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ASYMMETRIC SLIP IN Mo SINGLE CRYSTALS
as 1 2
Silvanus Lau~ and John E. Dorn
Inorganic Materials Research Division, Lawrence Radiation Laboratory,
and Department of Materials Science and Engineering,

College. of Engineering, University of California,
Berkeley, California

ABSTRACT

May, 1969

The tensile properties of Mo single cryStals in six different
orientations were investigated ovér»the range from 20°K to 550°K. The
plastic BehaVior shbwé asymmetry in the critical résolVed shear stress
for slip on both {110} planeé and_{ll2} planes. At low temperatures,
within the thermally activated region, slip seéms to take pléce on well-
defined crystallographic planes. At high témperatures in this range,
however, slip takes place on irrational planes. .The asymmetries
associated with yielding and slip.increase with decreasiné temperature.
These effécts were rationalizéd in terms of the modified PeierlsAmodel.
The model assumes tﬁe asymmetrié slip arises from a tendéncy toward
asymmétric arrangement.of atdms ih fhe'core of fhe g <lll7 screw
dislocatioh. It is shown that the model caﬁ predict with reasonable

accuracy the asymmetric stress-temperature-strain rate-orientation

relationship and the asymmetriec slip behavior.

lResearch Metallurgist and 2Senior Research Metallufgist, Inorganic
Materials Division, Lawrence Radiation Laboratory, University of
California, Berkeley, California.
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I. INfRODUCTION
Recent expérimental investigations on singlé crystals of bec metals
and alloys havé shown that theirAlow—témperature thermally-activated
slip behavior is affectéd by-sévéral uniéué oriéntation effécts. These

effects are conveniently described in terms of the angles A , X~ and
. _ T 1

‘ Aix; shown in the standard stereographic projection of Fig. 1. Whereas,

Ao and_)\2 are the usual Schmid angles between the specimen axis and the
i .

[111] or the [I11] slip directions, X: and X; give the angular deviations

. of the planes of maximum resolved shear stresses from the (101) and the

(101) crystallographic planes, respectively. The angles ¥ and wé refer
: S

to the anguler deviations of the observed slip planes from the (I01) and

the (101) crystallographic planes for slip in the [111] and [I11]

1

directions respectively. The principal orientation effects are

‘manifested by: (1) Asymmetric critical resolved shear stress laws for

yielding. (2) Asymmetric slip band formation. (3) A reversal of the

asymmetric behavior upon reyersai of the applied stress from tension to

compression.

»
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1. Yield Strength. As demonstrated by Taoka, Takeuchai, and

Furabayashi(l) on Fe—Z;T% Si; Keh and Nakada(g) on Fe;-Stein(B)-on Mo,

(4) (s)

Taylor and Christian 3 Bowen, Christian and Taylor on Nbj; Sherwood,

() on Ta, Nb, Mo; Argon and Maloof(7) on W3 yielding

Guiu, Kim and Pratt
of bee metals and alloys does not obey the critical resolved shear stress
law as originally ppstulated by Schmid; For example the critical resolved
shear stress for slip on the (I01) plane in the [111] direction increases
as X: increase§ when the‘spéciﬁen is tested in tension. Qualitatively

the same general trends apply when other slip planes become operative.

A schematic representation of this unusual yield behaviof is shown in

Fig. 2a.

2. Slip Band Formation. The asymmetry of slip band formation has
(1) ' |

on Fe-2.7% Si; Sestak, Zarubova and

(9) '

been reported by Taoka et al

S1adek'®)
(5)

on Fe-3% Si; Sestak.and Zarubova on Fe-6.5% Si and Bowen

et al on Nb. The present status of this subject has been reviewed by

Kroupa and Vitek(lO) and Bowen et al(S)

. Slip occurs exclusively in the
£111> directions. All recent investigations have failed to confirm the
eariier announcements of {123} slip.  Slip has been observed to take
place on the'{lOl} and’ {112} planes. - A typical case is that for

Fe-6.5% Si crystals(9)

tested in tension shownvin Fig. 2c.7 For
-orientations near X: = 0, slip takes place by the (iOl) [111] mode aﬁa
therefore, wl = 0 (vide Fig. 1). At X: = 30 slip.occurs by ther(éll)
Llll] mode 'and therefore, wl = 30°. Over the range of about 25°

‘:X: <30°, wl increases from O to 30° revealing that very intimate
(101) to (211) cross slip takes place. At x; = -30°, slip occurs by the

—

(112) [111] mode and lpl = - 30°. And between about -30° < xl’ <-10°
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intimate (II2) to (I01) cross slip occurs. The asymmetric wl—x'
- 1

- relationship is clearly revealed in the figure suggesting that when X;

is negative cross slip to the (112) plane is more facile than cross slip
to the (311) plane when X; is equally positive. 1In other.metalé and
alloys minor variations afe noted from the observations for slip band
formation in Fe-6.5% Si. For example, slip takes place in the [I11]
direction as X: approéches -30° in Nb where the asymmetry is less

pronounced than in Fe-6.5% Si.

3. Reversal of Stressing. When the applied stress is changed from

tension to compression the asymmetric behavior becomes inverted as shown

" schematically in Fig. 2.

Several factors are known to affect the degree of asymmetric be-
havior. Whereas the asymmetric behavior in Nb is quite‘mild, it is more
pronounced in fe‘and seems to increase with Si addiﬁions to Fe. Mo and
W exhibit high dégrees of asymmetric behavior. Furthermore, the asym-
metric behavior is vanishingly small in the high temperature regioﬁ
where the deformation is athermal and the degree of asymmetric behavibr
increases as the temperature is iOWered in the thermally activated
region. Conséquently, the asymmetric behavior must be associated with
the 'low—temperature'thermallj-activated mechanism of deformation in bec
metals.

Escaig(ll), Vitek(12), Vitek and Kroupa(lB)

(14)

, Kroupa and Vitek(lo),

(15)

Escaig, Fontain, and Friedel » Duesberry and Hirsch , and

Duesberry(l6) have suggested several somewhat similar dislocation models
in attempts to account for the asymmetric slip behavior in becc metals.

Despite some important differences, all such models were based on one or
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another of several assumed asymmetric dis.s\ociations of a/2 (lll? screw
dislocations into partial dislocation on several slip planes of their
zone axis. Such sessile dislocations were ﬁresumed to slip following
thermally-activated cross slip. The activation energy was calculated
based on the conventionél concepts of stacking-fault energies, inter-
action energies between partial dislocation lines and line constriction
energies. The significance of the role of scréw dislocations in the
deformation of bcec metals at low témperatures is amply confirmed by their
preponderance over edge dislocations as shown by etch pit investigatiohs
(17) on Fe-5i; and by electron microscopy by Low and
on Si-Fe; Taylor and Christian(h) (5)_on

Nb; Keh and Nakada(e) on Fe and Swerd(lg) on V

by Low and Guard
(18)

Turkalo on Nbj; Bowen et al
. PFurthermore, some of

the assumed asymmetric dissociations of screw dislocations can account,
'at least qualitatively, for the asymmetric slip beha&ior for thermally
activated deformation at low temperatures. On the other hand, the
prediéted effective stress increases much moré rapidly with a decreaée

in temperature than that observed experimentally. In order to achieve
nominal agreement with the effective stress over the higher raﬁge of
temperatures in the low temperature.thermally activated range, it is
necessary to assume that stacking fault energies are so high that the
-partial dislocations are separated by only about one or two Burgers
vectors. Since at such small separations, the cores of the partial
dislocations must overlap, the analytical treaﬁﬁent of the problem in
terms of stacking-fault energies, interaction energies partial dislocation
lives, and constriction energies is revealed to be inappropriate.

(20)

Furthermore, Vitek has recently demonstrated that the various
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dissociations'of screw dilecétion in bee metals are theoretically
untenable. In retrospeét, it appears that these probes.into the problem
of the asymmetric slip behavior of'béc metals are not justified
quantitatively and, therefore, serve only to indicate prominent_
qualitative trends.

Recently Dorn and Mukherjee(zl) have suggested an alternate

approach for rationalizing the asymmetric slip behavior in becc metals.

They suggested that the‘stacking fault ehergies are 80 high in bcc metals

-that no true dissociations of the screw dislocations take place. Rather,

the tendency toward splitting leads to a decrease in the core energy of
the dislocation with a corresponding asymmetric disposition of the core
atoms. These coﬁcepts are in qualitative agreement with results by

(22) (23)

Chang and‘by Bullough and Perrin based on pseudo-potential
analyses for the equilibrium‘positions of atoms about screw dislocations
in Fe. In order to move a screw dislocation.from éne to the next
parallél row of atoms on a slip plane; its energy must be increased in a
manner somewhat similar to‘thatlﬁhich applies in.the usual Peierls

mechanism. The asymmetric arrangement of the core atoms, however, was

assumed to be modified by the magnitude and direction of the applied

shear stress in such a manner so as to cause the "apparent' Peierls
. ' Pl p :

stress to increase as the core atoms are moved in the antitwinning

direction. With this innovation, it was possible to reformulate the

Dorn—Rajnak(zh) model for thermally-activated nucleation of double kinks

s0 as to provide for the asymmetric slip behavior of bcc metals at low

temperatures.

(25)

Guyot and Dorn have shown that the double-kink model for the
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normal Peierls mechanismcofrelatés quite'well with the experimental

data on low-temperature deformafion of polycrystalline bcec metals and on
single crystal so oriented that Al :.h5° and X; = 0°, These correlations
are in complete harmony with expectations based on the modified Peierls s

(21)

mechanism. Furthermore, the modified Peilerls méchanism waé shown to
be-in nominal égreement with the limited experimental data then
available on the effects of crystal orientation on the ésymmetric slip
phencmenon. The avaiiable data, however, were spotty and precluded the ;
possibility of correlating the asymmetry of the yield stress, the
asymmetry of slip-band formation and the yield stress-temperature
relationship for oremetal over the significant temperature range.
Furthermore, the range of orientations that had been studied was too
limited to permit a detailea comparispn of the theory with experiment.

| The preSedt investigationvwas initiat%d to study in detail the
asymmetries of the tensile yield stfess ané slip band formation as ;
function df temperature fqr a wide range of orientations in order to
obtain a complete picture of the asymmetric behavior for one material.

High purity Mo was selected for this investigation because it is known

to exhibit proncunced asymmetric slip behavior.
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II. EXPERIMENTAL TECHNIQUE

Commerciaily "pure"IMo rods were givén four passés by-thé electron-
beam zone-refining technique to‘provide single crystals having less than
iOO ppm inférstitial impurities. Each.rod was seeded to provide a serieé
of about 20 speciméns of éach orientation shown in the stéreographic
projection of Fig. 3. The single cr&stal rods were maéhined into single
crystal specimens each having antd.SO inch gage length and a 0.125 in.
square cross éection. The latter was intrpducéd to facilitate two-trace
slip;génd‘analysés. After one hour of eiectro poliéhing:in a Hgsoh -

CH_OH solution all surface machining damesge, as detected by Laue back-

reflection x-ray analysis, was removed. The specimens were then annealéd‘

in an ultra-pure He atmosphere at 2000°C to provide a well-annealed
initial standard state. The speécimens were then given an additional

2-3 minute electropolish which provided a smooth highly-reflective

surface that permitted accurate slip-band detection and measurement.

Following a final orientation determination the specimens were carefully

'gauged and then tested in tension at various constant temperatures from

Lo to 550°K iﬁ'an Instron Testing Machine at a sfrain rate of 3.3 x 1077
per second. The‘yield stress wﬁs détermined at an offset of 0.002 strain
fram the modulus liné to an accuracy of better than : 3 x 106 dynes/cmé.
Specimens'wére removed at various étrainé for slip band observations by
the Normanski interference contrast téchﬁique. Operative slip planes

vere identified by the two-surface slip-band trace analysis technique.
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- III. EXPERIMENTAL RESULTS

A, Téﬁ§ilé fiéié étfgéﬁ. Between 450° and 550°K the deformation
for all crystal orientations. that were investigated was athermal; Thel
yield stfesses decréaséd propoftional fo‘thé shear modulus of elasticity
» with increasiné.témperature; Ovér this rangé of teﬁperaturés the tensile
yield stress, about 1 to 2 x 108 dynes/cﬁ2, was insensitive to crystal
orientation. The exfremely‘low values éf the athermal yield stresses
-atfest to the high pruity énd good crystal perfection that was achie#ed
in this investigation. |

The variation of-the effective tensile yield stress 0% (obtained by
Subtracting the'moduius corrected athermal stress level at the test
temperature from the ekperimentally determined tensile yield stress) with
temperature, T, for each of the‘drientafions that wére investigated is
recorded in Fig. k. Thé critical témperature Tc, at which the efféctiye
yvield stress vanished was about 450°K regardless of crystal orientation.
As the absolute zero was approéched the éfféctive ténsile strésses
increased to values of 35 to 90 times greater than the athermal stress
level dependent on orientation. This reveals that modest variations in
~ the athermal stress levél from specimén to-spécimen, or with crystal
'Qrientation, do not significantly affect the effective stress determina-
tions at very low temperatures. Part of the deviations in thé o* versus
T cur&es with orientation, as will be shown later, arise from differences
in the resolved shear stresses on the operativé slip plénes. The effect
of this factor, however, is quite small in contrast to the large

differences that were noted in the o =T curves with crystal orientation.
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If the Schmid Law (that yielding occurs when.thg-fesolved shear stress

on the slip plane reaches a critical value) were valid the o' =T curves

should have increased symmetrically with + or - x; about X; = 0.

Consequently the slip behavior is seén to be highly asymmetric. The
asymmetry manifests itself by the extraordinarily high tensile yield
strengths as x: approaches +30°, Interestingly, the degree of asymmetry

is most pronounced at the lowest temperatures and appears to become

| vanishingly small as T approaches Te.

B. Slip Band Observations. The operative modes of slip were

" found to be dependent on crystal orientation, the test temperature and

the strain. The general appearance of the slip bands, howevef, éeemed
to depend primarily on the test temperature with the expected variation

with strain regardless of crystal orientation. Over most of the

" athermal range from about 450° to 550°K the slip bands were coarse, wavy

and branched, indicative of localized slip band formation, and profuse

cross slip over macroscopic areas of the slip bands. At about 350°K,

however, in the higher-~temperature regions of the thermally-activated

range, the slip bands were much finer, straight and unbranched. Whereas .
for somé_orientations ﬁhéy coincided with low-index rational slip planes .
for other orientations as will be clarified later, they fell on irrational
planes of high indices. At T77°K the slip traces were very fine and

closély and uniformly spacéd. All traces at TT7°K fell on 1§w index ,
rational slip planes. In no case was slip obser&ed to occur on planes of
the form {123}. Slip took place only on planes of the forms {110} and

{112} or irrational high index planes.
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Ofientations where X; VaS‘positive slipped only by the a/e.[lllJr
Burgers véctor. AS.X; was,decfeésed someﬁhat'into the region of
negativé valués, slip also occured via the a/2 [T11] Burgers vector. For
orientations whére X: was highly negativé; slip toock placé.only by the
a/2 [111] Burgers vector. |

The most probable slip planés in the zone of the a/2 [111] Burgers -
vector are (011), (1I12), (Io1), (§il)'and (ilO); Thesé; as indicated in
Fig. 1, are correlatable with wi angles of -60°, -30°, 0, +30°, +60° |

¥

respectively.  Analogously, the most probable slip planes in the zone of

the "?/'2 [I11] Burgers 'vector"are (0I1), (112), (101), (211), and (110)_
whibh are characterizéd by‘\bé angles of -60°, ~30°, 0, +30°, +60°
respectively. The'obseryed angies fér slip bands at small strains of
less than about 0.01 are documentéd in Table I. The reportéd angles are
estimated to be accurate to about - 2°. | |

With the singular excépfion of thé results given for crystal C, all
of the data recorded in Table I are clearly self-explanatory. Whereas,
crystal C was very favorably oriented.for [111] (511)'slip, only the
[111] (I01) slip mode was goﬁed at the two lower test tempera£ures of
77° and,160°K.  Clearly [lil] (éii) slip has a higﬁer activation energy
than [111] (101) slip: for this érientation. At the two higher temper-
atures of 298° and 356°,vw1 qhanged from its 77°K value of Oé_fo 6° and
lderespectively.' This might have resulted from (I01) and (211) cross
slip. On the other hand for témpératures above-h50°K, two branched and
vavey slip bands wvere prédqminéﬁt, cone ‘falling around wl = Ob and the

other around wl = 60°. There was no evidence for the expected (211) mode

of slip at any temperature for small strains. Apparently the valﬁes ot

N

3]
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w1‘= 6°‘and‘159 at: 298° and 350°K.respectively_result.from (101) and
(110) cross slip;

The data given in Téble I revealed that.ﬁhé [111] s1ip vector can
result in slip on the (110), (iOl):and (1I12) planes and thét»ﬁhe [I11]

slip vector can result in slip on the (0I1), (liE)Iand (101) planes.



TABLE I

Orientation of Siip Bands

Crystal A: A1.= 55° X: = 16° AZ = 43° x; = -30°
Slip Modes

T in °K wl- wz Vector Principal Cross Slip With

7 - -30° [I11] (112) -

156 —— _300 " (1] ——

298 —_— 320 " " and (011)

425 - -34° " " and (011)

Crystal B: kl = 54° 'X: = Q° Az = 30° o X; = .21°
Slip Modes

T in °K wl wz Vector Principal Cross Slip With

7 0 ——— (111] (Io1) —

298 0 ——— ' L " ———

325 0 _;_ 1 n ———

356 O —_— " " ——

Crystal C: A = 6k X, =28 A =6° X7 = 15°
Slip Modes

T in °K wl, wz VYector Principal Cross Slip With

17 - [111] (To1) -—-

loo ——— " ." —

298 6° —_— "o " and - (110)

350 15° —— " " and (110)



Crystal D: A= hbe . .x: =16° A = 39° o X, = 10°

- S1ip Modes:

T in °K 7 R Vector Principal Cfoss Slip With
1 2 _ _ ) _ o v
7 0 — [111] © (Tor) A
159 0 e N " ’ " — ,
301 O . ——— " V " —
351 : O ——— " " ———
Crystal B: A = b5 X[ =60 A =3P X, =13
(& Sliv Modes
T in °K » Vector Principal Cross Slip With
T7 -— -30 [T11] : (1I2) —
153 - -6° [111] (To1) - (112)
-24° [T11] (112) - (101)
298 -8° [111] -~ (T01) (11i2)
-20 [I11] (112) (101)
352 -10° - [111] - (Io1) (112)
' -12° - (111] (112) - (101)
el N = o ‘ = o A = 39° vo = _co
Crystal G: . 42 X A 39 X, 5
Slip Modes.
T in °K ‘ Vector Principal Cross Slip With
7 0 [111] (Io1) ' —
0 [111] (101) ' —_—
298 -5° - [111] (Io1) (112)
| -5° [111] (101) (112)
350 -8° [111] ~ (To1) (112)
)

-8° [111] (101) © (112
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IV. ANALYSIS AND DISCUSSION
It is the objective in this section to attempt to correlate the
observed asymmetric slip behavior of Mo single crystals in the low-

temperature thermally-activated range of deformation with the modified

(21)_

Peijerls model suggested by Dofn and Mukherjee What need be done is
to account:fér (1) the c* - T relationships as a}function of orientation,
(2) the decreasing degree of asymmetry.with_increaéing.temperature, (3)
the effect of crystal orientation on the observed slip bands, and (k)

the variation of wl and wz with temperature.

A. The Asymmetry of the Peierls Stress. A major factor in the

théory'cqncerns the assumption that the asymmetric disposition of the
atoms in the core of a screw dislocation result in asymmetric Peierls
stresses for each permissable mode of slip,‘with the added feature that
tﬁe Peierls stress increases when the cofe atoms are displaced in the
antitwinning direction. For example, for.the slip planes that were

observed to be operative in the present case, the Peierls stresses are

given by
fpilo = Pzgy * Aioi o cos Xléin KI sin 3x; (12)
1101 = P11 f A7oq 0% cos Xléiﬁ Al sin 3X; (1b)
_?pii2 = Pyy, + Agg, o cos Alsin Kl sin 3X; (1c)
for slip by the [lll]vvectog and by
o011 = Proy * Aibi o cos Azsin kz sin 3x; (22)
Tp1ie = Pi1s * Ay1p o cos Azsin kz sin 3X; - (2p)

*
= P_ 4+ A . .
Th101 Piop * 8507 O cos A251n kz sin 3X2 (2¢<)
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for slip by the [I11] vectqr. The constants PiOl and Pii2’ represent

the Peierls stresses for slip on the indicated planes when X; (or-x;) =0.

The constants AiOl and Aii2

stress. This asymmetry, however, depends on how effectively the applied

give the degree of ésymmetry in the Peierls

shear stress 0*_cos Xl sin Xl for slip by the [ill] vector and
0* cos Az sin Az fqr slip by the [I11] Vectgr_displace the core atoms.
in the antitwinning direcﬁion[ This was given-ﬁy G* cos Xlsin Al sin13x:
and o* cos Xz sin AZ'sin 3; respectively a; shown by qu. 1 and ? as a
linear appro*imation. The value of Péll is so.high in Mo under tension
that the [111] (211) mode is always superceded by other easier modes of
slip.
| Although several modes of slip mightbgontribute to the deformation
of siﬁgle crystals at the higher-témperature levels in the thermally:
activated range, only one mode of élip can be'operati#e for each
orientation at the absolute zero. It is the mode for which the activation
energy becomes zero first. This.genefalization accounts for the obser-
vations made in Table I, fhat the number of slip modes deéreases to one
as the temperaturé‘is decreased.

The Peiefls stress'is_the resolvéd shear stress on the 6perative

slip plane at the absolute zero. This reSolution for the cases of

interest here is given by:
* *

T 310 =0 cos XI sin Xl cos (60 - X:) - (32)
* ® : B R |
R R S o
#* * : - ' | |
T i =0 cos-k1 sin X-l cos (30 +-X1) (3¢)

for slip by the [111] vector, and by:
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o cos'A sin A cos (60 + x7) (ka)
2 2 "2 :

* o

Tl o1
% % S - (1)
T 11 -, 0: cos A sin 2.c:os (3Q X, (bp

. « _ v o
T o100 = O cos K2 sin kz COS:X; (ke) |

for slip by the [111] vector. Whereas the last three subscripts on T

refer to the slip'plane, the firsﬁ subsgript 1 or-i refers to the slip

vector [111] or [ili]. Extrépdlating'the_expérimental‘value of the

stregs‘c* as given in Fig..h to the absolute iero and resolving it on thé

operative low-temperature élip plane and plotting it as a function of

0* cos X;_sin kl cos 3X; or 0* cos XZ sin Az_cos 3X;, dependent on which

is appropriate, gives the solid circles in Fig.v5§ Clearly the linear

approximation suggested by Egs. la, 1lb, and Qa‘for the-Peieris.sﬁress

for {101} slip is excellent and gives values of At5a of 0.263 and Pzs

of about 45 x 1078 dynes/cmz. The two solid datum squares for {112}

1

slip exhibit a lesser élope. In ordef to obtain a better estimate of
the slope‘the open datum points were calculated for'thé resolved shear
stresses on non-operative planes. Obviously thé corrésponding Peiérls
stress for these planes is above the open datum points. Thus, {112}
is

slip is seen also to exhibit asymmetry but the value of Aii2

estimated to be only about 0.125 or slightly less and Pii2 is about
4.2 x lO_8 dynes/cm2. The significant cdrrelations revealed in Fig. 5 "

could not be made previously because the existing‘data was then far too

limited in scope.

B. Slip Bands and Their Asymmetries. Slip bands arise only. from
those modes of deformation that have relatively high frequencies of

activation. At very low temperatures, as was previously discussed,
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slip will take place only by that modg'for which the activation energy
first vanished with‘increasing.siress. A major faétof that determines
the operative dee ié cfystal orientation. The increasing amounts of
cross slip and.the introduction of slip by new slip vectors as the
temperature is increased must Be ascribed to fhe‘increaéed frequency of
'acﬁivaﬁion of such modéévof defdrmation. In this section of the report
“an attempt will be made to rationalize the observed asymmetric slip band
formations and their variations with temperature. Thé analysis will be‘

(2k)

based on an extension of the Dorn-Rajnak »modél for the activation of
slip.by the nucleation of double kinks,
The activation energy for the nucleation of a pair of kinks, Un,

is given by (21,24,25)

Un=2ukf{_r_f} | (s)

T
where Uk is the .full kink energy under zero effective stress, T 1s the
effective shear stress on the operativé élip plane and IP is thevcorres—
Ponding Peierls stress. The fu#étion f"&*/Tp} varies from zero when
T*/Tp = 1 to unity when T*/Tp = 0 and depends gnly mildly on the shape
of the Peierls'hiil. In their fdrmulation of the modified Peierls -

21)

. ( . . . A
~mechanism Dorn and Mukherjee® employed the f function appropriate to

a sinusoidal Péiéris hill. - It appears, however, fhat the quasi-parabolic
Peierls hill:?escribed by Guyot and Dorn(25) might be moré appropriate
for the asymmetric core model of the modified Peieris mechanism. The
predicted T*/Tp versus T/Tc¢. curve for crystal B, which.exhibited

exclusively [111] (I01) slip over the entire thermally activated range

of temperatures, agreed very well with the experimental data when the
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energy to nucleate a double kink was selected to be - '
Un = [FT 3 A (6)
n=0ama Jabt 1 -X .
_ 8 RS

where a is 1.92,2 is thelspacing between parallel rows of atoms on the
slip plane, b is thé Burgers vector and T is the energy of a unit léng
screw dislocation. This differs only slighfly from the theoretical
expression of Un for the quasi-parabolic Peierls hill for which the
. modifying factor o = 1 in lieu of 1.92, and the exponen® of the, bracketed
term is 2 in lieu of 1.85.

If is expected that the Peierls hiilé for the various modes of slip
differ from each other.  The majdr factors respbnsiﬁle for such devia-

(25)

tions are known to be the magnitude of the Peierls stress, Tp the
value of the kink height, é; and d. In general, however, the trends are
rather insensitive to small variations in the exponent of the bracketed
- term of Eq. 5 and for that reason the value of 1.85 will be used for all
modes of slip observed here. .

Since the values of a,-a, and Tp‘depend on the mode of slip, the

activation energy for slip by the [111] vector on the (h k 1) plane will

be represented by

| — £ \1.85 .
Uinkl = %x1 ™nxl Jahkleplhklr 1. Dinkl ' (7)
: 8 Tplhkl .

The symbol 1-is replaced by 1 when slip occurs by the [111] vector.

It has been shown(2h) that the frequency for activation on any (hkl)

plane of bec crystal by the [111] vector is given by

* _ . 2
1hkl Y 1pki

V1710 T V1311 Vaitor T Vatiz t Vil

A%

(8)
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with a similar eXpréssion for slip by the [111] vector. The frequency

Vohkl? previously derived for the quasi-parabolic hill, is given by
. .

2
v b LT :
v o o e - - 9
- 1hkl TT2 hkl T kT :

where Vo is the Debye frequency and L; is the length of the [111]
dislocation segment that is advanced to the most paraliel row of atoms.
For the observed slipbplanes in Mo single crystals in this investigétion,

the frequency expressioné reduce to

2
*

v
v = 1hkl
1hkl V = +V - 4V —— (10)
1110 1101 1112
and
2
AV
*
s fni ()
! V= = + V- - + u-
_ 1110 1101 1112
for the [111] and the [I11] slip vectors respectively.
Simple vector analysis(eh) gives the .angles wl and wé that the slip

- bands produced by the [111] and [I11] siip vectors respectively. For

the operative slip modes in Mo single crystals these reduce tor

* % : %
cot Yy = illo 110 110; 101 2 1112 112 12a
: ! 43/2 ve - a- Loyio o a-
' 1011 o011 1112 112
* o * : *
) 1 V= = g - +J Ve = - + V- . a
cot Y = /2 Vo7 20Ts 3/ 1112 112 1101 101 (12v)
: m *
2 3/2 V= - g - —l/ V- = &g -
1011 o011 .2 1112 ‘112

The predicted values of wl and wz were obtained as follbws:
1. The Peierls stresses are given by Eqs. 1 and 2 into which were

introduced the experimentally determined values of’Piol = 45,0 x 108dynes/
2

> _ _ +8 2 - : _
em”, Ayy, = .263, Psis = L0.2x10 "~ dynes/cm and A3, = .125, as recorded

in Fig. 5.
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® - : C
2. The effective shear stresses T were calculated in terms of the

¥ :
applied tensile stress, 0 , and crystal orientation as required by Egs.
3 and b.

3. The following values were employed for the designated parameters:

b=2.73 x 10‘8cm_

k=
[

To1 "~ 2 2 b/3

A 6 b/3

112
G = 1.296 x lOledynes/cm2

4. The value of G- 5 which must be the same for all {101} planes, -
(26)

was obtained from the effect of strain rates on Tc as reported previously
- for crystal B whichslipped exclusively by the [111] (I01) mode. Since’

2U was found to be 1.98 x lO—lzergs, = 1.92.

%To1-

5. Since more of the tested orientations gave exclusively the

k1101

{1117 (I12) slip mode, the above mentioned technique could not be used to

N T12 = 2.7 from the value Qf

cot wl Eq. 12a, for crystal E.

determine o== It was shqwh to be a

Having in this way éstablished all of the pertinent physicél
constants, wl gnd wz of Egqs. 12 a and b weré calculated by introducing
the appropriate values which are given by the physical constants given
above into Egs. 7, 8 and 9. The calculafed values shown by the solid
lines, are compared in Fig. .6 with the experimental data, shown by datunm
points. The'correlation between the modified Peierls méchanism for
asymmetric coresfand the slip band data and its variation with temperature
is rather good, and need not be elaborated further. It is important to
not;, however, that the calgulated variation of wl with temperatﬁre fof
crystal C.was based on the assumed (I01) to (1I10) cross slip and not on

(101) to (211) cross slip. ' .
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IV. THE EFFECTIVE YIELD STRESS
A major'factor‘in évaluating the possible validity of any thermally-
activated disldcation méqel céntérs about thé agreement that is’obtained
bétween the pfedicted variation of yield stresé with temperature and
that thained'experimentally. Iﬁ the case éf bee metals, such as Mo,

which appear to have asymmetric arrangements of atoms in the dislocation

core, the resolved shear stress at yielding is inappropriate for this

comparison:\ l.)'For'exampie, the expefiméntal efféctive yiéld sfress-
temperature data given in Fig;h clearly reveals that the critical
resolved.shear stress criterion'for yielding is not obeyed. é.)
Furthermore;'as shown by fhe previously described slip band énaIySis, a
given dislocation can undertake intiméte cross slip from'one operative
plane to another. 3.) The amount of such crdss slip de?ends not only on
crystai orientation, but also on thé test temperature. h.,) Aﬁd!finaliy
sevéral different'slip vectors might be operative at one time dependent
on crystal orientatiqn and temperature. Thésé issues can be avoided by.
direct formulation of the tensile strain rate as a function of the
tensile stress(zh) by tension resolutiqn of the shear strain rates of
each opérative mode of slip to give the total ténsile étrain rate,

(21)

Following the analysis of Dorn and Mukherjee s, the shear strain

rates on the(hkl)planes are given by

. : * ’ : )
Skl T P P Vi (132)

and

€Thk1

m

ps ba, | Vi _ (13b)

where pl and p; are the densities of screw dislocations having the [111]
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and the [I11] slip vectors respectively. For the bpérative slip
mechanisms ‘in Mo the tensile € strain rate then becomes

€ =cos A sinA {€- cos(60 ~yx") + & - cosx +¢€-— cos(30+
1 1 1110 17 1101 1 1112 .
X )} + cos A sinA {e- - cos (60 + X") + €= - cos (30 + x7)
1 2 2 1011 2 1112 2
+e-  cos X'} T (1)
1101 2

In order to facilitate the analysis, it was as;umed that b1L1= piL1= pL
wnenever duplex slip took place. Although»the vaiidity of this ’
assumption might be questioned, the issue is not critical for evaluating
the 0* -T gelationship ﬁecause Q* and T appear as strong variables in
the exponeptial term of the equations, wherea; p L appears as a weak
variable in the prefexpoqentiél term. For a given test all quantities
such as é, O*, TP, etc, pertinent to the aéplication of Eq.lh are known
excepting pLV,. These values were calculated for each Cryétal by
introducing the known dafa.at T7°K where only one slip system was
operative. In view of the insensitivity of G* - T relationship to the
value of pLv,, the variations of pLv, from crystal to crystal were small.
Employing these values the solidlpredictéd curvés shown in Figs. Ta and
To, 0* versus T were obtained; These can be comparéd directly with the
corresponding experiméntal datum péints as shown.

" In addition to thevthéoretical formulation of the modified Peierls
mechanism,'the predicted curvés Qére based on bnly the following
experimental data: 1.) The asym@etric Peiérls stresses, shown in Fig. 5,
obtained by extropolating the yiéld stress for each orientation to the
absolute Zero. .2.) The slip band that was operative f&? each orientation

at low temperatures. 3.) The value of a;01 as deduced from the

@
g
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‘experimentally established kinkkenergy which was determined from the

effect of strain rate on Tc fof.crystal B. L.) Tﬁe value of 0-- as
: ' : 112
deduced from slip band observations on Crystal E. 5.) The average
. . : . * .
value of pLv, as deduced from the known values of € and 0 at T7°K for

each crystal. 6.) No arbitrary adjustments were made. 7.) A1l

" experimentally determined quantities were in good agreement with

theoretical expectations.
. The agreement between the predicted and experimentally determined
% - — - IR
0 - T curves, although not perfect is nevertheless quite good. It is

seen that the assunmption of an asymmetric Pelerls stress, vide Fig. 5,

which is the principal concept involved, does account qualitatively for

v

the asyﬁmetries that are present iﬁ the 6* -‘T curvee. Furthermore, the
decrease in the asymmetric behavier with incfeasing temperature is
automatically accounted in the assumftion that Tp depends en the
orientation and magnitude of the applied shear stress in a manner
suggestive of chenges in fhe arrangement of atoms in therdisloeaﬁion
core. When the applied stress tends to move atoms in the antityinning
difection the Peierls stress, and conseeuentlyxthe:yield stress,
increases for.all operative slip planes_at all temperatures. This
effectbseems te be so strong 1in Mo single cr&stals so as to preclude
the operation of [111] (311) slip for positive values of x:, whereas, in
contrast [111] (iiE) slip occurs with relative ease for negative'velues
¥ :
of-x:.(:The agreement between the predicted and experimentally'determined
0*-T curves is.exeellent near x:e.O. For values of k; near + 30° apd to

a lesser degree for those of X: near -~ 30°, the agreement is not as good.

Several factors, such as the assumed linear variation of the Peilerls
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stress with 0* cos Xl sin kl sin 3x;,*the assumption fhat the shapés'of
the Peierls hills are about thé same for (ii2)land (1015 slip, and the
assumption that the shapes of the Peierls hill does ﬁot depend on
o cos Al-sin Xl sin'BX;. | |

The correlations pfésented here call for morevintensive effort bn
determining the lowestfenergyvcohfigurations of atoms in the core of
screw dislocation in bece metalé; their displacemenfs ﬁnder applied
- stresses, and the details of the minimum}eﬁergy for their thermally-

activated motion when a double kink is formed. The completion of such

approaches, however, appear at present to constitute a series of

formidable tasks which may not be adequately done for many years. In the ‘

interim léss pretentious épproaches such as that provided by the simple

modified Peierls model night prove useful.

o
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‘ V._'CONCLUSIONS

1. From 450°K to 550°K the defofmation of Mo single crystals is
athermal. All orientations gave approximatély thé same low yield stress
of about ; to 2 x lO8 dynes/cm2 and exhibit similar coafse, wavy and
branched types of slip bands indicative of polyslip, and extensive cross
slip. Asymmetric behavior, if present at all; was so miﬁor as.to be
undetectable.

2. Between 450° and 20°K thermally activated slip deformation took
plaée. The effective yield stréss increased raPidly'with,decreasing test
temperatures and the slip‘bénds became finer and sharper. At the lowest
temﬁeratures, slip took place on planés of the forms"ﬂOl}_and'{ll2}.

At higher temperatures slip occﬁred on irrational-planes illustrative of
cross slip and for some orientations duplix slip was observed. Siip
never occured. by the [111] (211) mode even for orientations extremely

favorable for the operation of this méde. In contrast slip did take

place by the [111] (I12) mode even for some orientations that were not

especially favorable for this mode. Thus, slip band formation was
strikingly as&mmetric.

3. The critical resolve shear stréss la& wés found to bé invalid -
resulting in highly asymmetric yield stress. Thé degree of.asymmetry
fof both slip band formation and the yield stress decreased as the
temperature was increased.

4. The asymmetric behavior was analyzed in terms of a modified
Peierls mechanism of slip base on the nucleation of double kinks on
screw dislocations in beec metals. It was found that this model provided
a good‘qualitative déscription of the origin of thé asymmétric thermally-

activated slip behavior of Mo.



26

ACKNOWLEDGEMENTS '

The authors would like to expreés their appreciation to the United

States Atomic Energy Commission for their support of this investigation
through the Inorganic Materials Research Division of the Lawrence
Radiation Laboratory‘of the University>of California. The authors are

also grateful to Professor A. K. Mukherjée for helpful discussions.



o

Y

27~

" REFERENCES |
C1. .T. Taoka, S.'Takeuéhi and E..Furubayashi; J. Phys. Sog., Japan,
| 196k, Vol. 19, p. 701.
5. A. S. Keh and Y. Nakada; Canad. J. Phys., 1967, Vol. 45, No. 2,
Part 3, p. 1101. |
3. D. F. Stein; Canad. J. Phys,; 1967; Vol. 45, No. 2, Part 3, p. 1063.
4, G. Taylor and J. W. Christian; Phil. Mag., 1967; Vol. 15, p. 873.
5. D. K. Bowen, J. V. Christian and G. Taylor; Canad. J. Phys. 1967,
- Vol. 45, No. 2, Pért 3, p. 903.
6. P. J. Sﬁerwood, F. Guiu, HE. C. Kim and P, L. Pratt; Canad. J. Phys.,
| 1967, Vol. 45, No. 2, Part 3, p. 1075. |
7. A. S. Argon and S..R. Maloof; Acta. Met.; 1966, Vol. 1k, p. 1hkg,
8. B. Sestak, N. Zarubéva and V. Sladek; Canad. J. Phys., 1967, Vol. L5,
No. 2, Part 3, p. 1031.
9. B. Sestak and N. Zarubova; FPhys. Sfat. Sol.,.l965, Vol. 10, p. 239.
10. F. Kroupa and V. Vitek;,Canad; J. Phys., 1965, Vol. k5, Yo. 2,

Part 3, p. 9L5.

' 11. B. Escaig; J. Phys., 1966, Vol. 27, C3-205.

12. V. Vitek; Phys. Stat. Sol., 1967, Vol. 22, p. L453.
13. V. Vitek and F. Kroupa; Phys. Stat. Sol., 1966, Vol. 18, p. T03.
1k, B. Escaig, G. Fontain and J. Friedel; Canad. J. Phys., 1967, Vol. L5,

No. 2, Part 2, p. L481.

15. M. S. Duesbery and P. B. Hirsch; Dislocation Dynamics (McGrawv-Hill,
N.Y., 1968) p. 57T.

16. M. S. Duesberry; Phil. Mag., 1969, Vol. 19, No. 159, p. 501.

17. J. R. Low and R. W. Guard; Acta. Met., 1959, Vol. 7, p. 1T1.



18.
19.
20.
21.
22.

23.

2k,

25.

26.

o8-

J. R. Loﬁ'and A. M. Turkalo; Acta. Met., 196é, Vol. 10, p. 215.
P. Smerd; D. Phil. Dissentation, 1968, Univ. of Oxford.

V. Vitek;_Phil. Mag., 1968, Vol. 18, No. 154, p. 773.

J. E. Dorn and A. K. Mukherjee; Trans. AiME. to be published.
R. Chang; Phil. Masg., 1967, Vol. 16, p. 1021.

R. Bullough and R. C. Perrin; Dislocation Dynamics, (Mchaw—Hill,

N.Y., 1968) p. 175.

J. E. Dorn and S. Rajnak; Trans. Met. Soc. AIME,, 196k, Vol. 230,
p. 1052. | |

P. Guyot and J. E. Dorn; Canad. J. Phys., 1967, Vol. hS,’No. 2,
Part 3, p. 983. |

S. S. Lau, S. Rauji, A. K. Mukherjee, G. Thomas, and J. E. Dorn,

Acta. Met., 1967, Vol. 15, p. 237.

L)



29-

FIG. | STANDARD STEREOGRAPHIC PROJECTION.
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