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ABSTRACT
| Tﬁe object of the investigation was to determine the rafe'controlliﬂg-
v'mechanism for slip in body centered cubic tantalum, at low temperatures
[T < 0.2 Tm]. .

_ High purity single crystals of tantalum, oriented for single slip
Qére-grown by electron beam zone refining. 'These crystals were tested
'in an Instron tensile machine to detgrmine_the temperatﬁre and strain

"rate dependence of the flow stress. The temperature range Qtudied was. 
-4.2° to 550°K, at tﬁo strain rates differing by about a factor of 100.

| At low temperatures the effect of both the temperature and strain

”13rate céuld be rationalized satisfactorilj in terms of the Peierls'

':‘mechanism, vwhen the deformation is controlled by the nucleation of

 pairs of kinks [the Dorn-Rajnik modell.
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"~ INTRODUCTION

“:  In recent yeafs, considerable interest has been focused on the

_mechanicai properties of refractory metals, chiefly Ta; Mo, ﬁb and W. ‘ 1_ ,ff
' . In addition té their refractory nature the common feature of thesé
“{t metals is that they crystallize in the body centered cubic_structureﬁ  :
~ The flov stress of b.c.c. metals at low temperatures [T < 0.é Tm] is
‘ markedly.dependeﬁt on boih température and strain rate. This feature
- distinguishes them from the-qlése packed structures (f.c.c. And h;c.p.).._;
It has been recognized that a basic understagding of the mechanical )
| behavior of metals will in a large measure depend on an understanding of

'k'the generation, motion and interactions between dislocations and the

factors which influence them. Several thermally activated mechanisms

. - have been proposed to account for the strong temperature and strain
rate dependence of the flow stress of b.c.c. metals. In chronological.

. order, these are:

(1) Bresking away from an interstitial atmosphere
(2) Overcoming the Peierls'-Nabarro stress:
3 (3) Nonconservative motion of jogs |
'fk'(h)  0vercomiﬁg interstitial érecipitates

“(5) Cross slip

Conrad’ has made a criticsl review of the experimental evidence |

‘frpm the étandpoints of activation volumes and:.activation energiés. He
"_concluded that the thermally activated overcoming of the Peierls'-

_Nabarro stress was the most satisfactory meéhanism to account for'thelif

strong temperature and strain rate dependence of the flow stress.
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2 A'similar conclusion was: reached by Christian and Masters.a
The aim of the preSent investigation vas to determine the: rate » L}ﬂ:; glﬁlﬁ‘é

'5?i‘controlling mechanism for slip in high purity’ tantalum at low temperatures. e

‘;QT'The mechanical properties of polycrystalline tantalum have been recently

Lo ' N
‘V"summarized.by Tietzm3‘ Tantalum is unique among the b.c.c. transition ;
< - metals in that it is ductile at ordinary strain rates at as low as : ;1;1?;5 ,ﬁ

‘c“fff 4.2°K. In order to obtain a fundamental knowledge of the lov temperature . i °

béhavior, it‘istessential,to:carry‘out tests on material of:the\ﬁighest ‘ﬂ:;ffgliff
}-i purity possible. It is well knownlthatilnterstiﬁlal,impurities have a. B
ﬁf%:‘very strong7influence,on‘therfIOW'stress=of b.c.c. metals, especiaily. |
{?_atJlQW‘temperaturesu If'iStalsO‘essential to~use‘ortensedisingle‘cryssalssi?

'f:fOr the study, since the: presence of grain boundaries can lead to .

' ‘ambiguity. Such a study of high purity single crystals should then
'f;ﬁ : provide:an»answer‘to~the:question»of‘therrate?confrolling:mechanism.'
4 The method of electron~beam-me1tfng’19’emfnently'suitedétO’prepareﬁ'

= test specimens for- such an investigation.. o . ‘l' ﬂ-},ﬁf;*”;

It is' known that. both the flow stress: and work hardening characteristics
*~;ifof”tantalumzvary~wide1y‘with:ontentation;u“ Hencea_itibecomes necessary_

ﬁa(to,measurezflowfstresses)for>onerspeciffc‘orfentaﬁfon‘ofnsll the-crystals.

':: This: orientation should be: such as: to permit a significant amount of » _.i
plastic deformation to take place ori a. single slip system. Gk
Vartous;analyseS‘otBthevPeierIsf mechanism;haverbeen-formulated;by e

L j_"Seeger,S Lothe: and. H'i‘rf;hﬁ“ and Dorn and Rajnak.! The experimental

l

results: of the deformation of” the: intermediate: phases AgMg and’ Angl and ;Vf‘

'. Fe—2% Mn alloy8 ~10 have=been satisfactorfly«correlated=withzthe.DOrn-RaJnaki {-V”'ﬁf




. model of nucleation of kink pairs. It will be shown that the effect

4 ;1;of,both‘sﬁraihvraté and.temperatufé on the flow stress of"puré Ta‘bvef?f

tthé'low temperature range can 5e éohpléﬁgly'ratiohéiiied'in'terﬁs

“the Dorn-Rajnak model.
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EXPERIMENTAL PROCEDURE

;‘5_ﬁ'the method of electron beam melting using the floating zone technique.ff

Single cryetala of Ta needed for the investigation were grown by ;,_;}J“ ”'¢

—arr

,An MRC electron beam zone refiner was used for this purpose. Orientedva,ﬂ_ o

":single crystals of length: 8~in. and diameter 1/b in. could be grovn

" with ease, under‘a'vacuum of 10° 6 torr, starting with tantalum rods of

‘- commercial purity.

The crystals were usually grown by 3 passes at a speed of I mm/min.-

.":The crystal was seeded in the final pass. The power input required to

. melt the 1/k in. dia. rods was about 1.1 kw. This could be achieved by fffeégfl'

. various combinations of beam voltage and beam current. However, it

“ﬁ_fé_was found that a bean voltage of 6 kv and a bean current of 180

"fﬁ'milliamps were the optimum settings from the standpoints of uniformity
f?_ of diameter of the zone melted rod, and filament life.

- In a few instances, when the purity of the starting material wasf

e not good, difficulties were experienced in the first fusion pass, owing -

to the large amount of gaseous impurities that were liberated. This

4K‘Lf8urge had the effect of increasing the pressure in the chamber above - o
};;;the usual operating va,cw.xm_of‘lo-6 torrL Also, the beam current

~ would begin to rise.due to deposition of the volatalized impurities on{;ﬁ< ﬁ"w”#'

the tungsten filament. In extreme cases; this led to short circuitihg

: .«\;i_of‘the'filament. To overcome these problems, it was found beneficial .
A;ﬁzto<make tvo fast degassing passes Just below the melting point, before y ;'A':
; iA‘V actually melting the rod. During the degassing runs, there was less

” 'A,violent liveration of impurities, and the vacuum system could pump outov'

O

e
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- (111) poles. It is a safe assumption that the operative slip system is

" the gases fast enough. -

The crystals were cut with a Jeﬁeler's saw without causing undﬁe_
damage. In order to check the single crystallinity of the crystals,
they were etched in a solution containing equal parts of conc. HF and

cone., HN03. The absence of grain boundaries was a good indication of

'1sing1e cryétallinity. Back -reflection laue photographs were then taken
'_.along the longitudinal axis of the as grown crystals. This was to |

verify if the crystals had attained the orientation of the seed.i In

all cases, the crystal seeding was better than $20. The orientation of

. the_crystals, plotted in the standard stereographic triangle, is shown in - '

. Fig. 1.

The tensile axis lies on the great circle joining the (iOl)‘and

(1I01) [111). Further, the deformed specimens when viewed through the

,vmicrOScope shoved clear markings of single slip.

'Tensile_specimens were prepared from the rods by machining. Thé

‘ " specimens were threadéd at both ends to match the threads in the grips

~for Instron testing.

In order to remove the .surface damage caused by machining, as well

1

~ as to obtain a‘metallographic surface for subsequent studies of deformaﬁion

traces, the specimens were all electropolished. The composition of the

' polishing solution was 80% conc. HQSO& and 20% conc. HF, using a
-~ stainless steel cathode. The anode current density was 0.75 amps/in2.
- The threads at the ends of the specimen were protected from attack by,

‘the polishing solution by coating with a lacquer. The polishing bath






i

‘was immersed in ice.

- The electropolishing was éontinued till a layer of material 200 |

" microms in thickness was dissolved away. This was sufficient to remove

- all traces of mechanical damage induced by machining, as evidenced by
vthe fact that back reflection laue photographs taken subsequently were

. completely free from asterism.

Determination of Purity

Specific resistivity measurements were carried out at 273°K, T7°K

. and hﬁ2°K as a test of purity of the zone melted -crystals. It has been

shown by Van Tornell thag,a resistivity ratio p273/ph 2 of 10,000 in

_Ta corresponds to a residual level of interstitials of 3 impurity atoms .
'".‘in_lo9 matrix atoms. A resistivity ratio of 50,000 was obtained in this .
““case, testifying to the high purity of the crystals., |

The experimental set-up used to measure resistivity was eséentialiy i'j?‘

11

.

the same as that employed by Van Torne.”™ The D.C. current was supplied‘f.'

- by a 30 amp Regatron solid state power supply, operated in the constant .
- ‘current mode., An external resistor [0.01 ohm, 100 smps] was included in

“‘ijthe circuit to operate the power supply in the constant current ‘mode.

~current flowing through the circuit, by knowing the potential developed

'{across it. A millivolt potentiometer was used to measure the‘potential,

© across the resistor.

A nanovoltmeter was used to measure the potential drop across a

-

. This resistor served the additional purpose of measuring dccurately the,,f;~f7

-known length of:the crystal. There was some drift in the nanovoltmeter . 'jf5f

)
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‘- -reading at. the very low potentials developed at ‘liquid helium temperéture.f757" -
The measurement of resistivity at 1iquid helium temperature was ST
;fxij[complicated by the fact that Ta becomes superconducting at‘h.38°K. In -
' order to meke the resistivity measurement, it was found necessary to ) ?’

'iacreasé the current to a value exceeding the superconducting critical N fff‘“

.. current density. For .the crystals cross section used, an increase to

. > 10,5 amps was found to be sufficient.

\-

The resistivity measurement at T7°K served to pre-cool the fixture ~ . .-

' _for the measurement at 4.2°K; and reduced the consumption of liquid

.. nelium. ' 5 g :

' " .Flow Stress Méasurements

Tensile tests were made with an Instron testing machine, at two g;sﬂifi’;‘

"+ strain rates of 9.6 x 10 5/sec and 8.05 x 10f37sec. All ‘the sbecimené ~‘f:h?fif}?

" were initially prestrained at 550°K. (This is discussed later.) Teéts~ ?n'

"5‘,below room temperature were carried out by immersion of the specimen

. .in various constant temperature baths. Tests above room temperature -4': ;iﬁ¢f4

i+ Were conducted in ‘a silicone oil bath, with an accuracy of temperature  ‘~£; fa;
" control of #1°C.. The stresses reported are accurate to *3 x 10% dynes/cm2. .

' ‘ ' ’ ' "'.“:r';'«_,.

i

y i R
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‘ ‘ . B . 5"“?;

‘ S : T
AR ' g
L . ,

T L

. 4, . . A ':A FH

. ; i "




EXPERIMENTAL RESULTS

‘f.Effect of Temperature and‘Strain Rate on Flow Stfess;

In order to minimize the sdattgr from crystal to cfystal, éach' .
specimen was prestrained at 550°K and a strain rate of 9.6 x 10”5/sec>¥ L
to a stress level of about 1% above the yield stress. This wasvassﬁmeg _h.g.
. tp bring all the crystals to a standard state with about the same level |
‘;<of dislocation density.

An altern;te method tolachieve a uniform dislocation density Vould

;:bejto annéal the crystals for a fixed time. This is not very practicable fﬁ

in this cas;, dﬁe to the high temperatures and long times necessary. _'f\; -
There is.also the likelihood of 1mpufities being picked up during the

process.

Figure 2 shows the experimentally determiged relatlonship between "

" the flow stress and temperature for two different strain rates differingv'
by a factor of about 100. It was found that twinning occurred with

.; audible clicks at 77°K at the higher strain rate, and at h.2°K.at the
:v_lowe: strain rate. | | |

Al} crysﬁals fractured with a chisgl edge. At 300°K, there was
a total elongation of 24% before fracture, and this decreased to‘lh%.- 5
. at TT°K. The yiéld point phenomenon was not observed in any of the:‘.

- erystals that were tested in contrast to the observations of Ferris

et a1.1?

The critical resolved shear stress for flow in the (I01) [111] slip

- sjstem w&s calculated using the formula given in Appendix A, The data

are presented in Fig. 2, It is seen that the ratio of the flow stress
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_at TT°K to that at 300°K is about 6 to 1.

In the macroscopic deformation of b.c.c, metals, it is known that"

"7_the flow stress t can be considered to consist of three comﬁonents.,

1

t = t* (T,y) + ra + Ka" ' ; (1)

t* is the thermal component dependent on the temperature T, and the =

strain rate ;, vhich aids in the thermal ectivation of the rate controlling“f

‘mechanism; ta represents the athermal component of the stress that must

. ve supplied'te push the dislocations over those barriers that cannot

be surmounted by thermal fluctuations, such as long range back stresses,

attractive Junctions'etc. In general, t* decreases sharply with increase

" in temperature up to the critical temperature but ta is independent of

strain rate, and decrsases slowly with increasing temperature, in a ~{ v

. manner parallel to the variation of the shear modulus G with temperature.

Ka® is the component representing the grain size effect. This

'~ " does not enter into the picture in the present case, since single

o crystals are under study.

In order to study the effect of temperature on the thermal component_ii

of the‘stress'T*, it has to be separated from others.. This can be -

" done by subtracting the stress at a given temperature T from that at

’ 'Hi-thevtemperature, at or above which t* becomes zero. From Fig. 2, this

A\

' temperature is greater than h00°K for a strain rate of 9.6 x 10 5/sec.

e o ( ' o(1)
| T*V‘:‘T - (1550 - T’5'50)(625505 )

:For the strain rates used, 1550 is practically zero. Hence



;e;?:'T*.-(TT'- TSSO)(G(SSO)) Do 7";ﬁ(2) :;f *”£§'t'

"is the total resolved ‘shear.stress for flow at temperqtufé T°K, ﬁ<ln“{w

. . B .
et T T e e e M

. i vnere g 4 "
A ;':dnd.G(T);is~the shear.modulus at that temperature. The quantity 1550 X _ nv$;”’
.éGcng is then the total back stress, corrected for variation of shear ‘

modulus with temperature. The values of Gcsgg) were calculated from

. Fig._h, vhich was obtained from the data of Featherstone and Neighbours.¥3
G was taken as the elastic modulus for shear on {110} planes in [111]

' ,:,directions.~x

G =

Wik

(€ - Cpp * ) e

The values of t* which are now corrected for specimen‘variation,'
- in ta, are plotted against témperature in'Fig. 3 for the two strain ratgs.,;;ﬁf_a;'
ﬂ”The flow stress increases with both decreasing_témperature and increasing

strain rate. This strongly indicates that the operative deformation

mechanism is thermally activated. It can be noticed from Fig. 3 that :, 1v  §?}5L =

" there 1s a critical temperature Tc for each strain rate, at whichlthe

551§55'J;@1ii'thermally activated process chénges into an athermal process. The

. critical temperatures are found to be 390°K (*15°K), Te,, and 470°K S
'_(*lS?K),‘Tcalfor the lover and higher strain values respectively. '_'j‘>"1‘;
. .-‘}
= L SRR
E : . '



13-

36
~~
~~.~~ R .
' . ‘ ~§~ . .
. oy
~~

- . oo . . . e J

28l | |
.o 9.6x 10"%/SEC.

o |ue . T A8.05 XIOTY/SEC. o
R R (R T 1701 B E

mz
N
- O
|

- T%10® dynes/c
o
i

“ i . Lot e e T
12b=",. T
..... .
t . v
.
»

L 0 o | .l ] | d ' .
" .. 0 io0 200 300 400 500 - 600
R o ‘ TEMPERATURE, °K - Tt
‘ _- FIG 3 THE "THERMALLY ACTIVATED COMPONENT OF

THE FLOW STRESS T'vs. TEMPERATURE

] e
' : .



K2 . B
B .
~. .
~
o~
.
.
' ~
-
s

... , ST w.s..--aifﬂ..m...h.“,..w_.‘”....,w,p.s.....;.,,.u..,.H.;..w.......H._.r_,‘”....;....w.w_ﬂ.w .
: n - - | S ...~. ,...,. g e o.” R
E R | - o -
[ BRI o
: : O 40
SN B ®
R B SR A L
! S . - . .
: - : o m ~ (@)
/ ! : < —40.
- ..m ~ R 4 K i
: P, . n - °
S M | o W . -Wm
A T ! - Pa
L i )1 4
. N ., - . E
s T 8u

0.6~
S

2uo/8ukp,

O1x 9

B 4

FIG. 4. VARIATION IN SHEAR MODULUS G

R PRS-

IN

\

) [111] SYSTEM WITH TEMPERATURE

THE (10

.




’;._lines.

,ffl Rajnek model of nucleation of kink pairs.
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DISCUSSION
Conre.d,1 and more recently Christian and Masters,2 havevmndev

.exhaustive reviews of tne available experimental date on the'flowistressmi"
of the b.c.c. transition metals at low temperatures [<0.25 lm]. lhey
also examined the validity of the many theoretical models PUt forward
:ngto account for the magnitude'of tne low temperature stress, and:arrived'
‘f; at the conclueion tnat the resistance of the lattice frictional forces
[the Peierle'-Nebarro force] was probably the most important factor in
the deformation of the b.c.c. transition metals. When this reslstance

 is appreciable, it is assumed that deformation 1s controlled by the
.“";thermally activated nucleation'of kink pairs in straight dislocation
Several approaches to an analytical fcrmulation of the Peierls’ T
4' nechanism have ceen attempted, none of which is valid over all stressrA
levels. Recently, Dorn and Ra,‘jnak7 have estimated the saddle point
. free energy required to nucleate a pair of kinks as a function of

applied stress. They have also estimated the effects of stress and

'Hf‘temperature on the macroscopic plastic strain rate, vhen the deformaticn,

" is controlled by the Peierls' mechanism in terms of the energy reqnired

L to-nucleate a palr of kinks. It will be shown that the present experlmental

"~ results can be correlated to the'theoretical deductions of the Dorn-

0

The first step in the analysis is to arrive at an asccurate
\'vestimate of the Peierls' stress at absolute zero rp. This is defined as

the maximum shear stress necessary to promote forward motion of the
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i

dislocation from one Peiefls' valley to the next, at absolute zero. The
'1ack of expeiiqenta% data below TT7°K, due to the onset of twinning is

~ & handicap in making this estimate. Hence, extrapolation methods-

have to be resorted to, which inevitably iﬁtroduce some uncertainty.

The best péssible value of the Peierls' stress arrived at, by.careful
exprapblation of the curve (as shown in Fig. 11) between t* and T/Tc

there T, is the critical temperature) is 35.5 x 108 dynes/cm2. The

error 1nvolved in this extrapolation [dﬁe to assuming a linear relationship

between t* and T/Tc at low temperatures] is not more than :2.5 x 108

dynes/cm?2. B

Having.£hus settled on a reasonable value of the ?eierle' stress,
| the experimental results céh now be quantitatively compared with Dorn
and RaJnak'é theory. The piastic shear strain rate for the simplest

- case where the deformation is controlled by the nucleation of pairs of

kinks is the geometrically defined length L of dislocation is given by7
=
{2 ~
. L
Y = pabv ~ e kT (34)

- »
ﬂgeuk vih)

= pabv %'e kT * (3B)

.- where p = density of mobile dislocations
'a = distance between Peierls' valleys (about the same order as
the lattice spacing)

b = Burgers' vector

<
it

Debye frequency
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',;QI! =¢eadd1e point free enorgy “or the nucloation of n puir of kinks '

W =5width of a pair of kinks at the saddle point free energy

configuration
X = Boltzmann constant ' ' : L ' (4‘?, o !

oK

e.
"

temperature in

v activation volume

‘ ';2Uk.= activation energy to nucleate a kink‘pair
vi* = the'energy supplied by'thermal fluctuations ' o ' h e
At T = Tc,_where * first becomes zero, the thermal energy.that |
, need be supplied is Just U = 2Uk’ and therefbre for thie condition,
2Uk K L _
Y = paby — e ; . (4)

-

" From* Eqs. (3A) and (h » assuming that p 13 independent ot temperature,
'—.Ug .z (5).
k' ) K . v,
"to a very good approximation.' _
The theory gives U /2U, as a ‘function of 1*/1 for different values
f_of o where a expresses the deviation of the shape of the Peierls' hill -
from a purely sinusoidal variation. The shape of the Peierls' hill is _
defined in terms of a by
L+ P r +7T . - S
c c o ra 21y _.a bry '
P(y) 5 .+ 5 I2 + cos =2 - cos — ] _ (6),,1
Pc = 1ine energy of a dislocation at the top of the Peierls' hill where '
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i Yy =.05' P°-= line energy‘in ?he‘valley where y‘f'fg-o ; P(yi =,line':
energy-when‘the dislocation is displaced a distence_'y' from the,hill{f
’,.%%f”?;'_e,fg., It is most significant that the Un/2Uk vs. r*/1é are uniyersal
.f}:'eAi e‘.' . relationships that depend on well definedlphysical qﬁantitiesvarisingl
| v, from the atomic bending in the crystal. When t* = 0‘(at-T = Tc) the
;g;energy to nucleate a pair of kinks is Just 2Uk (i.e. twice the kink
V'? energy). When the stress equals the Peierls''stress, no additional
thermal energy is needed to nucleate kink pairs, since the applied ;'
" stress is.itself capable of doing this, withoutAihe aid of thermal
‘fluetuations.' . )
It is now an accepted essumption that the Peierls' stress varies
with temperature only through veriation in the shear modulus, and tﬁis

5 , . .
: . can be represented as

Q

T =71

o G(T) R
R o

S

" vhere 1; = Peierls' stress at absolute zero, G(T) = shear modulus at

- :temperature T. The variatiqn in the Peierls' stress is shown by the
~ broken line. at ‘the top of Fig. 3.

The experimental data of t* vs, temperature have been replotted in
U

Fig. 5 in terms of 1*/1p vs. ér, vhich hds been shown equal to Eﬁ_ to a ‘ _‘.5

:_very good approxlmation. It can be seen that the experimental p01nts

i : . ! ' : ' '
v jv . .. are in good agreement with the theoretical curve representing a = -1.
eEs The only point not coinciding with the curve is that corresponding to

o g:;x‘ s 77°K. There does not seem to be any specific reason for this, but it

:5i o ‘is possible that a slight amount of twinning occurred which could have -
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" had the effect of raising the flow stress. . However, metallography

©- did not reveal the presence of any twins nor were there any serrations

on the load-deflection curve. An alternate explanation could be that

“the shape of the Peierls' hill is slightly modified at low temperatures

"[i.e., it may be different from the three values of a shown ih the figure].j."

)
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- the reciprocals of the critical temperatures. .Anyiérrofﬁin'Teliq_

2]

’,v ACTIVATION EﬁERGY FOR NUCLEATION OF PAIRS OF KINKS
. The activation energy can be determined if the change in strain

rate dué‘to change in temperature at‘constant stress is known from

I(:v_' Eq- (4).. The pre-ekponential term pab %’v may be neglected without f

,  serious error,'andtthis gives

- qau(0)  o(Te,)y
- Y, P\ kI, " G(0) /)
v Y1 . 2y, (0)  G(Te,)
SR P = \TkTe,  * TG(0) -

1l

- 20y f(c(Tcl) G(Tc2)>x 3

Tcl .;Tc2

- ';t will be nbticed that Uk is very sensitive to the'difference between' .

13

. bound to affect the values of 2U, significantly.

- ii. Using k = 1.38 x 10" 16 erg/degree

.
Fl

G(0) = 0.6517 x 10!2 dynes/cm?

G(Tcl) = 0.6065 x 1012 dynes/cmzﬁ

i G(Tcz) = 0.5965 x 1012 dynes/cng‘

. | | | '.
s> = gn (84.5) Te. = 390°K, Te, = LT0°K.
Y 1 2

It islfoﬁﬁdjfﬁéﬁ 2Uk(0), the activation energy fequired to nqcleate a

pair of kinks at absolute zero is equal to 1.38 x 10 12 erg or 0.866 ev.

5 0

TR

L
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.{. This computation involves an. uncertainty of about 15°K in the‘criticgl"“‘ﬁggal;'l

.}iitﬁftempefatures, and hence the limits of éccuracy of.2U (o), are,¥12%. o i
. Thus, a preliminary Judgement on the Peierls mechanism can be ”'“'1;;;i‘i:§
‘ -i};_;_"’.‘made on the basis of the data plotted in Fig. 5. The most relisble -

~m;4};verification of the Peierls' process, however, is the agreement bgtweenaf.;ggflﬁ

. ~-..the theoretical and experimentally deduced activation volumes. The Lo
o activation volume is defined as the negative of the derivative of theu.f i
: . ' free energy with stress , : - Lo b
‘ au K Lo
= -r-—-r-l- = - - # ’ . . : !
v Y a(au, - ve )/QIM | K (9) h

i The activation volume so defined can be used to eliminate meghanisms - i

Q',with a large value of v. The Peierls' process'héslquite small activation ?:”¥Q.§
' volumes ranging from 5 to 50 b3, It is therefore rather a critical .f?“f .
;aquantity that serves to distinguish thequierls' process‘from many
- other ‘dislocation mechanisms which might on occasions have almoét the
;same activation energy. A IR SR S ;
Usually, v is not defined directly from Eq. (9),:but from the work . ?
*3i,done by the stress field during the activation. The experimental ‘h@». 
% "Gj{activation volumes are .obtained by the effect of small changes in the »l .
. Vf:ﬂstrain fate on the flow stress. We define this quantity g as ;
‘ o e - 3U ’ ’ ) :
g = ofny _ 3fnp 9%nw . 1 _n (109
at* . 3t*  3r* KT 3™ oo
";gf@ Ve take BXT as the apperent activation volume Va, where. -~ . 1 . .. 00
C "';,. ' ‘ T S @
| " Va = gkT = kr 252 kT amw - My )
. b F R ¥ ERUE
.I."":
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'l‘:units for different values of a. The experimental values of (rp/2Uk) Va7~

.. are also plotted in the same figure: It is not possible to fit the

S e

3

= i:whér; the‘last-tefm'of Eq. (11) is the theoretical activation vo1ume V.
1'Whereés thé term containing w is always negligibly émaii,'Va caﬁ on

| j;occasions be slightly larger than V, as a resulﬁ'of fhe bossiblc increase
? in dislocation density p, as the stress is increased. The apparent

’v':_activation volumes deduced in this manner from the data in Fig. 3, are -

7

B plotted against T in Fig. 6. It can be seen that at the high stress

levéls-(abovelabout'ﬁ.s x 108 dynes/cm?), the activation volume is

" constant at about 25 b3 (where b is the'Burgers° veqtor). This low

_ value establishes the Peierls' mechanism as the operative one.

Figufe 8 shows the theoretical plot of the activation volume here

.
.

”J‘¥>as the: thermally activated component of the flow stress in dimensionléSsv Lo

-~

data to any one particular curve, owing to the scatter in the results.

- Within the limits of experimental error, the agreement with theory is

‘L satisfactory.

The activation energy is determined from the equation

y = -Afny
n A(_l._
kT

- This is plotted in dimensionless units versus ™ in Fig. T. The

n;_theoreticgl curve is also shown in the same figure. There may be"

considerable error involved in computing Un’ since it debends'on- 

.~ aifferences between reciprocals of temperature, which are read off
. from the t™ vs. T curves. In view of this, scatter in the values is

, inevitdble, and the data are in broad.agreement with Dorn and Rajnak's théory. 
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- . EVALUATION OF LINE TENSION OF DISLOCATION e
. «,ie.f . SITUATED IN THE PEIERLS' VALLEY s

To evaluate the line tension, we make use of a relationship given

13

-by Dorn and Mitchell |~ for the kink energy

Tmo
‘ - QUkﬂ' Tpab 1/2 |
al wl
o o

. In the above expression, 2Uk and 1° have been determined,eiperimenﬁally,
and‘appropriate'values for & and b can be substituted. The variation of
K with.a has been determined by Dorn and Mitchell, and this is shown in

Fig. 9. Thus, Po is the only unknown quantity, and hence can be
U .

- calculated. Since the experimental plot of 552 = ég-versus T*/T; as
. k c .

' shown ip.Fig. 5 seems to fit best with the curve for a = -1, ﬁe také
the value of K = 3.9 corresponding to a = -1. The calculation gives
T, = 10.65 x 1074 dynes, which.is approximately equal to 2_Gb2.‘ This
:15 not too unreasonable, in view ofttbe 12% error in 2Uk’ and the 7%;ih"

. . the Peierls' stress.

Figurevlo shows theivariation of-the activation volume as é
function of strain at 273°K. Whereas the activation volume should
.t;deCrease»with incréase in strain, if»the intersection mechanism vere
yﬁgiQPerative, this is not'thé éase.l It remains-c§nstant with strain #s a

iﬂ',suggested by the Peierls' mechanism.
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CONCLUSIONS Ea it

The deformation of single crystals of high purity tantalum has
'{ been investigated in the kn:temperature range, at two strain rates. ff_f?

-3 The following conclusions can be drawn.

(1) The relation of stress vs. temperature, activation energy vs, - -j;”__j'ﬂ
h stress and activation volume vs. stress agree very well with
ﬂ-the Peierls process when the ‘rate controlling mechanism

s_is by nucleation of pairs of kinksa

f‘(2)f The activation energy of the process of ‘the nucleation ‘of

\‘ﬁ‘pairs-of kinks is estimated to be 0. 86 eV to within 12%.

P

" The activation volume is about 25 »3- (to within 10%), except

) 1
.g'at very small stresses.

n(h)f“The estimated value of .the dislocation line tension in the
' ?;Peierls valley is P = 10. 65 x 10°% dynes.; This is an approximate

Ah”value but At is within the right order of magnitude; and could

nibe said to be reasonable. - ,'. ‘;1
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"‘were bbmbuted using the formulae given below. - '}&

iitﬂ y = 11(2/20)2 - sin? o - cos lo
B "~ 8in X,

iinstantaneous load

-initial length of the specimen -

| - instantaneous length ° , o B
U757 Mo and x_ are the initial Schmid angles.

fovg';Tf,;yTheiabéﬁg equations apply forAsihgle slip.
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