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THE ASYMMETRIC DEFORVATIONS OF MOLYBDENUM 
SINGLE CRYSTALS 

Silvanus Sui-Wai Lau~ 

Inorganic Materials Research Division, Lawrence Radiation Laboratory, 
Department of Materials Science and Engineering of the College of Engineerin~ 

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 to 550°K. The pl2stic 

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

both (110} planes and (ll2}planes. At low temperatures, within the ther-

mallyactivated region, slip seems to take place on -vrell defined crystallo-

graphic planes. At high temperatures in this range, hmrever, 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 tovrard asymmetric splitting of the core 

of the a/2 (111) screvr dislocation. It is shown that the model can pre-

diet 1-rith reasonable accuracy the stress-temperature-strain rate-orienta-

tion relationship and the slip behavior. 
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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 

' 1-11 
deformation of b.c.c. metals. In their revie'\-r paper, Guyot and 

12 
Dorn have demonstrated the validity of the Peierls theory in ration-

alizing the thermally activated deformation of polycrystalline b.c.c. 0ran-

sition metals (H, Fe, Ta, Mo, f\lb) and some alloys (AgHg, :?e-Si, etc.). 

In spite of this attractive feature of the Peierls theory, it can..11ot 

account for the asymmetries associated \vith yield strength and slip geo-

metry in single crystals. 

Since the pronounced presence of scre\·T dislocations has been observed 

in Fe,13 MC1
14 

Nbl5 and other b. c.c. metals and alloys 
4 

using transmission· 

electron microscopy follmving low temperature deformation, the role of 

scre'\-T dislocations in the theories of thermally activated deformation has 

received much attention. Scre1·r dislocations exhibit the unique possibility 

of lowering their energy by splitting so as to 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 preferred screw orientation of dislocation after low temperature 

deformation, lead to the formulation of the current popular theories of 

thermally activated cross-slip of split screw dislocat:tons.l'
2'3 The 

virtue of these theories is their capability to account for, at least qua-

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 some1v-bat questionable special details in the aspumed 

splitting of the dislocations. One major objection is the fact that in 

order to achieve even nominal agreement \.rith the experimental facts, it 

must be assumed that the partial dislocation are separated from each other 

by at most one to two Burgers vectors. Under these conditions the partm l 

dislocation cores overlap and the usual concepts of line energies, inter-

action energies and constriction energies for partial dislocations plus 

the concept of a stacking-fault energy are no longer valid. Thus, the 

very fouxJ.dation on •:rhich these models have been erected are exposed as in-

valid. The deforrrBtion model based on the concept of elastic interactions 

bet1v-een dislocations and tetragonal interstitial impurity strain centers 

also cannot accoQnt for the asymmetric behavior. Furthermore, it has been 

21 22 20 
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 dislocations. 

Recently Darn and IvhL1ffierjee
16 

have formula ted a modified Peierls 

model to rationalize the thermally activated deformation of b.c.c. metals. 

Their approach is based on a generalization of the Peierls mechanism which 

assumes an asymmetric dislocation core "rhich is modified by the effective 

stress and permits cross slip. The theoretical predictions of this model 

seem to be in reasonable agreement "..rith the limited data tD.at are now 

available. 

'V 
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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 shmm in Fig. 1. The angle 

' x1 , represents the angular rotation of the plane of maximwn resolved 

shear stress from the (lOl) plane. The angle ~1, represents the angular 

rotation of the observed slip plane and the angle t-.
1

, is the Schmid angle 

for slip in the [111] direction for the tensile orientation "+". S:lmilar 

angular relationships hold for [fll] slip direction. 

' A schematic diagram of the expected ~-X relations assuming crystal 

symmetry is given in Fig. 2 for exclusive operation of (101}, (211} or 

banal slip, (slip on the plane of m~ximum resolved shear stress). Sharp 

slip bands would be expected if only one kind of slip plane were operative. 

' If symmetry prevailed and some cross slip took place the ~-X curves would 

remain anti-symmetrical about X'=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° vrhere 

slip might be confined to lie almost exclusively on the (112), (101) and 

(211) plane respectively. 

The asymmetric effects are summarized as follows: (1) Asymmetry.of 

yielding: AS. demonstrated in Fig. 3a and 1;>, the yield strength of the 

crystal changes asymmetrically as the tensile orientation changes. The 

dotted line represents the symmetrical change as depicted by Schmid Law • 

A detailed investigation on asymmetric yield in Fe-2. 7 Si alloy was re­

ported by Taoka, T~kcuchi and Furubayashi. 
4 

Similar trends have been 

observed on Nb, 15 Mo, 5 Ta, Nb and :tvro
6 

and other b.c.c. metals. 
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(2) Asymmetry of slip: Figures 3c and 3d show schematically the as~~etric 

1 4 7 8 
~1 X{' curves for Fe-Si alloys, ' ' ' as compared with the symmetric 

~1 Xi, curves sh~v in Fig. 2. If slip geometry was governed by crystal 

symmetry, operative slip planes for orientations with positive X', should 

be related to those 11ith negative X', by a symmetry operation. It is evi-

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

the ?Ji1:.x~ curve from positive X{ to negative X]__• ~1-X]_ curves of this 

kind are typical of the asymmetric slip of b.c.c. metals at low tempera-

iures. As the temperature .increases, 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 geometry are inverted as shmm schematically in Figs. 3a, b, c, d. 

4 7 This asymmetric effect has been reported by Taoka et a~ Sestak and Zarubova, 

and other investigators on·Fe-Si alloys. 

Similar inversion of yield strength upon the change of sign of stress 
. 6 

is reported by ShervlOod et al., on Ta, Nb and Mo. It is suggested that 

the equivalence of (211) [111] with (ii2)[III] difficult slip and the 

equivalence of (ii2)[111] 11i th (2ll)[fff] easy slip lead to the inversion. 

This suggests that when atoms move in the twinning direction, (in a dis-

location reaction on (112}plane of the type: 

1/2 (111) 1/6 (111) + 1/3 (111)' 

the twinning direction is the direction where the resolved shear stress 

~uld make the twinning partial 1/6 (111) to glide first, the antitwin-

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 (ii2) plane under tension, and when atoms move in 

the antitwinning direction, slip 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 atomic 

i' movement in either the twinning or antitwinning direction. Because of 

these common features of the asymmetries, it is strongly suspected that 

they have a common origin. 

The major objective of this investigation was to establish experi-

mentally the effect of orientation and test temperature on the asymmetric 

yielding and slip band formation under tensile straining of single crystals. 
I 

MolybdenUlll was selected for this investigation because it was knmm to 

exhibit high asymmetries than Nb, Fe and Fe-Si alloys. A second objective 

was to test the accuracy of the recently a~nounced modified Peierls mechan-

ism. In order to permit definitive correlations between theory and experi-

ment, special orientations were selected for study. 
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II~ EXPERIMENTAL PROCEDURE 

Molybdenum rods . ( 1/4 in. diameter, connnercially pure) were purified 

by the electron beam zone refining technique. Oriented single crystals 

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. 4) ... 

Electropolishing i_n ~so4-cH30H solution was used to remove the surface 

mechanical damage on the specimens. The polishing equipment consisted 

of a rotating stage where eight specimens could be polished at the same 

time. The specimens were first attached to the stage .. in a vertical posi-

tion.. The stage was then lowered into the polishing solution.. The ro-

tation speed of the stage was approximately 1 cycle/min.. The specimen 

position 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 observable surface 

mechanical damage was removed., These specimens were then annealed in an 

ultra-pure He atmosphere for 24 hours at 2000°C, to achieve a standard 

initial state for all the test specimens. The interstitial impurity 

concentration of the specimens showed by the vacuum fusion method: 

C(.009 wt.%), 0(.002 wt.%), and N(.OOl wt.%). Resistivity ratio: 

P273°K 3 
Sl$ 10 • 

P4.2°K 
The annealed specimens were electropolished again 

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

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 10-5 sec-1) at 

different temperatures and to various strains. The yield stress was measured 

at 0.2% plastic strain. The slip lines were observed using the Normarski 

interferencE contrast technique. Operative slip systems were determined 

by the two surface trace analysis method. 
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III. EXPERH1ENTAL RESULTS 

Six orientations within the standard stereographic triangle vrere " 

investigated (as shovrn in Fig. 5). Both [111] and [ill] directions have 

been identified in the literature),B,9,l7,lS Each orientation was identi-

fied in term of ~'X{' and ~2 , X' 2 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, hOi-rever, -vri th respect to tensile orientation, i.e •. 

stronger in tension for orientations near the [111] - [011] boundary 

and 1-reaker for those near [001]. At high temperatures ~~550°K), slip 

lines lvere observed 1vith optical microscope to be coarse, wavy and crys-

tallographic. At intermediate temperatures (;.;::350°K), . slip lines were 

finer and less -r.vavy, slip seems to take place on irrational planes. At 

low temperatures (~77°K), slip lines were very fine and straight, slip 

traces fall on lovr indexed planeso The temperature normal yield stress 

relationship for different orientations is shewn in Fig. 6. The plastic 

behavior is summarized in the folloi,Ting tables. shown on pages ll-1.4. 

Slip traces can be detected at strains as lO'iT as .o4% with the aid of 
. -4 

the Normarski interference contrast technique ·(resolution limit ::: 3xl0 .em. ) 

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 

slip traces are observed even at the very beginning of plastic flow. This 

is due to the shoulder radius effects lvhich give rise to a more canplex 

stress state at the ends than that near the center which is under simple 

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 an 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 'C!{o 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 multiple slip, slip traces become very complex (three systems or mare) 

at intermediate strains, this again depends on temperature and orientation, 

(i.e., 11 B, 11 1%, 300°K) faint and unidentifiable traces are, sometimes, 

observed. As the plastic strain increases to more tha.n a fe:.·r percent, 

the slip behavior 11 simplifies", usually only one or V.-ro highly stressed 

~ystems rem~in. One of the rew~ining systems at high strain is usually 

the one observed at very lav strain. Similar slip behavior was noted in 

MarlO at.% Re alloy. 19 A comparison of results of slip behavior reported 

here idth those very limited results reported recently in the literature17' lS, 
20 

indicates a general agreement on the choice of slip systems. The details 

of slip behavior, however, vary from one investigator to another, LG!. 

the on-set of secondary slips, the prevalence of certain systems at a 

certain temperature, strain and orientation, etco The differences in 

the details of slip behavior can be attributed to methods of investigation,-

specimen end or stress conce~tration effects, specimen size effect and 

purity of specimen etc. 

The yield strengths of the crystals vary vastly with temperatUre 

(as shoi-rn in Fig. 6). The stress-temperature curves for X >0 lie above 

that for X'=O, and those for X1<0 lie below. The difference in these 

curves is more pronounced for X '>O and at low temperatures. Part of the 

difference is due to the difference in the Schmid an~le A, and the rest 

due to the asynunetric effects.. If the Schmid angle for each orientation 



-10-

were normalized to that for X~ = 0 (A = 54°), 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 with (112} slip planes at lm·l temperatures, (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 (211) slip 

is never observed at small plastic strains [(211) slip plane is only ob-

served at l58°K, 13.6% elongation for orientation A]. Even for orientation 

"C" ivhere the (211) plane is most highly stressed, only (lOl) and (IlO) 

slip planes are observed. Even at the critical temperature \vhere slip 

usually takes on the rational plane with the highest Schmid factor, heavy 

cross slips between (llO) and (lOl) planes were observed giving a pseudo 

(211) slip plane (Fig. lOe). This reveals that the (211) plane has an 

usually high critical stress for slip in tension. 

The athermal stress level cr
550

oK depends primarily on the impurity 

. 10 21 22 
concentrations, the dislocation density and arrangement. ' ' This 

stress level for all annealed specimens varies beh1een 1 to 2xlO+B dynes 

2 . 
em , suggesting that the conditions (impurity, dislocation, etco) of all 

specimens are quite the same and the stress level is small compared >·Jith 

those at lower temperatures. The critical temperatures (the temperature 

* at which the thermally activated stress first becomes zero; crTc = 0) for 

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

• 



Orient at ion 

A 

B 

c 

D 

E 

G 

"' ~ 

~1: The Schmid Angle 
for slip in the [111] 
direction 

55.5° 

540 

64° 

44° 

45.5° 

1~2° 

TABLE I 

X1: The angle between 
the plane of max. shear 
stress and (iol) 

-16° 

00 

+280 

+16° 

- 6~ 

- 40 

~= rr·he sc·hmid angle 
for slip.in the [ill] 
direction 

43° 

30° 

60 

290 

39° 

39° 

ltt-

X'2= The angle be­
tween the plane of 

max. shear stress 
and (101) 

-30° 

-21° 

+15° 

+10° 

-13° 

- 50 

I 
f--' 
f--' 
I 



0 

55 

77 

156 

298 

375 
425 

550 

0 

25 

52 

77 

153 

196 

296 

425 

550 

cr* rd =(cr -.c:.p T 
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TABLE II Orientation A 

Observed Slip traces: 
c{;2 ±2°(Fig. 8) 

·-----------r------------------------
71.5 (extrapolated 

value) 50.9 

42.5 

27.1 

13.1 

7-9 
1.1 

0 

TABLE III Orientation B 

94.5 (extrapolated 
value) 

76.6 

65.5 

56.5 
40.7· 

33.1 

18.6 

1.28 

0 

-30° 

-30° 

-32° 

-34° 

Observed Slip traces: 
7f;1± 2° (Fig. 9) 

00 (298° K) 
00 (325°K), 00 

00 ( 550° K) 

(356°K) 

':J) 

'•' 



T°K 

·~ 0 

20 

41 

77 
160 

298 

350 

4oo 

453 

0 

27 

77. 

159 

301 

351 
\. / 4oo' 

! 

550 

., 
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TABLE III Orientation C 

* a .'C{o ± 
.2xl0.8 dynes 

cm2 

* 
a .'C$ 

190.0 

156.0 

127.0 

80.7 

52.0 

22.0 

10.2 

4.1 

0 

(extrapolated value) 

heavy (fol), (flO) 
cross slip 

.TABLE Dl Orientation D 

± .2xl0 8 dynes 
2 em 

117.5 (extrapolated value) 

102.0 

74.7 

. 51.5 

21.8 

10.2 

2.15 

0 

Observeo slip traces: 
~l ± 2° (Fig. 11) 

(iOl), (ii2) cross slip 



* T (j .'C{o 
± 

0 79.0 

20 68.6 

77 47.3 

153 29.3 

298 15.1 

.352 9.34 

550 0 

* T a.'C{o ± 

0 85.0 

33 71.7 
50 61.3 

77 46.2 

159 24.8 

298 14.8 

350 9.2 

550 0 
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TABLE V 

8 dynes .2><10 
- )"'em 2 

(extrapolated value) 

Orientation E 

Observed slip traces ±2° (Fig. 12) 

7f;2 = 30<> 

7f;l =-6; 'lj;2 = -24 <> 

7f;2 =-20<> . 

7f;
1 

= -1o; t 2 = -12<> 

! 0 - ,,, -- 00 

7f/l = 0 ' '~'2 

TABLE VI Orientation G 

8 dynes .2xlO 2 
em 

(extrapolated value) 

Observed slip traces (±2°) 
(Fig. 13) 

7f!l = o; 

*1 =-50' 7f;2 = -50 

7f! 1 = -8.0 *2 = -8 0 

7f;l = 00 

'I 
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Df. DATA ANALYSIS 

The unique plastic behavior of Mo· single crystals 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 to_make some generalization. A successful dislocation model for 

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

(l) the strong temperature dependence of yield stress, (2) the asJ-'Illilletries 

associated '.-lith yielding, and (3) slip geometry. The :model, above all, 

must also have sound physical foundation and must be self-consistant. 

The thermally activated cross slip of dissociated partial dislocations
1

-3 

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

of Nb9 ' 13 and Fe-Si
1 

alloy -vlith 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 i-Jhose cores are overlapped. In 

addition to these objections, the cross slip model predicts a some"i'lhat 

stronger temperature dependence of yield stress in the low temperature 

region than indicated by experimental results. Furthermore, Vitek
24 

has 

shown recently that no stable intrinsic stacking faults can exist 

either on (110} planes or (112} planes in b.c.c. crystals. The disso-

ciation geometry of partial dislocations on (110} and (112} planes, 

therefore, cannot have a realistic and meaningful foundation. Vitek 

further suggests that a more realistic splitting of the screw dislocation 

represents a model of the dissociated core. 

Dorn and Mukherjee1 have recently introduced the dissociated core 

concept to the line energy model of the Peierls theory25 to ra.tionalize 
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the thermally activated deformation of b.c.c. metal·s. This modified 

Peierls theory has been applied to the limited data no"r available in 

literature and appears to enjoy reasonable success. The experimental 

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 Peierls Model 

Tne 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 is assumed to be split, i.e. the atoms in the core tend to lo·wer the 

core energy of the dislocation by readjusting their positions. Under an 

applied stress, the core becomes asymmetric (Figs. 14 a and b)~ lfuen 

the sere\-/ dislocation is activated it moves from one ro·H 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 disloc::ation forms a pair of kinks and moves out of the "Peierls" 

valley by one atomic spacing under the action of the applied stress. It 

is assumed that the screw dislocation is again split to lo\orer 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 

as it did previously. The probability that the screw dislocation will 

cross slip to other possible slip planes depends on the temperature and 

the relative magnitude of the activation energies on all different slip 

planes. The magnitude of the activation energies, in turn, depends on 

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

v 
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screw dislocations in general slip on the plane or intimately (on an 

atomic scale) 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 

asymr.1etric. 

The mathematical formulation of the model is presented briefly here. 

According to the Dorn-Rajnak24 approach to the Peierls Process, the kink 

energy, Uk' can be approximated by 

(1) 

where r ~ 1/2 Gb
2 

is the dislocation line energy, G is the shear modulus 

of elasticity, a is the spacing between the Pei~rls valleys, b is the 

Burgers vector and -r is the Peierls stress. The energy, Un, that needs 
p 

to be supplied by a thermal fluctuation in order to nucleate a pair of 

kinks will be approximated by 

(2) 

-v;here -r* is the effective resolved shear stress on the slip plane. The 

2 
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 

_/ ab-r r 
Un = 7Ta~-/- (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 quasiparabolic model. 

Because of empirical reasons that it gives better experimental fit, the. 

stress 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 follo>-ling ass mnptions vrere made : (I) As mentioned above, the 

thermally-activated deformation of b.c.c. metals is controlled by 

thermally-assisted formation of kin_"!\: pair on scre~v dislocations. (2) For 

tensile or compression axes vrithin the standard stereographic triangle 

only the l/2 [111] and 1/2 [ill] screvr dislocations become activatable. 

This arises because the resolved shear stress is too lo~1 to· induce 

activation of other scre1·: dislocations. (3) Slip can take place only on 

planes of the form (101} and (112} that belong to the [111] and [ill] 

zone axes. The theory can easily be modified to include slip on planes 

of other forms, e.g.(l23}, if and when definitive evidence for the 

operation of such slip planes is obtained. (4) Cross slip of the 1/2 

[lll] screvr dislocations is assumed to take place betvreen the (llO), (211), 

(lOl), (ll2) and (Oll) planes. The specimen orientation is given by 

11.
1 

and X{ shovm in Fig. 1. (5) Cross slip of the 1/2 [ill] screw dis­

location is assumed to take place betYJeen (110), (211), (101), (112), 

and (Oll) planes. The specimen orientation relative to these slips is 

I 
designed by ~ and x2. 

I 
~ and X2 are not independent variables since 

they are related to A.
1 

I I I I 

and X{ by~ = ~(A.1,~} and x2 = x2 (A.l'~} 

When an effective tensi~ stress cr* is applied in the direction 

of t-.
1

, X{ and ~' X~, the effective resolved shear stresses on the assumed 

slip planes are given by 
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* * (60-X~) (4a) -ri1o =a 'COS A.l sin~ cos 

* * (30-X~) (4b) '1"211 = a cos ~ sin A.1 cos 

* * I 

(4c) -rlOl = a cos A.1 sin A.1 cos x1 

* * I 

-r- = a cos A.l sin A.1 cos (30+X1 ) (4d) .. lJ2 

* * (60+~) ( 4e) -rOll = a cos A.1 sin A.1 cos 

* * I 

-rOll = a cos ~ sin~ cos (60+X2 ) (5a) 

* * I 

'r ll2 = a cos ~ sin~ cos (30+X2 ) (5b) 

* * I 

(5c) 1"101 = a cos ~ sin~ cos ~ 
* * (30-~) (5d) 1"211 = a cos ~ sin~ cos 

* * (60-~) (5e) 'r 110 = a cos ~ sin~ cos 

The asymmetry of the Peierls stress is based 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 resolved shear stress. 

The asymmetric Peierls stresses are represented by 

* I 

(6a) -rpllO = Pio1 + Aro1 a cos ~ sin A.1 sin 3~ 

* sin 3x{ (6b) 'rp2ll = p2ll '+ ~ll a cos ~ sin A.1 

* I 

-rplOl = P1o1 + Aro1 a cos A.l sin A.1 sin 3~ (6c) 

* I 

(6d) 't"pii2 = pil2 + Arl2 a cos A.l sin A.1 sin 3~ 

* I 

(6e) -rpOll = pi01 + Ai01 a cos A.l sin A.1 sin 3~ 

'·· * I 

-rpoi1 = Pio1 + A:ro1 a dos ~ sin~ sin 3~ (7a) 

* ' (7b) 'r - = P112 + A:r.I2 a cos ~ sin~ sin 3~ pll2 

* I 

(7c) -rplOl = plOl + AlOl a cos ~sin~ sin 3~ 

* I 

(7d) 't" 211 = p211 + ~11 a cos ~ sin~ sin 3~ p ' 
* I 

(7e) -rpllO = plOl + AlOl a cos ~ sin~ sin 3~ 
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The component of the Peierls stress Phk£ is the true Peierls stress 

of the (hk.e) plane ·when no stress is applied. P2ll, obtained •·rhen the 

atoms are moved in the antitwinning direction, might be expected to 

exceed P112 which applied when the atom motion is in the twinning direc­

tion. On the other hand, P101 is expected to be the same for all planes 

of the form (101) as assumed in Eqs. (6)' and (7). The A's represent 

asynunetry 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 asym.111etric effects are further assumed to depend 

I 

on sin 3X as suggested by the three-fold symmetry axis vrhich should 

apply to scre~·r dislocations in the (lll) directions. For positive 

values of x', the applied stress causes the core to split more on (112) 

and (121) planes because the stress is in the twi~~ing directions on 

these planes, and less on the (211) plane because the stress is in the 

antihrinning direction (Fig. 14). The perturbation, therefore, moves 

the atoms tm·rard a more difficultly activated arrangement. For negative 
I 

values of X , the applied stress causes the core to extend more on (112) 

because of tvrin.ning direction, whereas, atoms on (2ll) an~ (121) are 

constricted to a lesser degree tmrard the center because of antitwinning 

consideration. This perturbation makes activation easier on either 

(101) or (112) or both. Upon the inversion of stress, the reverse holds. 

The frequency of activation for cross slip of the l/2 [lll] screvr 

dislocation is independent of that of l/2 [ill] screvJ dislocation. On 

the other hand, the frequency of activation of either of these dislo-

cations on one 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.i) plane are given by 

"(no+ 

2 

v~k.i[lll] 
vhk.i 

(Sa) ) v2ll + vlOl + vll2 + v 
011 [lll] 

"~oil+ 
2 

* vhk.i 
(Sb) vhk.i[lll] v1l2 + vlOl + + v ) 

211 110 [ill] 

where 

(frequency (9a) 

of activation on a single (~ki) plane of [lll] zone) 

• (frequency of (9b) 

activation on a single (hk.i) plane of [lll] zone), 

where v
0 

is the Debye frequency, L is the average length of a dislocation 

that might be swept out by a pair of kinks follmdng their nucleation, 

r is the dislocation line energy, ahk.i is the distance between parallel 

rows of atoms on the (hk.i) plane and kT has its usual meaning of the 

Boltzmann constant ti1nes the absolute temperature. The shear strain 

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

. * €hk.i· = P1b ahk.i vhk.il l 
(lOa) 

• * €hk.i- = Plb ahk.i vhkl 
l l 

(lOb) 

where P1 and Pi refer to the densities of the screw dislocations in 

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

r • ' . • r 
€ = cos ~l sin ~l (€1101 cos(6o-x1) + €2111 cos(30-X1 ) + €lOll cos~ + 

€1121 cos(30+X~) + ~Oill cos(60+X~)} + cos ~ sin ~ (€Olll 

(11) 

The angles ~l and ~2 that slip bands for [111] and [ill] zones make 

with the (lOl) and the (101) planes respectively are established by 

vector addition to be 

(12a) 

cot ~2 = 

1* J3* * ../3* * 
2 vOllaOll + ~ vll2ali2 + vlOlalOl+ ~ v2lla2ll + ~ vllOallO 

../3* 1* 1* .[3 * 
:2 vOilaOil - 2 vli2all2 + 2 v2lla2ll + ~ vllOallO 

(12b) 

!I 

v 
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B. Method of Analysis 

Since there are ten terms in the strain rate equation and each term 

has a different exponential term, this makes the calculation of yield 

stress-temperature relationship for a given strain rate a rather compli-

cated manipulation. Fortunately v.re can take advantage of the fast speed 
' 

of the CDC 6600 computer and sometimes the analysis can be guided by the 

experimental slip traces. 

In order to simplify the calculation, >·Je -will write the following 
I 

equations: for X = 0, the "true" Peierls stress on (lOl) plane is 

*' 
represented by P101 = cr0 , 0 cos :>-..

1 
sin ;...

1 
(13) 

* 0 -where cr0 , 0 is the effective stress for X' = 0 at 0 K, and 11.1 is the 

Schmid angle for [ill] direction. The "true 11 Peierls stresses on (ii2) 

plane and (211) plane are represented by 

* pii2 =Ct cro o cos A.l sin A.l l 
' 

(14) 

* p2ll =~ cro' o cos ~ sin ~ 
' 

(15) 

respectively. Where a
1 

and a2 are positive constants that may be either 

greater than or less than unity. vle further assume that 

p(2ll)[lll] = p(2ll)[lll] (16) 

and 

p(ii2)[lll] = p(ll2)[lll] (17) 

because of crystallographic equivalence in antitwinning and twinning 

direction, respectively. With this simplfication, we can write the 

following equations: 
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(l8a) 

(18b) 

(18c) 

* I 
'r 
pll2 = a1 cr0,0 cos ~l sin ~l +A-- cr . cos ~l 3in ~l sin 3\ 112 T,X1 

(18ci) 

* I 
'r = * cos ~ sin ~l + AlOl crT X1 cos ~ sin ~l sin 3\ pOll cro o 

' ' 1 
(l8e) 

* +A * I sin 3X; 'r - cro o cos ~1 sin ~l cos ~ sin~ pOll lOl cr X 
' T, 2 

* * 
I 

'r 
.. 

== a:lcrO 0 cos ~l sin ~l + Ay- cr I cos ~2 sin \.2 sin 3X2 pl:I2 
' · 12 T,~ (l9b) 

* * I 
'r 
plOl = cro 0 cos ~l sin ~l + 1\yOl crT X1 cos ~ sin~ sin 3X2 ' ' 2 

(l9c) 

* * I -rp211 = a2 cr0 0 cos ~l sin t-1 + ~ll cr-T x1 cos-~ sin ~ sin 3~ 
' ' 2 

(l9d) 

* I -rpllO = cr0 O cos ~l sin ~l + AlOl cr XI cos ~ sin ~2 sin 3X2 ' T, 2 
(19e) 

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

have; 

( l . 3X 1}l. 35 
+ R AlOl s1n 1 

(20a) 

I I 1.85 c Y {a2R[cos(30-X1 ) - ~ll sin 3X1 ]} 
· u211 = 

• I 1.35 (20b) 
{a2 + R ~ll s1n 3~} 

. 3XI} i.85 
v 

(1-R [cos ' A y xl - AiOl s1n 1 
(20c) 

u:Io1 = 
. 3X I} 1.35 (1 + R AlOl s1n 1 
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I · I 1 85 
B Y(o:1-R[cos(30 +~) - A112 sin 3~]} · 

{o:1 + RJ\.yf2 sin 3~} 1.
35 

I • I 1.85 
A Y {1-R[cos(6o + ~) - A101 s1n 3~]} 

UOll = ______ {_1_+_R_A_i_O_l_s 1-. n-3-~-=-~ }-.,l-.-='-35=---

I . I l 85 
A Y {Q-R[cos 60 - ~) - A101 sin 3~]} · 

{ 
• I 1.35 

Q + RArol s1n 3X2 } 

{ Q R A . 3 1 }1.35 
0:1 + ll2 sln 2 

{ [ 
I • I ] } 1. 85 A y Q-R cos x
2 

- A
101 

s1n 3X2 

{ 
• I l. 3;i 

Q + R A101 s1n 3~} . 

{ [ ( 
I ) • I 1. 85 

C Y ~Q - R cos 30 - ~ -~11 Sln 3X2 ]} 

I I 1 85 
A Y{Q - R[cos(6o - ~) - A101 sin 3X2]} · 

{Q + ~01 sin 3~}1.35 

8 -12 where A = 1.9 X10 ergs = 2 * 
uk(Io1) at aTC 

-12 * B = 2.155X10 ergs = 2 uk(:Ii2) at aTC 

(20d) 

(20e) 

(2la) 

(21b) 

(21c) 

(21d) 

(21e) 

= 0 

= 0 

C = 2 Uk(211) * at aTC = 0, (not determined here experimentally) 
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The total strain rate is 

e 

-2U211/kT I 

e + cosX} 

-2U-- /kT 112 -2U - h.-T} 
I 2 e 011 "c 

+ cos(6o +X}) 'pOll 

( 

~lf ~T 

cos r-.2 sin~ z!) {cos(6o + ~) -r~Oll e 
011 

2 -2U2ll/kT I . 2 e-2UllO/kT} 
+ cos(30 - X~) -rp211 e + cos(6o - ~) 'pllO 

(22) 

where xx 

( 

-UOll/kT . -Ull2/kT -UlOl/kT zz = 'pOll e + 'pll2 e + 'plOl e 

-U2ll/kT e:-:UllO/kT) 
+ 'p2ll e + 'pllO 
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If all the pre-exponential terms and the parameters A's and a's are 

knovm, we can solve Eq. (22) by the trial and error method for a given 

set of temperature strain rate condition. 

The values of the asymmetric factor A and a can be estimated by 

the follo·wing method (Fig. 15 ). First 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 

usuallyconverge to a single crystallographic slip plane from high 

temperature to 77°K as shmm in Figs. 8-13. Therefore, we can assume 

that at 0°K these are the operative slip planes also. Furthermore, 

since there· is no thermal activation at 0°K, slip ah~ays taks place 

on the plane i·rhich is the easiest for slip to occur. Therefore, the 

extrapolated values of normal stress resolved on observed slip planes 

are the critical resolve shear stress at 0°K, • f J..e. -r s. p 
Plot these 

* resolved shear stress versus the function cr0 x' cos/1.. sin A., as shown , 
in Eqs. (18) and (19), and Fig. 15. The slope of this plot should 

give the asymmetric factor A, the intersects with the ordinate should 

give the a 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 Ay01 

value of 0.263. The asymmetry on (112} planes is smaller, and the 

slope gives Arl2 = .125 and a 1 = .894 from the intersect. Also noted 

from Fig. 15 is the assumption that linear 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 str3.ight lines represent 
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the critical resolved shear stresses for slip. From slip traces 

analysis, we note that (2ll) plane is never operative. This suggests 

that (211) plane has an exceptionally high Peierls stress (-rp
211

) that 

slip always takes place on some other planes where the Peierls stresses 

are lower. This observation agrees with the calculation of Hirth 

and Lathe. 25 With this information, we can analyze the result -.rith 

the aid of a computer. 

Since (211) 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-exponential terms can be esti.i'l'Jated as follmrs: 

(1) Calculate the yield stress-temperature relationship for only one 

operative slip system indicate~ by the experimental slip trace analysis 

at low temperatures for a given orientation. This is a straight fonrard 

calculation making use of the relation u:n/2uk ::: T/Tc 
12 

and assuming 

constant pre-exponential term. (2) Select the highest temperature 

where the experimental slip trace analysis still indicates only one 

crystallographic slip plane. (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 

this value of pre-exponential term for all temperatures. Since the 

pre-exponential terms are known, we can proceed to solve the str3.in 

rate equation as follo1-rs: (1) Select a temperature [usually start 

from 450°K(Tc)], assume a stress value and substitute this into 
-2Uhk/kT 

probable slip te:rrns e • (2) Calculate the value of the 

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

strain rate, if it is not 1·1ithin 0. 02 X 10-5 of € total, assume a ne1-1 

stress value and repeat the calculation. ( 4) If this value is 'I·Ji thin 

-, 
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the tolerance, calculate '1/1
1 

and '1/1
2

• Select a lo1•er temperature and 

repeat from step 1. 
-2Uhk_/kT . 

At high temperatures, quite a few slip terms e . 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 ''here the experimental slip traces start to indicate single slip 

the other slip terms are usually less than 1/100 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 yield stress-temperature relationship and the slip 

geometry are shmm in Figs. 16 and 17. 
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V. DISCUSSION OF RESULTS 

The agreement between predicted and experimental results of the 

yield stress-temperature relationship for all six orientations is best 

forX'=O ("B"). For this orientation, only the (lOl) [111] slip system 
1 

is activated below room temperature. For higher temperatures a slight 

amount of (ff2)[lll] system also contributes to the macroscopic plastic 

strain. Since the X' value is zero the model predicts no perturbation 

of the Peierls hill, and the true Peierls mechanism should "'.Wrk for the 

temperature range below 300°K. This good agreement is eA~ected as in-

26 
dicated by a previous work. For orientations other than Xi=O, small 

deviations Here obtained behreen the experimentally determined and pre-

dieted values. The poorest agreement arises from orientation C (Xi=+28°), 

"rhere the experimental curve eros ses the curves for Xi=+l6° and 

The discrepancy might be attributed to an anomalous Peierls hill shape 

and by a different perturbation by the applied stress, than that assumed 

in the model. The agreement for orientation 11 G11 (X:i_=-4° x;=-5°) is 

also not as good as the others~ For this orientation, at least four 

slip systems (Ciol)[lll], (ii2)[lll], (lOl)[lll], (ll2)[lll]) were 

activated at most of the temperatures and complexity of the slip systems 

may have caused same differences. 

The predictions of slip geometry agree vell with the experimental 

facts. For orientations "A", "B", "C", and 11 Drr only one slip direction 

is observed, for orientations "E" (X'=-13°) and "G" (X'=-4°), two slip 
2 • 1 

directions are observed ( [111][111]) as indicated in Fig. 17. For 

orientation "E", the model predicts equal contribution from both slip 

directions from 450°K to 280°K, more [lll]slip from 280°K to 150°K and 

.. 

v 
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only [111] slip 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] slip from 40°K to 0°K. These predictions agree >vell with observed 

facts. 

Considering the agreement beh;een the observed and predicted results, 

the modified Peierls model seems to provide a relatively successful 

approach to the subject of lo;.-r temperature 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 complex nature of dislocation core, e.g. the splitting geo-

metry before and after the stress is applied, the change of Peierls 

stress due to the applied stress and the tHinning antihrinning considera-

tion, the simple linear approach of this model has been quite successful. 

The parameters of this model (e.g. A and a, etc.) can be easily deduced 

from experiments, having the advantage over the cross slip model where 

stacking fault energies are unkno1om. · A complete model accounting for 

every detail of the plastic behavior will have to wait unit much more 

knowledge of the dislocation 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 ra~~e from -20°K to 550°K. The yield 

strength and slip geometry are found to be very assymetric. 

(2) A modified Peierls model is used for the rationalization of 

the experimental results. The model is based on the concept of core 

splitting of scre1·r dislocations. 

(3) The theoretical predictions of yield strength and slip 

geometry are reasonably accurate. 

(4) lfuile the nominal validity of this model is established, much 

has to be learned on the dislocation core before a more sophisticated 

model can be formulated. 

v 



-33-

ACKNOWLEDGE~~NTS 

The author is very grateful to Professor John E. Dorn for his 

guidance and encouragement during his graduate studies and this 

investigation, to Professor G. Thomas for his introduction of lJJaterials 

Science to the author, and continuous interests and guidance. 

Thanks are also due to Professor C. Tobias for manuscript revie1·r, 

Professor A. K. Muk..herjee and l>1r. G. Liu for helpful discussions, Nrs. 

G. Pelato,:rski for line drawings and to Niss Jane Ball for typing this 

report. 

This work was done under the auspices of the United States 

Atomic Energy Co~~ission through the Inorganic Materials Research 

Division of the Lawrence Radiation Laboratory. 



-34-

REFERENCES 

1. F. Kroupa and V. Vitek, Can. J. Phys., 1967, Vol. 45, No. 2, Part 

3, p. 945. 

2. B. Escaig, G. Fontain and J. Friedel, Can. J. Phys. 1967, Vol. 45, 

No. 2, Part 2, 481. 

3. M. S. Duesbery and P. F. Hirsch: Dislocation Dynamics (McGraw Hill 

N. Y. 1968) p. 57· 

4. T. Taoka, S. Takeuchi and E. Furubayashi, J. Phys. Soc. Japan, 

i964, Vol. 19, p. 701. 

5. D. F. Stein, Can. J. Phys. 1967, Vol. 45, No. 2, Part 3, p. 1063. 

6. P. J. Sher1nod, F. Guiu, H. c. Kim and P. L. Pratt, Can. J. Phys., 

1967, Vol 45, No. 2, part 3, p. 1075. 

7. B. Sestak and N. Zarubova, Phys. Stat. Sol., 1965, Vol. 10, p. 239. 

8. B. Sestak, N. Zarubova and V. Sladek, Can. J. Phys., 1967, Vol. 45, 

No. 2, Part 3, p. 1031. 

9. D. R. Bowen, J. H. Christian, and G. Taylor, Can. J. Phys., 1967, 

Vol. 45, No. 2, Part 3, p. 903. 

10. A. s. Keh and Y. Nakada, Can. J. Phys. 1967, Vol. 45, No. 2, 

3, p. 1101. 

11. R. A. Foxall, M. S. Duesbery, and P. B. Hirsch, Can. J. Phys. 

1967, Vol. 45, No. 2 Part 2, p. 607. 

Part 

12. P. Guyot and J. E. Dorn, Can. J. Phys. 1967, Vol. 45, No. 2, Part 3 

p. 983. 

13. A. S. Keh, Phil ~~g. 1965, Vol. 12, p.9. 

14. A. Lawley and H. L. Graigher, Phil. Mag. 1964, Vol. 10, p. 15. 

15. G. Taylor and J. W. Christian, PhiL ~'Tag. 1967, Vol. 15, p. 873. 

16. J. E. Dorn and A. K. Mukherjee, Trans. AIME (to be published). 



-35-

17. D. Vesely, Phys. Stat. Sol., 1968, Vol. 29, p. 675. 

18. D. Vesely, Phys. Stat. Sol., 1968, Vol. 29 P· 685. 

19. G. Liu, Dept. of Mat. Sci. and Eng., Univ. of Calif. Berkeley. 

Private communication. 

20. L. Kaun, A. Luft, J. Richter and D. Schulze, Phys. Stat. Sol. 1968, 

Vol. 26, No. 2, p. 485. 

21. S. S. Lau and J. E. Dorn, Scripta Met. 1968, Vol. 2, p. 335. 

22. Y. Nakada and A. S. Keh: Acta Met., 1968, Vol. 16, p. 903. 

23. V. Vitek, Phil. :Mag. 1968, Vol. 18, No. 154, p. 773. 

24. J. E. Darn and S. Raj nak, Trans. A TI-lE, Vol. 230, p. 1052 

25. J. P. Hirth and J. Lathe, Phys. Stat. Sol. 1966, Vol. 15, p. 487. 

26 •. S. S. Lau, S. Ranji, A. K. Mukherjee, G. Thoms, and J. E. Darn, 

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

27. B. L. Mordike and P. Haasen, Phil. Mag. 1962, Vol. 7, p. 459. 

28. R. L. Heischer, J. Appl. Phys., i962, Vol. 33, No. 12, p. 3504. 

29.. Y. Nakada and A~ S. Keh, Acta. Met,, 1968, Vol, 16, p. 903. 



-36-

FIG. I STANDARD STEREOGRAPHIC PROJECTION. (+ IS THE 
. POLE OF THE SPECIMEN AXIS• 1/11 AND x: ARE THE ANGLES 

THAT THE OBSERVE PLANE OF SLIP AND THE PLANE OF 
MAXIMUM SHEAR STRESS MAKE WITH (iOI) PLANE, RE­
SPECTIVELY. THE SCHMID ANGLE FOR SLIP IN THE [Ill] 
DIRECTION IS ). 1• SIMILARLY FOR X2. 1/12 AND ).2 WITH 
RESPECT TO (101) PLANE AND [Ill] DIRECTION.) 

XBL '694-391 
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FIG. 6 THE THERMALLY ACTIVATED 
COMPONENT OF NORMAL STRESS vs. TEMPERATURE. 
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NORMALIZED TO 54°) vs. REDUCED TEMPERATURE. 
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FIG. 8a SLIP TRACES OF SPECIMEN 
(A3U DEFORMED AT 77°K TO 5.3% ELONGATION. 
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FIG.8b SLIP TRACES OF SPECIMEN (A4S) 
DEFORMED AT 158°K TO 13.6% ELONGATION. 
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FIG. 8 c SLIP TRACES OF SPECIMEN (A I L) 

DEFORMED AT 298°K TO 5.5% ELONGATION. 
X
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FIG. Sd SLIP TRACES OF SPECIMEN (A8L) 
DEFORMED AT 375°K TO 4% ELONGATION. 
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FIG. 8e SLIP TRACES OF SPECIMEN (A2S) 
DEFORMED AT 550°K TO 5°/o ELONGATION. 
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FIG. 9a SLIP TRACES OF SPECIMEN (811 S} 
DEFORMED AT 77°K TO 0.05% ELONGATION. 
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FIG.9b SLIP TRACES OF SPECIMEN (BIOL} 
DEFORMED AT 298 °K TO 0.04% ELONGATION. 
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FIG. 9c SLIP TRACES OF SPECIMEN (B7S) 
DEFORMED AT 325°K TO 2.5% ELONGATION. 
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FIG.9d SLIP TRACES OF SPECIMEN (B40PP.L) 
DEFORMED AT 356°K TO 6% ELONGATION. 
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FIG. 9e SLIP TRACES OF SPECIMEN (B 2L) 
DEFORMED AT 550°K TO 3°/o ELONGATION. 
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FIG. lOa SLIP TRACES OF SPECIMEN (GLA2S} 
DEFORMED AT 77 °K TO 1% ELONGATION. 

x;=+28° "C" 
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.~ 

FIG.IOb SLIP TRACES OF SPECIMEN (GLC18S} 
DEFORMED AT 160°K TO 2.5% ELONGATION. 

xt = +28° "c" 
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FIG. tOe SLIP TRACES OF SPECIMEN (GL AIL) 
DEFORMED AT 298°K TO 5% ELONGATION. 

x:= +-28° "c" 
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(21ri01) 

FIG. IOd SLIP TRACES OF SPECIMEN (GL B9S) 
DEFORMED AT 350°K AT 3% ELONGATION) 
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(211) 

FIG. JOe SLIP TRACES OF SPECIMEN (GLA5S) 
DEFORMED AT 453°K TO 3°/o ELONGATION. 
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FIG. lla SLIP TRACES OF SPECIMEN (02SJ 
DEFORMED AT 77°K TO 0.46% ELONGATION. 
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FIG. lib SLIP TRACES OF SPECIMEN (D4L) 

DEFORMED AT 298°K TO 2.7% ELONGATION. 
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FIG. II c SLIP TRACES OF SPECIMEN {D3Sl 
DEFORMED AT 351°K TO 0.53% ELONGATION. 
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Fl G. lid SLIP TRACES OF SPECIMEN {DI L) 
DEFORMED AT 550°K TO 0.405% ELONGATION. 
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FIG.I2aSLIP TRACES OF SPECIMEN (E85) 
DEFORMED AT 77°K 10 0.05°/o ELONGATION. 
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FIG.I2b SLIP TRACES OF SPECIMEN (E5L) 
DEFOR·MED AT 153°K TO 0.3% ELONGATION. 
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FIG.I2cSLIP TRACES OF SPECIMEN (E9L} 
DEFORMED AT 298°K TO 1% ELONGATION. 

X2 = - 13 ° "E" 
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F I G.l2d SLIP TRACES OF SPECIMEN (E7L} 
DEFORMED AT 352°K TO 0.2% ELONGATION. 
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FIG.I2e SLIP TRACES OF SPECIMEN (EI Sl 
DEFORMED AT 550°K TO 0.5°/o ELONGATION. 
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FIG. 12c SLIP TRACES OF SPECIMEN {E9L) 
DEFORMED AT 298°K TO 1% ELONGATION. 
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F I G.l2d SLIP TRACES OF SPECIMEN {E7Ll 
DEFORMED AT 352°K TO 0.2% ELONGATION. 
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FIG.I2e SLIP TRACES OF SPECIMEN (EIS) 
DEFORMED AT 550°K TO 0.5°/o ELONGATION. 

Xi= -13° "E" 
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FIG.I3a SLIP TRACES OF SPECIMEN G6L 
DEFORMED AT 77°K TO 1.1% ELONGATION. 
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F!G.I3b SLIP TRACES OF SPECIMEN G4L 
DEFORMED AT 298°K TO 2.5% ELONGATION. 
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FIG.I3CSLIP TRACES OF SPECIMEN G 7L 
DEFORMED AT 350°K TO 2.5% ELONGATION. 
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FIG. 13d SLIP TRACES OF SPECIMEN G I S 
DEFORMED AT 550°K TO I% ELONGATION. 
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FIG. 14 a THE SPLITTING ON THE CORE OF ~ [Ill] 
SCREW DISLOCATION. 

(iOI) 
(ii2) 

(211) 

o ORIGINAL ATOM 
POSITION 

o ATOM POSITION 
AFTER STRESS 
IS APPLIED 

THE ARROW REPRESENTS THE DIRECTION 
OF THE APPLIED STRESS. 

THE CORE SPLITS MORE ON lii2) THAN 
ON l2 II) AND ll2 I) . 

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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