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ABSTRACT

An inveétigation of the characteristics of yielding and flow - in
polycrystalline and singlé crystal vanadium has been carried out. The
‘effect of grain size, temperature and strain rate on these properties was

studied.

'_,It was found that there is no similarity between the mechanisms
of yielding and flow in vanadium which is in disagreement with work on

iron.

The results of tensile tests suggest that the mechanism controlling
thermally gctivated fléw is probably either the Peierls-Nabarro forcé or
the non-conservative motion of vacancy jogs. Some inadequacies of these
mechanisms suggest that there may not be a single mechanism controlling

thermally activated flow.

Yield points were observed in the stress-strain curve upon re-
- loading a tensile specimen under certain conditions and these are explained

‘in terms of Snoek ordering.
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I. INTRODUCTION AND .PREVIOUS WORK

A. Introduction

One of the most remarkable properties inherent in a body centered
cubic metal is the marked temperature dependence of its strength. This has
evoked considerable interest and many investigators have triéd to analyze

and explain this property.

Most of the investigations have been centered about the temper-
ature'dependence of the yield strength and have not been very productive
in explaining the detailed mechanisms of deformation. Most of this work
has been concerned with iron while the other body centered cubic metals

have received relatively little attention.

The adoption of rate theory to explain thermally activated flow
has led to an intensified attack on the problem of determining the defor-
mation mechanisms in these metals. This method, first used to study f.c.c.
metals, has been adapted to b.c.c. metals during the past four years. This
has resulted in a number of publications on the flow mechanisms in iron,

tantalum and columbium.

The problem of establishing a single mechanism as the one con-
trolling thermally activated flow-is rather difficult and current authors
are in disagreement on many points. However, it must be borne in mind
that this Study is‘still in the embryo stage and a vast quantity of experi-

ments is required before a sound theory can be devised.

~ It is, therefore, the object of this thesis %o add to this pool

of knowledge a description of the temperature dependent deformation
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Properties of wvanadium. It is intended to make a comparison of these prop-
‘erties between polycrystals and single crystals and also to investigate

the role of grain size in the yielding and flow of vanadium.

B. Previous work

This investigation will be concerned with the two expefimentally

derived equations:

o -1/2

Ow= 0O; * Cfg* + kiy & (1)

Cri= 01 *OF * kn e C - (2)
~where CTEX'iS the iower yield stress, tha£ is, the lowest point on
the stress-strain curve after the beginning of plastic
deformation.
(:T%l is the flow stress, that is, the stress required to main-
tain plastic deformation aty any given strain.
Cji, CSEO are athermal friction stresseé opposing dislocation motion.
ij: (j?* are temperature dependent ffiction stresses opposing dis-
location motion.

-1/2
'kfl’ kLY are the slopes of plots of CT}l and CTiY against d / .

d—l/e

is the mean grain diameter.

o] O%
.In earlier work CTE .and (O  have been studied as a single

O
parameter, (5;, and equation (1) has been used in the form

0 -1/2
Oy = Oc*lpyd | (3)
This is known as the Hall-Petch equation and was obtained experi-
1 .2 '
mentally by Petch who followed up some earlier work by Hall . Petch,

who worked with polycrystalline iron supplemented his original work with
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3,4 N 0
two more papers > in which he discussed the term O - By varying the
, o}

C + N content in solution he obtained the plots shown in Figure 1.

2 —
/P
/o//o
2 i
\-lo/o“c/°
24 /o
: G
. ,/D
z -126 °C
- "
g’ 1]
£
%
c ,o/
’O/C
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8-
L
0.01 Q.02
XA

Figure 1. . Effect of the concentration of C + N in solution
on o in Fe, after Heslop and Petch.

Because the slopes were the same at all temperatures, Petch con-
cluded that the effect of interstitial atoms on the friction stress is in-
dependent of temperature. Therefore the interstitials would contribute to

(7; in equations (1) and (2).
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Other factors contributing to CTi are long range elastic stress
fields which are created by the dislocation networks. CT'i therefore,

will depénd on temperature only through the elastic modulus.

A recent publication by Conrad and Schoeck5 gives evidence that
the mechanisms for yiélding and flow might be the same. A series of tests
was performed on polycrystalline iron from which the lower yield stress and

'1/2. This resulted in

the flow stress at 5% strain were plofted against d
similar values for k in the two plots. It was also observed that k was
independent of temperature over a range from 100%K to 3OOOK. Data from
,Petch6 also indicates a temperature independence of Kiy from 19MOK to 3OOOK.
Conrad and Schoeck interpreted the similarity between kLY and kfl’ and the
identical temperature dependences of CT}l, C)"LY and CT’i, as indicating

that the same dislocation mechanism is involved 1in yiélding as in flow.

The temperature independence of kLY has evdked considerable inter-
est. Cottrell7 has explained the significance of k;y in the following way.
When a dislocation source is unpinned, it releases an avalanche of disloca-
tions into the grain and these dislocations pile up at a grain boundary.
Their stréss concentratién acts on sources iﬁ the next grain and the process
is repeated. According to Cottrell, the sources are pinned by interstitial

atoms.

The stress concentration due to a pile up on a source a distance

1 ahead of the pile up is given by
1/2

(ULY 6_0) (2i) (4)
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=—— GRAIN BDY.

Figure 2. Illustraﬁion of grain-to-grain yielding

Yielding will occur when the stress concentration at the next source is

the unlocking stress, that is
l, J
1/2

(&) (0~ 02) * o= 0v (5)

and since 2 1/d <« £ 1,

o, - 6,2+ (2 l)1/2 (0 412 0,2 N kLY.'.(i-.‘l/Q (6)

According to equation (6) and the Cottrell-Bilby theory, the
unlocking stress, Cf}j_should decrease rapidly with increasing temperature.
This would require that kLY:also decreases with temperature which is not

generally observed.

The quantity Cr#is known as the thermal component of the flow
stress. It arises from short range forces on moving dislocations which

can be overcome by thermal activation.
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The use of rate theory as a means of studying thermally activated
flow became firmly established after the publication ofIBasinski's classic
paper8,in 1959. His analysis was developed for f. c. c. metals but it is

also adaptable to b. c. c. metals.

Various refinements and modifications have since been made to
the rate analysis by such workers as Conrad and Wiedersich, Mordike and

Haasenlo and D. P. Gregoryll

Lét us assume that a dislocation is held up by an obstacle, the
nature of which i; still not defined. bThis will create an energy barrier
which we can depict by the force-distance curve in Figure 3. To surmount
this barrier a dislocation must acquire an energy H over a length L. If
the distance travelled by the dislocation during activation is d, the

" activation volume is defined as

v¥ =b Ld | (1)

where b 1is thejmmngarsvector.

If the dislocation cannot overcome the barrier with the aid of
thermal energy alone it is assumed that H can be reduced with the aid of

an applied stress, ’t’a, by an amount v¥ Ta to a value, AQ, given by

Aq=H-wT ) (8)

a

Assuming the deformation process is thermally actlivated one obtains

the following Arrhenius type equétion for the strain rate, &

é=Ae'AQ/KT | (9)
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where A= NJ);\V : (10)

where N .is the number of activation sites per unit volume,
A is the frequency with which the dislocations "try" the barrier,
;\ is the average strain contributed by a dislocation ﬁhen it

overcomes the barrier.

wi
J
a4
2
‘ H — AREA ABCDEFG
H*- AREA BCDEF
OQ- AREA  CDE
H°- AREA KCDEJFB
R A E__ _
] T
‘ | | o
| A
| : LT
K __B| F oyl
_— I
: : Lb %
| ' l
Al 16 -

" DISTANCE

Figure 3." Force-distance curve for thermally activated flow
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Gregory remarks that the internal stress field due to a randomly
oriented dislocation network should average to zero over long distances
but should give rise to a local stress pti‘within the dimensions of the

network itself. Therefore, the energy, H, should be made up of two parts
\

given by
H=mr+ v ) | (11)
i
where H* is defined in figure (3) and v¥* ,t:i is the energy required
to overcome the internal stress field over a distance. &. Substituting

equation (11) into equation (8) one obtains
AQ=H*‘-V*(/ta- Tl) = H¥ - v¥ ft-x- , (12)

Here l\:*'is the effective stress operatihg,against the energy
barrier. It Would be desirable to calculate H¥ directly,for this would
yield a good approximate value for the activation energy . However,
there i1s no direct method of doing this because it requires an evaluation

7

of L i and therefore, one calculates H using ,1fa and estimates /1: i

by methods of extrapolation.

Ir the'temperature dependence of the shear modulus is neglected

and if A 1is not a significant function of stress or temperature then the

i . . 11,9
following equations can be derived :

v

1]

(1)




)’c‘a),

AQ =k T (W 5 (15)
(D’Z'a )
lﬂET.“ 7

These equations along with equation (9) provide the means of

analysis.

Several workers during fhe last two or three years have attempted
to establish a mechanism for thermally activated flow by comparing measured

values of v¥, Ho, AN Q and A with theoretically calculated values.

Basinski and Christian12 observed that the change in flow stress
for a change in strain rate decreased with increasing deformation for iron.
They concluded that the Peierls-Nabarro force is the dominant factor after
ruling out an interstitial“mechanism and a forest intersection mechanism.

However, they did not consider any other possible mechanisms.

4,15,16,19 . . :
14,15,10,19 favours a Pelerls mechanism also. He selects

Conrad
this one after ruling out all others on the basis of disagreement between

. o)
theory and .experiment on values of H  and v¥

Mordike and Haasenlo favour an impurity mechanism for iron in
which finely divided~pfecipitates_are responsible for the thermal component
of the flow stress. They explain an increase in the strain rate sensitivity
of the flow stress with strain in terms of a division of precipitates
during straining due to intersection with dislocations. This results in

a greater density of obstacles and hence a smaller activation volume.
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In another_publibation, Mordike, referring to his work on tantalum,
was unable to determine any definite mechanism although he suggests a mech-
aﬁism involving the conseryative motion of jogs. However, this mechanism,
which was first suggested by Hirschg'O for f.c.c. metals, involves the con-
striction of extendéd Jogs which are not generally observed in b.c.c.

metals.

11 . .
Gregory et al =~ favour a mechanism involving the non-conservative
motion of jogs for columbium on the grounds that théir measured activation

energy was too high to be compatible with any other mechanism.

A summary of the previous work is given in Table I.

TABLE I
Author Material g° (ev) L»(cm) Mechanism Ref.
Conrad Fe 5-.6 30 b | o7 Peierls 1
Basinski + _
Christian Fe Did not Did not Peierls 12
Calculate Calculate
Conrad + .
Frederick " Fe Did not - 12 b’ Peierls 19
' Calculate o
Mordike + Fe +5 17 b Impurity 10
Haasen Mechanism
Mordike " Ta, 1.3 550 Conservative 13
; ‘ Jog mech.

(not definite)
Gregory et al | | Cb 2 50 b Non conservative 11

Jjog.
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- IT. EXPERIMENTAL

4. Material

The vanadium for this project was supplied by Union Carbide
Canada Limited, of Toronto, Ontario. It was in the form of cylindrical
polycrystalline rods 0.250 inches in diameter. The results of an.

analysis for interstitial gases and carbon are given in Table II.

TABLE II-

Analysis of Material

Tmpurity "As Received" (p.p.m) Zone Refined (p.p.m.)
Oxygen 680 160

Carbon 314 136

Nitrogen 259 318

Hydrogen v 8.9 7.2
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B. Zone Refining

Single crystals were grown in the electron beam floating zone

refiner described by SnoWballl7.

"As-received''rods were used in nine inch lengths. A portion of
oneceiid,roughly 0.75 inches in length, was machined down to a diameter of
0.125 inches to fit the lower grip on the zone refiner. The other end

was faced off squarely in a lathe.

A seed crystal, about one inch in length, was prepared in a
similar fashion and filtted to the upper grip of the zone refiner such
that there was a gap of approximately 1/16" between the seed and the rod.
The filament was lined up so that it was just above the gap and the power

was turned on.

It was found necessary to use a current of 130 ma. and a poten-
tial difference of 1.6 kv. to méintain a stable molten zone. Minor ad-
Justments were necessary during the pass due to fluctuations in the power

supply, gas bursts from the rod and other minor effects.

Two passes were given to each rod. The first pass was done at
25 ecm. per hour and was primarily intended to outgas the specimen. The
second pass was intended to purify the rod and was cafried out at 10 cm

per hour.
The vaéuum'maintained was generally better than lO'5 mm of Hg.

An analysis for interstitials in zone refined material is given

in Teble II.
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C. Specimen Preparation

1. Machining
Polycrystalline and single érystél specimens were both prepared
for testing by the same procedure. The polycrystalline specimens were

manufactured from"as-received'rod.

A1 1/4" length was cut from a rod and machined down to a diam-
eter of from .110" to .130" with a gauge length of about one.inch. The
initial cuts were .003" deep. At a diameter of about .150" the depth
was reduced after évery four cuts to .OOé”, .001" and .0005". The specimen

-was then hand polished in the lathe with O and 000 emery paper.

2. Electropolishing

To remove any surface deformation, all specimens were electro-

polished in a solution of the folldwing composition:

320 cc methyl alcohol,

80 cc conec. sulfuric acid-

The polishing was carried out at room temperature with a poten-
tial difference of about 10 volts and a current of 1.5 amperes. In all
cases a minimum of .005" was removed from the surface of the specimen.

This required a polishing time of from fifteen to twenty minutes.

3. Grain Size Determination and Control

Grain size was controlled by heat treatment in the vacuum an-
18
nealing furnace described by Fraser . The vacuum was generally kept well
below 1072 mm of Hg. A table of temperatures, times and resultant grain

sizes is given in Appendix I.
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Samples were cut from'the aﬂnealed Speclﬁens, mounted. and pol-
ished for metsllographic examinafion. The polished specimens were etched
in a solution ef |

15 cc. ceﬁc.'lactic ecid,
15 ecc. conc. nitric acid,
2f3 cec. conc..hydroflueric acid,

and photomicrographs were taken.

The mean grain diameter was determined by the intercept method.
- 8ix lines were drawn across the photograph as in Figure 4. The number of
grain boundaries cutting each line was counted and, knowing the magnification,

the mean grain diameter was calculated.

D. Tensile Testing

| .Specimens’werevtesfed on an Instron tensile testing machine. The
mounting device consisted of the set of universal grip holders described
by Snowballl-7 and a set of grips“designed specifically for the type.of

specimen used. A diagram of the grips is shown in Figure 5.

Three types of tensile tests were performed.:
(1) Continuous testson polycrystals.
- (2) Strain rate change tests on single crystals and polycrystals.

(3) Temperature chenge tests on single crystals and polycrystals.

In the. continuous tests the specimens were strained continuoﬁsly
to fracture at a constant rate of crosshead travel of .02 inches per o

minuﬁe.



Figure L.

Method of grain size measurement, specimen 9B, 210X.
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- Figure 5. Drawing of grips used in tensile testing.

in‘fhe strain rate changé testsithe specimens wére strained past
initial yielding until the specimen began to work harden. Then the cross—” 
head was stopped and the load relaxed, usually to sbout eighty percent
of the flow stress. The crosshead speed was increased by a factor of ten
or one hundred and tﬁe straining was resumed for another 0.5% strain.
Then the crosshead was stopped, thé load was relaxed and the crosshead
‘was restarted at the initial strain rate. This_cycling process was
continued until the specimen failed. These eiperiments were carried out

over a temperature range of~-72°C to 100°C.
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The strain rates employed here were mainly those corresponding to
a crosshead speed of .0l inches per minute for the basic rate with increases

of 10 or 100 times.

The temperature change tests were similar except that the temp-
erature was cycled at a constant strain rate. This involved straining past
the yield point up to a given strain at one temperature, stopping the cross-
head, relaxing the load, changing the temperature bath and reloading at
the same strain rate after allowing time for thermal equilibrium to be

reached. This cycling process was.: continued until the specimen failed.

E. Temperature Control

Three principal temperature baths were used. A boiling water
bath was used to maintain a temperature of lOOOC. A photograph of this

assenbly is shown in Figure 6.

(o]
Figure 6. Assembly for testing at 100 C.
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An ice water bath was used to obtain & temperature of 0°C and

a mixture .of acetone and solid COé provided a temperature bath of -720C.

A salt bath of calcium chloride and ice water was used for two -
tests on single crystals but it waes inconvenient to use and was not em-

ployed in further tests.

The temperatures 6f the water baths were measured with a mercury -
in-glass thermometer. The temperatures of the low temperature baths

were measured with a COppereconStantan thermocouple.
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ITI. EXPERIMENTAL RESULTS

A. Polycrystalline Material

1. Grain Growth

Using the annealing procedures outlined in the introduction, a
.set of SPecimens was dbtained'with.mean'grain diameters‘ranging'from 15

microns to 90 microns.

Initially, attempts were made to obtain polycrystals of higher
purityvby zone'refining the "as-received"‘material.' This process yielded
a single crystal and attempts were madé to make pblycrystals of controlled

grain size by wire-drawing and annealing processes.

-_de zone refined bars were machined £6 a constant diaﬁeter and. -
drevn down to 50% and 30% dfvthe originai cross sectional areas. After
énnealing;thé gréin size was small at the periphery and large near the
.center of the rod, owlng to the.inhomogeneity of,deformation by drawing.

A typical stfucfure is shown in Figure (7). Because of the.non-unifofmify,
this procedure was abandoned and specimens were made from "as received"

material.

A Laué back-reflection photograph did not reveal any preferred

orientation.
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Figure 7. Inhomogeneous grain sizes after drawing, rod #2, 110X.

2. Hall-Petch Equation

A typical load-elongation curve for a continuous test on a
polycrystal is shown in Figure (8). This diagram also illustrates the

method of obtaining the parameters ();l and.,Cjzi.

Figure (9a) shows the behavior of (T‘LY and QF, with respect
to d-l/e. By comparing the two plots it is difficult to see the relation-
ship between C’%l and 7y because of the scatter. It is more enlighten-

ing to study

-1/2

Of1 - Oy = (Go' GBO) * (kfl'kLy)d' (16)
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Ituisvevidént that.if.kLY = kfl'then .ngit-f CYii will be a constant, in-
dependent of grain size. From Figure (9b)'it i$ﬁeQident'that kryqﬁ ke
cy}l - CTLY decreases with decreéSing grain size. This method of plotting
the‘differences is the most accurate oné becaﬁse the maximum error in these
. results lies in the measurement of d-l/g. A comparison of the difference

between the yield and flow stresses for a given grain size is independént

of the measurement of the grain size.

It would have»been;desirable.to investigéte:this property further
Bu; this would have :équiréd‘tesfing a 1arge'nuﬁbér-df.speéimens to.fracture
ét a constant strain rate. Because of the high cost of vanadium, it was
decided to perform only tests which géve a maximum amount of information

from each specimen.

All subsequent tests on polycrystals were of the strain rate
.change or temperature change type. This made 1t impossible to obtain Ton-
sistent flow stress values at 5% strain because the deformation history

varied from specimen to specimen.

The lower yield stress was measured dﬁring all of these tests,

however, and is plotted in Figure (10).

There is a trend for the slopes. of the blots. in Figure (10) to
increase with. temperature. .One miéht question this trend on the grounds
of the uncertainty of grain siZé meésurémént._ However, the specimens of
various grain’sizes were made‘iﬁvbatches and a specimen frdm each batch
was tested at each temperature. . Théigrainléize was measured and a single

value was allotted to each batch. Therefofe,'if there was an error inthe
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grain size measurement it would be the same for all the specimens of the

given batch, and the relatiﬁe slopes of the curves would not be affected.

- 3. Strain Rate Change Tests

A typical stress-strain curve involving strain rate changes is
shown in Figure (11). The stress level at the initiation of plastic flow
was found by extrapolating the two straight portions of the curve in Figure

(12) and calculating the strain rate sensitivity A O from the equation

AT = O (B) - 67(a) (17)

o

STRESS

STRAIN ¢

Figure 12. Method of extrapolation to obtain change in flow stress
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AN ﬁta, the change in the resolved shear stress, was calculated
gssuming a.Schmid factor of 0.5. z;’t; was then plotted as a function
of-’t'a and & in Figures (13), (14) and (15). The general trend in these
- plots is for AN rt a to decrgase slightly with deformation in disagree-

ment with the Cottrell-Stokes Law.

"It is evident that there is no measureable dependence of 43‘7: a
~on. grain size over the range studied. This is in agreement with the work

of Conrédvand Schoeck on polycrystalline iron..

Temperature, in the range studied, has no measureable effect on
the slopes of the plots in Figures (13), (14) and (15). However, one'tést
at room temperature yielded a zero slope which‘suggests that the scatter
in these types of measurements is sufficient to mask a small temperature

dependence of the slope.

4. Temperature Change Tests

A series of temperature change tests was performed on the poly-
cryétalliné material between 100°C and 8°C. The reason for using 8°C was
one of cqnvenienée. It was found.that upon removal of the boiling water
Ibafh and switching to an ice water bath the assembly and bath came to
temporafy thermal equilibrium at about 8OC.‘ The variability of this pro-
cess was rarely more than + lOC and it ﬁas easier<fo adjust the bath temp-

erature to 8OC than to cool the system to 0°c.

The specimen was allowed at least ten minutes to attain the bath
temperature at 8°C and at least five minutes at 100°C. The shorter time

was considered sufficient for the high température because the heating
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process was slow. This made it unlikely theat the specimen was ever more

than a few degrees below the bath temperature.:

‘Plots of Akafa againstv 7:afand E aré shown in Figure (16).
The trend here is for A Qfd to decrease with increasing stress and strain.
‘_ It is noteable that the magnitude of A C o is 'roughly twice that for a
strain rate change of a.factof of ten at OOC.‘ Therefore, there would be -
a‘greaﬁef likelihood.of détecting a grain siie sensitivity of A ”[ a'in

'“theée tests. ’Howevér, such a sensitivity is not cbserved.

5. "Pseudo" Yield Points

Under certain conditions yield points were observed upon reload-‘-
ing the - specimen after a Sfrain rate or temperature change. A typical
stress-strain curve showing this property 1s included in Figure (17). These
yield pointé were observed:under the following conditions:‘

(1) 1in strain rate change tests at 100°C,

(2) in temperature change tests involving lOOOC.

.In the temperature'change tests fhe yield drop was observed on
bofh the low temperature and fhe high temperatureiportions of the stress-
strain curVe; but.the yield drops were slightly larger on the former portion.
" The magnitude of the yiel& drops was roughly the same for both the upper
and lower strain rates_in the rate change tests. The size of these yideld
drops was in all cases independent of strain. Because of the temper;iﬁie
dependence of the yieid drops it ié unlikely thatthﬁycould be due to any

characteristic of the testing epparatus.
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The occurrence of these yleld points created the problem of how
to measure the flow stress upon reloeding. For reasons discussed later the

method of extrapolation illustrated in Figure (18) was used.

o

STRESS

STRAIN €

Figure 18. Method of extrapolation through yield points.

6. Rate Equation

 The_activation volume was calculated for each specimen and
plotted as a function of stress. To do this, the straln rate sensitivity

was found from the points in Figures (13) and (14) and used in equation (13).
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Results of these calculations are plotted in Figure (19). There appears
to be a slight increase in v¥* with stress at 0% ahd‘-72°C. This increase
is small, however, and therefore an a#erage‘value of v¥ was taken and

plotted against témperature. This is shown in Figure-(zo).

The energy, H, was caiculated uéing‘dafa from the temperature
change tests énd equation (14). The value of v* used in.this'equation was
that for the mean temperature of the test, 327°K. Since no sfrain rate
change test was donerat 327°K,_v*bwas foﬁnd by interpolétion on Figure (20).
H is plotted as a function of strain in Figure (21). Tt is seen that H

increases somewhat with strain.

Using equation (15), the thermally aétivated component of the
activation energy, A Q, was calculated for a temperature of 3270K and at
10% strain. The value obtained was .60 e.v. - AQ was also calculated from
équation (8) and plotted as a function of strain in‘figﬁre'(22). The
value for51f_a,in this equatibn was taken‘as_the average Qf the applied
stresses at the two testing temperatures. From Figure (220; A Q at
10% strain.is 0.72 e.v. This is soméwhat different from the value obtained
in equation (15) and serves as a rough'measure of the accuracy of this type

of analysis.

The factor A in the rate equation was determined from equation

(9) and is plotted in Figure (23) as & function of strain.

' o
A rough estimate of the activation energy, H , may be made with

the aid of Figure (24g). When the strain rate sensitivity is equal to zero
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the deformatlion process will be completely thermally activeted and A Q= 5°.

Thus if Figure (24) 1s extrapolated to the temperature, T,, &t which

) Arta 0
T ANE =0, then H can be calculated from equation (9).

H = KT, 1n (/g ) (18)

Taking & value for ln(A/E) of 25 from Figure (23) and a value for

T, of 410°K from Figure (2&),H° is found to be aspproximately 0.9 e.v.

Since H = 2.3 e.v. at‘lo% strain, this suggests that about l.4 e.v.

goes 1nto overcoming the lnternel stress ’tif

B. Single Crystals

1. - Zone Refining
Laué béck reflection photographs were taken of each single
crystal specimen after machining end electropolishing to determine thg
orlentation and to ensure that any surface deformation caused by mechining
wes reﬁoved. Figures (25a) and (25b) show Laué spots for s sufficiently
polished and an insufficiently polished specimen. It was necessary to

remove about .005" to obtain sherply defined spote.

The ordentatlion of each specimen wes plotted and all speclmens
were found to be of the seme orientetion to within 2°. The position of the
tenslle axis with respect to the standard stereographic triangle_is shown

in Figure (26).

BLoces Db, Lo photoosanh of o dncarlieilo T, oo sished o ponis oo



Figure 25a. Laué photograph of a sufficiently polished specimen.

Figure 25b. Laué photograph of an insufficiently polished specimen.
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Figure 26. Orientation of tensile axis of single crystals.

The single crystal rods were all radiogrephed and found to contain
e number of smell gas holes. These were also observed while the specimens
were being polished during which the holes wéuld appear as small surface

pits. A photograph of a pitted specimen is shown in Figure (27).

2. ©Slip Systems

Metallographic examination of the deformed single crystals
revealed that at least two slip systems'were operative during deformation.
 Near the necked region evidence of three or more systems was frequently

observéd. Typical slip traces are shown in Figure (28).
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Figure 27. Gas holes in single crystal specimens.

Figure 28. Typical slip traces on single crystal, specimen 6A, 210X.

The slip direction was found to be <111> . Due to the complex-
ity of separating the slip markings of the systems involved, an attempt to

determine the slip planes was abandoned.

It is already known that the slip planes in a b. c. c. metal are
ﬁjﬁﬂ 3 {llE} and @23} . Using the known orientation and a stereographic
projection, the angles between the tensile axis and all of the possible
slip planes were measured. From these angles Schmid factors were calculated

and the largest of these are tabulated in Table III.
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TABLE III

Possible. Slip Systems

S1ip Direction Slip Plane  Schmid Factor
| . (1oi) | © 468
[111] (101) 482
[111] () | .68
[111] (112) B | 456
[111] (213) 483
[111] (213) - .500

The Schmid factors are roughly the same for each type of slip
plane. Because of this, an average factor of 0.48 was used to calculate -

the resolved shear stress in the single érystals.

3. Strain Rate Change Tests
These tests were carried out using the same strain rates as for

the polycrystals. The results are plotted in Figures (29) and (30).

Ak’]fa.is essentially independent of strain and stress at 0°c
o) ) - .
and 100 C. At -7200 PAN q: appears to decrease with deformation. The
a ,
increase of ZX‘nC a with g end & shown by specimen 5A is too small

to be regarded as definite.
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It is evident that_thé results for single crystals are not as
reproduceable as those for polycrystals. The reason for this may be the

gas holes in the single crystal specimens.

’ : - L g v B 0. ' '

Due'to the limited ductility of vanedium below 200 K most of
the tests were perfo}med above this-temperatureQ ‘Howévér;.ohé crystal-
was. tested at 78%K to determine the strain rate senSitivity.of:the'fibW ,

stress at this temperature;"lt,was pOssible ﬁo.éycle the strain rate only

”é~ygtw;cefbefgxefthenﬁpecimﬁngfaile&,so]determinatién-Of;the;depepdencean,

- ZQIQ:Q on ’t N and & was not pdssible;_i

. The specimenvshowed évidéncé of twinnihgfat.this tempefature.
Sudden reductions of stress occurred iﬁ the‘elastic‘fegion accompanied
by a sharp cracking éound# Metallographic examination revealed twin‘like
markings on the surface of’fhe specimen,(Figure'(3l»‘ Also a Laué back
reflection photograph of the supposed twinned regionfwas taken using a
beam in_the form of a long narrow slit (Figure‘32)a Each spot on the
film is slit in an'identical manner. Smail spots corresponding to the
gaps were'noﬁ definitely observed but fhey could have beeh masked'by the.
- background radiation.-‘The two slits seen in,thé ?hdtogfﬁph‘cofreSpond to

two bends of narrow twins wiﬁh,a spacing of about 2 mm. between them.

| It should be noted that Snowball! in his work on venadium, did
not cobserve twinning down to‘780K. However, his specimens wexe:of a differ-

ent orientation, which could explain this disagreement.bl



Figure 31 . Twin markings on surface of a single crystal.

Figure 32. Laué photograph showing slits in spots due to twins.
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4. “Tempefature'Change Tests

The temperatume change tests were done'mainly<between lOOOC
and some lower temperature althongh'one fest nas performed between 0°C
and'-72OC?\ The.results of these-tests'are plotted in Figures_(33) and
(34). In all cases,.except for specimen 6D [l ft' decreases slightLy
with deformation Since only four points could be obtained for 6D, it can-

not be definifely'concluded»that VAN i \_ increases with ”C for this specimen.

S:A Rate Equation 3

o The activation.volume fof each shecinen which was subJected to
a strain rate change test was calculated and_plotted as a”function of
" stress and temperatufe in'Fignfes (19) and (20). Asjfcr the polycrystals,

an average value for v¥ was used in the ploﬁ of v* against temperature.

The activation volume ;s;generally larger for the single crystals
than for the pol&crystals at any given temperature. This difference de-
.creases as the témperaﬁure'increases'tc lOOdC"Where‘V% is the same for both
types of specimen. .

The energy, H was- calculated from equation (14) and is plotted

_as a functlon of straln in Figure (21)‘f

A Q at 10% strain was calculated from equation (15) for the
various mean testing tempepatures-and-is plotted as a function of temper-

ature in Figure (24b) assuming &Q = 0 at OQK‘.

A Q was also calculated from equation (8) and‘is‘plotted as a
function of strain in Figure (22). A Q again shows a small tendency to
decrease with sfrain'although.ﬁhis decrease is not as marked as for the

polyerystals.
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An average value for A at 10% strain was calc@}ated by plotting

against ‘ ::-_ —Z%IS—% in Figure -‘(»35)- This ylelded a value for

_of 25.9 which 1is quite'comparable to that for thé polycrystalline

Yield Points

Yield points similar to those observed during the‘tests on paly-
also appearedvin,the_single»crystal tests. . They appéared under
temperaturé conditions as for the polycrystals but. in this case
not show up until aftér gbout 5% strain. They increased in size
with inereasing strain but they were élways smallérythan those

during the polyerystal tests.

One test was performed by streining continuously to 20% strain

at the basic strain rate and then the rate was increased by a factor of

“ten. ~ This'was done:to determine whether the size Of the yield drop

depended

on the amount of loading eand unloading of the specimen... A sizwe

able yleld poinﬁ was obtained which compared quite-favourably with those

at the same amount of strain in a normal test. This is shown in Figure

(7).

A summary of the results is included in Table IV.
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C. Summary of Results

1.

The lower yleld stress and the flow stress of vanadium both dbey Hall-

Petch equations.

.1/2

The slopes of the yleld stress and flow stress versus a plots are

not identical for vanadium.
The slope, kyy, increases with temperature. . -

Vansdium does not obey thévCottre11¥Stokes Law. [SQja is constant

or decreases slightly with rt'a.
[&'ta‘is.independent of grain size over thehrahge tested.

The sctivation volume for single crystel specimens diVergesvfram that

for polyerystels at low temperatures.

The activation energy, Ho, is roughly le. v; for thermally activated

flow in vanadium.

Yield points ere observed upon'reloading & specimen in tests involving

a temperature of 100°C.

Vanadium deforms by twinning at -196°C when the orientation is as in

Figure (26).



TABLE IV

Summary of Results
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Crystals

Specimen | T |H(ew),& =0.1 Q(ex), £=0.1 | E%.vd |1n(a/g), €= 01
287 1.7 .76
327 1.5 .81
Single ‘
Crystals | 310 1.5 .75 0.9 25.9
356 - 1.4 .76
237 1.3 Ry
Poly- 327 2.3 .72 0.9 25.2
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IV. DISCUSSION

A. Hall-Petch Equation

From the preceding results come two interesting observations:

1. kpy increases with temperature.

2. kLY is not equal to kfl'

Let us firstlook at the temperature dependence of kLY' On the
basis of Cottrellis'theory, k;y should depend on the stress to unlock dis-
ilocation sources pinned by impurity atoms. Hence, one expects that kLY

should decrease with increasing temperature. However, just the opposite

is observed. This suggests that the Cottrell theory is an over-simplification.

These observations differ from those of other worker55’6,in that
5
their kLY values were independent of temperature. Conrad points out that
a temperature independent k could be explained in terms of an athermal

unlocking process.

If one attempts to use this idea to explain a .k which increases
with temperature one must have an 1 (the distance from the pile up to the
nearest source in the next grain) which increases with temperature. Such

a situation is difficult to understand.

~Conrad's suggestion that the differing heat treatments given to
the specimens may be responsible»for‘the behavior. of kLY,_is worthy of .
discussion. . If the sources are pinned dislocations,then those specimens
annealed at a higher temperature (lafger grains) might be expected to have

fewer sources. This would result in a larger value for 1 (equation (6))
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than in fine grained specimens. However, for any given grain size 1
should be the same and while differing heat treatments may affect the actual
values for kLY’ it. is hard to see how it could affect the relative values.

over a range of temperature.

The difference between kLY and kfl.is not surprising. Conrad
assumes that because kfl = kKpy in his measurements the same deformation
mechanism is involved in yielding as in flow. His kfl was measured at a

strain of .05 as it was in this work.

In a pOl&crystalline specimen considerable work hardening occurs
near the grain boundaries. Hence, one might expect that the flow stress
at five pefcent strain would depend on the grain size through the rate of
work hardening in the grains and this is not necessarily related to the
lower yield stress. An equivalence beﬁween yiélding and flow mechanisms
would then suggest an equivalence between the'activation and stopping of

- sources and there is no::sound reason to make this assumption.

The results of this work are in disagreement with the work of
Conrad and it appears as if his conclusions were premature. No alternative
“explanation of these processes can be given hefe-because of the limited
scope of this porfion of the research. A large scale research programme

is required involving several different b. c. c. metals.

B. Thermally Activated Flow

At present there exist the following .suggested mechanisms for
controlling the thermally activated flow of dislocations in body-centered

 cubic1metals:

-
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1. Intérsection with a.forest

2. Impurity atoms interacting with dislocations
3. Cross slipping of screw dislocations

4. Large Peierls stress

5. Non-conservative motion of jogs in screw dislocations

1l. Intersection with a Forest

The forest mechanism, although guite acceptable for f. c. c.

metals, is probably the  least acceptable for b. c. c. metals.

At the beginning of deformation it . is unlikely that the forest
density would be greater than 108 disloéations per square centimeter. = If
a uniform distribution of forest dislocations is assumed this would lead
to é spacing bf‘lo-u cm. between the "ﬁrees" of the forest. A typical
value for the activation volume of vanadium is 10—21 cm3. Now assume
that d, the activation distance, is of the same order of magnitude as b,
o the Burger's vector. This is not unreasonable as any.thermally activated
process must involve short range forces. The distance between obstacles

6

* -
is found to be L = 25 ~ 1.5 x 10 cm. This is a smaller spacing than
b :

one would expect for a .uniformly distributed forest.

It has been observed 2lthat,in f. c. ¢. metals the dislocations
are distributed non-uniformly, that is, they exist as tangles alternating
with relatively dislocation free areas. It 1s pointed out that the flow
~stress 1s determined by the spacings in these tangles. These tangleé
could have a smaller spacing between the "trees" of the forest and there-

fore be consistent with the measurements in this research. However, this
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type of dislocation structure is not generally'observed in b. c. ¢c. metgls,
in fact, Gregory's electron mierographs show a relatively uniform distri-
bution. Also, 1t has been pointed out by Wilsdorf22 that the spreading

of these tengled reglons into dislocation free regions corresponds to

stage I or easy glide in f. ¢. c. metels, and at the beginning of stage II
the distribution 1s relatively uniform. All of the measurements in this
work were teken in the later stages of deformation after heterogeneous

yielding had cesased.

The activation energy for a forest mechanism will depend on the
short range forces on the moving dislocations. Since dislocations in
b. c. c. metals are generally non-extended these forces would be related
to the energy of jogs formed during intersection. This energy is generally
estimated to be /L/ b3/lO which, assuming a shear modulus of L.6 x lOll: .
’ fdynes/cm2 yields en eactivation energy of roughly 0.5 e.v. This»is somewhat

smaller than the measured values in this work but 1t does not disagree

enough to discount the forest mechanlsm on this besis alone.

Because of the numerous active slip systems in b. c. c. metals
one would expect the-forest density to increase greatly with deformation,
sey at least by & factor of one hundred over the complete range of strain.
In a uniform forest this would lead to a tenfold decrease in the activation
volume with strain and a tenfold lancrease in ACSQ:Q. The results of this

research do not show this trend.

If the forest 1s non-uniform and spreeds by the expansion of
tangled regions into clear ones, then the activation volume could remain

constent if flow is controlled by the spacing in the tangles. However, if
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this structure did exist the tangled reglons would soon cover the whole
specimen and one might expect to see a change in v* in the latter stages

of deformation. This is not observed.

It would seem likely by these arguments that the forest.mechahism

does not. control thermally activated flow in vanadium.

2. Impurity Atoms

The interaction of a uniform distribution of interstitial impur-
ities with moving dislocations has been proposed as a possible mechanism

responsible for the thermal component of the flow stress.

The work of Heslop a.nd.Petch)+ on:iron suggests that the temperature

dependent part of (O ¢] does not depend on the amount of C + N in solution.

23

Calculations ~ using linear elasticity theory indicate that .the
interaction energy between an interstitial carbon atom and a dislocation
in iron is about 1 e.v. However, it is pointed out that the use of linear

elasticity theory almost certainly would yield an over—éstimation. This

energy is calculated from equation (19).

Ub 1+)) sing
E=5 T AY

(19)

Where E is a maximum for 6 = igl; and =1, and AV is the volume change

due to one interstitial per unit cell. The shear,modulus,/u s for vanadium
is slightly more than one hsalf of that-for iron. Also, since the lattice
parameter is larger for vanadium than for iron it is likely that AV will

also be smaller. Hence, a maximum value for E in vanadium would be roughly :

" 0.5 e.v.
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We would expect the activation volume for an interstitial mech-
anism to decrease slightly with strainf The number of interstitials will
not change with strsin and therefore the activation length, L, will not
change. The activation distance, d, should decrease somewhat since as
the flow stress increases with work hardening the dislocation will rise to
a higher level on the force;distance curve. The dbserved activation
volume -is relatively constant with strain or in some cases increases slightly

in disagreement with an interstitial mechanism.

If the interstitials are assumed to be uniformly distributed one
can calculate the spacing L in the activation volume. In the polycrys-
talline material there is roughly one interstitial per lOOO'atoms. This
is equivalent to an interstitial in every 500 unit cells and an average
spacing of_é//gaa-a = 8 a where a is the lattiée parameter. Thus we
have a spacing between the interstitials of roughly 2.5 x lO-7 cm. This
is too small to agree with the measured value for L in this work. For

7

‘the single crystals L would be 3 x 10 ' cm. which is also too small to

agree with this work.

It might be argued that the interstitials may be segregated due
t0 the presence of dislocations and tend to be closer together along dis-
location lines before straining. However, it is likely that saturation of
dislocations would occur before a large fraction of the interstitials could
segregate and therefore the average spaclng should not be too far from that

for a uniform distribution.
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3. Cross Slipping of Screw. Dislocations

Observation of wavy slip lihes in b. c. ¢. metals has beén inter-
preted as evidence of cross slipping of screw: dislocatiens. This process
has been described by many éuthorszu. . It involves a screw . segment of an
- obstructed dislocation. loop cross slipping to a parallel slip plane. The
’ scfew segment. is locked in the new slip plane by an edge Qipole which is
formedvin the cross slip process. ‘Multiplication,occurs when the locked

screw . segment acts as a Frank-Read source.

Johnston'and.(}ilman25 have shown that the ease with which such a
source operates is inversely proportional tobthe length of edge dipole
or jogs formed in the cross slip proéess. The stress to operate a source

is given by

/ta_ = 8TT'/{lb_>p,) f.‘ , ' (20)

Where dl is the spacing between the new and 01d slip planes. -Assuming
h J/ = 0.3 (Poisson's ratio) and'taking o= b x:loh psi. which is as

' ' -8
high an applied stress as any specimen received one finds d = 30 x 10 cm.

or at = 1.

. 1
This -is a minimum value for d since in most tests the applied
stress was less than L x lOu psi. This distance is too great to be
effectively overcome by thermal fluctuations and the energy of the edge

dipoles produced in the process would be prohibitive.

., Peierls-Nebarro Force

The idea of the Peierls-Nabarro force as the mechanism controlling

thermally acfivated flow is 'a popular one. However, the choice of this
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mechanism has in most cases been somewhat arbitrary. Heslop and Petch

chose it for lack of a better one rather than as a result of any intensive
study. Actually a high Peierls stress might be expected for b. c. c. metals
since departure from close packing should favour the narrowing of dislo-

cations.

It is difficult to support this mechanism on the basis of numeri-
cal results. The Peierls force will be large only for dislocations lying
in close packed di?ections, that is, <111> in b. c. c. There is no
reason for assuming that most of the dislocations are of this type al-

26
though electron microscopy studies on silicon iron do support this

(Figure (36».

Figure 36. Transmission electron micrograph of dislocations in silicon
iron, after Low and Turkalow.
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However, this is a particular case. One must keep in mind the work of
Stein and Low ?7 who showed thet the mobility of edge dislocations is
approximatély twenty times that for screw. dislocations in silicon .iron.
Since the slip direction is < 111)» one would expect to observe loops with
extended screw segmentsﬁ The deformetion takes place mainly by edge dis-
locations which are not oriented to expérience a large Peierls force. This

behavior has not been observed in any pure b. c. c. metal.

The Peierls mechanism is based on a series of energy maxima and

minima parallel to the dislocation line as in Figure (37).

PROPAGATION DIRECTION

-
ENERGY MINIMA ENERGY MAXIMA
DISLOCATION — ‘ l

—= 1)

Figure 37. Formation of a dislocation kink in a Pelerls
‘ ‘ force field. ' :
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”The:Peierls mechanism would operate:in the following manner. .In
order- that a dislocation propegafes, a segment of a critical length, Lcr’
) ‘.ﬁuét overcome the barrier. Lcr'is determined by the attractive force
'between two kinks of opposite sign and the applied stress. . If the loop
segmentvi§ longer than Lcr then the kinks will propagate in opposite direc-

tions and the dislocations will move forward. Thus L is determined by
cr
T

the applied stress rtf;. At lower temperatures a-is larger and therefore

.Lcr can be smaller than at high témperatures. This would be helpful in

éxplainingvthe dependence of v* on temperature.

Read28 has pointed out that the controlling factor in this pro-
cess is the Tormation of a kink. The sideways motion of a kink occurs
with relative_ease compared with the forward motion of the dislocation

fﬁagaihét”thé'high.Peierls stress.

Seeger29; has caiculated the kink.energy; in a publication on an
.internal friction peak due to kink formation in copper. Because of the
many ”a.priori"'assumptions in this calculation a reliable estimate for
vanadium cannof be made. To obtain a value for the kink energy it would
be neceséary‘to do internal friction measurements on vanadium. It may be
difficult to observe a peak due to kink formation because of the many other

internal frietion sources in vanadium.

5. Non-Conservative Motion of Jogs in Screw Dislocation

When a screw dislocation acquires a jog, it is of the edge
orientation and therefore can glide conservatively only in the direction

of its Burgers vector which is parallél to the screw dislocation: line.
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‘It will.therefore cause & drag on the motion of a screw dislocation. This
is also true for jogs in mixed dislocations, that is, any dislocation with

a screw component.

If these jogs are to move with'fhe dislocation‘they must move
non-conservatively, leaving behind a trail of vacancies or interstitials.
The creation of interstitials is energetically unfavourable. The vacancy
mechanism would be governed by the energy of fqrmation of vacancies which

is of the order 2 to 3 e.v,

There is some argument against the vécancy mechanism. It has been
» suggested by Friedel that vacancy jogs might move conservatively along the
‘dislocation loop until they can glide thservatively with the loop or they
may cqmbine with jogs of opposite sign and annihilate one sanother. Fra.nk%L
has pdinted out that the former poséibility is unlikely as it requires a
stationéry shape of the dislocation loop. This would require a higher
dislocation veloecity in regions of convex curvature of the dislocation.

It is more likely that the jog will lag behind and elther form an edge

dipole or move in non-conservative Jjumps.

The annihilation of Jjogs would result in an increase in activation
volume with strain. Also, even if the jogs do not annlhilate each other
the spreading of the dislocation loop: would result in an increase in the
Jog spacing. .However, new jogs should be introduced continuously by inter-
section with the forest and it 1s conceiveble that an equilibrium could

be»set up such that the spacing of jogs remains roughly constant.
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 It is difficult to believe that such an equilibrium .could be
set up instantaneously and therefore one might expect to see some evidence
of this in the early,étages of deformation. In fact, in some of the tests,
the largest scatter -in the plots of ZS/T:a against Qfa was observed for

the first point.

The main objection to the vacancy:mechanism here is that the

' .mEGSuféd-activation energy is small. The energy of formation of vacancies
'-in-b.'c;xé. metels is'roughly'E to 3 e. v. which .is not very compatible
'_ﬁWitﬁ,the measured'valuevof H° = 1 e. v. for vanadium. There is some ques-
fion, however; gs-to the validity of asspming the energy to form a vacancy
17 ét'é‘jog;ié-the-same‘as that for forming pne in'a perfect lattice. It is
knowﬁ for instance that the enefgy to form a vacancy -in an alloy is much
less than thet for the pure metal. Unfbrtunately g detailed analysis of
thié problem.wouldvrequireksophiéticated quaﬁtum mechanical éalculations

which are beyond the scope of this work.

6. Comparison Between Polycrystals and Single Crystals

~ The divergence between pélycrystals and single crystals in the
plots of v¥* against temperature is difficult to explain. On the basis of
an inﬁerstitial mechanism, the polycrystal curve shoﬁld lie below that for
the single crystals since the polycrystals have a higher interstitial content.
This wéuld result in a smaller activatiph length, L, and hence a.smaller
vactivatioﬁ volume. However thié would.not explain the convergence of the

two curves with increasing temperature.

It is bdssibie that the difference in v* lies in the activation

disténCe, d. This might be brought about by a difference in the shapes
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of the fbrce-distance-curves fof'the twofmaterials. It is difficult to
‘explain why this should occuf.if the same mechanism is operative in both

types of specimens.

On the basis of a vacancy jog mechanism the energy to form a
.vacancy may depend on the-intéfnél stress'field. From the measurements
of H° and H it appeérs that the,intérnal_sfréss field is larger for the
- polyerystalline specimens. This éoul@ be responéible for a difference in
' ﬁhéughépes of_ﬁhe_fd¥ce;distaﬁ¢e'cufyesL | |

The value of the faétbr A in equation (9) is roughly the same

2 o 103 with

for'ﬁhe two materials., The trénd for  A to decrease by 10

straiq_might be éxplainea by a‘decreése'in thé number'of mobile dislocations.
v One WOuld.notvéxpect‘>\.of‘U.t6 decreasé by more than a factor of five

with étrain. A decrease,in the number of meile dislocations means those

remaining must move at a higher velocity which would result.in an observed

work hardening.

- 7.' Mechaniém
It is rather difficult to pick out a singleAﬁechanism as the
controliing one in thermally activated flow. The factcthat the opinions
, Qf'so maﬁy authbrs‘differ 15 evidence enoﬁgh fof that. “What.is generally
done- is to seléct a mechanism which fits the data best and declare this to
| be the moéf,probébleidne.
Cn‘the basis:of'thé preceding'érguments it is feasonably safe

to rule out the forest, cross slip‘and_intéfstitial mechanisms on the
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‘ é;dunds ofv§éveré disééﬁeemeﬁﬁ.betwéen.theory and experiment. The Peierls
'mechanism:can not be compared with the data.because‘it‘is not possible to
éalculate v¥, Hé and A accurately from theory. Certainly the important
point here is whefher the dislocations do lie predominantly in the <:lll:>
. direcpiqns. There}is not sufficient evidence available at this time to

answer this question.

The jog mechanism is the best one for explaining the increase in
b.activation leumé-with sfrain which was observed in some specimens. The
.jogstare;the;only obétacles ﬁhich could spread apart with deformation. -An
argﬁmeﬁt égainst thé jog_mechaniém is that it cannot operate at low

» temperatures. This is because the vacgncey formed must diffuse away im-
Smediétely 6f it willidraw;the<jog;bQCK again. At low temperatures this

 diffusion might be difficult.

On the basis of preceding arguments'it appears as if the Peilerls
mechanism is the most likely one. However, this may be just because there

is insufficient evidence available to dispute it.

What,ope sﬁould_inqgire at this juncture is Jjust how valid is
"fhe:appligafibn’of_fate theor&'to this process. .I£ has been assumed that
.fhére-ié a single fhefmaily activated mechanisﬁ operative. . In fact, it

is possible that tﬁe average effects of two or more mechanisms were measured.
Since two.mechanismSjwould likely have different temperature dependences,

' thé'predominaﬁcé'of dne could.change with respect to the other over a

range of temperatures.
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With the diéagreement‘between theory and experiment in all the
proposed mechanisms it is conceivable that more than one mechanism could
well be the controlling ones. What is needed at this time is a relisble
'mathematical analysis of the Peierls mechanism so that . itsiimportance

in b, c¢. c. metals can be definitely established.

The assumption used in the derivation of equations 13, 14, and
15; that A is not significantly dependent on stress, is worthy of discus-
sion. This assumption means that the number of mobile dislocations does

30

-ndt change greatly during a strain rate change. Martinson contends

that in LiF the number of mobile dislocations is a sensitive function of

the mean stress prevalling during a stress increase. -He used this hypothésis
to_expléin his irre?ersibility of ¢Q>Qf&. He found that ACa for a strain
rate increase was not equal -to that for a decrease and also that upon

unloading and reloading at the same strain rate the flow stress showed a

.change..

This type of irreversibility was not observed in this work.
- -The flow stress was éompletely reversible to within the limits of exper-

imental accuracy.

Also, the strain rate change tests of 100 times yielded a ABQQK
approximately twice as large»as that for a factor of 10 change from the
same basic strain rate. If the number of mobile dislocations were to
increase with .the mean stress prevailing then we would expect ¢C>Qfafor a

change of 100 times to be less than twice that for the factor of 10 change.
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C. Yield Points -

'The‘yield points obtained upon reloading after cycling have been
observed by many‘experiﬁenters.but.have'not,been satisfactorily explained
by any of them. It is important to understand this process however, in
order to justify the.method.of extrapolation used to determine the flow

stress in g strain rate or temperature change test.

Some  authors have attempted to explain this effeet as beingea
:‘type‘of-;elaxation phenomeﬁon; Upon unloadiné_the specimen or even Just
stoppingithe‘erossheed,:the dielocations relax inte.a configuration of

lower eﬁergy;' Henceﬁbenefgy.must:be supplied to bring the dislocations

from their relaxed configuretion back to the pattern which they were in just
‘before the'crosshead was'stepped. ‘This hypothesls is strengthened by the
irreverstbiiity of piastic flow. When a stress is removed from & crystal:
‘one mightuexpect the dislocations in pile ups to run back along their

glip planes causing large reverse plastic flew. .In fact, this does not

',occuf and therefore there muet be some obstacles to thisyprocess.

Makin3%as described a process for f. c¢. c. crystals in which
CettrelleLomer sessile'dislocations'ere formed on unloading and these
-prevent large scaie reverse plasticity.. Since energy'isreleas@dupon
formation of these'sessiles a higher stress than the flow stress is

required to dissociate them. This would result in an observed yield drop.

Makinf”'observed yield drops at temperatures ranging from - 195°C
to 100°C. The magnitude ef the drops appeared to be independent of temp-
erature and was proportionel to the reduction in strese on unloading. The

yield dropstiﬁ this thesis however were dbeerved only in tests involving
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the temperature 100 C, and they showed no dependence ‘on the amount of un-
loading. These facts, combined with the fact that a mechanism of sessile
.dislocation formation similar to the Cottrell-Lomer mechanism is not known

for b. ¢, ¢, metals suggest that Makin's theory does not apply to vanadium.

Birn‘bzaw_.m3-2 has also discussed this effect in f. ¢. c¢. metgls. He

sugggsts that upon unloading, the dislocations relax untll they react
elastically with forest dislocetions and are held. The yield point is a
result of releasing the dislocation from its bound configuration. This
type of mechanism could certainly be applicable to b. ¢. ¢. metals since
with the numerous slip planes a high forest density is likely. However,
it would be difficult td explain the temperature dependenceﬂéflthe yield
drops on this basis. Birnbaum observes that . the magnitude of the yield

‘dfops are independent of tempersture over a range from 72°K to 293°K.

It therefore appears that the yield point effect in vanadium is
not controlled by the same mechanism as for f. c; c. metals. The fact
that it occurs only at high temperatures or at a low temperature after
cooling from 100°C suggests a diffusion controlled mechanism; One might
expect that the dlslocation becomes locked by interstitiels when they

stop and an unlocking stress is required to reinitiate flow.

Now the times of reiaxation are far too short for the nofmal
diffusion mechanisms. In the straln-rate change tests the crosshead was
stopped for less than one minute before reloading while in the temperature
change tests the load was relaxed fof no more than twenty minutes. . In

- spite of the longer resting periods during temperature change tests the
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yieid drops snowed no significant difference in magnitude from those in

the strain-rate change tests.

The interstitial content in the single crystals was about one
half of that for the polycrystals and the observed yield drops were smaller
V‘for the single crystals. Thils relationship suggests that interstitials

might be involved.

Thus we are looking for a diffusion controlled_inﬁerstitial
: ldcking mechanism which can operate»ih e very short time.relative to
normel diffusion times. The only mechanism which seems to satisfy this

is Snoek ordering. A brief description of this mechanism will be given.

It.is well known that-theAinterstitials in'b. c. c. metals
'caﬁse'tetragonal distortion when they occupy the (OO%) (cube edge) position
in %helunit cell. There are three types of these sites correspondiﬁg to
the three directions of tetragonallty or the three space axes. Under no
'applied stress the interstitials should be preseht in these three sites
,in'equal fractions. However, under an applied stress some sites will be
preferable energetically to others and a@ temperatures where diffusion can
take place the interstitiels should redistribute themselves so as to in-
crease the population of the sites of lower energy. Tbis,is known as the

Snoek effect.

Schoeck andf%egezj?’ state that the stress field of a dislocation

. should héve a similér effect on the interstitials. . Hence we expect a
f:redistribution which would lower the energy of the dislocation and there-

fore lock it. This involves the movement of stoms a distance of only
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one atomic jump.and could occur in a very short time. This process appears

- to explain the observed yield drops very adegquately.

The actual intent of Sdhoeck and Seeger was not to explain the
yield'drops but tovexplain a temperature independent region on the floﬁ
streés versus temperature curve for. dronws. They show that the Snoek effect
will creat a friction force on dislocations which is inversely proportional

to their velocity.

On the basis of this explanation it would be correct to extra-
polate through the yield drop, as was done in this thesis, to obtain the

corréét value for the flow étress.
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V. CONCLUSIONS

A similarity between the mechanisms of yielding and of flow is not

observed for vanadium.

kLY increases with temperature for vanadium.

Vanadium does not obey the Cottrell-Stokes Law.

It is unlikely that the forest, cross slip and interstitial mechanisms

control thermally activated flow in vanadium.

The controlling mechanism for thermally activated flow is probably

either the Peierls-Nabarro force or the non-conservative motion of

vacancy jogs. However, there is also some evidence against each of

" fhese.

It 1s possible that there is not a unique mechanism controlling thermally

- getivated flow.

o
Vanadium deforms by twinning at 78 K when oriented in certain directions.

Yield drops obtained upon reloading are attributed to Snoek ordering.
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VI. RECOMMENDATIONS FOR FURTHER WORK

The results of this research indicate the need for an extensive
study into the importance of the Peierls-Nabarro force in b. ¢. c. metals.
This woulq:include internal friction work to determine dislocation kink
energies and electron microscopy studies to study the orientation of dis-
location lines. Before this is done it is unlikely that any further pro-

gress will be made in the work hardening theory.

It would also be interesting to conduct an extensive investigation
of the yield point effects. This would involve work at higher temperatures
than were used here and a thorough investigation of the dependence of this

effect on. impurity content.
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APPENDIX I

A. Annealing Data for Grain Growth
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Specimen Annealing Temp. Annealing Time Grain Size
°c hr. microns

BA 870 1 14.5

5B 9o 1 16.6

8¢ 1020 1 26.5

8D 1090 1 33.4

OA 870 1- 17.8

OB 9L0 1 2l

oC 1020 1 35.6

0D 1090 1 52.8

10A * 1090 L Too large and|

non=uniform

0B 1050 L 55

1.0C 995 b L3

010D - 900 1.5 Not measured.

) OF 820 1 12.4

11A,B,C & D 870 1 19.4

11E,F, 12A & B 1020 2 5L.6

12C,D,E & F 1090° 8 69

13A,B & C 920 1 26.1

13D, E & F 970 .2 35

* Rod 10 deformed 4% before annealing.
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A. Polycrystals

APPENDIX II

Specimen Area of Gauge Testing Crosshead Approx.
Cross section length LY "~ Temp. Speed. Uniform .
5 I o _ Deformation Remarks
in. in. "P.S.I. x 10 o] in.min. %
8A .01k5 1.045 4. .49 25 .02 2L
&B .0145 1.028 4.69 25 .02 25
8c .0137 0.925 L.s2 25 .02 25
8D .0126 1.015 4.32 25 .02 20
9A .0109 1.057 4.48 25 .002-.02 13
9B .0102 0.99k4 4.63 25 .01-0.1 15 )
9C .00800 '0.906 Not 100 .01-0.1 12 Loaded non-
Observed - axially.
9D - . 00693 0.962 3.45 100 .01-0.1 13 N
10A .00916 1.048 - - - - Not tested due
to undesirable
grain size.
10B L0141 0.995 3.96 25 .02 18
10C L0141 0.942 4.36 25 .02 18
10D .0132 0.992 - - - - Damaged. during
mounting.
10E .0137 0.950 b.76 25 .02 20
11A . 00967 0.941 - 5.09 0 .01-0.1 16
11B L0111 0.978 .ot 100;-8 .01 13-
11C .0115 0.954 6.40 -72 .01-0.1 17
11D . 00984 0.986 h.11 100 .01-0.1 14
11E 200984 0.923 4.86 0 .01-0.1 18 .
11F . 00816 0.937 3.55 100,8 .01 12 ®
12A L0117 0.973 6.540 -T2 .01-0.1 16 =
128 L0111 0.956 3.52 100 .01-0.1 17 !



Bpecimen Area of _ Gauge Testing Crosshead Approx.
Cross Section length LY Temp. Speed Uniform
> . N o -1 Deformation Remarks

in. in. P.S.I. x 10 (o3 in.min.” %
12C .0115 0.95% h.61 0 .01-0.1 1k
12D .0115 0.965 3.19 100,8 .01 14
12E . 0107 0.912 6.18 -72 .01-0.1 15
12F . 00967 0.956 3.26 100 .01-0.1 15
13A .0100 0.928 4.80 0 .01-0.1 - 15
13B .0109 1.027 6.36 -72 .01-0.1 - 13
13C . .010h 0.954 3.65 100 .01-0.1 15
13D .0115 0.940 h.5h .0 .01-1.0 14
13E .0106 0.917 6.27 -72 .01-1.0 13
13F .00984 0.915 3.57 100 .01-0.1 - 13

-38-



B. Single Crystals

,Bpecimen Area of Gauge Temperature Crosshead Approx. Remarks .
Cross Section Length Speed -Uniform
> o - _ Elongation
in. in. C - in.min. %

LA .00709 .972 - - - Damaged
during
mounting.

4B .00785 0.991 100,8 .01 12

Ty, .00818 0.936 25 .002-.02 10 non axial

o o ' loading

5A .0106 0.937 25 .01-0.1 19

5B .010k4 0.933 -72 .01-0.1 19

5C .00833 0.967 - 100,8 .01 ' 15

5D .00968 0.950 100 .01-0.1 10

6A . 00664 0.972 100 .01-0.1 26

6B .00566 0.910 100 .01-0.1 23

6C .00738 0.955 100,66 .01 12

6D .00849 0.917 100, -26 .01-0.1 14

6E .00832 0.931 -19 +01-0.1 14

TA .00753 0.953 0 .01-0.1 10

7B .00899 0.975 100,-72 01 11

TC .00967 0.987 -195 .01-0.1 R Twinning
observed

7D .0119 0.947 0,-72 .01 8

TE .0111 0.-914 =72 +01-0.1 17

_gg_
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APPENDIX III

A. Precision of Measurements

1. Grain Size. Measurements

[t

Taking the batch of specimens 13 A, B and C as &ytypical:. example,

the precision of the measurements of the mean grain diameter can be estimated.

Define:

calculated mean grain diameter

=Y
@]
1

t
diameter from the i,h_measurement

o
[l
1

v, = the residual (d, - 4;).

Measurement d° (microns) d; (microns) }vi’(microns)

26.1 2
26.1 3
26.1 2
26.1 2
26.1 2
26.1 2

OV (o O

The probable error of the mean is calculated from Peter's form-
ula: ‘

.845 n -
. . = et . =1,2,. . .
P. E O :>_- \_fll i 22, n

1 =
.845
= =2 x 13.0 = 2.0
V6x5
Hence the mean grain diameter is
dy = 26.1 + 2.0 microns

o)
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From these calculations it is apparénttc that the precision of the

grain size measurements is gbout 8%.

2. Tensile Testing

The Instron Operating Instructions state that the accuracy of the
load weighing system is better than 0.5% irregardless of the range in use.
This is-about the same as the accurary in reading the chart which is about

+ 0.2 of the smallest scale division.

)
Sample calculation for the lower yield stress

Assume the following typical valués:

1l

400 1b. (load at the lower yield point)

LY
d = 0.1 in. (diameter of specimen)
FLY
Ory = 5
T 4

Differentiating logarithmically:

S O ) S Fry . § a

2

Oty fy  — d
Accuracy of FLY = t+.2 1b.
Accuracy of 4 =+ .001"
The maximum error is:

é; eriY _ 2 .001 ,
O_' = TOG + 2 —.—l_ = ,025 or 2.5%
LY

The accuracy of the measurements of .Zl'?:a is of principal con-

cérn. The smaller erté, the more difficult a precise measurement will be.
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This is evident in the plots in Figuré (19) where the high tempersture plots

Shovithe:greatest scatter. The accuracy is estimated by:

J(ATa) _ S (Ta - s (Ta
154:3 ' zﬁsq:a

At 100°C the specimens were generally tested at 500 1b. full

scale deflection on the Instron..

Hence ér Qfaz = 5-qjal ; + 1 Ib;

This, of course, is a maximum estimate as the errors could compen-

sate for each other.

Errors in the calculations of the ;até parameters caﬁnot be easily
estimated without knéwing the exact shape of the force - distance curve. The
gcatter in the plots of A Q against temperature (Figure-th) and in cal-
culations of 4& Q,by different methods serves as a rough measure of the
accuracj. From these comparisons one might expect our estimations of A Q
aﬁd Ho to be out as much as 25%. Héwever, this is still adequate for deter-
mining a mechanism of flow since the theoretical calculations are probably

not much more precise than this. -
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