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I. INTRODUCTION 

Whereas a large number of metals and alloys crystallize in the 

face-centeJ;'ed and body-centered cubic lattices only relatively few metals 

and intermediate phases, as shown in Table I, crystallize in the hexagonal 

close-packed system. For this reason, perhaps, only a modest amount 

of resea,rch has been directed toward uncovering the dislocation mechanisms 

that hexagonal alloys can undertake, in contrast to the extensive investi-

gations that have already been completed on the face -centered and body-

centered cubic materials. It might also be thought that basic research' 

on hexagonal systems is being somewhat neglected because their greater 

anisotropy implies greater complexity of dislocation behavior. This 

deduction is not :necessarily true; frequently, it is easier to isolate and' 

identify operative mechanisms of deformation in hexagonal than in cubic 

crystals. 

Although some hexagonal alloys often exhibit other unique and 

desirable engineering properties. they are at present not particularly 

noted for their high strength. On the other hand. there is no theoretical 

reason why hexagonal alloys of high strength cannot be developed. As 

in the cubic sYf,tems. the highest strength commercial hexagonal alloys 

are dispersion hardened. The major problem in increasing their 

/ 

strength concerns maintaining adequate ductility. As ~hown by von Mise s 2 

(., at least five ind.ependent slip systems must operate in order to mitigate 

... the stress concentrations of groups of blocked dislocations. Because of 

the ,limited slip systems they have. this problem is much more difficult 

to solve in hexagonal metals than in cubic metals which alw~ys have' an 

adequate number of operative slip systems to satisfy von Mises condition. 
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TABLE I 
{' 

Hexagonal Close-Packed Metals and Alloysl :-.::. 

A. Elements 

• 
0 

Element Lattice constants (A) Axial Ratio-
a c cia 

oC-Be 2.281 3.576 1. 567 

Cd 2.972 5.605 1. 886 

Ce 3. 62 5.99 1. 65 

Co 2.502 4.061 1. 623 

Dy 3.590 5.648 1. 573 

Er 3.558 5.587 1. 570 

Gd 3.636 5. 782 1. 590 

oC-Hf 3.194 5.0511 1. 581 

Ho 3.577 5.616 1. 569 

Lu 3.503 5.551 1. 579 

Mg 3.203 5.200 1. 623 

Os 2. 729 4.310 1. 579 

Re 2.760 4.458 1. 615 

Ru 2.700 4.273 1. 582 

Sc 3.309 5.273 1.594 

Tb 3.601 5.694 1. 501 , 

Tc 2.735 4.388 1.604 

oC-Ti 2.950 4.683 1. 587 
O<:-Tl 3.449 5.514 1.598 

Tm 3.538 5.554 1. 570 

Y 3.647 5.730 
" 

1. 571 
'1 

Zn 2.659 4.936 1. 856 v 
0<" -Zr 3.231 5.147 1.593 

.' 
B. Intermediate Phases 

Phase a c cia 

'Y - Ag2Al 2.879 4.573 1. 588 

f3 - AgAs 2.891 4.722 1. 633 
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T ABLE I (Cont. ) 

1 6-AgCd3 3.060 4.310 1. 572 

Ag3Ga - - - -- -"- - -- - - ---

i f3-AgHg 2.964 4.831 1. 631 

f3-Ag-Sn(14.2 at. %) 2.928 4.774 1.630 
, 

6-AgZn
3 2.818 4.451 1. 579 

0< 2 -Au2Cd 2.916 4.822 1. 655. 

Au3Hg 2.910 4.791 1.647 

Au4In 2.908 4.777· 1. 643 

f3-Au4 Sn 2.928 ·4. 76.3 1. 627 

Au2Ti 2. 79 4.77 1. 71 

E - AuZn
8 2.809 4.369 1.555 

f3-Pb-Bi(28. 83 at. %) 3.501 5.705 1. 629 

f31_Cd3Li(23 at. % Li) 
., 

3.083 4.33 1. 586 

Cd3 Mg (ordered) 6.220 5.034 0.809 

CdMg3 (ordered) 6.300 5.064 0.803 

Co 3Mo (ordered) 5. 12 4.11 0.805 

C03 W (ordered) 5.12 4.12 0.804 

E-Crlr 2.670 4.259 1.595 

Rh-Cr(50 at. %) 2.669 4.249 h 592 
1 f3 -Cu3Ga 2.593 4.228 1~530 

CuGe (18 at. %) 2.609 4.229 L. 621 

CuGe -- - -- - ---- ---.~--

G-CuSb(18.1 at. %) 10.896 8.660 O. 794 
(partially ordered) 

~-ZnCu(21 at. %) 2. 73 4 •. 28 1.567· 
11 5.447 4.352 f- f3 -Fe3Sn (ordered) 0.799 

MnGe(23.8 at. %) 5.336 4.365 0.8165 
(, 

(ordered) 

'Y - InNi3 (ordered) 5.320 4.242 O. 798 

E -IrMo(46.3 at. %) 2.754 4.409 1. 601 

f3-IrW(36.1 at.%) 2.753 4.399 .. 1. 598 

Mn11 Sn
3 

(ordered) 5.650 4.506 0.798 

E - MoPt(33 at. %) 2.795 4.492 1. 607 

G-MoRh(31. 5 at. %) 2. 737 4.376 1. 599 
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T ABLE I (Cont. r 

{3-Ni...,Sn (ordered) oJ . 5.282 4.235 0.8018 f 

PbTi4 (ordered) 5.97 4.836 0.8096 

Pt3 U (ordered) 5. 752 4.889 0.851 • 

Rh3V2 -- - -- - - - -- - - ---
(SbO. 8- TiO. 2)Ti3 (ordered) 5.946 4.798 0.807 

(SiO 72- TaO.28)Ta3 6.09 4.90 . 1. 61 
(oraered) 

SnTi3 (ordered) 5.916 . 4. 764 0.805 

Ag
3

In (ordered) 0.813 

Mn3 . 25 Ge (ordered) 0.8165 

(TiO• 2 - PbO. 8)Ti3 (ordered) 0.8096 
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It is the objective of this survey to review the current status of 

knowledge on dislocation mechanisms of slip on each of several slip 

systems in the hope that this information will shed some light on what 

factors control slip and how slip mechanisms might be modified in order 

to provide more operative slip systems so as to establish the preiiminary 

basis for the future development of higher strength hexagonal alloys with 

adequate ductility. Although the phenomena of twinning and fracturing 

are also significant to the development of high strength hexagonal metals, 

these issues will not be emphasized here since the major problem appears 

a fortiori to be concerned with slip mechanisms. Furt,hermore, only 
.. , 

those papers that impinge 'strongly on the objective of this survey will be 

discussed . 
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II. DISLOCATIONS AND ST ACKING FAULTS IN 
CLOSE-PACKED HEXAGONAL PHASES 

Frank and Nicholas3 and also Berghizan, Fourdeux and Amelinckx
4 

demonstrated that a greater variety of dislocations are possible in 

hexagonal close-packed phases than in the face-centered or body-centered 

cubic lattices. The issues involved were reviewed in detail by Price
5 

and 

are merely summarized here for future reference. 

As shown in Fig. 1, there are six types of dislocations in 

hexagonal close-packed crystals to each of which belong a number of 

dislocations as shown without regard to sign in column C. An estimate 

of the energy of each type of dislocation based on the ideal axial ratio is 

also shown in the figure where elastic anisotropy is neglected and the 

energy is assumed to be proportional to the square of the Burgers vector. 

As noted, dislocations of the type AB will dissociate into their partials 

by the reaction 

AB -Ai::J + uB (1) 

since the energy is reduced. The possibility of the dissociation 

AS - Au + uS 
2 a2 

A 2 +" 2a + 0 .u.U = -a ---:r- :3 = (2) 

is dictated principally by elastic anisotropy. Whereas the change in 

energy for the dissociation, 

AS + T B - AB + T S ~u = - ¥ a 
2 + a 

2 + 8/3 a 
2 = 0 (3) 

is zero, this reaction is nevertheless expected as a result of the continued 

dissociation of .A..B as given by Eq. 1. On this basis l the most commonly 

encountered dislocations are expected to be types of AU
1 

ST I"" AS1 and uS. 

, 
;v 
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STACKING s 

2 

., ...... 

'2 
T 

o. b. 'i' 

KIND TYPE , NO. ENERGY, U 

{ AS = a 6 0 2 

PERFECT ' ST = c I C2 = 8 a 2/3 
SA+ BT = c+o 6 110 2/3 

{ ACT=P ,3. ' " 0 2/3 , .', 

" O""S= 1/2 c 
' , 

, 202/3 IMPERFECT 2 

\.: AS= 1/2C+p. 3 0 2 
.' 

. ,. 

" 
FIG. I DISLOCATIONS IN HEXAGONAL CLOSE-

PACKED CRYSTALS. 
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The various imperfect dislocations are associated with stacking 

faults on the basal plane, as documented in Fig. 2, where the close-

packed hexagonal stacking is designated by 1212 and the face-center.ed 

cubi'c is 123123. The faults shown in Fig. 2a and 2b occur when perfect 

dislocations of type AB dissociate into two imperfect dislocations of type 

Au. As indicated by the arrows these faults introduce two violations of 

next nearest neighbors. Stacking faults can also be produced by the 

condensation of vacancies into platelets on the basal plane leading to the 

high energy sequency- -121121- -which brings two similar layers into 

contact. More likely, the lower energy dipole of partial dislocations of 
" , 

type type uS will be formed as shown in Fig. 2c. This is also a high 

energy stacking fault because, as shown by the arrows, it contains three 

next nearest neighbor violations. Therefore, the yet lower energy 

configurations (shown in Figs. 2d and 2e) resulting in the formation of 

type AS or AT dipoles are expected which have only a single next nearest 

neighbor violation. The types of stacking faults obtained by condensation 

of interstitials on the basal plane are shown in Figs. 2f and 2g; these 

become more stable when swept out by SA type dipoles as shown in 

Figs. 2h and 2i. 

The various dislocations that have been observed by electron 

microscopy and slip trace techniques are recorded in'T"able II. These" 

observations reveal that all of the various stable disloc ations predicted do, 

in fact, exist although all types have not yet been observed in each case. 

Dislocations of the type AB remain perfect on all planes 

excepting the basal plane. When they lie in the basal plane, however, 

they dissociate into a pair of partials, as shown by Eq. I, with a 

'-. 

,~ 
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FIG. 2 STACKING FAULTS IN HEXAGONAL CLOSE-
PACKED' METALS. 



Metalor cIa Alloy 

Cd 1.89 

Zrt 1. 86 

Mg 
.. 

1. 62 

.. ..:. 

TABLE II 

Observed Dislocations and Slip Modes':' 

Burgers Slip Reference Remarks 
Vector Plane 

a (OOOl)P (10~M(5)E 
a (1010) (11)SU Prism slip in bulk single· 

a (1011) (12)E (14)E crystals above 165°C (n) 

c+a (1122) (10)SM(13, 14)E(15)SU(16)SU Pyramidal slip in bent or 

c ? 

p (0001) 

c/2 + p sessile 

a (OOOl)P 

a (1010) 

c+a (1122) 

c ? 

p (0001) 

c/2 -I- p sessile 

. a (OOOl)P 

a (1 .. 010) 

a (loll) 

<1010> (1122) 

:..i.. 

(5)E 

(5)E 

(5, 17)E 

(18)80 (19)SU 

(19)SU(24)SD . 

(20)SU (21, 22)E (23)SU 

(5)E 

(4)E 

(4)E 

(25)SM(26)SU (2 7)SU (28)S-U 

(29)SU (30)SU 

(25)SM(31)E (32)SU 

. (33)SU (26)SU (27)SU (34)SU 

(35)SU (36)SU 

(37)SU 

compressed single crystals but 
not in tens ion (15) Thin foils 
strained in the electron rnicro-
scope or rolled and thinned 
polycrystals 

Prism glide in bulk single 
crystals above 250°C (19) 

Thin foils strained in electron 
microscope or rolled and 
thinned polycrystals 

Pyramidal and prism slip 
observed in region of stress 
concentrations below ambient 
temperature (25) 
Prism slip above 450 0 K in 
single crystals (32) 

-v 

\ . 

I 
I-' 
0 
I 

c. 
() 
::::J 
L' 

I 
I-' 
I-' 
H>-
I-' 
OJ 
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T ABLE II (Cont.) 

a (0001) (38)SU (39)SM 

Ti 1. 59 a {10IO)P (40)SM{38)SM 

a (loll) (40)SM(38)SM 

a (OOOl) {4l)SM 

Zr 1. 59 a (10Io)P (41)SM 

a (OOOl)P (42)SU (43)SU (44)S-U (45)SU Pyramidal slip observed 

a (1010) (42)SU (43)SU (45)SU (46)SM above 500 0 K (40) 
Other non-basal slip 

Be 1. 57 a (1011) (45)SU (46)SM{4 7}SM observed above SOO°C (47) 

c + a (1124) (45)SU 

c+a (1122) (45)SU I 

(47)SM 
I-' 

a (1014) I-' 

c+a (1010) (47)SM(56)E 

Mg-Li a (OOOl)P (48)SM(49)SU 
(14 at.%) 1. 61 a (1010) (48)SU(49)SU 
solid solution 

'Y Ag2AI a (OOOI)P (50)SU 
intermediate 1. 588 (loIO) (50)SU (51)SU 
phase a 

E Ag-Zn 1. 557 a (OOOl)P (52)SU Tendancy for non-basal slip / 

solid solution to . (lOla) (52)SM increased with decreasing c/ a 
a 

(52)SM 
d 

1.571 a (1011) () 

::0 -----
S Cu-Ge 1. 633 (OOOI) (53)BU t-< 

a I 

Solid solution I-' 
I-' t,· 
~ 
I-' 

co 



Cd-Mg 1.80~1.89 a 
solid solution 

? 

Cd-Mg 1. 64-1. 77 a 
solid solution a 

Mg3Cd 1. 627 a 
solid solution 

a 

Mg3Cd 0.8038 ? 

? 

? 

,'. 
"-E = observed by electron microscopy 

S = observed by slip trace technique 

TABLE II _(Cont. ) 

(OOOl}P 

(1122) 

(10)S-M 

(lO)SM 

p-
(0001) (10)SM 

(1oiO) (10)SM· 

(OOOl)P (54)SM 

(OOOl)P (54)SM 

(1oiO) (54)SM 

(1011) (54)SM 

(1122) (54}SM 

P = predominant slip mode at ambient temperature 

M = polycrystals 

U = single crystals 

• .::' I;) ':..&. 

Slip direction not determined 
for pyramid plane 

Prismatic slip at grain 
corners 

Disordered condition 
c / a not reported 

Ordered State 
Non-basal slip directions 
not reported 

-"" 

I· 
1-+ 
N 

C! 
o 
::0 
r 

I 
~ 

~ 

~ 
I-' 
co 

, 
i 
i"· 
I ~ 
'I 
" " ,I 
I. 

" j~ 

I 
I 
I' 

:~ 
j 

I 
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reduction of energy. As the partials separate, a stacking fault ribbon 

of the kind shown in Figs. 2a and 2b is formed having an energy 'Y per 

unit area due to the two next nearest neighbor violations for hexagon"!,! 

packing. At equilibrium the repulsion arising from the two partial 

dislocations is balanced by the attraction due to the stacking fault and for 

two straight parallel dislocations. 

Gb 
2 Ii 3' ·1 ~ 2 (3 \ 

'Y""" 247rd \\ - l-u} cos e+'I~u -Ii (4) 

where d is the separation of the partials, G and u are the shear modulus 

and Poisson's ratio respectively, and e is the angle between the dislocation 

line and its total Burger 'S,yector. Alth.ough Eq. 4 can be used to determine 

. the stacking fault energy, ,Vlhelan's method, 6 using extended and contracted 

modes, is usually preferred. The stacking fault energies that have been 

estimated by electron microscopy are summarized in Table III. These 

data suggest that in general the stacking fault energies in hexagonal 

close-packed metals is high and in many cases so high that the separation 

of the partial dislocations is less than the resolution of the electron 

microscope. In these cases, as will be developed later, the"stacking fault 

energies can be deduced from the kinetics of intersection and cross-slip 

mechanisms as .determined from mechanical behavior. As suggested by 

Marcinkowski,9 ordered D019 hexagonal close-packed phases should 

exhibit higher stacking fault energies than random solution due to the 

additional energy of the antiphase boundary thus produced. 

'. 

,; 

,I 

,I 
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TABLE III 

Stacking Fault Energies .i 

Metal cia Energy Ref. Remarks 

Cd 1. 886 15-30 ergs/cm 
2 

(5) Stacking fault'e-nergies 

2 of Zn, Cd and Be 
Zn 1. 856 15.30 ergs/cm (5) estimated from electron 

2 microscope observations 
MO" 1.623 '" 60 ergs / cm (7) and that of Mg from b 

-180 ergs/cm 2 analysis of basal slip 
Be 1. 567 (8) in single crystals. 

,-. 

. '! 
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III. MODES OF SLIP 

The various modes of slip that have been observed in hexagonal 

close-packed metals and alloys are summarized in Table II. A 

distinction is made between observations based on electron microscopy 

and those based on the more macroscopic method of slip trace techniques 

because the observations by electron microscopy may identify infrequent 

and local events whereas slip line traces are only observed where rather 

extensive slip over one or a cluster of nearby slip planes has taken place. 

An additional distinction is also made regarding whether the observations 

were made on single crystals or polycrystalline ,aggregates because as 

a result of high stress concentrations polycrystalline specimens 

occasionally exhibit some of the difficult modes of deformation which are 

not necessarily observed in single crystals. Furthermore, the sessile 

dislocations are appropriately identified in the slip plane column. 

Although it is possible that the absence of a mode merely refers to the 

fact that it has not been observed, it is more likely that in those examples 

that have been subjected to detailed scrutiny, the absence of data on 

anyone mode of slip seriously implies that the crtical resolved shear 

stress for slip by this mode is extremely high. 

The a. priori prediction of the planes on which slip might take place 

is much less accurate than predictions of the possibl~ Burger's vectors 

of dislocations. This stems from the fact that different mechanisms of 

deformation might serve to hinder the motion of dislocations on the 

different planes. It is generally agreed, however, that slip win not 

readily occur on those planes for which the Peierls stress"55 'is extremely 

high. Nabarro, 56 assuming elastic isotropy and a simple tetragonal 
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o 
lattice, suggested that the Peierls stress at the absolute zero, T 

P 
is 

approximated by 

o 
T 

P 

2G 
(1-u) 

27rd 
e - b (l-u) 

where G = the shear modulus of elasticity and u = Poisson's ratio, 

(5) 

d = the interplanar spacing, and b = the Burgers vector. Therefore, in 

general agreement with the experimental observations in Table II, slip 

should take place on planes having low indices, for which d has its largest 

values. Although Eq. 5 is quantitatively in error and gives theoretical 

Peierls' stresses that are much in excess of the flow stresses usually 

observed in single crystals.' it has, nevertheless, been used in the 

absence of other approaches as a crude qualitative guide for judging the 

relative orders of facile slip by different modes of deformation. On the 

basis of the Nabarro estimate, the Peierls stress is expected to be high 

on high index planes which would not therefore serve as operative slip 

planes. Furthermore, it might be expected that whereas crystals 

having a large c / a ratio should slip with relative ease on the basal plane, 

those having lower c / a ratio might exhibit more facile slip on the 

prismatic or pyramidal planes. This trend appears to be observed as 

the c / a ratio decreases from 1. 86 for Zn to 1. 59 for Zr, but Be which 

has an axial ratio of c / a = 1.57 appears to be an exception to this 

expectation. It is not known whether the strong elastic anisotropy of 

Be might be responsible for this anomaly. Levine, Kaufmann and 

Aronin 42 have sho~n that the critical resolved shear stress in Be for 

both the <1120> {OOOl} and <1120> {lOla} modes of slip decreases' 

with increasing purity; the ratio of the. critical resolved shear stress 

. 
~ .. 
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for prismatic to basal slip increased froin 5/1 to 38/1 with increasing 

purity over the range of impurities that were investigated. This first 

suggests that 'impurity hardening is very pronounced in Be and secondly 

that even high purity Be is an exception to the general trend that prismatic 

slip becomes more favorable as the c/ a ratio is reduced. Other exceptions 

have also been observed. For example, Stoloff and Davies52 have shown 

that E-Ag-Zn alloys which have an axial ratio from 1.55 to 1.57 deformed 

principally by basal slip with only modest amounts of prismatic and first 

type pyramidal slip. Therefore, the Nabarro analysis of the Peierls 

stress merely serves to discount the possibility of slip on very high index 

planes but it cannot be employed, in its present state of development, for, 
. / 

discriminating between various permissible modes of deformation on lo\.v 

index planes. 

As shown in Table II, dislocations of the type a that have Burgers 

vectors b = a/3 <1120> have been observed to slip on the {OOOI}, {10Io} 

and the {lOll} planes. It is interesting.to speculate on the relative ease 

of these mechanisms of deformation. Under preliminary straining to 

induce either prismatic or pyramidal slip, dislocations having edge 

components may move out of the crystal whereas dislocation segments 

that achieve the screw orientation,wil~ become trapped because they will 

dissociate into a pair partial dislocation on the basal plane. If additional 

'!. dislocations are generated on the prismatic or pyramidal planes at pOints 

of stress concentration, they also will become trapped causing, in the 

absence of other aleviating mechanisms, strain hardening. Stress 

concentrations due to piled-up dislocations might therefore be expected 

to promote early fracturing. It appears, at present, that the only 
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mechanism. that might aleviate this condition is dynamic cross slip of the 

dissociated screw dislocations trapped on the basal planes. As shown by 

Friedel, 57 the activation energy for cross slip increases with the 

constriction and recombination energies. Consequently, the ease of slip 

on the prismatic or pyramidal planes as a result of dislocations of type a 

should increase as the stacking fault energy increases or as the separation 

of the partial dislocations decreases. On this basis alone, prismatic slip 

should be least prevalent in Be, and its frequency should increase with 

the series Zn, Cd and Mg. With the exception of Be, which exhibits some 

prismatic slip, this is the observed trend. On the other hand, the stacking 

fault energy is not the only signific ant factor involved. Even when the 

constriction and recombination energies are low, glide may yet be 

extremely difficult on the prismatic and pyramidal planes as a result of 

high activation energies for slip (e. g. that due to the Peierls mechanism) 

on these planes. Price14 has shov~n that the resolved shear stress for 

slip on non-basal planes below room temperature in Zn and Cd is lowest 

for (1122) <1123> glide, intermediate for (1011) <1120> glide and highest 

for (1010) <1120> glide whereas at higher temperatures the shear stress 

for (1122) <1123> glide is higher than that for (lOi1) <1120> glide. 

Consequently, generalizations concerning operative slip modes must 
.' 

await detaile.d evidence regarding the strain-rate controlling mechanisms 

of slip on the various planes. Some preliminary investigations.on these 

issues will be reviewed in the following sections of this summary. 

As mentioned previously at least five independent Slip systems 

are required in order to insure extensive ductility in polycrystalline' 

aggregates. A number of possible modes of slip are identified in Table IV. 

.,. , 
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As documented in Table II, the first four' modes have bee-n detected 

experimentally and the last two are shown merely to indicate additional 

possible, but yet undetected, modes. Slip by the {0001} <1120> systems 

contribute only two independent modes since the third Burgers vectgr of 

type a lying in the basal plane is equal to the sum of the other two and 

consequently does not provide an independent mode. Twinning on, the most 

frequeritly observed {1122} twin plane provides 6 more modes in one 

direction each but, as has been observed inthe low temperature deforma-

tion of pure pOlycrystalling Mg, basal slip plus twinning, permits only a 

few percent strain before fracture takes place since the shear strains 

due to twinning are limited in sense and extent. 25 Prismatic slip by the 

{1100} <1120> systems provides three modes of deformation but only 

t'o/0 of these are independent. Consequently, simUltaneous basal and 

prismatic slip by Burger 's vectors of tl}e type a provides four modes of 

deformation and does not allON' for shear straining parallel to the c axis. 

It has been shown that alpha solid solution alloy additions above about 

8 at. % Li induce extensive prismatic slip in polycrystalline Mg in addition 

to basal slip.48 Such alloys exhibit up to 12% elongation even at 4°K 
~ .. . 

whereas the. pure Mg polycrystals having the same grain size fracture 

at about 5% elongation. The. mechanism whereby Li additions to Mg 

lower the critical resolved shear stress for slip by the {1100} <1120> 

,.. modes of slip will be 'discussed later in this summary. 

The changes of shape which can be produced by the first type 

pyramidal slip in the family {lOll} <1120> are precisely the same as. 

those which can be produced by the simultaneous and independent operation, 

of both basal and prismatic slip. The operation of this mode together with 
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TABLE IV 

lVlodes of Slip in Hexagonal Metals l 

No. Burgers Slip Slip Plane Slip 'Number 
5"8 

Vector Direction Type Plane Independent 
Type Systems 

" 

'1 a <1210> basal {0001} 2 

2 2. <1210> prismatic 
1 st t)ipe 

{1010} 2 

3 a <1.210> ~)yr::-..midal {lOll} 4 
.l. S'~ type 

4 c + a <1123> pyramidal 
2nd type 

{1122} 5 

5 c <0001> prismatic {loIo} 2 
'1st type 

6 c <0001> prismatic {1120} 2 
2nd type 
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,. 
basal and prismatic slip provides only four independent slip systems. 

Slip by the fourth mode documented in Table IV provides all of the 

independent modes of deformation for assuring ductility in polycrystalline-

aggregates. The fact that only minor contributions of this mode hav:.e been 

observed in Zn suggests that its critical resolved shear stress is quite 

high and it may be this factor that accounts for the notorious lack of 

ductility in polycrystalline Zn at room temperature. The fourth mode 

of deformation has been observed to take place to a greater extent in 

Cd and this might in part account for the better ductility that poly­

crystalline Cd exhibits. 10, 15 Simultaneous action of only the first three 

modes does not provide for shearing parallel to the c axis. Consequently, 

they must be supplimented by relatively easy action of one or more of the 

last three modes in order to provide extensive ductility. Twinning can 

assist only in a limited way in providing some of the needed shear strains 

parallel to the caxis . 

.. 
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~ . 

IV. MECHAL'JISMS OF DEFORMATION 

Mechanisms of deformation refer to the athermal or thermally 

activated processes that determine the critical resolved shear stress 

for the various modcs of slip. Up to the present, investigations on._ 

mechanisms of slip have been limited to basal and prismatic slip by the 

first two modes given in Table IV. Each of these modes of slip can 

exhibit a series of different mecha.."1isms of slip dependent on which is the 

more difficult and thus controls the deformation. It will be shown that 

different me chanisms control the deformation by a given mode over 

different ranges of temperature in a given metal or alloy .. Furthermore, 

the controlling mechanism' of a given mOde can occasionally be changed 

by appropriate alloying and the controlling mechanism is frequently 

different over identical ranges of temperature for the different modes. 

A. Basal Slip 

The effect of temperature on the critical resolved shear stress 

for Slip by the {0001} <1120> mode for Zn,' Cd, Mg and Be are given in 

Fig. 3. "Two ranges of behavior are clearly revealed. Deformation over 

Region I, where the flow stress decreases almost linearly with an increase 

in temperature, is controlled by a thermally activated mechanism; over 

Region II, where the flow stress appears to decrease mildly and 

proportional to the decrease in the shear modulus of elasticity with 

increasing temperature. deformation is controlled by an athermal mechanism. 

At higher temperatures. a second thermally activated mechanism. 

undoubtedly dynamic recovery. is controlling. 

'Whereas strain hardening increases the flow stress in each of 

these ranges, it is most readily isolated from other effects in Region II 

.. ; 
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where it is the major factor that modifies the critical resolved sheo.r 

stress for slip. The thermally activatedmechanism that determines 

slip over Region I occurs with such rapidity at the higher temperatures 

of Region II that it no longer affects the flow stress in this range. In 

general the rate of strain hardening on the basal plane is small, the flow 

stress incre'asing linearly with the strain over the lower temperatures of 

Region II in a manner analogous to the strain-hardening observed during 

easy-glide of face-centered cubic metals. As shown in the Parker­

\Vashburn experiment on the motion of a low-angle boundary in Zn, 63 

dislocations undertaking basal slip encounter barriers. Price5 noted 

that occasionally dislocat'ions become blocked at barriers that are not 

resolved by the electron microscope. Other barriers, however; have 

been identified by Seeger and Trauble18 and also Price. 5 Mechanically 

polygonized low angle boundaries and mechanically produced twist 

boundaries are seen. Dislocations from different sources on slightly 

different slip planes form piled-up arrays of dislocations. Occasionally, 

tensile stress fields due to the arrays are sufficiently high to induce 

fracturing on the basal plane about midway between the two glide planes 

of the arrays. Superjogs are formed by double cross slip from the basal 

to prismatic to another basal plane. Dislocations having screw . 

components exhibit cusps when under a stress probably due to unit jogs 

or small superjogs. Such cusped dislocations have been observed to 

move by jumps under a stress suggesting that vacancies are produced. 

Dislocations having jogs of an intermediate size form the usual dipoles 

as a result of the mutual interactions of the branches of the dipoles and 

the two branches of a dislocation having large superjogs continue under 

a stress to spiral about the jog. Dislocation loops due to the 



-25- UCRL-ll·J18 

condensation of mechanically produced vacancies are prevalent in electron 

18 
micrographs of deformed hexagonal crystals.· Seeger and Trauble have 

observed that Zn single crystals tested above about 243°K exhibit a· range 

of much higher strain hardening following an easy glide stage than crystals 

tested below this temperature. They attributed this to the interaction of 

the glide dislocations of type a on the basal plane with loops of dislocations 

of the type 1/ 2c + p produced by the condensation of vacancies. 

Glide dislocations of the type a on'the basal plane do not interact 

with forest dislocations of the type c since their Burgers vectors are 

mutually perpendicular. W'nen glide dislocations on the basal plane of 

the type a form junctions with dislocations of the same type on the 

prism plane they form another dislocation of type a on the basal plane. 

If the dislocation on the prism plane is almost normal to the basal plane 

the junction is small and will be easily eliminated by a minor modification 

of the usual intersection mechanism; and when the dislocation. on the prism 

plane makes a small angle with the basal plane~ a long junction having a 

Burgers vector of type' a is produced which can then slip 011 the basal 

plane. Thus only very modest stresses are required to decompose 

junctions that are produced by interactions between glide dislocations 

on the basal plane having Burgers vectors of type a with forest disloca-
. . > 

tions on the prism plane having the same type of Burgers vector. Both 

attractive and repulsive j;unctions can be formed between glide disloca-

tions on the basal·plane having Burgers vectors of the type a and forest 

dislocations on the pyramidal plane having Burgers vector~ of the type 

c + a. The interaction here is somewhat analogous to that described by 

Saada for face-centered cubic metals. 64 He has shown that the piercing 

/ 

/ 
.' 
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" 

of attractive junctions formed by i~t~rs'~cting disloeations' results in an. 

athermal contribution to the flow stress which is decidedly higher than 

in the case of repulsive junctions. The stress to complete intersection 

of the dislocations that have formed an attractive junction is given.by 

'T = 

\ '-. 

-yGb -a--
. , , 
f": . 
" .' 

. , 
I', • ~ :: 

where'i dis the average spacing between the "fore3t" dislocations::oftype 

c + a., If the forest dislocations are spaced clOSE! together 'Y is' . . : . 
.. 

appro~imately 2.0; however, if the forest disloc:atiqns which satisfy the' 

required geometrical conditioti.s to form attraCti"re junctions with glide 

dislocation a.re widely sPB:.ced. 'Y is ab?ut 0.4. It is difficult to estimate 

what contribution this mechanis·m .makes to the flow· stress during basal 

glide in hcp metals since little is known concern.ing the density a..nd 

distribution of c. + a dislocations... It 'is expected. that becau~e ~he: ~~e'rgy 
. : .. , 

of the c + a dislocation is relatively high. the gIl'own in density ?f these 
. . 

dislocations might be small and therefore the athermal cOl)tribution to 

the flow stress during basal glide b:); the junction reaction mi.~~t ·be;~ 

. ;' 

. '-'/ 

, .. ~;~ 

negligible •. If. However. <1123> gl{d¢ becomes active dU:rihg defdrmation .. 
" .. :-., 

." ,. 

., . 

.: 'I
r 

. . 

! 
i 

I 
. ·1' 

;' I 
.' . , I 

as it might in polycrystalline metals. the frequency of junction reactions. '.: :. 

",:, :~:.' .:: '. : ',,:. e' , " 

might increase to the point wqere the:y:~w.,6~~d make a Significant contribution' " 
• > ~ ',,/~': ,,;,.',,"t.~~.~. ',:(.~ '~'::<f··~.:~:~:~~f." .. ~ .... j .• '.' • ,.' . " ..••. " < 

to the flow stress .• )n zin.c and cadmium where (1122)'<1123> glide is 

known to be an act~ve slip mode .. this mechanism may be of Significant 

importance. but in several other hcp metals c + a glide dislocations are 

not observed at atmospheric temperatures and a strain hardening contribution-

by this mechanism would probably be small. It therefore appears that' 

the temperature 'independent flow stress exhibited in Re~ion II arises' 

. ~ . : 

..... / . .. ' 
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principally as a result of long range stress fields of groups of dislocations 

plus the inter-actions between glide dislocations and sessile loops lying in 

the basal planes. 

B. Thermally Activated Intersection 
29 -

Conrad and Robertson and Conrad, Hays, Schoeck and 

Wiedersich 30 have rather clearly demonstrated that the thermally activated 

mechanism for basal slip in Mg over Region I arises from the intersection 

of dislocations. The similarity of the stress-temperature diagrams for 

basal slip of the other hexagonal metals suggests that their deformation at 

low temperatures is also controlled by the intersection mechanism. As 

previously mentioned, hov.,rever, the me'chanical behavior of Be single 

crystals during basal slip in Region I is influenced by interactions of solute 

65 atoms with the glide dislocations. Seeger has shown that the strain rate 

that is obtained by the intersection mechanism is given by 

.' . - U/;T y - \,A //,.-o --, Vo e ' J7) " 

where .y is the shear strain rate. .y 0 = NAb v (where N is the number of 

points of contact per unit volume between glide and forest di~.1ocations, 

A is the area swept out per successful intersection. and v is the frequency 

of vibration of the intersecting dislocation) U is the additional energy 

that must be supplied by a thermal fluctuation to complete intersection and 
) 

kT has its usual meaning of the Boltzmann constant times the temperature 

of test. Defining .,. G as the local stress field a dislocation must surmount 

athermally- the net stress, 

intersection is given by 

'" ",' 

T 1 aiding the thermal fluctuation in completing 

(8) 

" d 

'I , 
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where T is the applied shear stress. Taking L as the average distance 

between contacted forest dislocations, a force 

?-:. 

I~:::::: "i .. ~"Lh (9) 

acts to aid intersection and consequently U = U{F}. 
J 

Detailed statistics 

of the mechanism have not yet been completely formulated and the terms 

of Eq. 9 must therefore be taken as appropriate smeared values. 

I h · 1 d' , f . t t' S 65 d th t n IS ear y IScusSlons 0 In ersec 1011 eeger assume a 

, the activation energy decreased linearly vrith the stress according to 

·x 
U = 1/:' - '(: L h d (10) 

where U. is the total energy for intersection and d is the distance the force 
1 ' ' 

,', 

T'" Lb has to move to complete the process. On this basis 

T< Ie (11 ) 

revealing that the flow stress should decrease linearly with temperature 

over Region I and that 

(12) 

over Region II where"/' = O,and 

(13) 

Both T G and Ui vary linearly with the shear modulus of elasticity so that 
a _. 

7C'- z:;: %0 
(14a) 

and 

(14b) 

where 'the superscript zero refers to the ahsolute zero of temperature. 

Consequently T G and Ui decrease slightly and almost linearly with the 

absolute temperature. 

.' 
i, 
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\ 

The trends suggested by Eqs. 11 and 12 are in nominal agreement 

with the experimental datD. for basal slip recorded in Fig. 3. 

FriedelGG suggested that the distance between the forest disloca-
,', 
',' 

tions,; L, should decrease as the stress T is increased according to the 

statistic ally determine d relationship 
~... ,,/ 

. " . . - ...:.. '\ 'I:'J 

L - -~ ( Lit' 61) I - "--' .-,-----_._-) 
"/ \ --,--- "', /- . 

L-

(15) , 

where Lw is the mean spacing between the forest disloc ations. According 

to this modification Eq. 11 becomes, 
?;; L'/· I )if ~ "';..::; "'/ ..: 

(L) ===.3 (L4.~ 6b)~j iJd (16) 

and T retains its value given by Eq. 13. 'Whereas the original Seeger 
c 

formulation suggests that 

(17) 

'Friedel's modification gives '" ' 
. 3,<, 

(J 
';'; I'; 0)' )7.2, .' , 7 I, /·'L\,j;:'/P . II .-.- -1""-; l..., .w\"....oo • . . ,.,./\. /- / / v I L 

!.. :::::- t.G -;- ::;> (' 1::; /' L;F73j : J, [ . 
~/ ,L....:~\ c:...--r LI/ ':J I' 

(18) 

The original data of CHSW30 giving ./' as a function of T are shown 

in Fig. 4. The decreasing values of T with strain rate are in accord c 

with the sugges~ion of Eq. 13 which is valid for the Seeger and Friedel 

approximations as well as other models for intersection. Thus1 the 

total activation energy for intersection can be determined from the effect 

of strain rate on T I namely 
c 

!).~' 7co 
;..; k.z 

(19) 

, I 
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Using CHSW IS 
-1 data of T ::: 4400K for 1'2 = 10 per scc and 

C2. 

T = 335°K for 'Yl = 
C1 

10 -4, and the effect of TonG for Mg given by 

Roberts, 88 U~ = 13.1 x 10-13ergs which is in good agreement with the 

value obtained by CHSWby an alternate procedure. Furthermore from 

_~~(~:_0:j:~:~~ 
1< 7c/ , (20) 

the value of 1'0 = 1. 0 x 10
7 

per sec is obtained. Assuming that 

j,j == /\/,i'/lV ==((}}L)' !::b(/l~:h)' ::: el /\1e, (21) 
(J (~ j,# I ,/ \ L: 

where p is the density of the glide dislocations and v 0 is the Debye frequency 
, 13 

taken to be 10 per sec, :the slightly high but not' unreasonable value of 
. 9 

p :::::: 10 is obtained. Introducing the value of l' 0 obtained above into Eq. 7' 

and calculating U for the various strain rates that were employed by 

CHSW gives U as a linear function of T as shown in Fig. 5. Furthermore, 
,'. 

the U vs 7:" curve can now be obtained from the data given in Figs. 4 and 5 

as shown in Fig. 6. Although the analytical technique that was employed 

here differs from that originally used by CHSW, the results agree well 

with their analyses. 

Basl'nkl,67 has shown ,that the t' t' f' t t' " ac Iva 10n energy or In ersec 10n 

does not necessarily decrease linearly with the stress (as was originally 

suggested by Seeger) but it can be represented by a fO,rce displacement 

(F- i\) 'diagram shown schematically in Fig" 7. Accor~ingly the energy 

that must be supplied by a thermal fluctuation to aid the stress in 

completing intersection is 

(22) 
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In order to establish the F-A diagram from experimental results, the 

change in strain rate with a change in stress might be used, where 

.-5 -=- (r-3: L It J~) :c:: _, / .c
t ~~:= «::- -'~';{(;~~1~~~L (23) 

\ ,...) i:'~ / T /~ I cJ L. ' /~' / <;;' : 

If the smeared average values of L can be assume d to be independent of 

the stress 

/' )/~J T.::=: j: /.'). .:-> , , I! J_ I,. (24) 

but if Friedel's assumption, given by Eq. 15, is valid 

i) I ;- -== (/ ~~ (~61~- 11:1 Ii? 
.'~./) I .. ·' <'- "or.· /l . 
! L. 

(25) 

Correspondingly if the sme~red average ~alue of L is taken to be constant, 

the force assisting intersection is 

-- ,.....;;<.. 
/s~!. :Lh (26) 

whereas if Friedel's assumption given by Eq. 15 is valid, this force 

. becomes 

(27) 

Calculations based on the Friedel's assumption ·gave results tliat deviated 

seriously from theoretical expectations of the force-displacement 

diagram for intersection and, therefore, will not be reproduced here. 

Rather it will be assumed that the smeared average value of L is sub-

stantially constant and that Eqs. 24 and 26 apply. 

Using the values of {3 determined experimentall by CHSvV, the 

T';c vs ~ curve shown in Fig. 8 was obtained. The ordinates of Fig. 8 
b . 

are proportional to F and the abscissas are proportional to A'. Therefore, 

the F-A curve can be established once the value of L is known. 
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An estimate of A can be duducecl' from the known theoretical 

relationship of U /2 r y vs Aly which is developed in the appendi..'-:: of c I p 0 0 

this paper and is shown by the solid curves given in Fig. 9. Here U is c 

the total energy required to form a constriction at the point of inter..scction 

of a glide dislocation with a forest dislocation, r is the line energy per' p 

unit length of a partial dislocation and Yo is the equilibrium separation of 

the partial dislocations. As described in the appendix, the curve for 

2c = 0.24 applies when the total dislocation is in edge orientation whereas 

that for 2c = 0.12 applies when the total dislocation is in screw orientation. 

Since the t~tal intersection energy for Mg was found to be U~ = 13.1 x 10-
13 

o Gb3 
ergs and the jog energy cart be approximated to be about lj ~ T2 = 

, -13 ° ° ° 5.05 x 10 ergs, the constriction energy for Mg, namely U = U. - U., is 
c 1 J 

estimated to be about UO = 8.05 x 10-13ergs . Assuming various values 
c 

of y and taking rO = 1/6 Gb
2 

the experimentally acceptable values of o p 

U c /2 rpy 0 vs A/Yo for constriction in Mg were also plotted as the broken 

curve on Fig. 9. The points of intersection of the broken curve with the 

solid curves give the experimentally deduced value of Yo ::: 2b as the 

stacking fault width in pure Mg. 

At present it is not known whether some jogging occurs during the 

last stages of constriction or whether the constriction must be complete 

before jogging takes place. Therefore, the total displacement for 

intersection A. might be estimated to be 2b < A. < 3b. Two values 1 ,....., 1 ...... 

Ai = 2b and Ai = 2. 5b were assumed for the pur~ose of comparison. As 

deduced from Fig. 8 when A. is taken to be 2b 2L = 6.35 x 10-4cm and 
, 1 ' , 

L = 3.1 x 10-
4 

whereas when Ai is taken to be,2.5b, L = 2.'5 x 10-:-4~ In 

either case, the reasonable density of forest dislocations of about 10 7 is 
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,. 
obtained. Using the above mentioned values of L and the experimental 

data given in Fig. 8> the F = ,/' Lb vs I~ = {3kT / Lb datu~ poj.nts givcn in 

Fig. 10 were determined. The solid line refers to thc theoreticallv . v 

deduced F- A curvc derived in the appendL'X for constriction alone. The 

better agreement between theory and experiment when A: is taken equal 
.1 

to 2b suggests that some jogging accompanies the last stages of constriction; 

the fact that the experimentally deduced datum pOints lie slightly above the 

theoretic:U curve for constriction over 0 < A < b suggests that jogging 

begins to take place over the final Burger's vector of constriction. 

Whereas these deductions are somewhat subjective and must be rechecked . . . '. -. 

in the light of better theory and more complete experimental data, they 
. ~ 

nevertheless conclusively establish the operation of the intersection 

mechanism ·for basal slip in Mg and point to a very small separation of 

the partial dislocations of about yo :: 2b. 

Up to the present there have been only a few investigations on the 

effect of alloying on the mechanisms for basal slip in hexagonal alloys. 

In Fig. 11 are shown the limited data of Quimby~ Mote and Do~n49 on the 

critical resolved shear stress for basal slip of a 12.5 at. 0;0 Li alloy of Mg 

-4 as a function of temperature for the single strain rate of -y = 3 x 10 per sec. 

These data reveal that alloying can appreciably increase the flow stress 

for basal slip. This alloy exhibited a modest yield point. due to Suzuki68 

and possibly also CottreU
69 

locking. The very high value of 7" G for this 

alloy in contrast to the lower values for pure Mg is believed to arise from 

Suzuki locking. short-range order hardening and entrapment of a high 

dislocation density as a result of solute atom 'interactions. It is not 

possible at present to say whether the rapid increase in the critical 

., 
f 
i . , 
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'. 

resolved shear stress \vith a decrease in temperature over Region I arises 

from solute atom effects or from the high density of forest dislocations. 

If the result is exclusively due to intersection and the intersection energy 

is about U~ = 13.1 x 10-13ergs , as previously established for pure.Mg, the 
1 

.spacing of the forest dislocation is estimated to be about 
o 

/ .:::=: _ .. - ... ~{ .... (28) 
- / 'f'-- '-'-. '/-.' ')1: :<.. 

\~. '-- (-, -) 

which is within the expected range. 

Gilman observed that the critical resolved shear stress for basal 

slip in Zn containing 0.1 at. % Cd is distinctly different from that for pure 

Zn as shown in Fig. 12 19 The decrease in the flow stress that accompanies 

an increase in temperature over Region I is much more pronounced in the 

O. 1 at. % Cd alloy of Zn than in pure Zn and whereas the resolved shear 

stress for basal glide in zinc crystals was insensitive to strain rates from 

-5 5 O. 3 x 10 to 10 x 15 per sec and insensitive to temperature from .. about 

300° to 680 0 K, the flow stress for the Zn O. 1 at. % Cd alloy exhibited a 

strong strain rate and temperature dependence above 540 0 K in Region III. 

Although it might be suggested that the intersection mechanism is rate 

controlling over the low temperature thermally-activated range of l3-egion I 

(in which event the high sensitivity of the stress to temperature must be 

ascribed to a substantial increase .in the d~nsity of the forest dislocations) 

the data are not adequate to check this postulate. The jerky flow observed 

in Zn O. 1 at. % Cd alloy over Region II is undoubtedly associated with 

strain-aging. Both Cottrell and Suzuki locking can contribute to this 

effect. 

I ~ 
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C. Viscous ~recp . 

In sharp contrast to pure Zn vvhich behaves athermally at high 

temperatures, the Zn-Cd alloy exhibited a second thermally activated 

mech·anism for basal glide over the high temperature range of Regio!! III. 

h . t' . b H) Gilman has shown that over this range t e stram ra e IS glVen y 

(29) 

where T is expressed in dynes / cm2 . Such thermally activated processes 

as intersection, the Peierls mechanism, and thermally activated motion 

of jogged screw dislocations, which have activation energies that depend 

on the appli~d stress, cannot account for these results. Although the 

stress and temperature dependency of the strain rate might suggest that 

dislocation climb is the rate controlling mechanism, it appears more likely 

that the Weertmanyiscous creep model is operative. The higher flow 

stress of the O. 1 % Cd alloy of Zn above that for pure Zn over Region II 

and the jerky flow that was observed pOint to the importance solute atom 

interactions with dislocations over Region III. 

Weertman 70 has shown that at high tempe~atures ·where disloca-. 

tions from separate sources can annihilate each other as a result of facile 

climb, the shear st~ain rate for viscous creep is 

(30) 

where B is the mobility of a dislocation. 

Various mechanisms might account for the mobility. As will be 

shown later short-range ordering can be the significant factor. In 

Gilman's experiment, however, this mechanism is unlikely because of the 

very dilute solutions that were employed. Cottrell atmosphere effects 

, 
.' 

. .. 
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should prove to be a more likely possibility. Cottrell Clnd .Jaswon
71 

have 

shown that the mobility of a dislocation restrained by viscous drag of a 

soIute atmosphere is given by 

-_. (31) 
~', . /' l,/' t.· .' .-. i. .,:' i . " .... /:/ / :~. ;' 

where D is the diffusivity of the 'solute, Co is its concentration, N is the 

number of atoms per cm 3 of the lattice, and ;- and /' are the atomic radii 

of solvent and solute atoms respectively. Estimating D to be approximately 

b
2

1/e ""t¥- where v is the Debye frequency and .6H the activation energy 

for diffusion of the solute atom, suggests that 

where 

A= 

and n = 3 

_._ ... 7 - /.-:.{ /'~~~??' T 
',,~ c::' 

liT // -//) !~ ,r 
~;~6---Z-:--;;)-(;-:XL( /~.~:;~; r-~/ Z' 

(32) 

(33) 

Equation 32 compares favorably with Gilman's experimental results since 

.6H for the diffusion of Cd in Zn is expected to oc near 21,. OOOcal/mole and 

the theoretical value of n = 3 does not differ excessively frum. Gilman's 

experimentally determined value of 2. 7 .. Furthermore, A is e.:;timated 

-17 cm 6 
theoretically to re 5.6 x 10 ~ (using . ynes sec 

T = 600 oK, C 
o 

= 1 10-3 N = 6 6 1022 atoms x I • X - cc' 

1 .... 
v = 10 .)/3ec, u = 1/3, 

; , 

11 2 
G =,10 dynes/cm,. 

-8 r " = 1. 33 x 10 c m and 6n 
I -8 

rCd = 1. 49 ,x 10 cm) which is in fair agree-

ment with Gilman's experimentally deduced value. 

Thus we suggest that the deformation of Zn-O. 1 at. % C; .. ~ in 

Region III is controlled by the viscous drag of solute cadmillm atmosf.'>ers 

on dislocations. 

:'. 
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; 
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D. Suzuki Locking; 

Because dislocations of type a dissociate into two partial 

dislocations on the basal plane and are separated by a faulted region 

consisting of two layers of face-centered cubic stacking, basal slip,jn 

hex?-gonal alloys can exhibit Suzuki locking. 68 At temperatures above 

about 0.4 of the melting temperature, the atoms will redistribute them-

selves between the. faulted region and the matrix, in a manner analogous 

to the partition of atoms between two phases, resulting in a lowering of 

the free energy of the system. When dislocations are moved from the 

ribbon of concentration difference work must be done to increase the free 
, 

energy of the system. S\lzuki has ·shown that the process is not thermally 

activated and that the yield strength is given by 

_/ j ( r . ," j' j" ,,- ,,~ /- / / /' (;--T /'-! ( L'/ ;::-L == t.. . .f- ._. - - - J - F -
C:? /) V ) \ /c: Cl 

\ , 

(34) 

where T is the total yield strength T G is the dislocation stress fields that 

must be surmountedathermally plus the stress necessary to overcome 

short-ra.."1ge order, h is the height of a single layer of atoms lying on the 

slip .plane, (Ff-F) is the increase in free energy per mole for the faulted c 

region above the unfaulted matrix for a composition c of the matrix and 

(Ff-F)c:fiS the same quantity where cf is the composition of the fault, 

and V is the molar volume. Once the dislocat,ions have been separated 

from the ribbon of the composition difference, the last term in Eq. 34 

vanishes and the flow stress decreases to T G' Consequently, Suzuki 

locked alloys exhibit an athermal yield 'point. The small yield point that 

was obtained during basal slip of the 12.5 at. % Li alloy of Mg over both 

Regions I and II (vide Fig. 11) is probably due in a large part to Suzuki 

.' 
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locking; Cottrell solute atom locking in this alloy would be weak and 

thermally activatable. 

Mote, Tanaka and Dorn
50 

have shown that basal slip in the 

intermediate hexagonal solid solution phase having the congruent mE)lting 

composition of about Ag2Al (33 at. % AI) provides an interesting example 

of the behavior expected as a result of Suzuki locking. Single crystal_~, 

so oriented that the Schmid angles for basal slip are )~o = AO = 45°, were 

tested in tension. This alloy exhibited, within the limit of experimental 

scatter, identical stress strain curves from 77° to 450°1(. A typical 

example is shown in Fig. 13. It is significant to note that the upper 

yield point is about 50 times higher thari the yield strength commonly 

obtained in pure metals. Upon yielding a single Luder's band having a 

Luder's strain of 130% traversed the gage length, following which a modest 

degree of strain hardening was observed. As shown in Fig. 14, the yield 

point for the tension tests were independent of temperature up to about 
-.1. 

Above 450 0 K, specimens tested in tension at -y -10 • per sec 

slipped on the prismatic plane in spite of the much more favorable 

orientation for basal slip. Dynamic tests in compression and shear were 

conducted by Larsen, Rajnak, Hauser and Dorn 72(vide also 73, 74) over 

the entire range' of temperatures using modified Kolsky thin wafer 87 

techniques. Under dynamic conditions, the thermally activated prismatic 

Slip was completely suppressed and only basal slip took place. The data 

given in Fig. 14 clearly reveal that the flow stress is insensitive to 

temperature from 4°K to 450 0 K and that it is insensitive to changes of 
_.1. 4 

strain rate from -10 ~ to --10 . Above one-half of the melting tempera-

ture the shear stress for basal slip increased with temperature even as 
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the melting temperature was approached. The yield point, large. Luder 's 

band strain and the athermal behavior could only be rationalized in terms 

of Suzuki locking; Cottrell locking is undoubtedly absent because of the 

identity of the atomic radii of Ag and AI. 

Unfortunately thermodynamic data are not currently available to 

provide an 'accurate analysis of the problem. If,' however, the solid 

solutions in both the hexagonal matrix and the stacking fault are assumed 

to be ideal 

/ ~ , 

,.... ,Z./:I I C· 1 "·--?-' - t.,:.. .:::: .. ,--".- C - . I /1 /-
L . /) i' / \ /1. / '--~ 

___ ~.J. ___ _ 

/- C.i. 
I 

.. . .. ~ 

c 
/_C- e 

.J.'. f . 
. / -I c- \ I' ) 

.{J F = I /-/1/ - IA./ - ,r-;; .-;:; .. \ /, ,1/ t ACj' A9 

(35) 

(36) 

(37) 

(38) 

where 'YAI is the stacking fault energy in hexagonal Al and 'YAg that in 

hex~gonal Ag. 

It is reasonable to assume' that the- equilibrium condition of Eq. 35 

applies only above about 0.4 of the melting temperature(i. e. above about 

450 0 K). Below 450oK~ cf -c is expected to remain constant at the 

composition that is frozen in at about 450 oK. Consequently'T is expected 

to remain constant over the range from 4°K to about 450 0 K as was 

observed experimentally. 
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Assuming TC = O,Eqs. 35} 36, 37, and 38 can be solved 

simultaneouslv to give an uooer bound to ll\l- l~ in terms of the experi-
./. l l j:-l. j-~g~ . 

mentally determined values of 7. The two sets of results that were 

obtained are recorded in Fig. 15. Since the stacking fault energy in-

face-centered cubic Al is positive and greater than that in face-centered 

Ag, it is expected that lAl- "(Act will be negative for faults ill the hexagonal 
i::> 

phases of these metals. On this basis, the solid lower curve of Fig. 15 

. represents the estimated trends in the differences in the stacking fault 

energies, lAI- lAg' The magnitude of the stacking fault energies so 

obtained appear quite reasonable in view of the fact that smaller absolute 

values would have been obtained if 1" CiS 'actually greater than zero. 

A recent investigation of the mechanical properties of hcp phase 

Cu-Ce alloys by Thornton53 indicates that the strengthenipg mechanism 

for basal slip in this alloy may also be due to Suzuki locking. Thornton 

. found that deformation occurred exclusively by basal slip in this alloy., 

The alloy exhibited a pronounced yield drop at low temperatures which 

appeared to be due to the unpinning of locked dislocations and tp.e yield 

stress appeared to be insensitive to the strain rate. At high temperatures, 

the yield point dissappeared and the yield stress increased with increased 

strain rate suggesting a decreasing magnitude of Suzuki locking with 
. . 

increasing temperatures. 

E. Prismatic Slip 

When dislocations of type a move on the prismatic plane into 

screw orientation they dissociate into a pair of partial dislocations on the 

basal plane separated by a stacking fault. For this reason Friede157 

suggested that continued slip on the prismatic plane is, therefore, 



'~ . 

. . 
. ...... ~~--.. ---.--, -- --.--'----.-~----'~-

-- ._-.-"...-.. . ... -_."-_."" .... --~.- --- -," ....... -- ... - ... -:--- '":"' .. _ ... ~.- . 

-51-

100r 

(.\J 

~ 
u 
......... 

50 -
(f) 

G 
CC 
W 

0\ 
0 

~ 
20'0 400 600 

T oK , 
800 1000 

....... 
........ 

~ -50 
............ 

'" 

-100 

FIG.15 STACKING FAULT ENERGIES \IS. TEMPERATURE 

IN Ag 2 Al. 

. r 



-32-

dependent upon dynamic recovery by cross-slip from t.he b:lsal to the 

prismatic plane. As shown in Fig. 1G, this involves the energy of 

forrnation of a constriction U , the energy of recombination, R, of the . c 

partial dislocations over length L, and the. increase in the line energy as 

the line bows out on the prismatic plane ,where r is the line energy per cn~ 
/ 

length) and ~he negative of the work done by the applied stress. Under a 

given local stress, /', the radius of curvature of the bowed-out section 

.- )- of the dislocations is fixed and the saddle-point free energy for cross 
( 

sliD depends on the critical value for e - ( 2R ) 1/2 a-<- W 11ic1l poin':- the _energy , _ c - r l. J.. l.-

for cross slip reaches its maximum value. On this basis Friedel determined 

that the' shear strain rate for cross -slip is 

(39) 

\vhere N is the number of screw segments of dissociated dislocations on 

the basal plane per unit volume of the' crystal, each having a total length 

L , A is the area swept out per unit activation, 1/ is the Debye frequency, s . 
.. '.. ' 

and 'T" is the local shear stress on the prismatic plane in the, direction of 

the Burgers vector b. The same expression, also applies to cross slip 

on other planes of the zone containing dissociated screw dislocations. On 

the other hand, this cross slip mechanism will control the deformation 

only when other mechanisms such as for example the" Peierls process 

are more facile. 

Flynn, Mote and Dorn32 investigated prismatic slip in Mg under 

conditions where the basal planes were parallel to the tension axis and 

thus were subjected to zero shear stress. Their results are recorded 

1 
in Fig. 17 where it is shown that 'T':'T decreased linearly with 1 IT over 

: 
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the region where only prismatic slip took place. As shO\vn by Eq. 38 

when prismatic slip is controlled by cross slip the slope of Fig. 17 is 

, 1 bU /2( 2fR 3)1/2 '1"" cm
2 

approxlInate y c " == 1 • .) dyne . 

In addition, the effect of ch,ll1ges in strain rate on the flow stress 

were obtained "vhere 

-
l / ,'" 

\vhich can be rewritten to give 

(i-c'r;:i /'-}):·/l,;:5'_I-.'_-
.', /, "/~, .:.; ,: b, / 
2 y; 

Employing 1= Gt = 6.6: x 15
5
erg/cm together with experimentally 

(40) 

(41) 

, ':' " , -8 
determined values of T , T, and [3 'gave R = 6.5 x 10 erg/cm. Using 

the well known recombination energy equation 

the separation of the partial dislocation is deduced to be Yo/b ~ 3. 

Introducing the value~ ofR and r into the expression bUc/2(2rR3)1/2 

(42) 

1 1, -12 
deduced fromthe T'l" vs T curve. Uc was est~mated to be 2.43 x 10 ergs. 

Applying now Strohs 89 equation 

.' -3 (' . f< j/ /( (I I ' r" . ~ 
I == ~ b (.E- J /:. 1.1"/ I ==- _/J. ,/'-/ J ,I'f, ,j.:/ ) Uc 30. bl ,'~ ,L \ /.,'.J/ /5 /bJ '//;.J) 

for the constriction energy gives Yo Ib ::::: 7. Thus the values of y Ib 
> 0 

for the separation of the partials in Mg are estimated to be: 

Slip Mode Mechanism Method ''Jo/b 

Basal Intersection F-A -2 

Prismatic Cross slip R ....... 3 

Prismatic Cross slip Uc -7 

(43) 
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In general these values appear to agree well within the expectations 

based on the accuracy of the theory. 

l ' , Z,19£ On the other hand, Gilman investigated prismatic s Ip 111 ,-,11 rom 

525° to 670 0 K, in Zn containing 0.1 at. % Cd19 from 580 0 to 665°K, and 

in Cdll from 430 0 to 550 0 K, He found that 

--/,; 
0:;; 

" - /'-f.').;[ / r ,-, 

,;;',: ('" :: 
/ 

where T is in dynes / cm2 . 

per sec for 99, 999Zn 

per sec for Zn ± 0, 1 at. % Cd 

per sec for Cd 

(440.) 

(44b) 

(44c) 

Since the activation energy is indepen,dent of the applied stress these 

data appear to disqualify the cross-slip mechanism, as well as all other 

mechanisms where the activation energy is sensitive to the stress. 

Furthermore, the dislocation climb mechanism of Weertman is also 

disqualified because the activation energies that were optained experi-

mentally for prismatic slip are much higher than those for self diffusion, 

and because that for Zn increased substantially as a result of alloying with 

only 0.1 at. % Cd. This observation also disqualified the cross slip 

mechanism assuming Cd additions only slightly modified the stacking fault 

energy. The general form of Eqs. 44a, 44b, and 44c suggest that a type 

of viscous creep is operative, but the details of what type of viscous 

creep these data might represent have not yet been satisfactorily established. 

vVeertman 70 has suggested that the creep of the high purity Zn is controlled 

by the motion of dislocations over Peierls r barriers. His formulation 

'. 
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for the strain rate at low stresses assu'ming the activation energy to be 

independent of the stress gives the, stress dependence as a 2.5 power which 

is close to that given by Eq. 44a. It might be thought that Gilman IS data 

must nevertheless conform to Friede1 7s cross -slip mechanism. Friede1
90 

has suggested that Gilman 7S Zn data may correspond to a degenerate 

formulation of the cross-slip mechanism \vhere the constriction energy Uc 

is the predominent term in the activation energy and the strain rate is 

proportional to the stress squared but insurmountable discrepancies were 

uncovered in' attempting a detailed reanalysis of Gilman's data for prismatic 

. slip of Zn, Cd and Zn plus 0.1 at. % Cd in terms of Friedel's cross -slip 

theory. Furthermore, as" will be ,discussed later, prismatic slip in Ag2Al 

does not occur by the Friedel mechanism. Prismatic slip need not always 
,", 

take place by Friedells cross-slip mechanism in spite of the excellence of 

the theory. The good possibility that a dislocation slipping on the prismatic 

plane will not dissociate into partials on the basal plane is clearly revealed 

by Frie del's analysis. The critical length for. nucleating cross slip is 

given by 

(45) 

If only a segment of a dislocation on the prismatic plane dissociates into 

its partials on the basal plane, a length L > L remains on the prism c 
, 

plane, prismatic slip will continue and the screw segments dissociated 

into partials on the basal plane will be pulled back onto the prism plane. 

Consequently Friedel's cross slip theory is limited to those conditions 
." 

where -r'" is small and therefore it need not always prevail. 

F. Prismatic Slip in Ag2Al 

50 
Mote, Tanaka and Dorn have studied prismatic slip by the <1210> 

{10iO}~mode in single hexagonal close-packed crystals of Ag2Al. Although 
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this alloy is not long-ra'lge ordered, there is good evidence that it exhibits 

short-range ordering. 75 Single crystals V1ere tested in tension at a strain 

-4 
rate of 10 per sec employing Schmid angles of /...0:::::: X~ :::: 45°~ The 

critical resolved shear stress for prismatic glide as a function of tempera-

ture is shown in Fig. 18. These data show that single crystals near the 

absolute zero have the remarkably high tensile yield strength of about 

90,000 psi. Three ranges of deformation are easily recognized: Over 

Region I, the critical resolved shear stress for slip decreases precipitously 

with an increase in temperature revealing that the rate controlling mechanism 

is thermally activated; over Region II an athermal process controls the 

deformation and the yield stress d~creases modestly with the temperature; 

and in Region III a second thermally activated mechanism becomes rate 

controlling. 

51 A detailed study by Rosen, Mote and Dorn has shown that the 

deformation over the low temperature range of Region I is controlled by 

the Peierls mechanism. This mechanism has been discussed by Seeger, 76 

Seeger, Donth and Pfaff, 77 Lothe and Hirth, 78 Seeger and Schiller, 79 

8 ' 80 
Friedel, and J~ssang, Skylstand and Lothe. For the present example 

the theory of Dorn and Rajnak81 was adopted. Peierls suggested that 

dislocations tend to lie in potential valleys parallel to lines of atoms as 

shown in Fig. 19. VVhen a dislocation is moved as a unit from one valley 

to the next, the core energy increases so that the total line energy is r~' 

at the bottom of valley and r[ at the top of the Peierls hill. Since the c ' 

exact shape of the Peierls hill is not known it was assumed to be given by 

(46) 

where ex provides for modest variations from a sinusoidal Peierls hill and 

the remaining symbols are defined in Fig. 19. Consequently. the stress 
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needed to move a dislocation to y I part way up the Peierls. hil1 is o 

i' 

r:6 = /c}/l/lj) =:_ tr~~;;:)SI/, _2/9',//_0( CoS .2/7~) 
. (d y ~ a (C ~,7 (J. , a / 

(47) 

and the Peierls stre'ss necessary to cause slip at the absolute zero is th~ 

. f * maxImum value 0 T. namely' , 

!'r? r?J r... - ~"'L' . ~V-fz '. r.:it == true-to/ L3 i-(1-f30<) / 80<2_2 f-Z(/-r3O<~ '2 
l' 16 a /0</ ,.',-

(48) 

* * If a stress 7' < 7' is applied to the dislocation. it will be arrested 'at' y , 
p' 0 

part way up the Peierls hill as shown by the broken line .in Fig. 19a. 

Permanent plastic strains can only be obtained when a thermal fluctuation 

is sufficiently great to nucleate a pair of kinks as shown in Fig. 19a. Once , 

this critical energy has been exceeded the pair of kinks so produced will 

, 'separate to nodal points. jogs. or other barriers, thus advancing a . i 
, I 

segment of the dislocation the atomic spacing a on the slip plane. (Fig.: 19b) 

Dorn and Rajnak assumed a line energy model for this process 

which accounts indirectly for the attraction of the two kinks. The energy 
I 

of any embryonic pair of kinks is then given by 

U-<'L71{:tj(/f&.4)1~flYOJ - Th(Y:";tc)) dx (49) 

where the first term of the integrand refers to the line energy of the' 
I 

, I 

thermally displaced dislocation, y = y{x}. the second to the originallin~ 

,energy of the dislocation when it was displaced to Yo under the stress /~ 

and the third to the work done by, the stress as the thermally perturbed I 
dislocation sweeps o~t the area jet:) (y-y 0) dx. Thus U refers to the; 

, , -et:) 
energy that must be supplied by a thermal fluctuation to perturb the 

dislocation to any shape y = y{ x} from its position y = Yo. The 

perturbations are assumed to center at x = O. ,If they are too small the: . 

pair of embryonic k1."1ks collapse. A saddle-point free energy exists for 
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the nucleation of a pair of kinks so that all thermal fluctuations greater 

than this value advances the dislocation segment a distance a. By appli­

cation of the calculus oivariations the saddle-point free energy to nucle~te 

a pair of kink: ;;~found to be given by : ;2) ~ . 

. 4 == 2;j. (/!'rtir -[ih (1-Y.) -f IfffoJ}j·1'. (50) 

where A i~ t../e'" critical displacement y = A. at x := 0 for nucleation of a c c . 

pair of kinks and is given by 

(51) 
, 

I 
The energy of a single kink Uk' calculated by the same techniqu~, 

1 , 
was found to be in excellent agreement with that previously reported by i 

Seeger 76 and is given by 
. ti f1 

.2 UI</7 == /(( ?P a~) ~ 
aro .. J7/J/ 

where K is insensitive to fc I ro and depends only modestly on 0<" as 

" given in Fig. 20. When only a single pair of kinks is nucleated in length L 
". i 

of a dislocation at one time, the strain rate over Region I where the Peferls " 

.I " mechanism controls the deformation is given by 
1/;, 

i - f aiJ f )} e -.AT 

I 
I"~ 

(5,S) "" 
j 

"I 
i 

where w is approximately the length of the dislocation that is bowed outi 
"I 

during a successful fluctuation, p is the density of dislocations, and vi,s 

" the Debye frequency. 
" ~ 

At a critical temperature T c' analogous to that for intersection,: 
~ . "! 

where,." == 0, the total energy for kink nucleation is supplied by a therI'flal 

fluctuation and 

, 

! 
i 
! 

(54) 
I 
'I , 

.J 

j. 

( 



, , 
J 

.l, 
-63- "j 

{ 
\ 

i 1 
\ "j 

i 
j 
1 
I 

! 
•. ...!. " I 

I 

"<" " " j 
.~ ", l 

\ 
" '. 

0: 
0: Z . 0 I - -\' + .- I 

<t I 

If) w I 
f'.: -1 "- j , 

\ . 0 U +, ~ I Z i 

, .... , 0,' W , 
If) 

--,/ .' "r 'J: 
~ .- (f) 

~ 
If) '0::: z-
C\I 0 

~ .. 0 LL 
+. ts 

, 
, Z 

i 0 
o~: 

J: .-.- . 
- <[ 

3: u 
0 

\ LO ...J ~ C\I (/) 

0 lL. 
0 

:1 I 0 
'-" LL 

0 Z 0 
LO' 0 .. .-0 

I <t 
0::: 

t.() <t 
I'-: > 

/ 
0 : I I 0 'i C\J 0 I 

0 (!) 

.0 q -- -0 0 0 0 q 0 I LL . . ,.... u) LO ~ r<> ,C\J 
oJ II °JO 

G;,(qD~d.l)1 U>tnz =>t J 



. '~ 

/ 

-64- UCRL-11418 
.. , 

where Uk is the energy bf a single isolated kink. At T c the. strain rate is 

given by 
. zU/< 

i =fCLb!; )} e- ~7 (55) 

Thus the kink energy can be obtained from evaluations of the effect of stfa~ 

rate on Tc by 2U'x­
_ e. - .:;;y;; 

2U& 
e- ~rC2· 

(56) 

, j 

From the kink energy and the Peierls stress, the line energy of a dislocation 

can pe deduced from Eq. 52. Furthermore from t'ests conducted at the; 

same strain rate where pa!Lv is about constant 

L//") "....., ---2U/:' Tc 
T 

as shown by Eqs. 53 and 55. 

(57) 
! 
! 
i 
i 

~( ~( ! 
The theoretically deduced ratio Un /2Uk as a function of T IT is: 

p . : 

shown in Fig. 21. This relationship is very insensitive to rc1ro andoply 
I 

slightly dependent on 0<. and thus represents the dependence of the activ?-tion 
. . ~ 

energy for nucleation of pairs of kinks on the applied stress. 

A critical characteristic of the Peierls mechanism is the very 

*. . 
small activation volumes defined by v = - au taT, that are obtained. . n . 

.-. ~."-.' .. , 

is defined in the usual way 
/l' ~ ~ 

(3 
- d~n J' __ ~''J1.,_.UJ_ 
-' \~-- )T'<: 

01. C 
(58) 

The first term following the second equality is negUgably small and the: 

activation volume is therefore about 

. .. . - __ ,2/jj< _ d ('2iukl ' 
. ... /I/=f~/ - Tjo d( 1/7;-) . 

. * ~c / 
The variation of the activation volume with T IT is shown in Fig. 

P 

t 

I 
(5.9) 

22. 
.J 
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The experimental data obtained by Rosen, lVIote and Dorn for the 

lo,\vtemperature prismatic slip in Ag2Al is recorded in Fig. 23, where 
.. '. '0 

'I'" = 'I - TG GIGo (i. e. where the athermal stress has already been 

subtracted from the observed stress). 
~::: 0 ;:~ 0 

As shov111 in Fig. 23 T = 'I 
P 

and 

the Peierlsstress was assumed to be linearly related to the shear modulus 

of elasticity. The correlation of these data, with the theory from the 

Peierls mechanism is documented in Fig. 24. From the effect of i' on T c 

the kink en~rgy was determined to be U1 = 3.0 x 10-13ergs or 0.19 e. v. 
. <: 

o 
Introducing this and the value of T into Eq. 52 gives a line energy of 

2 p 

ro::::: Gf which is in good agreement with Nabarro 's theoretical estimate 

of Gb2
/2. Furthermore, the activ.ation ·volumes agree exceptionally well 

with the theoretical deductions as shown in Fig. 25 and using v = 5. i x '1/0 12 

and w = 50b gives pL:::: 300 which is in the expected range for the Peierls 

mechanism. Thus, there is little doubt that prismatic slip of Ag2Al obeys 

the Peierls me chanism over Region I. 

The resolved shear stress for prismatic slip of Ag2Al over 

Region II, where !ill athermal mechanism operates, has the exceptionally 

high value of about 22, 000 psi. Such a high value cannot be ascribed to 

interactions between dislocations and probably arises from short-range 

ordering by the 'mechanism originally suggested by Fisher. 82 As pointed 
, , 

'. out by Fisher, this mechanism is not thermally activatable at least in the 

region below about one-half of the melting temperature were diffusion is 

a negligible factor. 

stress for prismatic 

50 Mote, Tanaka and Dorn suggested that the flow 

slip controlled by short-range order is given by 

S XA X/3 E 0<. 

/~6/ h3 (60) 
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. where XA and XB are the mole fractions of the components, 0( is 

, ~ 'CowleY 's8.3 degree of order and £. is' the ordering energy 

, ' 
(61) , 

for producing an A-B bond from 1/2 an A-A and 1/2 a B-B bond. As" 

shown by Flinn84 the equilibrium degree of order, 0(0' is given by 
. ' 

«I_;'oy=XAXB(e 2
57,1_;) (62) 

, It is expected that the data over Region II refer to the degree of order that 

is f~.ozen into the alloy at about one-half of the melting temperature; namely 

about 475°K. Assuming that the equilibrium degree of order w.as:obiain~d 
i 
i at 475°K and that the total stress 7' at 475°K results exclusively from 
! 

short-range order, simultaneous solution of Eqs. 60 and 62 give ! 
c -14 " I 
c. = -5.3 x 10 . ergs 1 atom or -760cal/mole and CXo = 0.30. Since thesej 

are upper bound values the agreement with theory appears to be good. 
, 
I 
I 

A rather thorough investigation was conducted on prismatic slip I 
n " 85 I 

onAg2Al over Re~io~ I by Howard, Barmore, Mote and Dorn. I 
Following a short duration and small inverted transient it was found that 

the creep rate was given by , 
.t/ -.76 _ 3q,OOO 

• -/~ ......... "". .A T r == 3 .. 8 X/O C C -( (63) .. 

I 

I . 

. " .' per sec 

. where,. is in dynes I cm 2• 

Although relationships of this kind. where the activation energy ~s 
, I 

insensitive to the applied stress and the creep rate is proportional to 

,.n(n= 3 to 5), are expected from Weertmans dislocationclimb model, 86'i 
I 

it does not nece~sarily follow that the dislocation climb model is valid fu, ' 
. ! 

this case. This arises because following climb. the dislocations must: ..J 
I 

glide on the prismatic plane before they can contribute to creep. The I 
, 
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stress neces~ary to cause this glide without the aid of thermal fluctuations 
, dot".dash 

is given by Eq,. 60 and is represented by the broken/curve in Fig. 18. ' 
I; !:" 

I 
The actual exp(j:rimentally observed flow stress~is for slip in Region Ill;' 

are below this v~lue. as shown by the solid curve of Fig. 18. Thus the ,1 
I . /' 

rate controlling mechanism might be due to glide on the prismatic plane, 

in which event fluctuations leading to disordering in advance of the ) 

dislocation can be .expected to be the rate controlling mechanism for 

I. prismatic slip. A satisfactory theory for this mechanism has not yet been 
:~ ~ 
~ .' 

for~ulated. In lieu of more sophisticated approaches that need to be 
. I 

<.. developed, we might suggest the following as a crude preliminary approxi-

mation to this case: When diffusion occurs locally in the vicinity of the i . 

dislocation, the alloy becomes disordered. The activation energy for 

this disordering is about equal to that for diffusion near the core of the 

dislocation plus that for disordering the alloy. Thus the frequency for 
• 1 

local disordering in the vicinity of the dislocation in the absence of a 

stress is 
..6.4-

i 
i , 
I 
I 
i 
I I .i:? .-

'f="iZe e' (64) 

where v is about the Debye frequency. ~s and ~h are about equal tP. the 

entropy and enthalpy for diffusion and Z is the coordination number 

:.< equal to 12;£is the average energy, of a bond in the ordered alloy 

(£: = 2 X
A 

X
B 

0<0 C( according to Cowley's theory of ordering) of which: 
. . . ! 

. 12 are broken during diffusion and 4 are restored in close-packed alloys. 

I 
Under the . action .of :an applied stress on the dislocation. the frequency : 

1 

~f forwa'rd motion of a dislocation is modified by the factor e + 1'&#. i. 
-1'bA I 

and the reverse by a factor of e yr where A is the area swept out. I J 

I 

by the dislocation 'namely A = 3. 22b2 .. Thus the velocity of the di:::ilccation is 
.' : 



o 

o 

I 
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(65) 

and the mobility of the dislocation, is " 
3 06,,6, '_ (L1h -fIG~XBO(oE ) 

B=';;==6.44V-zh'e A e ,hT (66) 

Introducing, this expression for the, mobility of a dislocation into Weertman's 

expression of Eq. 30 for viscous creep suggests that . ! 
, ,3 :3 ..1 ... .:1. fA 17 "I- 16M X/3O(Q E) 
~ _ /2'.9 /!f!;p) ')) Z b reA e~ .' .-4 T (67) 
o - G2.AT. '" "~I 

In view of the theor~tical approximations, the discrepancy between the ; 

experimentally observed relationship .y 0<:. 1'3. 6 and that suggested by 

Weertmans viscous creep theory i' oc 1'3 is not too disturbing. 

Furthermore, the term I? XA X':sO<o£ in the activation energy expres~ion 

is small relative to Ah and o<~ decreases almost linearly with an increase 
i 

in T so that a fairly constant apparent activation energy is predicted I 

I 

theoretically that' is independent ·of T and T in harmony with the experi- : 

. 3 - Ah + 16 X A X 'R 0< £ . 
mental results. The theoretical value of A in l' = AT e kT. 0 

is estimated to be about 7.9 x 10-18 whereas the experimentally determined 
. -18. . ~ 
value was 3.8 x 10 . The nominal agreement of the theory with 

. I 
experiment suggests that the high temperature prismatic slip of Ag2Al is 

. . . ' 

dependent on diffusion leading to disordering in the locale of the dislocation. 

Under dynamic conditions of test where very high strain rates az'e " 
, , 
I 

obtained there is insufficient time for diffusion mechanisms to take place. 
I 

This fact is illustrated by the dynamic tests on prismati~ slip in Ag2Al : 

reported by Larsen, Rajnak, Hauser and Dorn. 72 Using the Kolsky : 

technique86 they obtained the cl~itical resolved,shear stress for slip as ; 

a function of strain rate and temperature ,as shown by the datum pOints 

I. 
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j"' 

; ~.. 

l -' 

of Fig. 18, each of which is documented relative to the strain rate. The 

solid curves are extrapolated from the previously described data of 

Rosen, Mote, and DornS1 for· low temp~rature prismatic slip assuming" 

the validity of the DOrn-Rajnak81 formulation of the Peierls mechanism.: . '. 

In view of the experimental difficulties in conducting dynamic tests, the, 

agreement ,between theory and experiment is excellent. As the strain 

rate is increased T c for the Peierls process is increased an~ the viscous 

creep process that occurs during creep at high temperatures is replaced 

by the Peierls mechanism under dynamic straining. 

G. Effect of Li Solute Additions on Prismatic Slip in Mg 

, Solute atom additions to a metal usually result in strengthening. ! 

The previously quoted example of the increased critical resolved shear [ 

stz:ess fo~ basal slip in Mg with solute addition of 12 at. % Li is somewha.t 

typical of the usual case. The increased value of the stress T G to 

overcome the athermal processes probably arises principally from 

I 
j 
I 
I 

short-range order hardening and the greater density of dislocations that
l 

, i 
I 

are grown into the alloy. Furthermore, the thermally activated component' 

of the stress, T *, at low temperatures is also believed to increase as a/ 
. " 

result of the effect of the greater density of frozen-in forest dislocations 
, ! 

on the intersection mechanism. ' 

A few years ago, Hauser, Landon and Dorn
48 

showed that additions 

of above about 8 at. % Li in a polycrystalline alloy of Mg resulted in solid. 

sol\ltion'softening. Whereas pure Mg exhibited principally basal slip and 

twinriing at low temperatures, alloys containing over 8 at. % Li exhibited 
I 

extensive prismatic. slip as well. At that tim~, it 'was suggested that Li 

. might serve to reduce th~ Peierls stress for prismatic slip. 
.J 

-,' 
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Recently Ahmadieh 8,7 studied in detail the effect of Li additions 

on the critical resolved shear stress for prismatic slip in Mg. The yield 

strengths as a function of temperature are recorded in Fig. 26 which also 

contains the previously discussed data for pure Mg. These curves clearly, 

reveal that Li additions reduce the critical resolved shear stress for 

prismatic slip in Mg. The curves corresponding to 12~ 5 and 10.0 at. % Li 

decrease from 4° to about 300°r< in a manner paralleling the expectations 

of the Peierls process; and between about 300 0 and 4000K they become 

subs~antually horizontal reflecting the operation of an athermal mechanism 
i 

which is probably due to short-range order strengthening. The data for: 

these alloys was analyzed in terms of the Peierls mechanism where in 

lieu of more accurate information the shear modulus 'of the alloys was 

, estimated to decrease with increasing temperature in the same way as, 

that for pure Mg. The Peierls plot for these alloys is shown In Figs • 

, 27 and 28; and the experimentally determined ac~ivation volumes are 

compared with the theory of Figs, 29a:nd 30. The following data were 
• 

then deduced as described previously for the Ag2AI alloy. 

at. % Li 10.0 12.5 
o 

'T in dynes'; cm ' p , 760 x 106 , 6 ",' 
680 x 10 , 

2Uk in ergs (ev) O. 89 x 10 -12 (0. 55) -12 0.85 x 10 (0 •. 55) 

'2 r
o

lGob2 4.99 , 5.09 

using in the last comparison the shear modulus of pure Mg since that fo:r 

the ,allOYS is unknown. The slightly high'values of the line energy given 

in the last row of the above summary is probably attributable to the 

inaccurate shear, modulus of elasticity that was use~. 'The general 

agreement with the Peier.ls mechanism is nevertheless quite gOOd. 
, 
, 
I' 
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THEORETI CAL CURVES 

a= -I 
a= 0 
0'=+1 

EXPERIMENTAL DATA 

STRA.!N RATE, r 
o I.b 6 x IO-4/SEC. 

o 4. I 6 x IO-6/ SEC. ' 

O~~~----~I----~----~----~ 
o 0.2 0.4 0.6 0.8 1.0' ',>;: Go --

~·'/;o G 
P T 

FIG.27 TEMPERATURE VS. THERMALLY 

ACTIVATED FLO\I\J' STRESS IN DIMENSIONLESS 

UNITS FOR 10.8 AT. % Li - Mg. 
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THEORETICAL CURVES 

----

a =-1 

a.=0 
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0 I. 66 x IO-4/SEC. 

0 . 4.16 x IO-6/SEC. 
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.' FIG. 28 THERMALLY ACTIVATED. FLOW STRESS vs. 
TEMPERATURE IN DIMENSIONLESS UNITS FOR 

12 ~ 5 AT. % L i - Mg. 
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THFORET!CAL CURVES 
ct: = - I 
C(= 0 
C(=+I 

o = EXPERIMENTAL DATA 

Ol..-_-.!. __ --'-__ --l-__ --'-__ -.J 

o 0.2 0.4 0.6 0.8 1.0 
(T*lTp*O) (Go/G T ) 

FIG.29 ACTIVATION VOLUME vs. THERMALLY 
ACTIVATED COMPONENT OF FLOW STRESS 
IN DIMENSIONLESS UNITS FOR 10.8 AT. % Li-Mg. 
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'\ THEORETICAL CURVES 
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FIG. 30 THERMALLY ACTIVATED COMPONENT 
OF FLOW STRESS vs. ,ACTIVATION VOLUME IN 
DIMENSIONLESS UNITS FOR 12. 5 AT. C/o LI- Mg. 
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. ,. 
The data for pure Mg and Mg plus G. 3 at. % Li were replotted to 

compare with Friedel's cross -slip theory as showrl in Fig. 31. As 

discussed previously the linearity of these T~';- vs liT curves suggest 

that cross slip is the controlling mechanism for prismatic slip at 

temperature above about 450 0 K. A comparison of the stacking fault width' 

in the G. 8 at. % Li alloy with that in pure Mg is given be low. 

Mg 

Mg + 6.8 at. % Li 

From 
Activation Volume 

"" 7b 

....., 6b 

From Slope 
1 1 

-- vs '"r'-1',-

- 3b 

- 3b 
i 

The same proceedure was 'used in .calculating the results for the 6.8 at. % Li 

alloy as that previously employed for pure Mg where G for the alloy is/ 

assumed to be that for pure Mg. These data suggest that Li additions up 

to 6.8 at. % have only a minor effect on the stacking fault width. In view 

of these correlations, we suggest that the Friedel cross-slip mechanism 

operates over region CD in Fig. 26. Over region AB twinning and 

fracturing predominated and only minor amounts of prismatic slip were 

detected~ The trends of the T - T curves as well as the activation volume 

s~ggests that the Peierls process controls over region BC. We suggest 

that this transition occurs in spite of the higher flow stress for the cross-
> 

slip mechanism because more segments of dislocations larger than 

Friedel's critical length L = 2r sin e remain on the prismatic. plane as c c . 

the shear stress increases thereby eliminating the necessity for additional 

thermal activation of cross slip. Thus, the major effect of Li additions 

on the low-temperature shear stress for prismatic slip appears to be 

due to its effect in lowering the Peierls stress. The physical origin of 

this effect has not yet been explored. 
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v. SUMMARY 

Ultra-high strengths have not yet been achieved in polycrystalline 

aggregates of hexagonal metals because their ductility is so low. Although 

hexagonal metals contain the needed kinds of dislocations (e. g. c + a) for 

providing the five independent modes of slip that are needed for· continuity' 

of strains at the grain boundaries, the critical resolved shear stress for 

slip is so high on some modes that they remain inoperative. Because 

. there is no other intrinsic reason for their relatively modest strengths, 

it should be possible to produce higher strength polycrystalline hexagonal 

metals by adjusting conditions so as to permit operation of the missing· 
, 

needed modes of slip. To '-accomplish this difficult objective a clear 

insight is needed into the operative mechanisms of slip and the factors 

that might modify these mechanisms. 

Close-packed hexagonal alloys. in general. undertake the same 

kinds of mechanisms of slip that have been identified in face-centered 

cubic and body-centered cubic alloys. Basal slip in pure hexagonal metals 

is usually facile and. at low temperatures. it takes place by the clislocation-
/ 

intersection mechanism. Strain hardening appears to arise principally'-

from interactions between dislocations and from dislocation loop 

formation due to the condensation of mechanically produced vacanCies. 

Alloying additions (vide Li in Mg) increase the athermal stress principally 

as a result of short-range order strengthening but also as a result of 

Cottrell and Suzuki locking. Alloying additions also modify the thermally 

activated component of the stress in harmony with the concept that the 

forest dislocation density is increased by solute additions. At higher 

temperatures (vide Cd in Zn) a viscous creep deformation by the 
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\Vecrtman-Cottrell mechanism becomes rate controlling. And in some 

alloys (vide Ag2Al) the deformation remains athermal over all tempera­

tures as a result of strong Suzuki locking. 

The current evidence on mechanisms of prismatic slip {10jO} 

<1210> is somewhat less well defined than those for basal slip. At high 

temperatures. single crystals of lVIg and lVIg + 6.8 at. % Li obey Friedels 

cross-slip mechanism whereas Zn. Cd and Zn + 0.1 at. % Cd appear to obey 

some yet unidentified viscous creep mechanism, having activation energies 

much in excess of those for self diffusion. At low temperature 10.0 and 

12.5 at. % Li alloys of lVIg oriented for prismatic slip undertake the 
: 

Peierls mechanism; and the 6.8 and 0.0 at. % Li alloys appear to exhibit 

the PeierIs mechanism at intermediate temperatures. According to this 

interpretation. the Peierls stress decreases substantially .with increasing 

Li content. At intermediate temperatures the 12.5 and 10.0 at. % Li alloys' 

of lVIg undertake an athermal prismatic slip mechanism that appears to 

be principally due to short-range order strengthening. 

A Significant observation concerns the decrease in the critical 

resolved shear stress for prismatic slip in Mg upon alloying with Li and. 

thu~ reveals the potentialities of favorabLy modifying the Peierls stress 

so as to provide more facile modes of slip. Consequently. there is hope 

of producing stronger hexagonal alloys with good ductility. Prismatic 

slip mechanisms in Ag2Al are controlled by the Peierls mechanism. 

short-range order strengthening, and fluctuations in short-range order 

leading to diffusion-controlled viscous creep respectively as the 

temperature is increased. At high rates of deform~tion diffusion­

controlled mechanisms cannot operate and the Peierls mechanism controls~. 

f ' 

~i 
i 
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The greatest potentiality for strength with adequate ductility in 

polycrystalline close-packed hexagonal metals rests with the possibility of 

providing more facile slip on the pyramidal plane by motion of the c + a; 

dislocation because in combination with other modes of slip it provides the 
.,_-G'1" 

mode of slip needed for accomodation of strains at grain boundaries'.' It, 

appears thc~.t this mode of slip is difficult to stimulate excepting in the case 

of Cd; and even in this case no attempt has yet been made to st:udy the slip 

mechanisms that might be involved. It is likely that the Peierls mechanism 

wil1,~e found to control pyramidal slip by the c + a Burgers vector, in 

which event it might be possible to modify the Peierls stress by" alloying~ 

The potentialities of producing high strength hexagonal close-

ductility appear to exist but the approach is difficult and uncertain since 

" it appears to center about methods of reducing the Peierls stress for 

various modes of deformation, particularly th,at,:' for pyramidal slip by 

the c + a dislocation. 

.J 
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APPENDIX I 

Force-Displacement Diagram for the 
MechanfCalFormation ora-Constriction 

UCH.L-ll·H8 

Although several investigators 'have already calculatcd the 

activation energy for the mechanically assisted formation of a constriction / 

during intersection. 1, 2, 3,4, the following approximate analysis of the 

equivalent information on the force-displacement diagram during the 

formation of a constriction was nevertheless .deemed interesting because 

it employs a different mathematical procedure and gives a simple analytical 

expression for the force necessary ,to form a partial constriction. 

If L is the average:. spacing of the forest dislocations that thread 
... .' . 
. '-

the slip plane. a force F = 7-" Lb acts at their point of contact restraining 
.', 

the forward motion of the glide dislocation. The stress 7'" is the local 

shear stress on the slip plane in the direction of the total Burger 's vcctor, 

b, of the glide dislocation. At low stresses, the acti0n of the force F = /' Lb 

causes a partial constriction to forni in the glide dislocation, as shown 

somewhat schematically in Fi g. Al. The local force /'Lb, displaces the 

leading partial from its original equilibrium separation of yo ii'om the 

second partial to a smaller separation. A a~ its pOint of contact. The 

completion of con.striction. as shown by the broken 'curve in the figure 

requires the aid of an appropriate thermal fluctuation. 'It is the purpose 

of this calculation to estimate in terms of a line energy model the saddle­

point energy that must be supplied by a thermal fluctuation in order to 

complete constriction. The total activation energy will then be the 

constriction activation energy plus the activation energy for the jogs that 

. are produced. 
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The calculation of the activation energy to complete a constl'iction 
,,' 

will be based on the following steps. First the energy U{i\.} will be 

determined as a function of i\. for the partially formed constrictions. This 

will be done from energy considerations by arbitrarily selecting each i\. 

and demanding that ~~ = 0 at x = ± L/2. Furthermore, the true shape of .' 

the leading partial will be determined by minimizing the energy. Consequently 

the force F = T':'Lb can be equated to - ~~c and thus the force will be 

established as a function of A. The activation energy for completion of a 

constriction is then given by 

u"- = U :{i\. = o} - U {A} + -~ A -'. (au) 
c'. ,c _ ' \ U I\. A _ 

(A1) 

where the difference between the first two terrus gives the additional energy 

required to complete the constriction and the last term refers to the extra 

work done by the constant force F in aiding the formation of the constriction. 

Consequently, the entire problem is solved when Uc {A} is determined. 

The change in energy due to the formation-of a partial constriction 

fOr a displacement from y = Yo to Y = A at x = a is estimated to be 

'r+L/2r;- 2 1/2 ' 

U =J l r; (1 + (~J J -rr + ~ (y - y ) + ~ cf> {y} J ,dx (A2) 
-L/2 p , 0 .t.'±1T 

where rp is the energy per unit length of, a partial dislocation. ~ is the 

stacking fault energy per unit area. G is the shear modulus. b is the total 

Burger's vector of the dislocation, and Q is the orientation factor given by 

(
, 1) 2 ~ 3 ' 2 

Q= 3 - l-!.l c08e+( 1 -f.l. -1) sin, e (A3) 

where u is the Poisson's ratio and e is defined in Fig. AI. ¢{y} gives the 

dependence of the repulsion potential energy due to the interaction of the 
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partial dislocations. The line energy of a partial dislocation is assume d 

to be given by 

r: Gbl . "t-1 '" ,.c P '" --r--
G

,2 = 0::::. 0 
6 

(A4) 

regardless of the orientation of the partial dislocation in order to preserve 

. the symmetry of the constriction and thereby simplify the problem. The 

factor ~ thus serves as a factor that accounts in part for the orientation 

<?f the partial dislocat~on> the effect of curvature on the line energy and the 

fact that the interaction energy between the two branches of the constricted· 

partial dislocation will be neglected. Thus oe. should be slightly less than 

1 when the bowed partial dislocation ,is in .screw orientation and slightly 

less than 1/ (1 - u) when it is in edge orientation. 

V/hereas the force of repulsion for two partial dislocations a 

. distance y apart is given by5 

for y~ b 

the force will be assume d to be 

for y :S b 

(AS) 

(A6) 

in order to avoid infinite repulsion forces at the pOint of completion of the 

constriction. Therefore 

(

1 - y /b + in Yo /b 

¢{y} = 
in Y/Yo 

(A 7) 

(A8) . 

Consequently. the first two terms under the iptegrand of Eq. A2 

give the increase in line energy. the third term represents the change in 

I 

I 
t 
I 
1 

f 

i 
I·'" 

I ' 
I > 

! , , . 
t 
I' 
! 
I 

i 
! 
I 

I 

I 
I 



-97- UCRL-ll'ES 

stacking fault energy, and the lastterm~'refers to the change in intc'r8.ction 
(' 

~ t' energy. 

At their original equilibrium positions both partial dislocations will 

be straight lines at a distance y apart. Under these conditions the fii~st o ' ,--

two terms of the integrand of Eq. A2 will be zero, whence the equilibrium 

conditions, given by oU/oy = 0, is 

As shown by Eqs. A4 and A9 

'Y /2f = Q/87fc..y = c/y p; 0 0 

" 
where c is defined as Q/8ir c(. Therefore E.q. A2 can be rewritten as 

- lL/2[{' 2 1/2 
U = 2 1pYo 0 1 + l~lJ -1 + 2C(J

o 

In order to facilitate the integration, the dimensionless variables 

,.. _' dz _ dy 
~- ar- ax 

wlll be adopted, whence Eq. All reduces to 

- U -_1~/2Yo [( 2) 1/2 
2ry - l+~ 

I P 0 0 ' 

where in this cas~ 

- (1 -zy 0 Ib + p.'PY 0 Ib 

~{z} = 

-inz z <b/y 
- 0 

(A9) 

(AlO) 

(All) 

(A12) 

(A13) 

(A14) 

(A15) 

(AlB) 

(Al7) I 
" 

, 
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and the boundary conditions become 

y = A at x = 0 or z = zl= Aly 0 at t = tl = 0 (A18) 

and 

i -'-' = 0 at x = - or z = 0 at t = t2 = L 2y I dV} L I 
ldx . 2' , 0 

.(Al£) 

The minimum energy curve is then given by Euler's equation. which for 

this case is 

(A20) 

'where f is the integrand of Eq. Al5. Therefore. Euler's equation is 

. . , , 8¢{ z 1) _ :2 
2c I) T <:Iz - ( 4)3P 

\\ u. \ 1 + z '"' 
(A2l) 

which can now be integrated once to give 

2c Iz + ¢{z}) = (A22) 

At t =·t2 = L/2yo' where the boundary conditions given by Eq. A19 apply. 

we let z = z2 = a,where from the physics of the problem it is obvious 

that a <1. In terms of these boundary conditions. the constant of 

integration is given by 

2c {a + ¢{ a}) = -1 + constant 

and Eq. A22 becomes 

'( 1 2) 1/2 = 1 - 2 c {2 + </>{ z}} + 2 c ( a - £ n a) 
1 + z . '. 

(A23) 

(A24) 

where the last term arises because the calculations will be restricted to 

values of a greater than blyo for which <!>{ a} = - lna. 
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It is now necessary to determine what values of a should be 

employed in any selected exampl.e .. Eq. A24 c::m be rcwritten as 

(A25) 
I 

To solve 

the integral equation, Eq. A25, for a, we selected a and 'A /y 0 and 

integrated me~hanically to obtain L!2yo' These data reveal that a = 1 

when L!2yo> 15. 

The energy of a partial constriction can now be written in tcrms 
, . \ . . 

of Eq. A15 which, upon change of the independent variable from t to Z gives 

U fa. r 

2~~ = U1+ 
I p 0 J 'A!y 

o 

(A2G) 

The value of z must be expressed as a function of z. as given by Eq. A24 

in order to refer to the least energy constriction. When this is done 

Eq. A26 becomes 

U 
c. 

+ [1 - 2c (z+ ~{:z} - a+ Lna)] 2c (a-l - Lna) \ dz. 

Y1- [1 - 2c (z+ ¢{z} - a+.€na)J 2 f 

(A27) 

For values of L!2yo > 15 where a becomes unity. this int~gral simplifies 

since the last term in the integrand vanishes for these conditions. 
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,. 

Ruther than record U c as a function of A/Yo" the frequently quoted 

force-displacement (F-A) diagram that was originally introduced by Ba~inskiG 

will be derived first. Toward achieving this objective we note that 

(A23) 
/ 

for the case where L/2y > 15 and a = 1, only differentiation with respect 
0-

to the lower limit of the integral of Eq. A27 is involved and the simple 

result is 

F (A29) .),.-, 

""1 p 
: 
\. '~. 

Several F/2 r: vs A/Yo curves are shown in Fig. A2. The curve for 
. p 

2c = 0.24 refers to the force-displacement diagram for the formation of a 

constriction when the total dislocation being constricted is in edge orientation 

whereas that for 2c = O. 12 gives the force-displacement diagram for 

constriction when the total dislocation is in screw orientation. The F-A . 

diagram for Mg assuming y = 2b is given in Fig. 10 of the text. 
. 0 

The total energy for the completion of a constriction t.s 

1 : 

Uc = 2rpYo f F/2rp d ~/Yo) 
o 

Examples are given in Fig. 9 of the text. 

(A30) 

The energy to form incomplete constrictions for various cases can 

easily be deduced from Eq. A27 and A25 where ¢ {Z} is defined by Eqs. 

Al6 and Al7. 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com· 
m1ss10n, nor *ny person acting on behalf of the Commission: 

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

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

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