88 x 10~ sec.'l The difference betwsen the values for the two

Ingots is not considered to be significant.

(7) For grain sizes greater than 0.25 mm., (0% is relatively
Y

-

independent of grain size. As a consequence, {Tf cannot be identi-

fied with the yield stress of single crystals.



115.

(8) The valuses of Q7 and ky determined by the extrapolation of

the uniform flow portion of individual stress-strain curves to zero
plastic strain cannot be identified with thoe values taken from Petch
plots. Carc should be excrcised in the use of the extrapolation
method since the mecaning of the resulting paramsters is not fully

understood.

(9) Tho quoted valuc of k, can be considercd as representative of

v ©
the effect of grain size on cr§ since the initizl dislocation
substructurc did not vary with grain size.

(10) The parameter kY is not appreciably affected by changes in
temperature or strain rate above a strain rate of w0.5 x 10‘4sec.‘l
Any slight increase in kY with decreasing temperature or increasing
strain ratc can be attributed to a2 grain-size dependence of the
dislocation multiplication and velocity characteristics. The same
explanation can be applied to resolve the contradictory obscrvations

of temperature-dependent and independent kY valucs for molybdenum

and other b.c.c. transition metals.

(11) The parameter k, can be intorpreted as being a consequence of

Y
two factors, namely, a deorsasing mobile dislocation density and
increasing grain boundary resistance with decreasing grain size.
The transmission of yielding from grain to grain probably occurs
by the athermal generation of fresh dislocations at or near grain

houndaries. A corrosponding increase in the Lilders strain with

decreasing grain size is also determined by the above two factors.

(12) The incrcase in the yield drop with decreasing grain size
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can be attributed to a decrease in the mobile dislocation density,

Lo, with decreasing grain size.

(13) The average value of k { = kf) for the flow stress at a constant
strain is more representative of the influence of grain boundaries per

se on the yield stress than kY itself.

(14) It is impossible to identify O7 with the lattice friction
stress. Instead, the latter is more rceasonably associabed with
cr} for single crystals, or slightly less accurately, for material

with a grain size of ¥ 0,25 mm.

(15) Almost all of the temperature dependence of {f} resides in
the lattice friction stress, and in turn, in = term which is
independent of impurity content and distribution, thereby ruling
out the overcoming of solute atoms and precipitates as rate-

controlling mechanisms.

(16) The activation energy, H, and activation volume, v*, are
independent of structure (i.e. amount of strain and grain sizo)
whether yielding or flow is considerad. The rate-controlling
mechanism for strain rates greater than 0.5 x 10.4 sec.—1 is
established as an overcoming of the Peierls stress. Thec substantial
agreement of the present results with those of other workers

tentatively supports their view that the Peierls barrier is

surmounted by the nucleation of kinks in dislocation.

(17) The activation energy is thought to be more sensitive to
temperature at high temporaturesSthan hitherto supposed. The result

may be refledted in the observed decrease in H with decreasing stress
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below CTf:Q 14 1<.‘g.mm.“2 Without further evidence this does not
provide grounds for questioning the validity of the activation
analysis. Using the value of 2 x 10"6 sec.nl obtained for \), and
T, = 600°¢, H (at o - 0) is tentatively taken as 0.082/4103.

* -
The activation volume for yielding and flow at & = 5 kg.mm. 2

is 30-40b3 dropping to 6-8b° at C}'26 = 40 kg.mm._2

(18) Using the stress-dependsnce of the mobile dislocation densify,
a correction for the stress-dependence of Y is now possibley
changing the exprcssion for v o 2kT/(y'* (m - g;;'lnloékg ).

This brings v* for yielding into line, in magniitudec and stress-
dependence, with v* for flow at zoro strain, where variations of L

with stress are neglibible.

(19) The association of ecach of the thres or four different linear

regions in the O, -~ log€ relation, for a fine grain sizge of

Y
0,027 ma., with different rate-controlling mechanisms is questionables
in view, mainly, of their abscnce for a grain size of 0.098 mm.
Ixisting evidence suggests that the rate-controlling process may

be masked by spurious grain-boundary effects which arise during

the propagation of yielding.
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SUGGESTIONS FOR FUTURE RESEARCH.

This investigation introduces considerable scope for future
work in the field of the plastic deformation of the b.c.c., transition

metals,

Prior to this investigation, no attempt has been made to treat,
in a unified way, the detailed grain-size, temperature and strain-rate
dependcnce of yielding and subsequent flow behaviour of b.c.c. metals
in terms of the glide properties of free dislocations. The present
treatment suffers somewhat from the lack of a precise knowledge of
these properfies in molybdenum. Necessarily, one of the next steps
is to improve this state of knowledge using such technigues as trans-
mission electron microscopy and dislocation etch-pitting. In this
respect, a study of the stage prsceding macroscopic yielding is
particularly important., Meanwhile, it would be profitable to extend
thé approach to iron for which the data is more complete, and there-

after, to the other b.c.c. metals as well.

One of the main rcasons for studying the strong tempsrature
dependence of the yield stress is to gain an understanding of the
important brittle fracture phenomenon. Some of the results obiained
here lend themselves to a cursory treatment of fracture in terms of
dislocation properties, but a more extensive sxperimental programme
is desirable,

In view of the inadequacies of the fechnigue for impurity

37,48

analysis available to the author no serious attempt could be

made to investigate the influence of impurities, in particular
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carbon and nitrogen; on dislocation properties, or on the general
tensile behaviour of molybdenum. ‘hen better techniques such as
neutron activation analysis beocome available, a more conclusive

study would be feasible,

The rcsults of the activation analysis suggest that experiments
should be cxtended to include an investigation of the tempcrature
dependence of the yield and flow stress over a wide range of strain

rates,

The various regions in the.strain—rate dependence of the
lower yield stress for finc-grained material should be examined
more carefully in the light of dislocation and grain boundary
properties. Temperature and sirain-rate cycling experiments in the

strain~-rete insensitive regions should prove particularly useful.
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(v)

Dislocation substructure in annealed molybdenum with a grain size of

(a) 0.027 mm. and (b) 0.098 mm., revealed by etch-pitting. X 500.
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