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THE ASYMMETRIC DEFORMATIONS OF MOLYBDENUM
SINGILE CRYSTALS

Silvanus Sui-Wai Lau”
Inorganic Materials Research Division,'Lawrence Radiation Iaboratory,
Department of Materials Science and Engineering of the College of Engineering,

University of California, Berkeley, California

ABSTRACT

The tensile properties of Mo single crystals of six different orienta-
tions'were investigated over the range from 20°K t0'55O°K. The plastic

behavior shows asymmetry in the critical resolved shear stress for slip on

.both {110} planes and {112}planes. At low temperatures, within the ther-

mllyactivated region, slip seems to take place on well defined crystallo-

graphic planes. At high temperaturés in this range, however, slip takes

place on irrational planes. The asymmetries associated with yielding and

slip both increase with decreasing temperature. These effects are rationa-

- lized in terms of a modified Peierls model. The model assumes the asymme-

tric slip arises from a'tendency toward asymmetric splitting of the core
of the a/2 (111) screw dislocatioh. It is shown that the model can pre-
dict with reasonable accuracy the stress-temperature-strain rate-orienta-

tion relationship and the slip behavior.



I. INTRODUCTION

In recent years the experimentally confirmed existance of several

~unique orientation effects on the plastic behavior of b.c.c. metals has

added one more important factor to be considered in the already extremely
complex and controversial problem of low temperature thermally activated

111 1 their review paper, Guyot and

deformation of b.c;c. metals.
Dorn12 have demonstrated the validity of the Peierls theory in ration-
dlizing the thermally activated deformation of polycrystalline b.c.c. tran-
sition metals (W, Fe, Ta, Mo, Nb) and some alloys (Aglig, Fe-Si, etc.).
In spite of this attractive féature of the Peierls théory, it cannot
account for the asymmetries associated with yield strength and slip geo-
metry in single crystals.

Since the pronounced presence of screw dislocations has been observed

13 15

. i :
in Fe, Mgl Nb™” and other b.c.c. metals and alloysu using transmission

electron microscopy following low temperature deformation, the role of

screw dislocations in the theories of thermally activated deformation has

received much attention. Screw dislocations exhibit the unique possibility
dfvlowering their energy by splitting so as té dissociate into partial
dislocations lying in several slip planes coincident with their zone axis.
This possibility in splitting and lowering of energy, and the observed
facts of preferréd screw orientation of diélbcation after low femperature
deformation, lead to the formulation of the current popular theories of
thermally activated cross—siip of split screw dislocations,l’e’3 "The
virtue of these theoriés is their capaﬁility to account for, at least qﬁa-

litatively, the rapid increase of yield strength, the slip geometry and

the asymmetry associated with yielding., The success of the models,
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however, relies on the somewhat ques£i§nable speciél details in the assumed
splitting of the dislocations. One major objection is the fact that in
order to achieve even noﬁinal agreement Wifh the experimental facts, it
must be assumed that the partial dislocation are sebarated from each other
by at_most one to two Burgers vectors. Under these conditions the partial
dislocafion cores overlap and the usual cdhcepts of line energies, inter-
action eﬂergies and constriction energies for partial diélocations plus
the concept of a stacking-fault energy are no longer valid. Thus, the
very foundation on which these models havevbeen erected aré exposéd asvin_
valid. The deformation model based on the concept of elastic interactions
between dislocations and tetragonal interstitial iﬁpurity strain centers
also cannot account for the asymmetric behavior. Furthermore, it has been

21,22,29
proven,

that interstitial impurities only alter the athermal stress
levels of these b.c.c. crystals and do not significantly effect the thermal
activation of disloéations.' |
Recently Dorn and Mukherjeel6 have formulated a modified Peierls

model to rationalize the thermally activated deformation of b.c.c. metals,
Their approach is based oﬁ a generalization of the Pelerls mechanism wﬁich
assumes an asymmetric dislocation core which is modified by the effective
stress and permits cross slip. The theoretical prediction; of this model ”

seem to be in reasonable agreement with the limited data tnat are now

available,



A. The Asymmetric Effects

In general, the asymmetric effects can be divided into three cata-

gories. Each of these effects is closely related to the tensile orienta-

tion under investigation. These effects can be best described with the

aid of the standard stereographic projection shown in Fig. 1. The angle

'Xi s represents the angular rotation of the plane of maximum resolved

shear stress from the (I0l) plane. The angle ¢l’ represents the angular

rotation of the observed slip plane and the angle M\ , is tle Schmid angle

1

for slip in the [111] direction for the tensile orientation "+". Similar

- angular relationships hold for [I11] slip direction.

A schematic diagram of the expected ¢—X' relations assuming crystal
symmetry is given in Fig. 2 for exclusive operat ion of (101}, (211} or
banal slip, (slip on the plane of maximum resolved shear stress). Sharp
slip bands would be exbected if onlyvone kind of slip plane were operative.
If symmetry prevailed and some cross slip took place the w-k' curves would
remain anti—symmetrical about’Xf:O as shown by the broken curve of Fig. 2,
and slip band would appear to be wavy except at X'==30; 0° and 30° where
slip might be confined to lie almost exclusively on the (I12), (Io1) and
(211) plane respectively.

The asymmetric effects are summarized as follows: (1) Asymmetry.§f
yielding: A4 demonstrated in Fig. 3a and b, the yield strength of the
crystal changes asymmetriéally as the tensile orientation changes. The
dotted'line represents the symmetrical change as depicted by Schmid Law.
A detailed investiggtion on asymmetric yield in Fe-2.7 Si alloy waé re-

ported by Taoka, Takeuchi and Furubayashi.u Similar trends have been

observed on Nb,'15 Mo,5 Ta, Nb and Mo and other b.c.c. metals.
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(2) Asymmetry of slip: Figures 5cfand'3d show schematically'the asymmetric
Y X{, curves for Fe-Si alloys,l’u’7f8 as compared with the symmetric

¢I Xi, curves show in Fig. 2. If slip geometry was governed by crystal .
symmetry, operative slip planes for orienﬁations with positive X', should

be related to those with negative X', by a symmetry operation. It is evi-

dent from Fig. 3c and d that such a symmetry operation fails to relate

ARV .. ' . ot .
the wl Xl curve from positive Xl to negative X ,wl X1 curves of this

'.
1
kind are typical'of the asymmetric slip of b.c.c. metals at low tempera-
“tures. ‘As the temﬁeratureiincreases, the observed asymmetry reduces accord-
ingly. (3) Asymmetry of stressing direction: When the sign of the stress
changes from tension to compression, the asymmetries for yielding and
. slip geoﬁetry are inverted as shown schematically_in Figs. 3%a, b, c, d.
This asymmetric effect has been reported by Taoka et al} Sestak and Zarubova,7
. and other investigators on'Fe;Si alloys.
Similar inversion of yield strength upon the change of sign of stress
is reported by Sherwood et'al.,6 on Ta, Nb and Mo. Tt is suggested that
the equivalence of (éli) [111] with_(IIE)[III].difficult slip and the
equivalence of (I12)[111] with (211)[III] easy slip lead to the inversion.
This suggests that when atams move in the twinning direction, (in a dis-

location reaction on {1l2}plane of the type:

1/2 (111) = 1/6 (111) + 1/3 (111),
the twinning direction is the direction where the resolved shear stress
would make the twinning partial 1/6 (111) to glide first, the antitwin- v

ning direction is the direction where the resolved shear stress would
make the complementary partial 1/3 (111) to glide first), slip is easy,
e.g. [111] slip on the (1I2) plane under tension, and when atams move in

the antitwinning direction, slipg becomes difficult, e.g.[111] slip on
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(211) plane under tension, All three‘types of asymmetries increase with
decreasing temperature, and all seem to be closely related to the atcmic
movement in either the twinning or antitwinning direction. Because of
these common features of the asymmetries, it is strongly suspected that
they have a comion origin.

The majbr objective éf thié investigation was to éstablish experi-
mentally the éffect of orientation and test temperature on the asymmetric
yieldiﬂg and slip band formation undef tensile straining of single crystals.
Molybdenum was selected for this investigation because it was known to
exhibit high asymetries than Nb, Fe and Fe-3i alloys. A second objective
was to test the accuracy of the recently announced modified Peierls mechan-
vism. In order to éermit definitive correlations between theory and experi-

ment, special orientations were selected for study.
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IT, EXPERIMENTAL PROCEDURE

Molybdenum rods (1/4 in. diameter, commercially pure) were purified
by the electron beam zone refining techniques Oriented single erystals
are grown with four molten zone passes. These crystals were machined

into specimens of the following dimensions: total length 1.5 in., gage

length 0.8 in., square cross section of 0,125 in. X 0.125 in. The shoulders

at both ends were threaded and the shoulder radius is 0.125 in. (Fig. h).
_'Electropollshlng in HéSOu-CHgoH solution was used to remove the surface
mechanical damage on the specimens, The polishing equipment consisted
of a rotating stage where eight specimens ecould be polished at the same
btime. The specimens were filrst attached to the stage. in a vertical posi-
tion. Tﬂe stage was then lowered into the polishing solution. The ro-
tation speed of the stage was approximately 1 cycle/min. The specimen
positibn’was reversed every 15 minutes of polishing time to ensure dimen-
sional uniformity. After approximately one hour of polishing, the x-ray
Laue patterns of the surfaces indicate.that all ébservable surface
mechanical damage was removed. These specimens were then anneagled in an
ultré—pure He atmosphere for 24 hours atr2QOO°C, to achieve a standard
initial state for all the test speecimens. The interstitial impurity
concentration of the speeimens showed by the vacuum fusion method:

¢(.009 wte%), 0(.002 wt.%), and N(.00L wt.%). Resistivity ratios
PRT5K 1P
PL.0%k

for 2-3 minutes, Specimens were found to be very brittle after annealing

The annealed speeimens were electropolished again

without electropolishing (Stein reported the same phenomenon5). The vari-

ations of the width and thickness were not more than ,002 in., the specimen
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surface was shiny, smooth and good for slip line observation. The speci-
mens were tested in tension (nominal strain rate = 3.3 X 1077 sec-l) at
different temperatures and to various strains. The yield stress was measured
at 0.2% plastic strain. The slip lineSVWere observed using the Normarski

interference contrast technique, Operative slip systems were determined

by the two surface trace aﬁalysis method.
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III. EXPERIMENTAL RESULTS

Six orientations within the standard stereographic triangle were

o

investigated (as shown in Fig. 5). Both [111] and [I11] girections have
N 3)8:9:17)18 .

been identified in theé literature. Each orientation was identi-

_ fied in term of N, X', an&vxe, X', as shown in Table I.

General observation of the mechanical data for tension indicates a °
strong temperature dependence of yield strength. This temperature de—
pendence varies, hovever, with respect to tensile orientation, i.e.-
stronger in tension for orientations near the [111] - [011] boundary
and weaker for those near [001]. At high temperatures %550°K), slip
lines were observed with optical microscope to be coarse, wavy and crys-
tallographic. At interme@iate temperatures @:550°K),vslip lines were
finer and less wavy, slip seems to take place on irrational plahes. At
low temperatures (=T7°K), slip lines were very fine énd straight, slip
traces fall.on low’indexed planes, Thé temperature ndrmal yield stress
relationship for different orientations is shown in Fig. 6. The.plastic
- behavior is sﬁmmafized in the following tables shown on pages 11-1k.

Slip traces can be detected at strains as low as .0 with the aid of
the Normarski interference contrast technique (resolution limit‘z 3x10"  .cm. )
At this low strain, Usually only one operative slip plane is detected near
the center of the' specimen. Near the shoulders at both ends, more complex W
glip traces are 6bse;ved even at the very beginning of plastic flow. This'
is due to the shoulder radius effects which give rise to a more camplex
‘stress state at the ends than that near the center which is under simplé

tension stress. At higher strains, other slip traces are detectable

‘throughout the specimen. The optical microscope observable on-set strain
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of new slip traces depends primarily on temperature and tensile orienta-

. tion. At 550°K and of tensile orientations most favorable for only one

operative slip system,.(i.e. orientation B), the strain for the observed:

on-set of slip traces other than the primary slip is 2 or more. This on-

. set strain decreases with decreasing temperature. Also as the tensile

orientation changes to a more favorable area within the standard triangle
for miltiple slip, slip traces become very complex (three systems or mare)
at intermediate strains, this again depends on temperature and orientation,

(i.e., "B," 1%, 300°K) faint and unidentifiable traces are, sometimes,

‘observed. As the plastic strain increases to more than a few percent,

the slip Eehavibr "simplifies", usually only one or two highly stressed
systems remain., One of the remainiﬁg systems at high strain is usually
the one observed at very léw strain. Similar slip behavior was noted in
Morl0 at.% Re a'.lloy.l'9 VA comparison of results of slip behavior reported
here with those very limited results reported recently in the literaturel7’18’20
indicates a general agreement on the choice of slip systeﬁs. The details
of slip behavior, however, vary from one,investigator to another, i.e,
the on-set of secondary slips, thé prevalence of certain syétems at a
certéin temperature, strain and ofientation, etc. The differences in
the detalls of slip behavior cén be attributed to methods of investigation,
specimen end or stress concertration effecté, speciﬁen size effect and
purity of specimen étc. |

The yield-strengths of the crystals vary vastly with @emperature
(as shown in Fig. 6). The stress-ﬁemperature curves for X >0 lie above
that for X'=0, and those for X'<0 lie below. The difference in these
curves.is more pronounced for X'>0 and at low temperatures. Pért of the
difference is due to the difference in the Schmid angle A, and the,resﬁ

due to the asymmetric effects. If the Schmid angle for each orientation
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were normalized to that for Xi =0 (n = 5h°), the difference in the stress-
temperature curve, is, then primarily due to the asymmetries, (Fig. 7).
Observations on the mechanical data and slip behavior indicate that

larger asymmetric effects are associated with {110} slip planes than

those wifh {112} slip planes at low temperatureé, (Figs. 6, 7 and 15).
Between 300°K to 450°K, slip is less rational, and the asymmetries reduce.
One special feature worth mentioning is the fact that rational (éll) slip
is never observed at small plastic strains [(211) slip plane is only ob-
served at 158°K, 13.6% elongation for orientagion Al. Even for orientation
"G" where the (511) plane is most highly stressed, only (101) and (I10)
slip planes are observed. Even at the critical temperature where slip
usually takes on the rational plane with thé highest Schmid factor, heavy
cross slips between (I10) and (I01) planes were observed giving 2 pseudo |
(211) slip plane (Fig. 10e). This reveals that the (211) plane has an
‘usually high critical stress for slip in tension.

The athermal stress level o depends primarily on the impurity

10,21,22

550°K
goncentrations, the dislocation density and arrangement. This

stress level er ali annealed specimeﬁs varies between 1 to 2xlO+8 dynes
cm?, sugéésting that the conditions (impurity, dislocation, ete.) of all
séecimens are quite the same and the stress level is small compéred with

those at lower temperatures. ‘The critical temperatures (the temperature

at whiEh the thermally activated stress first becomes Zero; o. = 0) for

Tc

‘all orientations appear to be identical and equal to 450°K.



TABLE T
Orientation At The Schmid Angle X1: The angle between %é: The Schmid angle X'o= The angle be-
for slip in the [111] the plane of max. shear for slip in the [I111] tween the plane of
direction stress and (101) direction ‘maex. shear stress
: ' and (101)
A 5545 ~16° 43° -30°
B 5k° 0° 50° -21°
C 64° +28° 6° +15°
D hy° +16° - 29° +10°
E 45,5° -6 39° 13"
G heo - )+d' 390 . - 50

-"['I..
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TABIE II Orientation A

o , 8 dynes ' .
TK o* =<c - 0__,0 )i 0.2X10 ——m— Observed Slip traces:
2% T 550 K cm Y, +2°(Fig. 8)

0 71.5 (extrapolated .

55 '50.9 value)

7 k.5 -30°
156 27.1 -30°
298 13.1 -32°
375 7.9 ~34°
h25 1.1
550 0 -30°

TABLE IITI Orientation B
-] 8 dyne's .
T K ={o_ - 0__ o}t 0.2x10 ——=— Observed Slip traces:
<T 550 K) cm? 9.t 2° (Fig. 9)
0 9k.5 (extrapolated
value)

25 76.6

52 65.5

T7 56.5 0° (77°K)
153 ho. 7
196 33.1
296 18.6 0° (298°K)
425 1.28 ° (325°K), 0° (356°k)
550 0 ° (550°K)

\';J |



0'.2% =
0o 190.0 (extrapolated value)

20 156.0
b1 127.0
17 80.7
160 52.0

| 298 - 22,0
350 ' 10.2
Loo L1

13-

TABIE IIT. Orientation C

K S ,gxlo_é_égﬂ}_e_s__
. , cm

Observgd'slip traces:
¥ *e (Fig. 10)

-]

o

o]

& o

©

.+l5

heavy (I01), (I10)
cross slip

TABLE IV  Orientation D

T°K U* o + .2x10 —§—Q%E§§ } Observed slip traces:
i em Yy * 2° (Fig. 11)

o - 117.5 (extrapolated value)
27 © 102.0

7. TheT 0°

159 . 51.5 o°
301 21.8 0°
351 10.2 0°

400’ 2.15

50 0 (io1), (II2) cross slip
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TABIE V

Orientation E - -

+ .2x10 —§~9g39§_

Observed slip traces 2° (Fig. 12)

T o ot _— |
0 79.0 (extrapolated value)
20 68.6
7 b1.3 Y, = 30°
153 29.3 vy =67 ¥, ==k®
| 298 15.1 ¢é =-20°
352 9.3k ¥y = 107 g, = -12°
550 0 Yy = 0%, Yy =0
TABLE VI  COrientation G
T 6*2% + .2x108 __§g§§§__ Observed slip traces (#2°)
. cm (Fig. 13)
0 85.0 (extrapolated value)
53 1.7 |
50 61.3
7 L6,2 ¥, = 0y Y, = 0°
159 24,8
298 14.8 ¥y =-5° "y, = -5°
350 9.2 wl =-8° U, = -8°
50 0 ¥, =0

s
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IV. DATA ANALYSIS

The unique plastic behavior of Mo- single érystals has been described
in the previous sections. It is the objective of this section to analyze
these data, rationalize the data in terms of a dislocation model and

attempt tovmaké some generalization. A successful dislocation model for

" plastic deformation of b.c.c. metals must have the ability to explain

(1) the strong temperature dependence of yield stress, (2) the asymmetries
associated with yielding; and (3) slip geometry.‘ The modei, above all,
must also have sound physical foundation and must be self-consistant.

The thermally activated cross slip of dissociated partiai dislocationsl_5

is a éurrently popular model. It has been applied to the deformation

of _Nbg’l3 and Fe—Sil alloy with qualitative and partial quantitative

success., As mentioned in Section I, the model relies on the dissociation

geometry of the screw dislocation and on the concept of cross slipping
of these narrowly dissociated partials whose cores are bverlapped. In
addition to these objections, the cross slip model predicts a somewhat
stronger temperature dependence of yield stress in the low temperature
region than indicated by experimental results. Furthermdre, Vitek2 has
shown recently fhat no stable intrinsic stacking faults can exist
either on {110} planes or {112} planes in b.c.c. crystals. The disso-
ciafion geometry of partial dislocations on {110} and {112} planes,
therefore, cannot have a realistic and meaningful foundation. WVitek
further ;uggests that.a more realistic splitfing of thg scr;w dislocation
represénts a model of the dissociated core.

Dorn and Mukherjee.l have recently introduced the dissdciatéd core

25

concept to the line energy model of the Peierls theory ~ to rationalize

i
1
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the thermally activated deformation of b.c.c. metals, This modified
Peierls theory has been applied to the limited data now available in
literature and appéars to enjoy reasdﬁable success.' The experimental E
results of the present investigation will be rationalized in terms of ’
this modified model to provide a critical test for its validity under

more extensive conditions than heretofore available.

A, The Modified Peieérls Model

The modified Peierls model assumes that the thermally activated
deformation of b.c.c. metals is controlled by thermally assisted forma-
tion of kink pairs on screw dislocations. The core of the screw disloca-
tion i; assumed to be split, i.e. the atoms in ﬁhe core tend to lower thé |
core energy of the dislocation.by readjusting their posifions. Under an |
applied stress, the core becomes asymmetric (Figs. 14 a and b). When
the screw dislocation is activated it moves frpm one row of atoms to
another and the core atoms take a more planar configuration on the'slip
plane. Therefore, there is an increase in energy. This "activated"
screw dislocation forms a pair of kinks and moves out of the "Peierls™
vélleyvby one atomic spacing undér the action of the applied étress, It
is assumed that the screw dislocation is again split to lower its energy
after the screw dislocation has moved one atomic spacing. When the next
thermal activation comes, it may or may not slip on the same slip plane b
as it did previously. The probability that the screw dislocation will
cross slip to other possible slip planes dgpeﬁds on the temperature and
the relative magnitude of the. activation energies on all different slip
planes, The magnitude éf the activation energies, in turn, depends on

the stress, the orientation and the asymmetry of the core. Therefore,



-17-

screw dislocations in general slip on the plane of intimately (on an
atomic écale) cross slip between planes having the lowest activation
energies. Since the asymmetry of the cores perturbsthe Peierls stresses
on different possible slip planes which, in turn, change the activation

energies on different possible.slip planes, the yielding and the slip

behavior of the crystal must conform with the asymmetry of cores and become

asymmetric,
The mathematical formulation of the model is presented briefly here.
According to the Dorn—RajnakeLL approach to the Peierls Process, the kink

energy, U , can be approximated by

k

271_ab 1/2 '

U = 2T"a e (l)
k- i

where [' = 1/2 G-b2 is the dislocation line energy, G is the shea; modulus
of elasticity, a 1s the spacing between the Peierls valleys, b is the
Burgers vector and TP is the Peierls stress. The energy, Un, that needs
to be supplied by a thermal flucéuation in order to nucleate a'pair of
kinks will be approximated by

3/2

' 1/2 :
. f2r_ab
i %) o a D T
Un =2Ukvf{§'}- - <TFF > (l -T——P) _ (2)

vhere T* is the effective resolved shear stress on the slip plane. The
stress dependence of Un also varies as the shape of the Peierls changes.
While Eq. (2) describes a sinusoidal Peierls hill, the quasiparabolic

hill can be approximated by

abt T | % \2 ‘
UnzﬂaJ——BP— (l-I——) _ (3)
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Although the hill shape of a split screw dislocation is not known, it
seems appropriate that the hill shape resembles the quéSiparabolic model,
Because of empirical reasonsvthat'it gives better experimentai fit, the,
stfess dependence of Un for Mo single crystal is taken as 1.85 which is
not too much different from that for a quasiparabolic hill,

The following assumptioﬁs were made: (1) As mentioned above, the
thermally-activated deformation of b.c.c. metals is controlled by
thermally-assisted formation of kink pair on screw dislocations. (2)' For
tensile or compfession axes within thé standard sterebgraphic triangle
only the 1/2'[1111 and 1/2 [illj screw dislocations become activatable.
This arises because the resolved shear stress is too lowvtOvinduce
activation of other screw dislocations. (3) Slip can take place only on
planes of the form {101} and {112} that belong to the [111] and [I11]
zone axes., The theory can éasily be modified to include slip on planes
of other forms, e.g.{123}, if and when definitive evidénce for the
opefation of such slip planes is obtained.  (4) Cross slip of the 1/2
[111] screw dislocations is assumed to take place between the (I10), (211),

(1I01), (1I12) and (0I1) planes. The specimen orientation is given by
A, and Xi shown in Fig. 1. (5) Cross slip of the 1/2 [I11] screW'dis-'
location is assumed to take place between (110), (211), (101), (112),
and (011) planes. The specimen orientation relative to these slips is

designed by kz and Xé. AQ and Xé are not independent variables since

they are related to Kl and Xi by Ay = %2{K1,Xi} and Xé = Xé {Xl,Xi}

When an effective tensile stress o* is applied in the direction

of xl, Xi and XE’ X', the effective resolved shear stresses on the assumed

slip planes are given by
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* * . % ' :

T30 = 0 "€0s Ay sin A, cos (60-Xl) | (ka)
* , ' : :

T-)Qﬁll = 0 cos )\_l sin >\.l cos (BO_X].) . (Ll'b)

* * - . ' .

Tioy = ¢ €08 Ay sin A, cos Xl (L4e)

T;lg ='c% cos xl‘sin Kl cos (30+Xi) (Ad)_

* X ; ! |

Toyp = 0 cos Ay sin Ay co; (6Q+X1) (be)

* ¥ : ” '

Tofy = O €08 Ay sin A, cos (6O+X2) - (52)

* * : '

Ti3p = 0 cos A, sin A, cos (30+X2) (50)

v« _ .

Tloy = O cos M, sin A, cos X, (5¢)
X 1] L

Tle =0 cos A, sin A, cos (30-X2) ‘ (5d)

* % . (6 .

TllO = g0 cos )\,2 sin )\,2 cos (OO-XQ) (56)

The asymmetry of the Peierls stress is basea on the concept that
the asymmetrical arrangement of the atoms in the core of the dislocation
is perturbed by the applied stress. To a first approximation the
perturbation is expected to be linear with the resolvéd shear stress.

The asymmetric Peierls stresses are represented by

*

Tpilo =,P]-_01 + AiOl g cos xl sin xl sin BXi (6a)
tpéil =P5yq * Asi) c* cos N sin A sin BXi - (6b)
TpIOl = PiOl + Ai01 c* cos Kl sin A sin 5Xi (6c)
Teife T Pip * A O 08 A sin sy (6)
Teof1 = Fioy * Mo1 o cos A siny sin 3% (6e)
Tpol1 ~ Pioi * Mor o cos Sin’xz sin BXé (7a)
“aip = Fir * AL O 08 g sinldg sin g (D)

Tp101 T o1 T “o1
sin Ay sin 3%, (7d)

, sin A, sin 3Xé (7e)

Toe11 T 11 T A

)
Mo
= Proy *+ Ay O ©0s A, sin A, sin 5Xé (Te)
»
4

Tp110 = Fio1 * Afpp 9 coS
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Theicomponent of the Peierls stress'Phkl is the true Peierls stress
of the (hk{) plane when no stress is applied. P5j,> Obtained vhen the
atoms are moved in the antitwinning direction, might be expected to
exceed PiiE which applied when the atom mqtion is in the twinning'direc-

ﬁion. On thé other hand, PiOl is expected to be the same for all planes
of the form (I01) as assumed in Eqs. (6) and (7). The A's represent
asymmetry factors that account for modifications of the Peierls stress
due to atomic displacements in the dislocation core as a result of the
applied stress, The asymmetric effects are further assumed to depend
on sin BX' as suggested by the three-fold symmetry axis which should
apply to screw dislocations in the (111) directions. For positive
values of X', the applied stress causes the core to split more on (iiE)
and (121) planes because the stress is in the twinning directions on
these planes, and less on the (211) plane because the stress is in the
antitwinning direction (Fig. 14). The perturbation, therefore, moves
the atéms toward a more difficultly activated arrangement. For negative
values of X’, the applied stress causes the core to extend more on (iiE)
because of twinning direction, whereas, atoms on (211) and (121) are
constricted to a lesser degree toward the centér because of antitwinning
' consideration. This perturbatién makes activation easier on either
(I01) or (II2) or both. Upon the inversioﬁ of stress, the reverse holds.
The frequency of activation for cross slip of the 1/2 [111] screw
dislocation is independent of that of 1/2 [I11] serew dislocation. On
the other hand, the frequency of activation of either of these dislo-
cations on aone of the possible cross slip planes of the same zone is
mutually exclusive of cross slip on any other of the possible cross

slip planes per anyone event. Consequently the actual frequencies of
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activation for cross slip on the (hk{) plane are given by

2 . .

hk{ ‘ '

+ vy + v ' o (82)
[111]

v

Vhke(111] = T
101 © Y112 T Yo11

101 211 110 [111]

where '

Voly o’ phkil e'Uhkzl/kT

I‘ y

Vhkg(111] = (frequency (92)

* Vhky ' .
“hkg[111] =< + v + ¥ v ' R (8b)

‘of activation on a single (hk{) plane of [111] zone)

2
, ) _ v OL]-_b T
hkl[lll] B 2
T ahk! r

phktl hkzl/*T

* (frequency of (9b)

activation on a single (hk{) plane of [111] zone),

where Yo is the Debye frequency, L is the average length of a dislocation
that might be swept out by a pair bf kinks following their nucleation,

I' is the dislocation line energy, a is the distance between parallel

hk?
~rows of atoms on the (hk!{) plane and kT has its usual meaning of the

Boltzmann constant times the absolute temperature. The shear strain

rates on any plane of the two designated zones are given by
*

“ney 10 apyy nke, (10a)
. : * ‘ .
“hiceg T Pb apyy Ve, (100)

'where pl and pi refer to the densities of the screw disiocations in

these zones. In summary the total tensile strain rate, €, obtained the
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tensor summetion of all shear strain rate is given by

’ t
& = cos Ay sin Ay £€llOl cos(60-X% ) + GElll cos(30-X ) + elOll cosX, +

cos(50+xi) + & cos(60+X )} + cos kg sin A, (.-

1121 0i1l 0111
! . J . ' R '
cos(6O+X2) + & 101 cos(50+X2) * €017 @08 % * &5qq7 cos(BO-Xg)}

(11)
The angles ¥, and ¢é that slip bands for [111] and [I111] zones make

with the (1I01) and the (101) planes respectively are established by

vector addition to be

1 ¥ JB * . o J} * 1 ¥
Ccot ¢ = — V110710 © T2 Va11%11 T Vioi®Tor T Z VITeiia F 2 VoliPoln
' {i R SN JB *
2 V110*110 ¥ 2 V31172 VIT2%11e T T2 YoIi1foll
(12a)
3 V*- &nT JB + v* a JB * + 35 v* a
cot 3, = ——0L1 oi1 72 112 172 ¥ Y101%1017 72 Ve11®e11 110*110
2 ,\/—5 * 1 * 1 * ,\/_5 X

VoT1®oI1 ~ 2 ViTo*iIe Y 2 Vo11%211 T T2 Y110%110

(12b)
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B. - Method of Analysis

Since there are ten terms in the strain rate equation and eacﬁ term
.‘has a different exponential term, this makes the calculation of yield
stress-temperature felationship for a given strain rate a'rather,compli-
cated manipulation., Fortunately we can take advantage of the fast speed
of the CPC 6600 computer aﬁd sometimes the analysis cén be guided by the
experimental slip traces.

In oxder to simpiify the calculation, we wili write the following

equations: for X' = 0, the "true" Peierls stress on (IOl) plane is
- * ' : 3 v
represented by PiOl = GO’O cos Kl sin hl | (13)
*
where oy o 1s the effective stress for X' =0 at 0°K, and xl is the
J

Schmid angle for [I11] direction. The "true" Peierls stresses on (1I2)

plane and (211) plane are represented by

* ’ . . e . .
Prgp =0y 5,0 ©0S A SIn Ay o (14)
p *,  si (15)
511 = % 9,0 ©OS N sin Ay

1 and @, are positive constants that may be either

greater than or less than unity. We further assume that

respectively. Where Q

(16)

Pro11yit] = F(a11)r111)

and

(17)

P(iie)[lll] = P(lie)[ill]
because of crystallographic equivalence in antitwinning and twinning

~direction, respectively. With this Simplfication, we. can write the

following equations:



Tp101
Tp211

Tp110

Substituting into Eq. (1) with the appropriate stress dependence, we

have ;

Ui10 =

Y211

Uio1

*
. i + A= !
UO,O cos kl s1n‘>\.l AlOl GT?X

1°0,0

X
%,0

*
%,0

l O 0 cos xl sin x + A112

*

*
9,0

cos xl sin A

cos X

cos A

1

A Y {1-R [cos (60-%

2he

AN

1t A

+
sin \l Al

sin A, + A=

1 101 T X,

1) - A

101 T X

* t
01 T X

2

101

1

* 1
1 * Aoy 91,x 0% M

1

%

1
si + A= e i i
GO,O cos Kl in kl AlOl UT,X' cos AQ sin %2 sin 5X2

2

sin 5xi]}

cos>\.l

N, sin A

cos xl sin xl sin BXi

cbs A2 sin x2 sin 5Xé

cos k sin

1t COS8 kz sin A

1.8s

(1 + R A-

101

. t
sin BXl]

1.35

c Y'{aéR[cos(EO-Xi) - A5y, sin 3x7]}

1.85

(o + R Agpy sin 3]

AY {1-R [cos X - A

1 To1 S

1.35

in 3xi}l’

85

{1 +RA-

o1 SiB 2

X }l .35

sin kl sin 3X1

1 sin le

M

2

* : . 1
. ' . R

QEGO,O cos kl sin xl + AéllcT,Xl cos xl sin Kl sin le

0 cos Xl sin A

* H
i + i ' 51 s ‘
cos Xl sin Xl A112 GT X cos Ay 3in kl sin 3X1

ot

sin EXQ

. 4
sin 3X2

* * t
. _ * : . .
QEGO,O cos xl sin Al + AEll GT X cos XQ sin NE sin BXE

(182)

(18v)

(18¢)

(184)

(18e) -

(292)

(19v)
(19¢)
(194)

(19e)

(20a)

(20v) -

(20c)
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B IY{al-R[cos(BO +Xl')' - Ay sin 5>Cl']}l'85

Uoo = (204)
L2 {al + RAss, sin 5X1}l +35
o1,

A Y {1-Rlcos(60 + xl) - Agop sin 3% 1} 85

Yo11 = 1.55 (20e)
(1 + R A, sin 3Xl}
' LS B

A Y {Q-Rlcos 60 - X,) ~ A;o, sin 3%,]} 8

o1y = 1,35 (B1e)
{qQ + RAlOl sin BX iy

B'Y{alQ-R[cos(BO + Xé) - A Sin'5xé]]l'85

Uit = . , 135 (210)
{alQ + R A5, sin3 }
A Y {Q-R [cos xé - A;y; sin BXé]}l'SS
101
Yo = I35 (B1e)
{Q +R Al . 8in 5X2}
‘ ' . r,,1.85

C Y {a,Q - Rlcos(30 - X;)-A5,, sin 3%,1) (214)
U = 21d
21l [a, @ + R Ag), sin 3%} }l -35

A Y{Q - Rlcos(60 - Xé) - Ay sin BXéj}l'BS
U0 = l 35 (21¢)

{q + RAlOl sin 5X2}
where A = l.98><lO—12 ergs = 2 U k(I01) at G;C =0
B = 2.155)(10-12 ergs = k(iig) at | U;C =0
C = 2Uk<§ll) at G;C = 0, (not determined here experimentally)

. 1
: )
cos Kl sin Kl)
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* '/*
%,% /%,0

O
[l

cos %2 sin xg/ cos Kl sin Xl

The total strain rate is

3
é = Pr? Y A, sin A L {008(60- ') 12- e llo/kT
€=">3 COS Ay BB M\ Txx %7 Teii0
n T
+ (30 X') s e Qll/kT + cos 12 QOl/kT
cos (30 = %) T513 X
1 KT . -2U = /2T
| r,o2 ~2U33,/ o2 oiv }
+ cos(30 + Xl) Toiie © + cos(éo +Xl) Toof1 ©
3 /
PsL=b” v -2U, kT
1% Yo . 1 o2 011
+ ——5—— cos A, sin A, (EE—> {cos(60.+ XQ) TpOil e
Y
OU. = /1
+ (30 + X') . Ullg/kT + cos X, 2 lOl/kT
cos o/ Tpile © COS A2 Tp101
-2
+ cos(30 - X.) 12 e euéll/kT + cos(60 - %) Ullo/ki‘}
S T 2 Toonn ¢ %) Th110
(22)
nere xx <lt - Uy o/ KT e ~Uzyy /KT .. ‘Ui01/kT
WAere XX ={Tr710 211 plol
- 1~ - 1
e ~Uggp/sT Upi1/%T
pliz poIl
Up71/5T 12/%T 101/%T
2% =\"poi1 pli2 plOL
+ T e U2ll/kT + T e llO/kT>
p211 pl10
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‘If all the pre-exponential terms and the parameters A's and a's are

known, we€ can solve Eq. (22) by'the trial and error method for a given
set of temperature strain rate condition.
The values of the aéymmetric factor A and O can be estimated by

the following method (Fig. 15). TFirst extrapolate the normal yield

stresses to 0°K as is done in Fig. 6. Resolve these normal stresses to

“the slip planes observed experimentally at 77°K. The slip planes

usually converge to a single crystallographic slip plane from high
temperature to 77°K as shown in Figs. 8-13. Therefore, we can assume
that at 0°K these are the operative slip planes aléo. Furthermore,
since there is no thermal aétivation at O°K, slip always taks place
on the plane which is the easiest for slip to occur. Therefore, the
extrapolatéd'values of normal stress resolved on observed slip planes

are the critical }esolve shear stress at 0°K, i.e. Tp s. Plot thesg
resolved shear stress versus the function 035 x' cosh sin A, as shown
in Egs. (18) and (19), and Fig. 15. The slope of this plot should
give the asymmetric factor A, the interseéts with the ordinate should
give the o values. This method works only if the asymmetric factors
have linear dependence on the stress as is assumed in the model. Shown
in Fig. 15, there are four points that slip on {101} planes, and they
almost all fall on one straight line giving the asymmetric factor AiOi
value of 0.263. The asymmetry on {112} planes is smaller, and the
slope gives AiiE = ,125 and o = . 894 from the‘intersect. Also noted
from Fig. 15 is the assumpﬁion that liﬁear stress dependence of A is

a reasonable one. The "X" marks depict the stressed resolved on other

possible slip planes that slip did not actually occur; they all fall

below the straight lines as expected since the straight lines represent
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the critical resolved shear stresses for slip. From slip traces
analysis, we noté that (511) plane is never operative. This suggests

that (211) plane has an exceptionally high Peierls stress (Tp ) that

' 211
slip always takes place on some other planes where the Pelerls stresses
are lower, This observation agrees with the calculation of Hirth

and Lothe.25

With this information, we can analyze the result with
the aid of a computer.

Since (Z211) and (211) are not observed at small strains, they can
be ignored in Eq. (22). This reduces to only eight the terms to.be
considered. The pre-expéhential terms can.be estimated as follows:

(1) Calculate the yield stress-temperature relationship for only one
operative slip system indicated by the experimental slip trace analysis
at low temperatures for a givéh 6rientation. This is a straight for@ard
calculation making use of the relation Un/QUk ='T/Td 12 and assuming
constant pre-exponential term. (2) Select the highest temperature
where the experimental slip trace analysis still indicates only one
crystailographic slip plans. (3) Calculate the pre-exponential term
using Eq. (22) for single slip substituting in the selected temperature
and the stress obtained from step 1 for that temperature. We will use
thisvvalue of pre-exponential term for all temperafures. Since the
pre-exponential terms aré known, we can proceed to solve the strain

rate equation as follows: (1) Select a temperature [usually start

from 450°K(Te)], assume a stress value and substitute this into
-2U,, /KT ,
probable slip terms e . (2) cCalculate the value of the

right hand side of Eq. (22). (3) Compare this value with the total
. . 5

strain rate, if it is not within 0,02 X 107~ of € total, assume a new

stress value and repeat the calculation., (4) If this value is within



/

29-

the tolerance, calculate wi and ¢é‘ Select a lower temperature and

repeat from step 1.
-2U, . /KT

At high temperatures, quite a few slip terms e hk? have to
be considered, since their magnitudes are comparable. As the tempera-
ture decreases, a single slip term begins to prevail. At the tempera-
ture where the experimental slip traces start to inaicate single slip
the other slip terms are usuaily less than l/lOO of the prevailing

slip term for single slip and can be neglected. At even lower tempera-

ture, the values of other slip terms drop off sharply. The calculated

results of the vield stress-temperature relationship and the slip

geonetry are shown in Figs. 16 and 17.



-30-

V. DISCUSSION OF RESULTS

The agreement between predicted and experimental results of the
yield stress-temperature relationship for all six orientations is beét
for’XifO ("B"). For this orientation, only the (101) [111] slip system
is activated below room temperature. For higher temperatures a slight
amount of (II2)[111] system also contributes to the macroscopic plastic
stréin. Since the X' value is zero the model predicts no perturbation
of the Peierls hill, and the true Peierls mechanism should work for the
temperature range below §OO°K. This good agreement is expected as in-

-~

. . 2 .
dicated by a previous work. ° For orientations other than-Xi=O, small

deviations were obtained between the experimentally determired and pre-
dicted values. The poorest agreement arises from orientation C (Xi=+28°),

1

The discrepancy might be attributed to an anomalous Peierls hill shape

vhere the experimental curve crosses the curves for X!=+16° and Xi:Oo.

and by a different perturbation by the applied stress, than that assumed
in the model. The agreement for orientatioﬁ el (xi=-h° Xé=-5°) is
also not as good as the others. For this orientation, at least four
slip systems ((101)[111], (112)[111], (101)[I11], (112)[111]) were
activated at most of the témperatufes and complexity of the slip systems
may have caused same diffefénces. |

The predictions of slip geometry agrée well with the experimental
facts. For orientations "A", "B", "C", and "D" only one slip direction

is observed, for orientations "E" (X!=-13°) and "G" (Xi=-h°), two slip

2 f
directions are observed ([111]{I11]) as indicated in Fig. 17. For
orientation "E", the model predicts equal contribution from both slip

directions from 450°K to 280°K, more [11l]slip from 280°K to 150°K and
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only [111] siip from 180°K to 0°K. For orientation "G", equal contri-
bution from-both slip directions from 450°K to 165°K, more [111] slip
from 165°K to 100°K, much more [111] slip from 100°K to 40°K, and only
[111] siip from L40°K to‘O°K, These predictions agree well with observed
facts. |
Considering the agreement between the observed and predicted results,
the modified feierls model seems to provide a relatively successful
approachvto'the subject of iow uemperatufe deformation of Mo single cry-
stals. The merits of this model lie in the very simple assumptions made
on the perturbation of Peierls stress by the applied stress. In spite
of the very cémplex nature of dislocation core, é.g. the splitting geo-
metry before and after the stress is applied, the change of Peierls
stress dﬁe to the applied stress and the twinning antitwinning considera-
tion, the simple linear approach of this model has been quite successful.
The parameters of this model (e.g. A and @, etc.) can be easily deduced
from experiments, having the advantage over the cross slip model where
stacking fault energies are unknown, A complete’model accounting for
every detail of the plastic behavior will have to wait unit much more

knowledge of the dislocatilon core is gained.
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VI. SUMMARY

(1) The plastic behavior of Mo single crystals for six orientations
has been investigated over the range from ~20°K to 550°K. The yileld
strength and slip geomet;y are found to be very assymetric.

(2) A modified Peieris model is used for the rationalization of
the experimental results. The model is based on the concept of core
splifting of screw dislocations.

(3) The theoretical predictions of yield strength and slip
geometry are reasonably accurate. |

(4) While the nominal validity of this model ié, established, much
héé to be learned on the dislocation co%e before a more sophisticated

model can be formulated. .
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ol

FIG. | STANDARD STEREOGRAPHIC PROJECTION. (+ IS THE
_POLE OF THE SPECIMEN AXIS; ¥, AND X; ARE THE ANGLES
THAT THE OBSERVE PLANE OF SLIP AND THE PLANE OF
MAXIMUM SHEAR STRESS MAKE WITH (01) PLANE, RE-

SPECTIVELY. THE SCHMID ANGLE FOR SLIP IN THE [}

DIRECTION IS ),. SIMILARLY FOR X»,¥> AND A2 WITH
RESPECT TO (10l) PLANE AND [l11] DIRECTION.)

XBL 694-391
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FIG.8a SLIP TRACES OF SPECIMEN FIG.8p SLIP TRACES OF SPECIMEN (A4S)
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FIG.8d SLIP TRACES OF SPECIMEN (AS8L)
DEFORMED AT 298°K TO 5.5% ELONGATION. DEFORMED AT 375°K TO 4% ELONGATION.
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FIG.9b SLIP TRACES OF SPECIMEN (BIOL)
DEFORMED AT 298°K TO 0.04% ELONGATION.
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DEFORMED AT 77°K TO 0.05% ELONGATION. !
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FIG.9¢c SLIP TRACES OF SPECIMEN (B7S) FIG.9d SLIP TRACES OF SPECIMEN (B40PPL)
DEFORMED AT 325°K TO 2.5% ELONGATION. DEFORMED AT 356°K TO 6% ELONGATION.
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FIG.10a SLIP TRACES OF SPECIMEN (GLA2S)
DEFORMED AT 77°K TO 1% ELONGATION.
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FIG.IOb SLIP TRACES OF SPECIMEN (GLCI8S)
DEFORMED AT 160°K TO 2.5% ELONGATION.
X/ =+28° “c"

XBB 694-2470

_617_



(fon (2 / /(ron

A i M
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DEFORMED AT 298°K TO 5% ELONGATION. DEFORMED AT 350°K AT 3% ELONGATION)
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FIG. I0eSLIP TRACES OF SPECIMEN (GLASS)
DEFORMED AT 453°K TO 3% ELONGATION.
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XBB 694-2462



(Ton

FIG. lla SLIP TRACES OF SPECIMEN (D2S) FIG.11b SLIP TRACES OF SPECIMEN (D4L)
DEFORMED AT 77°K TO 0.46 % ELONGATION. DEFORMED AT 298°K TO 2.7 % ELONGATION.
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FIG. llc SLIP TRACES OF SPECIMEN (D3S) FIG.1ld SLIP TRACES OF SPECIMEN (DIL)

DEFORMED AT 351°K TO 0.53% ELONGATION.  DEFORMED AT 550°K TO 0.405 % ELONGATION.
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FIG.2aSLIP TRACES OF SPECIMEN (E8S) FIG.®2b SLIP TRACES OF SPECIMEN (E5L)

DEFORMED AT 77°K TO 0.05% ELONGATION.  pefFQRMED AT 153°K TO 0.3% ELONGATION.
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FIG. 12cSLIP TRACES OF SPECIMEN (ESL)
DEFORMED AT 298°K TO 1% ELONGATION.
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F1G.12d SLIP TRACES OF SPECIMEN (E7L)
DEFORMED AT 352°K TO 0.2 % ELONGATION.
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FIG. 12c SLIP TRACES OF SPECIMEN (ESL) F1G.12d SLIP TRACES OF SPECIMEN (E7L)

DEFORMED AT 298°K TO 1% ELONGATION. DEFORMED AT 352°K TO 0.2 % ELONGATION.
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FIG.13a SLIP TRACES OF SPECIMEN G6L FIG.13b SLIP TRACES OF SPECIMEN G4L

DEFORMED AT 77°K TO I.1% ELONGATION. DEFORMED AT 298°K TO 25% ELONGATION.
X|= _40 uGu Xll= _40 G
|

XBB 694-2476

_Lg_



FIG.13¢ SLIP TRACES OF SPECIMEN G 7L

DEFORMED AT 350°K TO 2.5% ELONGATION.

x|| = _40 nGu

(Tot)

FIG. 13d SLIP TRACES OF SPECIMEN G1S

DEFORMED AT 550°K TO | % ELONGATION.
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SCREW DISLOCATION.
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THE ARROW REPRESENTS THE‘ DIRECTION
OF THE APPLIED STRESS.

THE CORE SPLITS MORE ON (i72) THAN
ON (211) AND (121).

FIG. 14b ASYMMETRIC CORE OF THE SAME DISLOCATION.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, 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 informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, 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 Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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