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. : o ABSTRACT
ﬁigh purity single crystals of Ta and Mo oriented for (To1) [111]
'Single slip were tested in tension over the range of températures up

¢

to 620°K at two strain rates. Activation energies and activation

volumes were determined. Analyses of the data revealed that they

- were in good agreement with the Peierls mechanism.

I. INTRODUCTION
The deformation charactefiétics of most b.c.c. metals at low
tempefatures differ‘markedly from those-exhibited by f.c;c. metals,l
for example: (a) The yield strength and flow stress of b.c.c. metals
increase fapidlyfwith'decreasing temperaturés and with increasing
strain rates in contrast to the much more modest trends exhibifed-by
f.c.c. metéls.f (b)‘The activation volume for deformation 6f b.c.c.
metals is in the range‘of 5 to 50b3:(b = Burgers' vector)xﬁhéreas
that for f.c.c. metals is often 100 to 10 tiﬁes larger.: (é)-The'actiVation
volume“éf‘b.c;c. metals is independent of strain while.that for f.c.c.
metals deéreaseé with increasing strains. (d) The increase in the.
'yieid stress with decrease in témperature is independent‘of»the strain-
. hgrdehed stéteﬁin b.c.c. metals whereas it:ié~greater for»thé higher
Strain—hafdeﬁeq states.ih f.é.c. métals. (e) AlthoughTthe deformatio@ '
r ; ‘ o .characteristicsvof f.c.c. metals'ap iow teﬁperatures~agree well iﬁ‘all
details with the requireménté of the intéfsection model,\thbse fof

b.c.c. metals cannot be rationalized on this basis.
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effects.

Over the past few years several different thermally activated
dislocation mechanisms have been proposed to account for the unique
behaviop of b.c.c. metals at low temperatures. In summary, these are:

(a) Interaction of dislocations with interstitial impurity atoms or

with substitutional solute atoms.2>> (b) Intersection of dislocations

with clusters ofAforéign atoms.u (c) Resistance to the motion of
dislocations due to jogs on screw dislocations.’ (d) Resistance to
the motion of dislocations due to the Snoeck effect.” (e) Interaction
df dislocations with the intrinsic resistance to motion dﬁe to Peieris"  
1,7-9

The aim of the present investigation was to determine the rate
conﬁrolling~mechaﬁism of deformation in Ta and Mo at lé@-temperatures.
In order to eliminate or at least minimize the possible operation of

some of the previously suggested mechanisms (a, b and d mentioned above);

vonly higH purity :zone refined metals were used. In addition it was

“'”\considered advisable to investigate in detail oriented single crystals

so as to eliminate complications .that might arise in the interpretation

of the data due to possible auxiliary grain size, polyslip and orientationv'

II. EXPERIMENTAL TECHNIQUES

Commercially pure (1/4 in. in diameter) Ta and Mo rods were given .

" two refining passes (at 4 mm/min) in a highly evacuated (below 1076 torr)

electron beam floating'zone equipment. Such zone refined rods were then

given two additional passes following seeding of'single crystals in



the selected orientation. Laue back-reflection x-ray diffraction

"technique was used to determine the Schmid angles, Ao and Xo, for (I101)

[111] slip. The various orientations employed were within *2° of that

shown in the stereographic projection of Fig. 1l so selected as té

maximize the possibility of slip on the (I0l) plane and minimize the

possibility of slip on the (123) and (I12) planes. Only (I01) [111]

~ slip traces were observed on the free surface following tensile straining.'

Tensile specimens";.YS in. long hgving a gauge section 0.80 in.
longﬁand 0.100 in. infdiameter Qere prepared by carefully.machining the
$iﬁgie*crysta; rods. Each épecimén was then electropolished at'O°C’to
remqve‘about.éoo microns so as to reduce possible effects of residual

machining stresses. Specific resistivity measurements were made at

-273°, T7° at 4.2°K as a check on the purity with the following results =

o

Ta Mo

© o
%%123 n10% v 103

“

'which‘indicatéé that‘the crystals are of quite high purity,

Tensile tests were conducted in an Instron Testing Machine at av_'

seriés of temperatures. . 'Two strain rates were used and test temperatureé :

were within il°K-of'the'reported valués;’the étresses were accurate to
“$3 x 10% dynes/em?, and tensile strains were measured to within an

 accuracy of . *0.00L.

ITI. EXPERTMENTAL RESULTS

. Preliminary tension tests revealed that the déformation mééﬁanism-



aetheﬁmél component, TA; and the thermally sensitite component , T¥.

o . v ’ <

at 550°K was athermal for both Ta and Mc. In order to reduce the scatter s

in the 51ngle crystal flow stresses, spec1mens were prestralned to about

a strain of 0.15 at 550°K to attempt to achieve a standard work—hardoned

‘state, as follows:

- Metal‘ | Strain Rate Standard Flow Stress
(pef sec) dynes/cm2
Ta - 9.6 x 1075 , i_.ho x 108
Mo ©9.15 x 1073 | 3.11 x 108

k2 N N
. . R : '

Following prestraining each specimen was unloaded and the'yieid’strength'

at O. 27 offset was determined at the desired temperature and strain

K

rate as shown in Fig. 2. Ta twinned and frac¢tured for y = 8 05 x 10 5

per séc at 4.2°K and for y = 8.05 x 10 3 per sec at T8°K. The reported

datum points connected by the solid lines in Fig. 2, hOwever, refer

’to reliable yield strengths of crystals free of twinning.

Ovef'the higher temperature ranges both Ta and Mo exhibited an

'1athermal behavior where the flow stress was insensitive to both strain

rate and temperature. ' In the lower temperature range the flow stress of'

both'metals_increased rapidly as the'tempefature’was decreased or as

' the strain rate was increased, reVealing the operationtof a thermally

activated'mechanismfdf deformation.
" The total measured flow stress, T, arises from the sum of;the,

v

‘Since the athermal component depends on long range interactions between

~dislocations it varys with temperature as does the shear modulus of
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elasticity according to

_ Ta(550)% | '
A(T) T TG(550) - (1)

- where the subscripts refer to the temperature and .G is the shear moduluS"

of elasticity.d Correspondingly the thermally sensitive flow stress is

9

~ then given by'

T* = T -1 o (2)

Values of G versus T for shesr on the (I10) plane in the [111] direction

. were calculated from the single crystal data of Featherstone snd

Nelghbourslo for Ta (G = 6)8 X 1012 dynes/cm ) and from the data of
Bolef and DeKlerk 11 ~for Mo (G = 1.372 x lOlzdynes/cm ). The effect
of temperature on 1%, as determined from Eq. (2), is shown-in.Fig.ﬁ3.

At low temperatures thermally activated dlslocatlon mechanlsms

’ usually obey the empirical relationship suggested by the Boltzmann

expression, namely, )
_ —U{t*}
. . ’ kT : . S .

*

‘where the activation energy U{t*} is a function of t* and varies with -

<

t temperature as does the shear nodulus such that

U{t¥} = Ué{T*} (GT/GO) ”;i 'VJQ (W) |

- where U {T*} refers to what the actlvatlon energy would have been if the

T“shesr_modulus were that at the absolute zero. For some mechanlsms,

such eslthe interseotionfprognsm, U{r¥} aiso depends on the dislocation ‘
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» 12 ol . X :
arrangements and substructure, but for other mechanisms, such as e ’

' ' . 1,13
the Peierls process, U{t*} i3 independent of the substructure.”’

The value of the standard strairn rate, ;O, always depends on-the density
of mobile dislocations; it may also depend on the substructure but it
is generally insensitive to changez in T and t¥. The apparent activation

‘energies, defined by,

. = -( 340y ) _ 3fnyo) . 3
= | fny } Yol
a»-l/kT o 3 /KT x

wefe déterminéd‘from Fig;iB and are recordsd in Fig. 4. Whereas q usually
decreases linearlj with increasing'T* for tge intérsectibn mechanism
(espé@ially'when dislocations are undissociated) both Ta and Mo giye
someﬁhat cﬁrve—linear trends, suggestive of the Peierls mechanism. ‘A'_
moré_definiti§e.judgement, however, can be basedhon the apparent

" activation volume, v, defined by

éinfo\ ) {ﬂ]_) s {ﬂ}T | (6-) :

iBT*}T ‘ij'T R

..

aznx) '
T

V= kT oT¥

[P

The aétivatiéh volumes, as déduced from Fig. éiare fecorded in_Fig,_S.

Tﬁese activation §olumes are not only much smaller. than thosé obtained

.by_{he inte%section mechanism but, unlike thbse forRintersection,

which are usuélly independent of -v¥, ﬁhe activation volﬁmésnfor Taband o A .
Md'de¢rea§e'ﬁith.increasing ¥ fhesé trend; strohgly infer thefoperatién

"6f the Peiérls_ process..‘Addifional confirmation of the opératidn of-‘ :_ T
- . the Péierls érocess is shown in Fig;.6 whiéh gives the activation

volumes deduced byvrapid changes in strain rate during the course of



fard

. are independent of strain-hardening and agree with the corresponding

'expectatlons based on the FPeierls mechanlsm Various models

~T=

straining at one temperature. The values given at y = 0 refer to

those deduced from the data of Fig. 3. Whereas these activation volumes

activation volumes deduced from ig. 3; those for intersection would

have decreased with increased straining.

IV. DISCUSSION
In this section a detailed analysis of the previously described
low temperature deformation characteristics of Ta and Mo will be made

in an attempt to"ascertain whether indeed all details>agree well with. -
12-20

1

"have been suggested in the past for the P@lerls process. We shalf,

however, confine pur attention exclusively to the Dorn-Rajnak model;21 .
since it has been:shown to agree well with carefully ébtained eXperimentél
factgifor (l2§) [111] slip in the CsCl lattice of AgMg,22 er‘prismatic-
s;ip ih ﬁﬁe hexagbnal Ag-33 ét.% Al élloy,23 and féf deformation‘df

polycrystalline Fe below about 160°K. 2k,25

. The model assumes that the line energy F{y} of a dlslocatlon varles
perlodlcally along parallel rows of atoms on the sllp plane accordlng to

. I'c _ I“o ‘FC —FO ‘l/'a X .a )4-” B
y = -+ 3 {§-+ cos 2wva;: N cos —ZZ ' (7)

_where P is. the line energy at y =0, P at y = ia/_2,,a is.the period
‘,of the hllls and o which can vary from -1 to +1 perturbs the- shape of

- the hills from a purely SlnuSOIGf;'/ :riation glven when o = 0. The

Peierls stress Tp is the maximum stress that need be applied to move,’



withoui'the aid of a thermal fluctuation, a dislocation from one valley . &

to ‘the next and is given by y S

3

R H
i

*\/—1‘—‘? €a7-; "’_\‘k,.";8a_2 -2+ 271+

| .
Y 8&2} (8)

I‘c B ro o |
= +.
. a]a 16 3
The'Peieflszstress, therefore, is the stress r; needed to initiate

deformation at absolute zero.  Since the Peierls stress depends on the

‘line energy, 1t changes with temnerature as does the shear modulus of

‘elasticity accordlng t0~rp = 1° G/GO (see e.g., Frledellz) when a

Y
stress T* which is less than Tp is applied, the dislocation moves

. partway up the Peierls hill to Yy, Where

C¥*5 = - X (r =T ) sin EIXQV(l - d cos g—TEXQ-) . (10) "
o a ¢ o a a

At absolute zero no further motion can take place but at higher temperatnres'

‘thermal fluctuations assist in nucleating pairs of kinks. Such fluctuations

.cause segments of dislocations to bow out. As they bow out thelr line

energy 1ncreases and the applled stress does work equal to T1¥%Db tlmea

' the area-swept out. The total energy at flrst increases but flnally

1t reaches a maximum Crlthal value and then decreases. All thermal
fluctuations having energy greater than this critical energy Un result

in nucleation of a pair of kinks. The critical value of Un was determined !

 using the calculus of variations and numerical analyses gave v - -

_ lr*/Tp;= f(Un/zuk) o : (115 - :;s_ -

where Uk_;s the energy”of & single complete kink ‘as shown by the curves

in Figs. 7a, Tb and 8.



T v _ The true activation volume, defined as

b : . ) 07 n . T ’ )
8 : S vk = - oU - “dk O(Un/EJk) (12)
' o oT* . a(t¥/t ) '
ho D :

X

is shown;by'the curves in Fig. 9, and the théoretiéal relétionship
| between the Peierls stress, kink energy and line energy is given in
Fig. 10. Variations in the shape of the Peierls hills (over the range
-1 < @ % 1) has only a modest influence on the correlations.
The shear strain rate is given by
-U
: _n ‘ .
Y = pab e (13)

whéré!p is the dénéity of mobile diﬁlocations, v.is the Debye‘freéuehcy,'

L the distance QVef whichAthe kinks move before they become arrested
vana,w is ﬁhe width of the critical kink_loép. The above formulation’

assumes that only one péir of kinks is nuCleatéd'and movingzat'one time
"in the éegﬁent of length L. Other assumptions such ég the simﬁltanedus
vnﬁcleatiqn qf several. pairs of kinksgl lead to formulations that érg'
_nbt in'agregment with past or current experimental facts. Althqugh
1HpL/wbmay depend on T* the chrélations achieved to détg and that which j
’ fdllows‘here»suggesﬁithat oL/w is substantially a conéﬁant for a:givén”
_metél;and strain—ﬁardeﬁéd state. |

As shoﬁn in-Fig.VB‘When % equals zero, Un ; 2U£; this" first océurs

at a critical temperature Tc, Conscequently

. ] L a o )
Y = pab 2; @ - (1)
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"".at which 1% = 0 cannct be determined accurately. To overcome these

-10-

and therefore, for the same values of y and pL/w,

~.
i

/a,) = “’UV : f(T/Té) | (15)

as shown by dividing Egq. (lB)’by (14) and introducing the results

~

into Eq. (11). Here 1° rerers to the Peierls stress at absolute zero

and the Peierls stfess_is assumed to change with temperature linearly

 ﬁwifh the shear modulus of elasticity. Thus the abcissae of Fig. Ta
and Fig. Tb are aléo equal'to ’I‘/’I‘C where TC is the cfitical temperature

‘at which t* first becomes zero. The kink energy at the absolute zero,

U° can be obtained from the values of the critical temperatures at two

'k

‘strain rates, nanmely,

/ \
o 1
Il e ey iGTcl} . (16)
Y -20° . _Go 3 o '
2 X : c
. P NTe .
e kTCZ_E 2/

Two features of Fig. 3 prevent a simple direct analyses of these

' _déta. First it is not easily possible to extrapolatevthese data to -

the absolute zero in order to obtain T;; secondly the values of Tc

“diffictltiés T*(GO/GT) was plotted as a function of T on logarithmic

"* scales and then superimposed over the analogous theoreﬁical plot‘of

1*/1_ versus Un/2Uk S0 as to obtain coincidence totween experiment and

theory as shown in Figs. Ta anc¢ 7b. TFrom these curves the values

-of:T;, and Tc and o were deternined as shown in Table 1.

S

X
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- The kink energies, U° were calcuiated by reans of Eg. (16) and the
3 k PV q

line energies I'° at the avsoclute zero wew: determined from TD and DK
using the correlatlons given in Fig. 10.
A correlation between theory and experiment is given in Flb 5.

The experimental datum points of “*/T versus Un/2Uk = T/Tc were

'calculated from the original data using the values of Tp and Uﬁnas

deduced in Table 1. The lines rzfer to the theoretically determined

;relationships for the Peierls brocess. In general the agreement is

very good. One small point of discrepancy concerns fhe'fact that

T*/Tp at tne two lower tempe?ature points for Ta appear. to be somewhatb
higher'than the.theoreticalAmodel oredicts. In view of the care exo“c1sed
this does not appear to be ascrivable to exoerlmental error. - Rather

this effect might arise from the Possibility that the Peierls hill in

Ta is 1n1t1ally somewhat st per than any of the range of slightly

5 modlfled sinusoidal hllls that were assumed in the theor As.will be = -

‘shown the actlvatlon volumes for Ta in this region are'completely‘inv

harmony with the requirements'of the Peierls mechanisms;_consequently

this discrepancy is:deemed to be of secondary importance. A second

p01nt of minor- dlscrepancy 1s noted for Mo where the values of T*/Tp

”seem to decrease more slowly as T .approaches T than the current modnls

predlct In contrast the Ta datz ang the - prev1ously reported res ults
22

‘for AgMg and Ag2Al -3 ala not exhibit this anomalous behavior. A

much more pronounced dlscrepancy oetWeen theory and experiment in this

reglon has been noted for the _casn of polycrystalllne Fe25 containinﬂ

Mn. In the case of Fe the activation volumes in the high temperutul



for a Peierls mechanism. In the case of Mo reported here, however, the

C =12~

region are orders of magnitude higher than those thit are reasonable - o
N g L .

activation volumes, as will be shown, are conéistentbﬁith‘ekpectations
based on the Peiérls mechanism. It is unlikely that the siightly
anomaious trénd for Md in this rezion is ascribable to' experimental

errof; it might ari;e from the pcssibility that the PgierlS‘valley is 
SQhewhat broader than assuncd in iLhe theoretiéal moaél. Thus we conciude-
that T*/Tp'veréus f/TC_data for Ta and M§ aré in good agreement with

the Peierls mechanism over the eatire low temperature range investigated

" here.

The most distinctive characteristic of the Peierls mechanism is its
small activation volume which is independent of strain and increases as
¥ decreases. The independence of the activation volume for Ta and Mo

on strain is documented in Fig. 6. The effect of T*/Tp on the activaticn

volume is given by Eq. (12) ahd the theoretically deduced curves of
‘Fig. 9. ,The experimental detum points shown in Fig. 9 were calculated

using the values of Tp and Uk deéuced in Table 1. Although the expefimental '

I

‘points exhibit some scatter, they cluster, as well as can be expected

in terﬁs of experimenfél vériations in At¥ with A; énd the théqretically

assumedushaﬁes of fhe Peierls hills, aboﬁt the theoreticél'curves td

piovide unequivocable confirmation of the operatioﬁtof,the Peierls l v "'.» .

ﬁéchaniSm. | ' : S ' o C J'
'Further'confifmation'of the Peierls mechanism is given in Taﬁle 1 |

where the line energy T'° dediced Trom the Peierls stress and the kink

energy can be compared with Habuzrro's isotropic estimate of Gdb2/2 for



I

(1) High purity single crystals of Ta and Mo oriented for (101) [111]

e
-l -

Mo are elastically anisotropic

£

this qﬁantity. Inasmuch as the»Ta an
and the estimate of Gob2/2 is very crude, the agreement i; good and
stréngthens the belief}théu the Peierls mechanism is operative. -
F&fthermore the values of pL/w-given in Table 1 are within thé acceptable'

range.

CO&CLUSIONS
élip exhibit a thermally activated deformation mechanism gt low
témperaturés.
(2) Thé‘following types of data confirm the operation bf the‘Peierls
mechanism: ‘
CE)EFStress—temperature relationship.
(b) Activation volume fersus stress.
< (e) Activation volume vercus stréin.
(d) The deduced kiﬁk enersy.
(é) The deduced line energy of a dislocation.
(3) The Peierls stress was estimated to be 33 x‘lolsldyne.s/cm2 forJTa

and 42 x 108 dynes/cm? for Mo.
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FIGURE CLPTIONS
i. ‘Ofiehfétion of the'tensile axis of the cfyqtal.
2. Flow stress vs. temperaturc.
3. Thermal sensitive componert of the flov stress vs. temperature.
wly, Apparent activation encrgy.
5. Appérent.activatipn volune.
6. Apparent acti&ation &oluﬂe.
-T.‘ (a) The thermally.activaied flow stress'vs. temperafure for Mo.
(b)  Thermally activated flow stress vs. témperature in dimension-
less time for Ta.
! -
8. The thermally'activated “low stress vs. temperature for Ta end Mo. -
9. The thermally activated component of flow stress vé; activation
volume in-aimensionless ﬁime.for Ta and Mo.

10. Variation of K with o for nucleation of dislocation kinks.
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FIG. 1. ORIENTATION OF THE TENSILE
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent ‘that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.








