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University of California, Berkeley, California

January, 1966
ABSTRACT

The effects of temperature and strain rate on flow stress of
molybdenum.single crystals were investigated. The flow stress incrgased
slightly as the temperature decreased from approximately 600°K to
425°K., A rapid increase in flow stress then occurred upon testing at
lover temperatures. ,The strong temperature and strain rate dependence
of the flow stress (below L25°K) were rationalized satisfactorily in -
terms of the Dorn and Rajnak theory of the Peierls' mecﬁanism of plasticv

deformation. Above 425°K, the experimental results did not agree

exactly with the theory, which indicates that there might be some

other, as yet unidentified, thermally activated mechanism operative in

. this region.



" “and strain rate over the low temperature region (T <0.2T ). A e

:temperature plastic behavior of b.c.c. refractory metals, mainly Mo.,

T PR SRR

- INTRODUCTION = "' ", .. | T TR L

Recently,;considerable interest has been focused upon tﬁe ldw 4

Ta, Nb and W The flow stress of these metals depends strongly on temperature ,

eltlng

A'bssic'understanding of their mechanical behavior necessitates a thorough '

‘:g;investigation of the rate~controlling mechanism of the mobile dislocations.'

- A few thermally-activated dislocation mechanisms have been proposed, in

" chronological order; these are:

B S P

S (¥) Overcoming interstitial precipitates,

(1) Breaking away from an interstitial atmosphere,
(2) Overcoming the Peierls'-Nabarro stress,
(3) Nonconservative motion of jogs,

Coarer

(5) .Cross-slip.

It vas concluded by Conrad,l Dorn and RaJnak 2 and. Christian and Masters3

" that the overcomlng of the Peierls'-Nabarro stress which arises from the @

3 '{ﬁcovalent bondings between atoms in b c.c. metals was the: most satisfac‘borily'-{f';jV1

' 'ﬁf{ Experlmental results obtained from the deformation of Fe, V, Nb, Ta,

"f“_and to correlate experimental resolts with the Peierls' mechanism using fl f;jf‘z‘g

“H:explained rate controlling mechanism.

" AgMg,! Ag A1, Fe-2% Mn alloy

Several models of the Peierls' mechanism have been formulated.2 h-6 _:lyfﬁ:' |
3. L

8 have been - sucessfully explained by the

Dorn-Rajnak model of nucleatlion of kink pairs. . , . . 5if;i§j@
The purpose of this work was to investigate the mechanical behaviof-ik;ffyg' j

of zone refined single crystals of molybdenum at low temperatures :_3:'L§,373




iﬁ;:where thermal fluctuation had no effect on the flow stress in order to‘

"“:{ It will be shown that the strong dependence of temperature and

" strain rate can be satisfactorily'explained by.the rate of nucleation = tfﬁ’ﬂ

i . for blastic'deformation. : o | Ly

L .
’ ¢ ’ T X :
Do el T T e 3
EN the Dorn and RaJnak model. S '.' i,-':»:»- ' L “-Jj.ﬁf' .,'ﬁ”

.r'

Molybdenum has the attractive properties of high melting point_

(2883°K), a relatively low density (10.22 g/cc); e .high modulus of elasticity

¥
/

" density have a strong influence on the flow stress. Specimens were,

. therefore, given the same number of refining passes in order to achieve'_"ﬂ'ﬁ;

"approximately the same high purity level. Each was prestrained to f
,ffa;the same stress level at the same temperature in the athermal region -

- achieve apéroximately equal dislocation density in each specimen. = = ;'ft

(h6 x 108 psi) and excellent strength to density ratio at high tempenature.mo -
A:{i'Fundamental knowledge of the mechanical behavior can best be obtained |
; ffifby_the investigation of high purity single crystals. Crystals of
v this typeAcan be grown with an Electron Beam Floating Zone apparatgs. ‘ .
It is well known that interstitialAimpurity level and dislocatiop ;i““

;i?li;of pairs of kinks on dislocations involved in the Peierls' mechanism ,l_vgéqff..
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" DORN AND RAJNAK'SMODEL OF PEIERLS' MECHANISM® .~ . . . .10

" When a straight-dislocation line lies in a potential valley barallgl' {
"to- lines of closest packing of atoms on the slip plane, it has its e ?;
'leowest energy. When such a straight dislocation line moves from one LRy

" valley to the next, the core energy of the ‘dislocation increases due to Lo

" the change of position and bond'anglés. The core energy of the'dislpéatioq.; e I

T;;‘was assumed to reach a maximum midway between the two adjacent valleys;—~¥—<%f ' ‘!
A small displécement will cause the disidcatién to fall from the maximum “‘} o 0
' :position into the next valley which is a minimuq*gne£gy position for |
.-the,dislocation.‘ The shear stress necessary to promote such motion of

“dislocation at the absolute zero is known as the Peierls' stress, T?' ;tg.jffj N

A forward motion of such kind can be achieved by the nucleation of :;i:;f

j‘ﬁrwiia paif of kinks under the influence of an applied stress and{a thermal w: :

’ :::fluctuatiqn.' When the size of this kink paif has reached a critical

‘. value, the two kink segments will move away from each other under the .

:fifjivi:sﬁnzf;influencé of the applied stress, resulting in a forward motion of the

"agﬂ;dislocation by & displacement, a, equal to the periodicity of the rows = " i
t‘b?ﬁ,df closely spaced atoms on the slip plane. N . : . o ; ”15;;j'

Dorn and Rajnak applied the suggestion of Ffiedel that the major

Coet0 Y. factor involved in kink nucleation is the additional energy due to the g
B .7 increased line length of the dislocation to formulate their model: The. . . ! -
Sk """ shape of the Peierls' hill was approximated by H :
Sk o . L : "
si}‘,;';:‘ : ’ . , E
T nc I'e + To , e - To (a 2ny a hny ’ :
£ = - + - i
T} ===y =g gt cos Sh - peos 5
SR B ‘ ' ‘ RS S
i -..where To and I'c are the energies per unit length of a dislocation lying _f@?,;
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"f'shape factor that was assumed to vary between -1 aud 1.

The difference in energy of a displaced dislocation line (AB'C in

?:‘,along y=y, is given by

u =.f- (I‘{y} Vl + % - I,‘{yo} - b'(y_ --'yo)) dx

- the dislocation in the two positions, and the third term gives,thé'

4’;'y° to y:v Using Euler's condition for minimizing the energy, the '

' kink energy), activation volume and applied stress, and between the

" velocity of the dislocation and the applied stress.
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"hjff'ax'the top and bottom of ‘the Peierls' hill, respectively, a is a hill- fa3-3°‘

‘",‘Fig. 1) and that,Of'the corresponding straight dislocation line lyingiaﬂf'

7,'where the first two terms of the intergrand are the line energie820£'f‘
- extra work done by the stress t* in displaeing the_dislocation'from o

- ‘eritical energy for'nucleating one pair of kinks wee calculated. 'UponA

" numerical integration of the above equation, Dorn and Rajnak vere. able

h

" 'to obtain universal relationships between Un/2Uk and ™/ (Uk is the i. - ",



"“5iﬁgiVen two refining passes using an Electron‘Beam:Floating Zone apparatus

. (MRC EBZ-93A model).

” V"Z‘in well-defined directions <111>, but on less well-defined-planes.l

'{421 75 in. in. length 0.8 in. in guage section and 0. l in. in diathtfv

.;Qiin a. bath containing 175 ml CH3OH and 25 ml H 250, at o°c ‘to remove

= ;’,aspecimens at 273°K, 77°K and h.2°K. The ratio of resistivities at,

:3:?273°K and 4.2°K vas used to estimate the purity.

EXPERIMENTAL PROCEDURE q‘
Single crystal specimens of molybdenum were prepared and tested FRETE
¢ '

3fiin the folloving-manner. )

'ﬁ(l) Melyﬁdenum rods (1/b in in dia) of commercial purity wene

(2) The zone refined rods were then oriented with the same apparatus-
" in such a manner that the (I01) [111] slip system was operative when -

f-tensile'specimens vere prepared. Slip in b.c.c: metals tends to occur

"It was important to orient the crystal such that the (101) plane had the
- maximum :resolved shear stress and an ample single slip region. Tﬁo
J;’seeding runs vere made to insure that.the'desired orientation was

7. achieved.(Fig. 2).

(3) The initial orientation x5 and \; of each crystal was

??jdetermined by the Laue back-reflection technique. S P ,;:-j

(h)” Single crystals were made into specimens of approximately; *‘

(5) The machined guage section of each specimen was. electropolished

hy;:all deformation put into the specimen during machining. > .1 B tJiwﬂ It

(6) Resistivity measurements were made on the electrOpolished it ey

(7) Each specimen was prestrained to the same stress level (3.11 - . " !



‘

-

S ox 108 dynes/cm?) at SSO°K»to_minimizeﬁscatter from specimen to specimen.

- (8) Tensiop*teéts af,different temperatures were pérformed at -

ﬂﬁ;t strain'rates of 9.2 x 10 3"gsec”! and 9.9 x 10-5'sec_1; For testing

%f;fﬁftemperatures below TT°K, a cryostat apparatus was used. Stress was

-, determined to within *3 x 10% dynes/cm? and tensile strains were measured

'¢_7_to within %0.001.
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EXPERIMENTAL RESULTS AND DISCUSSION
Resistivity ratio and impurity level.

Resistivity measurements were made using a “four—lead" potential probe,

ﬂ?resistivity is given by

b -)
[}
=] ]w]
i

“f;where P -'specific resistivity of the crystal

L A = cross section area ' Co S g yf.
= E = potential across the specimen | — ) |
: ‘1= current: - N
L = length between two contact points. -
: “ ‘ The resistivity ratios, ggiga%, of four zone passes molybdenum
‘X;}f;ljflfffi'.single crystals were all of the order ‘of 103 Chemical analysis by :f'

:zﬂfﬂf‘results.

" L7727 Interstitial Elements N 0 I T ¢
:‘;szf;:;;;?gi' ' .10 p.pm. 10 p.b.s.‘,- 1l p.p.m. 25 p.p.m.

A resistivity ratio of the order of lO3 therefore, represents‘a
_ gi:;};r:rﬁvr*‘ Very low impurity level.,

The dependence of flow stress on temperature and strain rate,

'i:{mgﬁ‘jmjii?”¢»" 'The applied shear stress vhich is required. to cause plastic deformation73"

';i% ;fg"{lf'is given by

T = T% + 7

1:-:ﬁf ‘an external resistor and a ‘constant D.C. current supply.ly ?he specifie

-

' ; the ‘vacuum fusion method of some of these crystals yielded the following_'t i‘:'

. . . .
¢ e 3 et e e s A ™t i ey i e e e -
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: :Eiwhere T is the applied shear stress, ™ is the gtress. required to aid ,

":‘the thermal activation of the rate controlling mechanism and thereforevif'“-;ffﬁ

:ltemperature dependence of the thermal component of the stress. 'The
: rapidly from 25°K to 425°K for both strain rates. Tests below 25°K‘

]i:f“were_not performed‘due.to the difficulties in controlling the stability

w"‘f;of temperature., The curves (Figs. 3 and b) were extrapolated to 0°K.

.tfxT°K. G{T} -is the shear modulus of elasticlty at temperature T°K. '3-:’7 '-i‘f} i}

B 1
~ . [ :
. i P T
. L 3
‘B i
. i
¢
' : it
A) 1 M
: i
i B
Cowrs . &
Y

‘=;decresses precipitously as T increases. 1, is the stress'required to © -l ‘;}
;”l levercome any athermal barriers and it decreases only modestly4as she -"'r :i:ijh?
.&;,Ttemperature decreases, usual;y in parallel ﬁith the‘shear modulus ofﬂ ;~? A p

.-.{elasticity. . . i ;:uf{;”?fig -

The primary interests of this work lie in the strain rate and fi.fgf:;Ty%e‘R

“-ﬂ'results are presented in Fig. 3 and Fig. k. 'The flow stresses decreased <.jr o

The thermal component of the-stfess, i*, can be expressed as

=1 -1 _Qﬁll_.
, T 550°K G{550°} o
,.where‘r is the total resolved shear'stress for flow at temperature ‘..>‘---:',» |
_ , _ L i

‘eﬁéThe term ‘SSOdK E%%%%a— is the total bacg.stress, corrected fer.the ) .,jh. ;:iu T
{ffchange'in shear modulus with temperature. The variation of shear modulus . | = {
.- with temperature was calculated from data obtained by Bolef and De’Kleri:ll . i
’ : ' | : Pl
: :(Figo 5). ' T ! I g‘
The plastic strain rete, ;, for a thermally activated process is- sff;g<,
0 given by . c ) {
v . o - . -(U_{1#}) ok
Y = pabv= e ; . I
% L
4&' !
. ’ i
/ " !

) \ .




. whére p9=‘dénsity of mobile‘dislocations

a

the distance between Peierls' valleys '7'
b =_Burgers' vector | . J
L = the mean length swept out by é pair of kinks 6nce nucléatioﬁ‘. 'r
occurs in that length | | . | . ;
w = width of a pair of kinks at the saddle point energy cbnfiguration :
v = the Debye frequency ' o
‘Uatj*} = saddle point free energy for nucleation of paifs of_kinké
3 k = Boltzmann constant ;_ |
T = absolute temperature

When the testihg temperature reacheé a critical température, T;:=’
” ;for a given strain rate, the thefmal component of the stress, 1%, |
becomes zero and the activation energy at-ﬁhis condition is 2Uk, vhere ° B
Uk is the energy of a singleukink. Therefore, at T = Tc |
au, (T}
kT

' = L
Y = pabv v e

o The‘theor& of Dorn and Rajnak predicts a univgrsal relatiqnship
1”betwéeﬁ UnlaUk (Un is the saddle-point free energy for nucleatioﬁ of a :
‘ Ml{ .pair of kinks) and T*/Tp, and the quantity Un/2Uk can be approximated
 ””;py T/Tci It is the purpose of this;work to cqrrelate the relationship
‘ predicted by the theory with that obtainea from experimental results: . It f i
is shown in Figs. 6 and 7 that moét of the‘expefimental results at
. low temperatures (frdm 25°K to 425°K fof Y = 9.9 x 10”5 sec”!, and

“from T7°K to 500°K for y = 9.2 x 10™? sec”!) fall on the theoretical . . .



f:'l ’ "10" * ’ ;:

. I ; !

X ,fcurve (a 0). At hlgher temperatures (from h25°K to h90°K for Y -x_._;_;ff: i
] 9.9 x 10° -5 sec 1, and from SOO°K to 575°K for y = 9.2 x 10 "3 sec 1) ey

'experimental results do not ‘agree exactly with the theory (as shown in '..ff?_ 7-f

';xiff :  _'Q;Fig. 7). A similgr but more pronounced phenomenon was reported by 5 ‘f;ffﬂ_{ t

.. Wynblatt et al.9 in Iron-2% Mn alloys, but was not observed in tests

“on AgMg7 and A32A1.8 oo
ﬂ There are several possibilities to account for this diaagreement'u”:ﬂ'fi
o ~5f with the theory. An obvious possibility is that the Peierls' hill haB' L

A V;;f‘sa slightly different shape from that assumed by Dorn and RaJnak. It

‘? i is .also possible that some other unknown mechanisms take over in this---

'l;region. Another possibility is due to the slight weakness of the
B f;theory at the low st}esses region. The theory neglects the reverse
: ”ﬂimotion of the kink pair once passed over the Peierls' hill. Experimentdifﬁ

" ;?errors might also be another explanation for this disagreementalthdugh _;g,

”t{;great effort has been made to eliminate this;mssibllity (the controllable

'ff;variables were temperatures and strain rates).

Critical temperatures were obtained by plotting the high temperature ;fﬁﬁ

.. results on the theoretical curves, and critical temperatures were

ﬁﬂ}"jffvsﬂ,f " read off from the scale (Appendix 2). The seme method was applied to

”gjthe low temperéture results to caléulate the Peierlsﬁ'streSSnrp. The

'f'calculated value of,rp agréed veryfweil with the extrapolated value

E ;f “f:ffom'the experimental data. The agreement proves that this method of-iA]:ﬂK.h

'_2$: "":obtaining crltlcal temperatures was a reasonably velid one. (The | Aéx Ti
;.;? % J£iFi~! estimated error ‘of the critical temperatures was about *15°C) 3%fi i
F§f>;:;. -n;. ‘Experimental results aré presented in Table I. - :’ 'ﬁff; 1;
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o T , ~ Table I
™ x 10 8 dynes/cm?
T oK
Y=9.9%x 105 sec™ | y=09.2x 1073 gec”! |
25 36.40 + ,03
52 © 31.07 .
™ 26.79 - 30.13 ¢ ,03 -
o153 ’ 19.33 - , 22.49 B
196, 5 < 15.70 -
coers o = 13.87
T296 - | 7 868 | . 12,65
bos S > R T 3.h9
bso A1 B | _
W75 e | I
L. 500 | e o
600 ' 0 . .. 0
rp‘(extrapolatgdj = (b1.9 + 0.2) x'-lloe;dyne's/cm2 -
5 (from theoretical curve) = (h2;1 t 0,2) x 108 dynes/cm2 .
Tc1'= B42° * 159K -
Te, = 513° ¢ 15°K

:',j} Activatioﬁ'volume. ' o | ' ‘ C . \

aU

. The qnantlty 3—7.15 defined as the activation volume which approximates
' 5f the product ‘of Burgers' vectors and the area swept our during the

. nucleation of the critical loop. The Peierls' mechanism has a unique

oy
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4 ”ulow‘value of the activation volume (usually’ranging from 5 b3 to-SO b3}).;;g L0
i R . o

‘;The activation volume also stays constant with 1ncreaeing strain.
i, These properties of the activatlon volume are the most reliable verificationtAw
I

f"of,the Peierls mechanism, The properties of activation volume of ;- .':jﬁﬁgﬁ

'?j.i; 'em-ﬂ.Aother.suggested mechanisms are presented in Table II.

ne ‘ .. Table II

. ‘Mechanism T S _Properties

B?eaking avay from an B : (1), 'Va .depends on fnterstitial
:interstitial atmosphere , content. Very high values
- : of Va.(probably up to 1000 b3)

S Y

* ! {Nonconservative motion of jogs (1) Va depends on structure.

I I . N (2)  Athermal at low temperature, -

L ' thermally activated when o
T > Tm/2 . ' S

. _ _ (3) va = ,jb .(LJ = length of jog) | 7"

Overcoming interstitial . ",J" (1) .va varies with impurityucontent. ? %Tiu

w iprecipitates S ;f "74'A (2) va = Lib2, (Li = length of o

e A ' precipitate)

I ;:éf:w_}_w‘i, Cross slip S ' Lo (1)’ High activation volume. (of
| I S T ' . Con . -. the order of 700 b3 - aoo b3)

The experimental activation,volumes are obtained by the effect of

small changes 1nvstrain rate on the flow stress. A quantity g is.
"4 . Qefined as | - ' : | o I

S . i . . . U , ' . EERE.

S B g

- } g = diny - dlnp - dny - 1 _n. .

LR ; { ’ at* JrH ot* kT 3t¥ | -
5 ' - ‘ ' i
S B . o
ﬁ» i r -

g T . . . , )

-
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k)

- gkT is defined as the apparent‘ectivation'volume:

. . ' ..U
= 34N g ‘v _.n
a .BkT f‘kt O T. ag* 3;;

: : The negative of the last term is the theoretical activation volume.

'l-}.The term containing vAis alwveys negligibly small. Therefore the apperent

P
A

" to the increase in dislocation density, p, as the stress is increased.

activation.volume.can be slightly larger than the theoretical one due

Figure 8 shows the apparent activation vdlume as a function of stress;

. the low values of Va are in good agreement with the low activation voluﬁe
-predicted by the Peijerls' mechanism. Figure 9.also.shows the relatively'i B
constant value of apparent volume with respect to strain. The theoreticel_{'

‘f and experimental values of activation volume ere shown in Fig. 10,

s indicating the right order of magnitude of the experimental results.

).

Pt Activation energy of pairs of kinks.

The activation energy at 0°K can be measured by the change in

t-
' strain rate due to the change of temperature. -’ '
: <« _u /Jur
] Y=Y ,e n
" vhere - '{ S B Y. = pab L v R S A TR N S
cowhere o ° v L
t .
. - #
. ‘ Un = 2Un ™v
at' critical temperatures ,’f' !
v t ._325£3311; PR -
p W e chl e R : ‘
jaf Yy = ¥ © § :

as



Since ;o stays constant for both cases,

2Uk{T02} euk{o} G{Tca}
. ;2' exp - [ KT, exp = | kTc, G{0} 1
tc ¥ T T &t} T 7. 20 {0l GlTc)}
exp - (=1 exp - [5; TOR
: 1 1
or
‘ 2u, (0} = kG{0}) fn 1é
| S G{Tcl) G{Tca} Yy
Tc1 'Tc2
substituting g ’

kK = 1.38 x 1076 ergs/°K
a{0} = (2.372 * .001) x 1012 dynes/cm?

G{Tcl} = (1.297 = ,001) x 1012 aynes/cm?

Tcl = h42°K ¢ 15°

'Tca e 513°K ¢ 15°
Y
tn <& = 4,52
71

.

. ..2uk{0} = 2,0 ¢ .4 x10712 erge = 1.2 t .2 e.v.
| s .

Line tension of dislocation situated at_the Peierls' valley.
13 . o

14

As sﬁown.by.Dorn and Mitchell

' ; 2x, (0} c*ap L2
—_— = 5,66 L ..
wPo

al
o



~‘15- ’ N

a*b=2.73x 1070 cn
o , 2Uk.; 2.0 ¢ .4 x 10712 efgs
ol ’N'I’-(eXtr§P°1ated) = 11.9 ¢ .2 x 108 dynes/cm?
3j-; Solving fér'ro; ve have r,=1.5¢% .1x 1073 dynes.

The line tension is also related to G and b by the equation

= 2
Po 8G{0}b

§=1.5

- This value compared with Nabarro's estimation of line tension
. 2 ' <
f'(gg-)'proves to be of the right order of magnitude.

fi 'vaxperimental value of the number of dislocations per unit length (oL).

For a given strain and temperature, the value of pL can be determined -
B from the equation'
: - - R
C o Ly . (2Uk *v)/kT
Y Y W .
The ﬁebye'frequency was calculated to be 9.38 x 1012 per sec from
- the Debye characteristic temperature of molybdenum. Taking 60 b for

. -the value of wc.énd substituting the values of a, 3, 2U ., k and T, it

K?
. Qas‘fouhd that pL was 3.5 x 105 per cm. .This value seems to be
 somewpat high when compared with that of AgMg (227 per cm)7 and Ta
(104 per cm).15 It is, nevertheless, a possible numbér in terms of
a the'possibility of a high dislocation density. .

An attempt was made to correlate the data ﬁith another model

' proposedfby Dorn and RaJnak.2 In this model, Dorn and Rajnak assumed



SV

. .

=16~ .

. . . H o

‘iﬁ;'fj"- '{f;&_ that several-kinks'may be moving along lengﬁh L at one time;'ihstead ef—”'}@,

~7\ffi‘ R -»fonly.q'aingle pair of kinks. Howevér, 1€’was proven that this model - - ’}f

P AP DAYV YU ORI QR JHPI U S S er R DS, S
U N JERCEN . P - .. P

O B T T R N ]

! -~
r § o
B - ]
. . '
[P ‘
. fe !
o
s
Cy ¢
A 1
. ct -
. .
A ‘
L . 3
I . -
o ~ :
i
. [
Vo
o £
i
N
R .
. '
B

'i*":;,zt o ;. cannot rationalize the present data.

- -
L .
[
.
+ Ch
. -
.t
A
-
T
s .
[
s
'
! ¥oron : . ¢
s
R .
" f
g . - .
- . 1. -
i
.
,
s
.
[
‘ -
.
..
‘
[

P

~ -



CONCLUSIONS

(;) The strong temperature dependence of the flow stress below
425°K can be explained by the Dorn and Rajnak theory. of the Peferls'
mechanism of plastic deformation.

(2) From 425°K to 600°K, the experimental results do nof agfee
exactly with the theory, there is a possibility that the Peierls' hill -
has a slightly different shape than that assumed or that some unidentifieé
mechanism takes over in this region.

(3) The shape of the Peierls' hills for mo}ybdenum seems to approach
a purely sinusoidal variation with a = 0 except perhaps near the bottom
of the hill. | |

() The calculated activation volume and line tension are in

n*

agreement with the theory.
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. .APPENDIX 1

N

Resoived shear strains and stresses of a single slip éystemi

. Y = - 9 2 . 2

zo = original gaﬁge‘length

L = load




- APPENDIX 2

- Determinatioﬁ of eritical temperatures from Fig. 6:
_For the theoretical curve e = QA ’ij"' ) -fi ‘1 -
; = 9.2 x 10 3. gec” !

T | T = L25°K AR
The experimental point o o
AR : ‘ ™™ = 3.49 x 109 dynes/cm?
\,

P ' T/'I‘c = .83 R : o -
* coincides with the point - on the theoretical curve q = 0

B (as.shown invFig.46), therefofe, solving for"l‘ca,'"rc2 = %%2 = 513°K.

For y = 9.9 x 10™5 sec™l

T = 425°K

- The experimental point ool
, . . . . [ 3. .61 . " ‘ ) ‘ s

";6in;idéc<§£ﬁh fhe éoint T/Tc:=V.96 on the theoretical curve o = O
A - , ’ o/t = 0Lk . (a8, shown in Fig. 6)
_ Tp

fsolving for. Tcl, c n %%%.“ hﬁéskﬁ

VoL

LI

L]

r3



‘:pointé, one gets the following resulis:

for lovw temperature experimental

The same_methdd’applied to Tp

a =20
¥ =9.9 x 1075 sec”} j
- Sy .
T = 25°K |
t = 36.% x 10 dynes/cm? | ‘ 7

. T/Tc =‘;56.'1”'}"-‘f[,
coincides with’ SRR
' t/t_ = .86 0 S -

" therefore " h2,4 x 108 aynes/em? - - .
o v

R Y= 9.2 x 1073 gec”l
| J; = 30.13 x lO8 dynes/cm I o T/Tc = ,15
- . '+ coineides with R e
1@ a 77 X S R L7
,itherefore Té s'hi.B}i 108 dynes/cﬁz.
= 42, l x 108 dynes/cm as compared to ™ (extrapolated)

”V‘ ” f’€,f1 The average value ?p
= hl 9 x lOe dynes/cm proves that the extrapolation is & satisfacuory

- one. : - o . s
. ‘ . L ' .

Y



APPENDIX 3

- Relauion between shear modulus and ehear constants of [111] [lOl]

‘1"75119 sys»em.

 where H= geometric factor = 1/3 for [lll][lOl] slip system.

'“‘fTherefore.

1
Gri1a3(Tor)  Cuu

LB ( 12 ) AR
360 Lt
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