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I. INTRODUCTION-

- Whereas a large number of metals and ahlloys crystallize in the

facé—centered 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, perhap.s, only a modest amount

of research 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 greatef complexity of dislocation behavior. This S

deduction is not necessarily true; frequently, it is easier to isolate and’
identify operative mechanisms of deformation in hexagonal than in cubic
crystals,

Altﬁough 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 develc;ped. As

in the cubic systems, the highest strength commercial hexagonal alloys

are dispersion hardened. The major problem in increasing their

strength concerns maintaining adequate ductility. As shown by von Mises 2

~at least five incependent 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 mefals than in cubic metals which alwéys h.a,ve‘an

adequate number of operative slip systems to satisfy von Mises condition.
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TABLE I’
Hexagonal .Close-Packed Metals and Allc’)ys1

A. Elements

(o)

Flement ’ thtice constants ((:A) Axiil/fatio -
o<-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
o< -Hif 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. 1760 4458 1.615
Ru 2.700 4.273 1,582
Sc 3.309 5.273 . 1.594
Tb 3.601 5.694 1.501
Te 2.735 4.388 1,604
o< =Ty 2. 950 4.683 . 1.587
o<-T1 3.449 5.514  1.598
Tm 3.538 5.554  1.570
Y 3.647 5.730 1.571
 Zn 2.659 - 4.936 1.856 -
o<-Zr 3.231 5.147 1.593
B. Iﬁtérmedia‘ce Phases ‘ :
‘Phase a c - ¢/a
¥ - Ag,Al | 2.879 4,573 1.588

B - AgAs | | | 2.891 4,722 '1.633
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8—Ang3
- Ag3Ga
B-AgHg
B-Ag-Sn(l4.2 at. %)
6.—Aan3 '
o<2-Au2Cd
AugHg
’ Au41n
B—Au4Sn
AuzTi
€ = AuZn8 '
B-Pb-Bi(28.83 at. %)
B'-Cd,Li(23 at. % Li)
CdBMg (ordered)
CdMg3 (ordered)
Co,Mo (ordered)
CO'BW (ordered)
e-Crlr
Rh-Cr(50 at. %)
Bl-Cu3Ga
CuGe(18 at. %)
CuGe

G-CuSb(18.1 at. %)

(partially ordered)
¢-ZnCu(21 at. %)
Bll-F¢3Sn (ordered)

MnGe(23.8 at. %)
(ordered)

= v - InNi, (ordered)
¢ -IrMo(46.3 at. %)
B-IrW(36.1 at. %)

- Mngy
¢e-MoPt(33 at, %)

~ G-MORh(31.5 at. %)

Sn3 (ordered)

- 2.73
5.447
5.336

5.320
2.754
2.753
5.650
2,795
2,737

4.28

4.352
4,365

4,242

4.409

4,399
4,506
4,492

4.376
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B-NiSSi‘l (ordered).
Pb_Ti4 (ordered)
PtBU (ordered)
Rhgvz

(SbO. 8-Ti0. 2)T13 {ordered)

(Siy ~5-Tay o41Ta
(ordereq) 0-287°3
SnTi3 (ordered)
Ag3
Mng o5

0.2

In (ordered)
Ge (ordered)
(T1i

_PbO. 8)Ti3 (ordered) |

5.282

w
L

©
-3

5.016

4,764

o O O o

. 805
.813
.8165
.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 preliminary

-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. Fu'rt,hermore, only

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

discussed.
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II. DISLOCATIONS AND STACKING FAULTS IN
' CLOSE-PACKED HEXAGONAL PHASES

Frank van_d Nichola53 and also Berghizan, Fourdeux and Amelinckx4
demonstrated that a greater variety of diélocations are possible in ’ v
h»exagonal close-packed phases than in the face-c_ente.re‘d or body-centered |
cubic lattices. The issues involved were re;\ufiewed. in detail berrices- and
are merely summarized here for future reference. |

As shown in Fig. 1; there are six types of dislocdtions 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 ideai axial ratio is
~ also shown in the figure Whe;re elastic an.isotrOpy is neglected and the \
enefgy is assumed to be proportional to the squafe of the Burgers véctor. ‘
As noted, dislocations of the type AB will dissociate into their_partiavls'

‘by the reaction _
AB-Ac+oB  Au=-al+2/3a%= -alj3 BEREY
since thé,ehergy is reduced, .The_ possibilify of the dissociation

9 .232 a2 . '
AS Ao+ oS Au= -a® + et = 0 - (2)

is dictated principally by elastic anisotropy. Whereas the change in
energy for the dissociation, |

>

2 : o

2.,.8/3a%=0 (3)

AS+TB-AB+TS Au=-3taia

is zero, this reaction is nevertheless expected as a result of the continued
dissociation of AB as given by Eq. 1. On this basis, the most commonly

encountered dislocations are expected to be types of Ag, ST,. AS, and oS.



STACKING

)
O

a b.
KIND  TYPE NO. ENERGY, U
: AB =@ 6 a? -
PERFECT '{ ST=c o c2= 802/3 .
SA+BT = c+a 6 Ha%/3
S ~ Ac=p 3. . a%/3
IMPERFECT os=l/2¢ 2 203
| : AS=1l/2Cc+p. 3 a2

F"ze.y DIISLO'CATIONS IN HEXAGONAL CLOSE--
. | PACKED CRYSTALS
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The various irriperfoct dislocations are associated with stacking
faults on the basal plane, as documented in Fig. 2, where the close-
pécked hexagonal stacking is designated by 1212 and the face—oentei;ed -
cubic is 1231'23. The faults shown in Fig. 2a and 2b occur when peﬂi:'fect
dislocations of type AB dissociate into two imperfect dislocations of type -
Ag. As indicated by the arrows these faults introduce two violations of
next neareot neighbors. Stacking faults can also be produced by the
condensation of vacancies into platelets on tho basal plane leading to the
high energy sequency--121121--which brings two similar layers into
contact. More likely, the lower energy dipoie of partial ‘disllocations of
type type oS will be for.me:'d 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 ener;gy
configurations (shown in Figs.. 2d and 2e) resulting in the formation of
type AS or AT dipoles are expected which héve onl& a single next nearest
neighbor violation. The types of stacking faults obtained by condensation ‘
of interstitials on the basal plane are show'n in Figs.  2f and 2g; thesé.
become more stable when swept out by SA type dipolels as sh\own in
Figs. 2h and 2i,

The various dislocations that have. been observeci by electron
microscopy and slip tracevtechniques' are recorded in)T'ablé II. These
observations reveal that all of the various stable dislocations predictea do,
in f‘act, 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 plazie, howéver,

they dissociate into a pair of partials, as shown by Eq. 1, with a

L 2]
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TABLE 1I

Obsecrved Dislocations and Slip Modes*

Metal or Burgers Slip .
Alloy cla Vector Plane Reference Remarks
a 0oon®  (10)°M(5)"
‘ a (1010) (_11)SU Prism slip in bulk single -
c+a (1132) 10)°M13, 14y (15)°Y(16)5Y pyramidal slip in bent or
} E : compressed single crystals but
c ? (5) . . ;
’ E not in tension (15) Thin foils
p (0001) (5) strained in the electron micro-
/2 +p sessile G, 17)E ;(c)(l);cer;gtgi);led and thinned
a ©0001)" (18)°Y(19)°Y Prism glide in bulk single
2 | (1010) (lg)SU(24)SU . cﬁrystals above 250°C (19) '\
Zn 1.86 c+a (1132) 20)5Y 21, 22)F (23)5Y -
' ? (5)E Thin foils strained in electron
Loy P picroseops or rolled and
c/2+p sessile 4)
a ©0001)F 25°M26)°Y(27°Y(28)°>Y  Pyramidal and prism slip
(ZQ)SU(30)SU observed in region of stress
« 3 _ SM E SU concentrations below ambient
Mg T 1,62 a (1010) (25) (31)7(32) temperature (25)
: T ‘ SU SU SU SU  Prism slip above 450°K in
& : (1011) (SB)SU(26)SU(27) : (34) single crystals (32)
‘ (35)” 7(36) z
<10i0>  (1132) 37)°Y *

_0’[..

gTPTT-TYON



TABLE II (Cont.)

a (0001 (38)°YE9)°M - - o

Ti 1.59 a (toio)F (40)°M(38)SM | | '

' . (1011) (40)SM(34)SM
» | a ©o001) . (11)°M
Zr - 1.59 a (1010)F (41)>M
' | a ©0001)" 42)°Y43)°Y@4)°Y (45U pyramidal slip observed
, S D I
Be N 1.57 " a (1011) (45) 7 (46) 47 observed above 800°C (47)

B c+a (1134) (45)°U o

c+a (1132) (45)°UY .
a (1014) @7)°M =
c+a (1010) @7)SM(56)E
Mg-Li . a (ooo1) 48)°M(49)5V
gﬁigt.sz,l)ution toL a (1010) (48)SU(49)SU
'iyn?egrzrﬁtladiate 1.588 b (OO(—H)P ' (50)23 SU
phase T ' (1010) (50)° 7 (51) |
¢ Ag-Zn 1.557 " a (0001)P (52)SU ' Tendancy for non-basal slip a
solid solution .to . . (1010) (52)81\/[ | » increased with decreasing c/a 2
1.571 a (toi1) (52)°M

{ Cu-Ge ©1.633 a (0001) (53)°U

Solid solution

SIPTI-TUDO



TABLE II (Cont.)

cd-Mg 1.80-1.89 a  (ooon)¥ (10)°M Slip direction not determined
solid solution 9 (1122') ' (lO)SM for pyramid pl‘ape
P SM . . .
Cd-Mg 1.64-1,177 a (0001) (10) Prismatic slip at grain
solid solution q (1010) | (10)SM corners
M n P SM . ) .
g3Cd 1,627 ca (0001)" (54) Disordered condition
solid solution : c/a not reported
| | 'a ©0001)F (54)°M
Mg,Cd 0.8038 ? (oioy  (s54)°M
? (1011) (54)SM Ordered State
0 (1132) (54)SM_ Non-basal slip directions

not reported

"E = observed by electron microscopy

S = observed by slip trace technique

P =.predomiﬁant slip mode at ambient temperature

M = polycrystals
U = single crystals

‘ZTT

8IPIT-THYDN
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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 hexagonal = -

packing. At equilibrium the repulsion arising from the two partial

‘dislocations is balanced by the‘attr_action due to the stacking fault and for -

two straight parallel dislocations.

2 )
 Gb 1 2, ./ 3 2,8
Y 9Zard {3"1‘-‘5} cos 9"(1—:11“1} sin 9} ()

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

and Poisson's ratio respectively, and 0 is the angle between the dislocation
line and its total Burger's . vector. Although Eq. 4 can be used to determine
the stacking fault energy, Whelan's methqd, 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
mechanisfns as .determined from mechanical behavior. As suggested by
Ma:r'cinkowski',.9 ordered DO19 hexagonal close-packed phases should
exhibit higher stacking fault energies than random solution duel to the

additional -energy of the antiphase boundary thus produced.
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TABLE III

Stacking Fault Energies .

UCRL-11418

Metal c/a Energy Ref. Remarks
Cd 1.886 15-30 ergs/cmz (5) Stacking fault énergies

_ 2 of Zn, Cd and Be '
Zn 1.856 15.30 ergs/cm (5) estimated from electron

5 microscope observations -
Mg 1.623 ~60 ergs/cm” (7) and that of Mg from
. ‘ S 9 analysis of basal slip

Be 1.567 ~180 ergs/cm (8)

-in single crystals.
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1[I, MODES OF SLIP
The varioﬁs modes of slip that have been observed in héxagonal
closé;paclqed metals and alloys are summérized 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 m'iclroscopy 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 E
~ a result of high stress Aco'-ncen‘tra’c.ions 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

any one mode of slip seriously implies that the crtical resoived shear

stress for slip by this mode is extremely high.

The 4 priori prediction of the planes on which slip might take place .

is.much less accurate than predictions of the possiblé Burger's vectors
of dislocations. This stems from the fact thaﬁ different mechanisms of
deformation might serveto hinder the motion of dislocations on the
diffefent plangs. It is generally agreed, however, that slip will not

35

-readily occur on those planes for which the Peierls stressi is extremely

high. Nabarro, 56 assuming elastic isotropy and a simple tetragonal




-16- UCRL-11418.

. ‘ : . .. ) o .
lattice, suggested that the Peierls stress at the absolute zero, T is

approximated by
° _ 2G e_' 27d - ' -
Tp - il—ui Bil—u5 . :
where G = the shear modulus of elasticity and u = Poisson's ratio,

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‘l, it haé, nevgrtheless, been used in the
absence of other approacheé as a c.rude 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 éxpected that whereas crystals
having a large c/a ratio should slip with rglative ease on the basal plane,

those having lower c/a ratio mvight 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 f_or Zr, but Be which
has an axial raﬂo of c/a = 1,57 appears to be an exception to this
expectation. it is not known whether the strong elastic anisotrépy of
Be inighf be responsible for this anomaly. Levine, Kaufmann aﬁd
Aronin{'l2 have shown that the critical resolved shear stress in Be for
‘both the <1120> {0001} and <1130> {1010} modes of slip decreases *

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

s

.t
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for prismatic to basal slip increased from 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 pri_smatic

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

have also been observed. For example, Stoloff and Davie552 have shown
that ¢-Ag-Zn alloys which have an axial ratio from 1.55 to 1.57 deformed
principally by basal slip with only modest amounts of prisma’cié 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 emf;loyed, in its present state of development, for:,

discriminating between various permissible modes of deformation on 'llo'x‘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 {0001}, {1010}
and the {1011} planeé. t is interesting to speculate on the relative ease
of these mechanisms of deforrﬁatioh. Under preliminary straining to
induce either prismatic or pyramidal slip, dislocations havin:g edge
components tnay movevo_ut of the crystal whereas dislocation segmerits
that achieve the screw orientation.will become trapped because they will
dissociate into a pair partial dislocation on the basal p‘lane.‘ 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 aleviéting‘ mechanisms, strain hardening, Stress

concentrations due to piled-up dislocations might therefore be expected

to promote early fracturing. It éppeafs_,- at present, that the only
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' m‘echamsx.n Lhat mlgh alevm..c tms condltlon is dynamlc cross slm of the
dlssoc1ated screw dislocations trapped on the basal planes -As shown by
Friedel, 57 the activation energy for cross slip inc’r_‘eases with the |
constrlctlon and recombination energies. Consequently, the ease of slip
on the prismatic or pyramidal planes as a rcsul’* of dislocations of Lype a

~should increase as the stacking fault energy increases or as the separation
of the partial dislocations decreases. On this basis alone, priématic slip
should be least plﬂevalent in Be,' and its frequency should increase with

‘the series Zn, Cd and l\/lg. 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 onl:y signific_ant factor involved. Even when the
constriction and recombination energies. are lol)v,. glide may yet be
extrerrlely difficult on the prismatic and pyramidal planes as a result of
high activation enérgies for slip (e.g. that due to the Peierls mechanism)
on thes¢ planes, Price14' has sho»lfn that the resolved shear stress for
slip on non-basal plénes below room temperature in Zn and Cd is low;st
for (1122) <1123> glide, intermediate for (1011) <1120> gllde and highest
for (1010) <1120> glide whereas at hldher temperatures the shear stress
for (1122) <1123> glide is higher than that for (10I1) <1120> ghde.
Consequently, generalizations concerning operative slip modes must
await detailed evidence regarding the strain-ra‘ce_contyrolling 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 requlred in order to insure extensive ductlllty in polycrystallme

aggrega’ces - A number of p0551ble modes of slip are identified in Table IV
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As documented in Table II, the first fodi;' modes have been detected
experimentally and the last two are shown merely to indicate additional .
po;c,sible, But yet undetected, modes. Slip by the {OVOOI} <1120> syst_ems
contribute only two independent modes since the third Burgers vector of
vtype a lying in the basal plane is equal to the sum of the other two and
consequehtly does not provide an independent mode. Twinning on the most
frequently observed {1122} twin plane provides 6 more modes in one

- direction each but, as has been observed in the low temperature deforma-
tion of pure polycrystalling Mg, basal slip plus twinning, permits only a -
few percent strain béfore frécture takes place since the shear strains".
due to twinning are limitea in sense and extent. 25 vPrismatic élip by the

‘ {1.100} <1120> systems provides three modes of deformation but only

two of these are independent, Consequently, simultaneous basal and

~ prismatic slip by Burger's vectors of the type a provides four modes of

deformation and does not allew 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.4:8

Such alloys exhibit up to 12% e}lc)ngat_io_n even at 4°K
whereas the.pure Mg polycryétals having the safne grain size fracture
at about 5% elon'gation:. The mechanism whereby Li additions to Mg |
lower the critical resolved shear stress for slip by thé'{lIOO} <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 {1011} <1120> are precisely the same as

those which can be produced by the simultaneous and independent Opérationl

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

Modes of Slip in Hexagonal Metals

No. Burgers Slip Slip Plane - Slip "Number
Vector irection Type Plane Independent
Type : _ Systems
1 a <1210> basal - {0001} . 2
2 2 <1210> prismatic {1010} 2
© 1st type
3 a <1210> pvramaidal {1011} 4
' - 13t type . :
4 c+a - <1I23> pyramidal {1122} 5
2nd type
5 < <0001> prismatic {1010} 2
6 e <0001> prismatic {1120} - 2

2nd type.
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basai and prismatic slip provides only four independent slip systems.

Slip by thé fourth mode documented in Table IV provides all of the
independent rﬁodes of deformation for assuring duétility in polycrystalline”
aggregates. The fact that only minor contributions of this mode have bceﬁ N
observed in Zn suggests that its critical resolved shear stress is quite
high and it may be thisv factor that accounts for the no‘corioﬁs 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-

10,15

crystalline Cd exhibits. Simultaneous action of only the first three

" modes does not provide for shearing parallel to the ¢ 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 ¢ axis,
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IV. MECHANISMS OF DEFORMATION
Mechanisms of deformation refer to the athermal or thermally -
| -activated processes that determine the critical resolved shear s-tressv
fof the vafious modcs of slip. Up to the present, investigations on_
mechanisms of slip have been limited to basal and prismatic slip by the
firsi: two modes given in Table IV. Each of these modes of slip can
exhvibit a series of different mechanisms of slip dependent on which is the
_.more‘ difficult and thus controls the deformation. It will be shown that
‘di”fferent mechanisms control the deformation by a given mode over
different rangés 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 effeét of temperature on the éritical resolved shear stress
for slip by the {0001} <1120> mode for Zn, Cd, Mg and Be are given in
Fig. 3. Two ré‘nges of behavior are clearly revealed. Deformation over
Region I, where the flow stress decfeases almost lirearly wi“ch an increase
in temperature, is controlled by a thermally activated mechanism; over
Region II, where the flovsf stress appears to decrease mild_ly 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 crit‘ical resolved shear
stress for slip. ‘The thermally activated mechanism that dete.rmines
slip over Region I occurs with such rapidity at the higher {emperaturesb
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 increasing 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-
Washburn expériment on the motion of a low-angle boundary in Zn, 63
dislocations undertaking basal slip encounter barriers. Price5 noted
that occasionally dislocations become blocked at barriers that are not
resolved by the electron microscope. Other barriers, however, have
been identified by Seeger and Traub1e18 and also Price. 5 Mechanically
polygonized low vangle 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:cglide 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 prob‘ab)ly due to unit jogs '
or small superjogs. Such cusped dislocations have been observed to | i
move by jumps under <;1 stress suggesting that vacahcies are produced.
Dislocations having jogs of an intermediate size form the usual dipoles

as a result of the mutual interactions of the branches of th:e dipoles and" '
the two branches of a dislocation having large superjogs continue un.d'erv

a stress to spiral about the jog. 'Dislocatién loops due to the
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condensation of mechanically prodﬁced \;éCancieS‘are prevalent in electron
micrographs of defo_rmed' hexagonél crystals. Séeger and Trauble ™~ have
observed that Zn single crystals tested above about 243°K exhibit a-range
of much higher str‘ain hardening foliowirig an easy glide stage than crystals
tested below this temperature. They attributed this to the interaction of ,
the glide dislocatiqns of type a on the basal plane with loops of dislocations:
of the type 1/2c + p produced by the condensa’tion of vacancies. |

Glide dislocations of the type a on the basal plane do not interact
with forest dislocations of the type c¢ since their Burgefs vectors are
mutually pérpendicular. When glide dislocations on the basal plane of
the type a form junctioné with dislocations of the same type on the
prism plane they form another dislocation of type a on thé‘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 ;che prism
' plahe makes a small angle with the blasal plane, a long junction ha\:fing.a
: Burgers vector of type "a is produced which can then slip on the basal
plane.v ‘Thus only very modest stre‘s'ses are required to decompose
junctions that are produced by interactions between glide dislocations
on the basal pléne 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 junctions can be formed betx&een glide disloca-
tions on the basalplane having Burgers vectors of the type a and forest
dislocations on the pyramidal plané having Burgers vectors of the type -
¢+ a, The interaction here is somewhat analbgous to that Idescribe-d by
' Saada for face-centered cubic rﬁetals. 64 He has shown that the piercing ’

L
u

./4
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; of attreetive junct_ions formed by ihtersecting' dlfsioc.:atioris' re'sults in an - BRER
- athermal contribution to the flow stress which is decidedly higher than '- L

in the case of repulsive junctions. The stress to complete ihtersection S

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

R . . < /} --'v . ¥
PR . ‘ K :

SR o o o= + Gb e T (6) y

- —a— ' BT ' ' -:"j . 3"/

whereid is the average spacing between the ”fore st" dislocati'on’s:'offtype S

o+ a;! If the forest dislocations are spaced close together v is-
i approkimately 2.0; however if the forest dislocations whlch satlsfy the ;

" required geometrical conditiors to form attrac e _]unctlons w1th ghde

dislocation are widely spaced, v is about 04 It_ is difficult to estlmate' R )

¥

what contribution this mechanism makes to the flow. stress during basal

glide in hcp metals since little is knowh concerning the density ehd

distribution of ¢ + a dislocations. It is expected that because the energy =

of the ¢ + a dislocation is relatiueiy high, the grown in.density of th_ese
dislocations might be small and therefore the athermal eontribﬁtion to -
the flow stress during basal glide by the junction reactlon mlght be

negligible, . If, However, <1123> ghde becomes active durmg deformatlon

as it might in polycrystallme metals the frequency of junction reactlons R f

‘might increase to the pomt where t
to the flow stress. In zmc and cadmmm Where (1122) <1123> ghde is.
known to be an active slip mode, this mechanism may be of signiﬁcan-t

importance, but in several other hcp metals ¢ + a glide dislocations are

not observed at atmOSpherlc temperatures and a strain hardenmg contrxbutlon S

by thls mechanism would probably be small It therefore appears that

_the temperature mdependent flow stress exh1b1ted m Reglon II arises’

‘ould make a significant contrlbutlon

S
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principally as a result of long range stress fields of groups of dislocations
plus the interactions between glide dislocations and sessile loops lying in
the basal planes.

B. Thermally Activated Intersection -

Conrad and Robert301129 and Conrad, Hays, Schoeck and

\/ViedersichBO 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 diagrai'ns 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, hoW‘ever, the mechanical béhavior of BeAsingle
crystals during basal slip in Region I is influenced by interactions of solute
atoms with the glide dislocations. Seeger65 has shown that the strain rate

that 1s obtained by the intersection mechanism is given by

. - L~
=

i= 1

where v is the shear strain rate, '5/0 = NAbv (where N is the number of

{7
points of contact per unit volume. between glide and forest dislocations,

7A is the area swept out per successful intersection, and v is the frequency
of vibratioﬁ of the intersecting dislocation) U is the additional energy

~ that must be suf;plied,by a thermal fluctuation tovcomp}ete intersection and
kT has its usual meaning of the Bol’czmaﬁn constant timesb the temperature
of test. Defining TG 2§ the local stress field a dislocation must surmount
athermally the net streés, 'r*, aiding the thermal fluctuation in completingr

intersection is given by

=TT, | | @



where 7 is the applied shear stress. Taking L as the average distance

between contacted forest dislocations, a force
. . . / °
acts to aid intersection and conscquently U = U{F}. Detzailed statistics
- of the mechanism have not yet been completely formulated and the terms
of Eq. 9 must therefore be taken as appropriate smeared values.
. . . . . 65
In his early discussions of intersection Seeger =~ assumed that
the activation energy decreased linearly with the stress according to
X

A

U= — T Lbd o o)
where U, is the total energy for intersection and d is the distance the force

7" Lb has to move to complete the process. Onthis basis

R e LT S g o o
T -l = SN T AsE 7< 7
e € Lbad  Lod & Can

revealing that the flow stress should decrease linearly with temperature

over Region I and that

£ T e ' (12)
over Region II where 7 = 0 and
e %
A%/‘/L-{L}&/Jif - | - (13)
Both TG and Ui vary linearly with the shear modulus of elasticity'so that
_ o e - o
T e = Z/.0
and
— "/."@ AP o SR
U =y & R (14b)

where the superscript zero refers to the absolute zero of terriperature.
Consequently TG and Ui decrease slightly and almost linearly with the

absolute temperature.
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The trends su‘ggested by Eq‘s. 11 and 12 are in nominal agreement

~ with the experimental data for basal slip recorded in I'ig. .3.

Friedele suggested that the distance between the forest disloca- .

tions; L, should decrease as the stress 7 is increased according to the

statistically determined relationship

s

2|7 ) oas

where Lw is the mean spacing between the forest dislocations. According

to this modification Eq 11 becomes -

T =3 (”Zjébj/’:"/b(/ B (12 (—/;j’/%c/ "y (16)

and T retains its value given by Eq. 13. Whereas the original Seeger
C ; S

formulation suggests that

— /‘.,Z/z\ & (

y = Tl %
Ay an
‘Friedel's modification gives 3/
. o o T2 ”,;Q
A e A '/.«/(’/‘/’U/'/‘/ 0") / Je =T ) - (18)
4 S e Wy g { .
¢T e T3 GH) P hd ) |

The original data of CHSW30 giving —r* as a function of T are shown

in Fig. 4. The decreasing values olf TC with strain ra‘te are in accord
with the suggestion of Eq. 13 which is valid for the Seeger and Friedel
approximations as well as other models:for intersection, = Thus, the
total activation energy for intersection can be determined from the effect

of strain rate on Tc’ namely

w Lo

5 : N A Toa '

<)z & : . _ - (19)
. —""(’j -~ : :

{}1 - ‘./-:./*_._::47__ :

/ ‘ L7

_ e oy

i
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Using CHSW's data of T_ = 440°K for 4, = 1071 per sce and
. 2. i

T = 335°K for 44 = 10 _4, and the effect of T on G for Mg given by

Ci1
0 - :
Roberts, 88 Ui =13.1x10 13ergs which is in good agrecement with the

value obtained by CHSW by an alternate procedure. Furthermore from

_ z_//, o ‘
P o= e AT " (20)

(M

the value of Yo = 1.0x 107 per sec is obtained. Assuming that

(21)

--/i/.,()/:/ ) ,(/')

f
jrl
e

where p is the density of the glide dislocations and Vs is the Debye frequency

taken to be lO13 per sec, the slightly hlvh but not’ unreasonable value of

p>% 109 is obtained. Introducmg the value of 'Yo 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 wellv
with their 'analyses. |
Basihki67 has shown that the activation energy for intersection

does not necessarily decrease linearly with the stress (as was originally
| suggested by Seeger) but it can be represented by a force displacement
(F- \) diagram shown schematically in Fig.” 7. Accordingly the energy

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

completmg intersection is
s

L/ //{//— - (22)
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In order to establish the I'-A diaﬂram from experimental results, the

change in strain rate with a chanbe in stress mlom be used where

} / \ .’(Z_/ ; W ’/ ,::-'.,.‘{/_ ; }

)) - /r‘ /L_J - ’ ’/_ < . — i_‘;_- ""\':'"‘;::,lﬁ (23)
, \o) T S AT ST R o |
If the smeared average values of L can be assumed to be independent of

the stiress

—_—

BT = ALb ' (24)

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

-z

z,{'/;;/;'rfz(/ _41:7 ) /{/7 | |  (25)

Correspondingly if the smeared average value of L is taken to be constant,

the force assisting intersection is
/= Z, Vo : ‘ - (26)

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

- becomes

s =2(Y (“Cb) '5 @7

Calculations besed on the Friedel's assumption -gave results fh‘a’c 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-.
stantlally constant and that Eqs 24 and 26 apply.

Using the values of § determined experimentall by CHSW, the |
x _ BKT

T VS —m— curve shown in Fig. 8 was obtained. The ‘_ordina‘c_es of Fig. 8

b

are proportional to F and the abscissas are proportional to X, Therecfore, : -

 the F-)\ curve can be established once the value of L is knowh.
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L =3.1x10"* whereas when X, is taken to be 2.5b, L = 2.5 x 10°
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An estimate of X can be duduced from the known theoretical
relationship of UC'/2 [—‘pyo Vs k/yo.which is developed in the appendix of

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

the total energy required to form a constriction at the point of interscction -

of a glide dislocation with a forest dislocation, r‘pvis the line energy per
wit 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 2¢ = 0.12 applies when the total dislocation is in screw orientation,

. v - 0 -
Since the total intersection energy for Mg was found to be Ui =13.1x10 13
. 3 3
: 0
ergs and the jog energy can be approximated to be about UJ = —Gfg— =

-13

. 0 0
5.05x 10 ergs, the constriction energy for Mg, namely UC = Ui - Uj , is

-13 ' . .
ergs. Assuming various values

0

estimated to be abou’c-UC =8.05x 10
0 v -

of Yo and taking r'p = 1/6 sz the experimentally acceptable values of

UC/2 r’pyo vs k/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 c'onstriction muét_ be complete
before jogging”takeé place. Therefore, the total displ’acément for
intersection A, might be estimated to be 2b < A; £3b. Two \}a;lues
Ai = 2b and >‘i = 2,.5b weré assuined for the purposé of comparison. As .'
deduced from Fig. 8 when X, is taken to be 2b, 2L = 6.35 X 10"%cm and |
4 m

either case, the reasonable density of forest dislocations of about lO7 is
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obtained. Using the above mentioned values of L and the experimental
data given in Fig. 8, the I = 'r* Lbvs x = BkT/Lb datum points given iﬁ
Fig. 10 weré determined. The solid line refers to the theoretically
deduced F—x ¢urve derived in the appendix for constriction alone. The
better agréement between theory and experiment when Ai is taken equal

to 2b suggests that some jogging accompanies the last stages of constriction;
o5 h Do o o

the fact that the experimentally deduced datum points lie slightly above the -

theoreticdl curve for constriction over o < X < 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 theofy and more complete experimental data-»,a;‘_théy "

névertheless conélusively establish the operation of the intersection '
mechanism -_for.basai 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 Dox:n49 on the

“critical resolved shear stress for basal slip of a 12.5 at. % Li alloy of Mg

as a function of temperature for the single strain rate of =3 x 10—4per 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 Cottre11®® locking. The very high value of 7 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 'inte‘ractioﬁs’. | It is not

possible at present to say whether the rapid increase in the critical
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resolved shear stress with a decrease in temperature over Region I arises
from solute atom effects or from the high density of forcst dislocations.

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

- - -13 : AT . -
is about Ui = 13.1x 10 ergs, as previously established for pure Mg, the

spacing of the forest dislocation is estimated to be about
_/_'_ = .- Z_/‘ » = g7 /y‘/ﬁ}--;);"//?. , (28)
o (0% )™ |
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
| 19

Zn as shown in Fig. 12.7" The decrease in the flow stress that accompanies

an increase in temperature over Region I is much more pronounced in the
0.1 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'to 10 x 155per sec and insensitive to temperature from.about

0.3x 10"
300° to 680°K, the flow stress for the Zn 0,1 at. % Cd alloy exhibited a
strohvgvstrain rate and temperature dependence above 540°K in Regioh III.
Although it might be suggested that the intersection mechanism is rate
éontrolling over the low temperature thermally-aétiva‘ced range of Region I.
_ (in which event the high sensitivity of the stress to temperature must be
ascribed to a substantial inc'réase in the de;nsity of the forest dislocations)
the data are not adequate to check this postulate. The jerky flow obse'rved
in Zn 0,1 at.% Cd alloy over Region II is undoubtedly associa’;ea with

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

effect.

EES
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C. Viscous Crecp

In sharp contrast to pure Zn which behaves athermally at high
temperatures, the Zn-Cd alloy exhibited a second thermally activated

mechanism for basal glide over the high temperature range of Region IIL

. . . 19
Gilman has shown that over this range the strain rate is given by
] e BT AL CE
V= gz L o "7 per sec (29)

where 7 is expressed in dYnes/cmz. Such thermally activated processes
‘as intersection, the Peierls mechanism, and thermally activéted motion
of jogged screw dislocations, which have activation energies that depend
‘on the applied stress, cannot account for these results. Although the
stress and temperature dep‘éndency_'of the strain rate might suggest that
dislocation climb is the rate controlling mechanism, it appears more likely
that the Weertménvviscous 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 then jerky flow that was observed point to the impor’cénce solute atom
interactions with dislocations over Region III.

Weertrnan7o has shown that at high tempefa‘curés-where disloca~
tioné from separate sources can annihilate each other as a result of facile
climb, the shear strain rate for x'fiscous creep is

J o= _A_/L/(/y"/._/é“‘ 5 > | (30)
where B is the mobility of a dislocafion. -

Various mechanisms might account for the mobiiity. 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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, : i ' 71,
should prove to be a more likely possibility. Cottrell and Jaswon = have

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

solute atmosphere is given by

/ A o — (31)

s e P .. o, .
N O N A AP A

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

5 .
Sy o=

' ‘ 3 . . s LT
number of atoms per cm” of the lattice, and / and /~ arc the atomic radii
of solvent and solute atoms respectively. Estimating D to be approximately

2 -
b ve -%?— where v is the Debye frequency and AH the activation energy

for diffusion of the solute atom, suggests that

sond

- . ,,.,,'\_,,'7 X - z,.x,t/,:j,:?,./_._ . -
iEAN e T - (32)

1 Ve

where

i ’,/f// /\’ 7_ : '
56 Co W G7 JTH=r) P2 " - ©9)

andn = 3
Equation 32 compares favorably with Gilman's experimental results since
AH for the diffusion of Cd in Zn is expecied to be near 21, 000cal/mole and

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

experimentally determined value of 2. 7., Furthermore, A is eztimated

theoretically to he 5.6 x lO-17 em® (using v = 1013/~ec =1/3, -
caLly ne 9. W ng S€c, w = is,
T = 660°K, C_ = Ix 1072, N =6.6x 1022-9%3{&? , G =10 " dynes/cm?.

Vo= 1.33 % 10"8¢m and r(/ld =1.49 x 10 8cm) which is in fair agree-
ment with Gilman's experimentally deduced value, |

Thus we suggest that the deformation of Zn-0.1 at. % C& in
Region III is contrblled by the viscous drag of solute cadmium atmos;}nérs

on dislocations.



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.in
hexagonal alloys can exhibit Suzuki locking. 68 At temperatures above
about 0.4 of t.he 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. Suzuki has-shown that the process is not thermally

activated and that the yield strength is given by

= 7 /~// //. ,// (/~ //} (34)

where 7 is the total yield s’;rength TG is the dislocation stress figlds ‘that
must be surmounted athermally plus the stress necessary to overcome
short-range order, h is the height o’f a single layer of atoms lying on the
slip plane, (}«"f—’f")C is the increase in free enefgy per mole fér the faulted
région above the unfaulted matrix for a composition ¢ of the matrix and
(Ff—F)CI,is the same quantity where Cs is the composition of the fault,

and V is the molar volume. Once the dislocations have been separated
from the ribbon of the composition difference, the last term in Eq. 34
vamshes and the flow stress decreases to TG Consequently, Suzukl
locked alloys'exhlblt an athermal yield point. The small y1e1d 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.
' ' : 50 1 ye
Mote, Tanaka and Dorn ~ have shown that basal slip in the
intermediate hexagonal solid solution phase having the congruent melting

composition of about Ag2A1 (33 at. % Al) provides an interesting example

of the behavior expected as a result of Suzuki locking. Single crystals, -

so oriented that the Schmid angles for basal slip are )fo = >‘o = 45°, were
tested in tension. This alloy exhibited, within the limit of experimental
scatter, identical stress strain curves from 77°to 450°K. A typical

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

vield point is about 50 times higher. than 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

: v : -4
450°K. Above 450°K, specimens tested in tension at ¥ ~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

73, 74
> 7Y over

87

conducted by Larsen, Rajnak, Hauser and Dorn72(vide also

the entire range of tempera‘cures using modified Kolsky thin wafer

>

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°K and that it is insensitive to changes of

4 _ _
strain rate from ~10 ~ to ~104. 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 Al _ - -

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

T-To= gi{c-glar | - (35)
. < - A/ﬁ':?r b‘ ' (36)

/)~ Cs /~-C <
£ - : ' S

: : P | /l - _ ,
AF =1 ——/:'.-4';/...1/./4,9 ._/Z—q/ (37)
25U = F = f h

L =040 T S o (38)

%
where a1 is the stacking f;ult energy in hexagonal Al and 'YAg that in
hexagonal Ag.

It is rea"so‘nable‘ to assume that the equillibriumrco_hdition of Eq. 35
applies only above about 0,4 of th__e melting température (i.e. above about
450°K). Below 450°K, cp-C is expected to remain constant at t‘he‘
composition'that is frozen in at about 450°K. Consequently 7 is expected

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

observed experimentally,

’



v

-

Assuming 7, = 0.Egs. 35, 3.6, 37; and 38 can be solved
simultancously to give an upper bound to ~,/A1- 'YAg in terms of the experi-
mentally determined values of 7. The two seis 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 faée-centered
Ag, it is e,\:pec.ted that Ya1" VAo will be negative for faults in the hexagonal’

o

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, YAl YAg 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 Ta is actually greater than zero.

A recent investigation of the mechanical properties of hep phase
Cu-Gee alloys by Thornton53 indicates that the strengthening 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
appearedAto be due to the unpinning of locked dislocations and the yield
st.ress appeared fo be insensifive to the strain rate. At high temperatures,
the yield point dissappeared and the yield stress increased with increased
strain rate suggeéting a decreasing magnitude of Suzuki }ockiﬁg withA

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 }F‘riedels7

' suggested that continued slip on the prismatic plane is, therefore,
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dependent upon dynamic recovery by cross-slip from the basal to the
prismatic plane. As shown in Fig. 16, this involves the energy of
formation of a constriction Uc’ the energy of recombination, R, of the

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

r’)

the line bows out on the prismatic plane/,where i is the line energy per cm

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

) .
given local stress, 7, the radius of curvature of the bowed-out section

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

. " . 2R 12 o
~slip depends on the critical value for OC = (o / ~at which point the energy

=

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

that the shear strain rate for cross-slip is given by

- 4 / —
. ; 7 e "/ /
L ML ALY T e Tl .
J — ‘_j.,-..;./—_\;)._ '\/",-': L ( ug)

where 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
Ls,_ A is the area swept out per unit acti\}afion, v is the Debye freduéncy,
and 7* 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, Or;
the other hand, this croés slip mechanism will control the deformation
" only when othef 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 parallél to the tensipn axis and

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

in Fig. 17 where it is shown that —:l—T— decreased linearly with 1/T oveér

AT

S



FIG. 16 NUCLEATION OF CROSS SLIP AS A RESULT OF
 RECOMBINATION OF THE PARTIALS B; AND B, ON THE
BASAL PLANE ALONG LENGTH L AND BOWING OUT OF
THE RECOMBINED SECTION P ON THE "PRISM PLANE.
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the region where only prismatic slip tool\ place. As shown by Eqg. 39

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

/2 - 11,3 cm2
the? dyne o

In addition, the effect of changes in strain rate on the flow.siress

avmromma‘tely bU /2(2}"—'R l

were obtained where

: ) T ‘e 3/,;" / s o .
e h e A PO VA S , .
. / / : ’ _/‘ ;" . ),/“-“— l-"."{ / o= - ey o -/” : ‘_'";A “:.44 i /_ o : (40)
: [ / . £’ ol a
which can be rewritten to give
///___ ’/ o~} ///' 4T /\i 7— ‘é— / 2 A,ja { [ . ,/.’ / '
7 J /} B T — e Tl [
(TR0, ’251/;: _ A i . : - (41)
2 )
. ™  Gb 5 - N . .
Employing | = —y— = 6.6 x 15”erg/cm together with experimentally

determined values of 7 , T, and B gave R = 6.5 x lO—Serg/cm. Using

the well known recombination energy equation

=) o A e 2] ' . .‘ 42
v = [ ) | “2)
the separation of the partial dislocation is deduced to be yo/b ~ 3.

Introducing the values of R and [ into the expression bUC/2(2]"“R3)l/2

. o 1 1 . . . -12
deduced from the 7 VS - curve, Uc WaS. estlmated to‘be 2.43 x 10 "“ergs.
Applying now StrohsB9 equation

L= -5 /’ //J/ L‘./// = /J///y/ //// e

for the constriction energy gives Yo /b ~ 7. Thus the values of Yo /b

for the separa‘clon of the partlals in Mg are estlmated to be:

Sllp Mode Mechamsm Method “ Yol/b
Basal - -~ Intersection . F-a S ~2
Prismatic Cross slip | R S~
Prismatic -~ = Cross slip ' U ‘ | ~7
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In general these values appear to agree well within the expectations
based on the accuracy of the theory.

: . . . ..., 19
On the other hand, Gilman investigated prismatic slip in Zn"~ {rom

e
O 5o ¢ K70 e 3 4y . . 07, 19 . TONo 4 N EoOTT
- 525° to 670°K, in Zn containing 0.1 at.% Cd~ " from 580° to 665°K, and
11 . o . L
in Cd™ " from 430° to 550°K, He found that
) - A T T e . w
G S asC O ot per sec for 99.999Zn (442)
A N 2a s :
=5 7 = AT per sec for Zn £ 0.1 at. % Cd  (44Db)
= re ,5"(1 )
\ T R A R o |
L/ L -~ 7 per sec for Cd v (44¢)

whkere + is in dynes/cmz.

| Since the activation energy is independent 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. |
Furihermore, the dislc_)cation climb mechani.sm of Weertﬁlan 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 tk;e cross slip
mechanism assuming Cd additions only slightly modified the sta.cking fault
energy. 'Th,e genefal form of Egs. 44a, 44b, and 44c suggest that a iype
of viscous creep is operative, but the details of what_type of viscous
creep thes,é data migh’t represent have not yet been satisfactériiy established.
Weertman70 has suggested that the creep of the high purity Zn is controlled "

by the motion of dislocations over Peierls! barriers. His formulation
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for the strain rate at low stresses assuming the activation energy to be
independent of thé stress giveé the stress dependence as a 2.5 power which
is close to that given by Eq. 44a. It might be thought that Gilman's data'v
must n.evertheless conform to Friedel's cross-slip mechanism. I.?riedel9
has suggested that Gilman's Zn data may _éorrespond to a degénerate
formuiation of the cross-slip mechanism where 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 Friedel's cross-slip mechanism in spite of the excellence%f
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 Friedel's analysis. The critical length for.nucleating cross slip is

given by //.7 ///,, 76

Ly =208 = 7o S5 /

. = 7 (45)
If only a segment of a dislocation on the prismatic plane dissociates into

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

- 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 AgoAl

Mote, Tanaka and Dorn50 have studied prismatic slip by the <1210>

{1010} ,mode in single hexagonal close-packed crystals of AgyAl. Although
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this alloy is ﬁot long-range ordered, thére is good evidence that it exhibits
short-range orderﬁng. = Single crystals W.ere tested in tension at a strain
rate of lO—-éper sec emplbying Schmid angles of ‘ko ~ X =~ 45°. The B
critical resolved shear stress for prismatic glide as a function of tcmpera-
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 precipit.ously _
with an increase in temperature revealing that the rate controlling mechanism
 is thermally activated; over Region II an athermal ﬁrocess confcrols the
-deforma’cion and the yield é_fcress decreases modestly with the temperaturé;
and in Region III a second thermally activated meéhanism becomes rate
controlling. | |

A detailed study by Rosen, Mote and Dorn® 51 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, ' Lothe and Hirth, ' Seeger and Schiller, '°

Friedel, 8 and Jgssang, Skylstand and thhe. 80 For the pres\e'nt example

81 was adopted., Peierls suggested that

the theory of Dorn and Rajnak
dislocations tend to lie in poténtial valleys parallel to lines of atoms as

~shown in Fig. 19. When a dislocation is moved as a unit from one valiey
to the next,. the core energy increases so that the total line energy is r‘o

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

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

- >4 o, . ..—-///
/ft/{):/;/“/'/r /7/ £ CC /v(‘.___—~C/_/ / (46)

<z

where ¢( provides for modest variations from a sinusoidal Peierls hill and

the remaining symbols are defined in Fig. 19, Consequently, the stress

e Mg
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" ‘separate to nodal points, jogs, or other barriers, thus advancing a

: of any embryonic pair of kinks is then given by j

Uz-éz//?y}(/%dr)) /7[,"‘[,6// o/") CZX. (49)

oo - . i L.
.energy of the dislocation when it was displaced 1o y’(’) under the stress 7 .
~ and the third to the work dor'ie by the stress as the thermally perturbed'

. 0 : :
- dislocation sweeps out the area / (y-y,) dx. Thus U refers to the -

©  pair of embryonic kinks collapse. A saddle—pomt free energy exists foxj

-61- , UCRL-11418 |

needed to move a dislocation to Yoo part Way up the Peierls hill is

2"6 o’/a,’/ z//c"’_g '5,,, _%_%ﬁ*//-—a(d‘os ﬁfyﬁ/ | (47:)

. and the Peierls stress necessary to cause slip at the absolute zero is the

maximum value of 'r s namely

. /:374//7‘5’0(4) // Sor? 2%2//-/-570(2) / (48)

It /e /oc/

E3
If a stress 7 < 'rp is applied to the dislocation, it will be arrested at y

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

-~ Permanent plastic strams 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 -
|
}

segment of the dislocation the atomic spacing a on the slip plane, (Flg 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
[

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

thermally displaced dislocation, y = y{}i}, the second to the original line

e}
energy that must be supplied by a thermal fluctuatlon to perturb the

dislocation to any shape y = y{k} from its positiony =y_ . The | |

'

perturbatlons are assumed to center at x = 0. ‘If they are too small the

3
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the nucleation of a pair of kinks so that all thermal fluctuations greater |

PO
T

than this value advances the dislocation segmen’c a distance a, By appli-

 cation of the calculus of variations the saddle pomt free energy to nucleate :

mechanism controls the deformation is g1Ven by S 1

_ a pair of kinks Was found to be given by

' the Debye frequency.

-fluctuation and

P

////?y] /FZ‘/J{/“/“) 4 /—?y}/) / , (56) -

' where 7L is the critical displacement y = k at x = 0 for nucleation of a

§
§

pair of kinks and is given by - ‘ P

n SYiep = Th(A )+ Ty 6o
The energy of a smgle kihk U,., calculated by ’che same techniqueg-,
(

was found 1,0 be in excellent agreement with that previously reported by |

Seeger76 and is given by : o ,
2U? e Loab o
a7 /e , A D

where K is insensitive to [ /["o and dependb only modestly on & as ; .' :

given in Fig. 20, When only a single palr of kinks is nucleated in length L

of a dislocation at one time, the strain rate over Reglon I where the Pelerls

1

= foab Ly -5 o e

where w is approx1mately the leng’ch of the dislocation that is bowed outi L

during a successful fluctuation, p is the density of dlSlQCQ.thl’_lS_, and vis '

At a critical temperature T o analogous to that for inte:rsection1

o _ |
where 'r = 0, the total energy for kink nucleation is bupphed by a thermal

,_j

/U,‘;/E:Z@( (554)
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- where Uk is the energy of a single 1solated kink, At T the strain rate 1s RIS

j glven by - :
K ZZ//( - B
-{oa/olv AT )
Thus the kink energy can be obtained from evalnations of the effect of stram
.rate on Tc by : ) _ 2 |
Xf o L LS C ' o (56)
2 e  %7cz P

. From the kink energy and the Peierls stress, the line energy of a dislocatmn
: ~can be deduced from Eq. 52. Furthermore from tests conducted at the L
same strain rate where L""P_I:‘.Z_ is about constant = . o |
| 55 = -—%— I (57)
as shown by Eqs 53 and 55. . o o i
The theoretlcally deduced ratio U_/2U, as a function of 'r*/'r:;
 shown in Fig. 21 This relationship is very insensitive to I /r'o and only |
‘_ -shghtly dependent on X and thus represents the dependence of the actlvatlon
energy for nucleation of pairs of kinks on the applied stress.- | |

A critical characteristic of the Peierls mechanism is the very |

small activation volumes def}ned by v = - aUﬁ/aT*, that are obtained.

If B is defined in the usual way o '
O tn ¥y _ ddbnew /. d[//v | R
ﬁ’ D7 T T 47 I (58)

The first term following the second equality is nedllgably small and thej

actlvatlon volume is therefore about @

../g,// - ~‘/‘/// Jgé;{;)l ' (5‘;9),

' The variation of the act1vat10n volume with 7 /Tp is shown in F1g 22
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: T‘ne expe’rimen‘tel data obtained by Rosen, Mote and Dorn for the
low. temperature prismatic slip in Arr oAl is recorded in Fig. 23, where
T o= T - TG G/Go (i.e. where the athermal stress has alrecady been

) )

subtracted from the observed stress). As shown in Fig. 23 7{3 =7 and

‘the Peierls stress was,ass.umed‘ to be linearly related to the shear modulus
ofelaetici‘ty.‘ The correlation of these data, W‘ith' the'theory from the
Peierls mechanism is documented in Fig. 24. From the effect of ¥ on TC

the kir;k_energy was determined to be Uk = 3.0 x 10_13ergs or 0.19 e.v.
B _Introducing;2 this and fhe value of '7'; into Eq. 52 gives a line energy of

r\ ~ -(—:113—- Wthh is in good agreement with ’\Taoarro 's theoretical estimate
of Gb2/2. Furthermore the activation-volumes agree exceptionally well
with the theoretical deductions as shown in Fig. 25 and using v = 5. 1x lO1
and w'= 50b glves pL ~ 300 which is in the expected range for the Peierls
mechamsm “Thus, there is little doubt ’chat prismatic Sllp of Ag Al obeys
the Pelerls mechanlsm over Reglon I.

The reeelved shear stress for prismatic slip of Angl over

Reglon II Where an athermal mechanism Operates has the exceptlonally
high value of about 22, 000 psi. Such a hlgn value cannot be escrlbed to
interactions between dislocations and probably arises from short—range
ordering by the'm‘echaﬁism originally suggested by Fisher, 82 As pointed
~out b.y.Fisher, -"thivs mechanism is not thermally activatable at least in the
‘region below about one-half of the melting temperature were diffusion is

a negligible‘ factor. Mote, Tanaka and Dorn®° sucgested that the flow'

' stress for prlsmatlc slip controlled by short-range order is given by

' »Z/ — & X/.\ X/3C o .. ' : (60)
. /.67 57 |
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where X A and XB are the mole fractions of the componenté, X is !

" short-range order, simultaneous solution of Eqs. 60 and 62 give'

on Ag2A1 over Reglon II by Howard, Barmore Mote and Dorn.

- the creep’ rate was given by

. where 7 is in dynes/cmz.

‘ 'rn(n= 3 to 5). are expected from Weertmans dislocation climb model,

|

ST UCRL-11418 ;.

83

'Cowley's degree of order and £ is the ordering energy - S %

for producing an A-B bond from 1/2 an A- A and 1/2 a. B B bond. As
84

!

shown by Flmn
A

g afe ) o

- If is expected that the data over Region II refer to the degree of order that

. is frozen into the alloy at about one-half of the melting temperature, namely

ab'out 475°K. Assuming that the equilibrium degree of order w.as:o'bf;améd

at 475°K and that the total stress 7 at 475°K results exclusively frOmv

£ = -5.3 x 10 *ergs/atom or -760cal/mole and &, = 0,30. Since these
are upper bound values the agreement with theory appears to be good,

A rather thorough investigation was conducted on prismatic slip
85 |

Following a short duration and small inverted trans1ent it was found that

3 : - o ) S . .
15 36 7:¢7—-———~ : : e

X 3. 8x/0  £ &= .per sec . (63) . .

Although relatib‘nshibs of this kind, where the activation energy is

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

8g
R

it does not necessarily follow that the dlslocatlon climb model is vahd m '

this case. This arises becaube followmg climb, the dlsloca’clons must !

]

glide on the prismatic plane before they can contribute to creep. The !
l

the equ111br1um degree of order, A o» is given by RS
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stress necessary to cause this glide without the aid of thermal fluctuatlohs
is glven by Eq 60 and is represented by the broken/ggxt‘vgafnhl?lg. 18. | ; ) Lo
‘The actual experlmentally observed flow stressesis for slip in Region III | ‘ S
‘are below 'tlixis yalue; as shown by the solid curve of Fig. 18. Thus the _
rate contrelling inechanism might be due to glide on the 'prismatic plane;;,
in which event fluctuations leading to disordering in advance of the

' dislocation can be expected fo be the rate contrelling mechanism for

% prismatic slip. A sa’cisfactory'theory for this mechanism has not yet been

t

- forngulated. In lieu of more sophisticated approaches that need to be
_ developed, we might s‘uggest the following as a crude. preliminary appro!xi- -
mation to this case: When diffusion occurs locally in the vicinity of the |
dislocation, the alloy becomes disordered. The activation energy for
this disordering is about equal to that for diff.‘usion near the core of the

~dislocation plus that for disordering the alloy, Thus the frequency for !

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

stress is N -
- Ad ahFSE

|
/ % = e | S R
\*::\)Ze e o o (64)
' where v is about the Debye frequency, As and Ah are about equal to the |-

entropy and enthalpy for diffusion and Z 1s the coordmatlon number

.equal to 12 5 is the. average energy of a bond in the ordered alloy
|
_ (8 2 X CX 5 accordmg to Cowley s theory of ordermg) of wh1ch>

. =% 12 are broken during diffusion and 4 are restored 1n,close—packed alloys.

Under the action of an applied stress on the disiocation, the frequency
 of forward motion of a dislocation is modified by the factor e +11-?;I—1}—'
and the reverse by a factor of e -%Ié_ where A is the area swept out. -
5 .

by the dislocation’namely A = 3.22b".- Thus the veldcity of the dislccation is



' exper1menta11y observed relat1onsh1p Vo< T

| theoretically that'is indepenvdentvof 7 and T in harmony with the experi-

- This fact is illustrated by the dynamic tests on prlsma’uc slip in Angl

13- | ~ UCRL-11418.

A4 (A/zv‘/é/(&/f/;o{ €) "32277)3 __.3.227'63‘ | |
= Z))}Ze*e\ AT e%r_e__%f. (65)

and the mob111ty of the dlslocatmn is S . | : a

{Aﬁ */é)Q;XBO( 5)

——,7,2——6441»219 eTe L AT (66)

- Introducing this expression for the. mobility of a dislocation into Weer;cm:an 's

expression of Eq 30 for viscous creep suggests that | .i
4.4 LA/7+/6)(A 4 X g 5)

a;______ /Z,‘//Z[//(//)jéb T e ’Z‘ e L AT ' '(67) B
AT . . | ,
In view of the theoretlcal approx1mat10ns the discrepancy between the

3.6 and that suggested by.

, »
Weertmans viscous creep theory ~oc 73 is not too disturbing. 1

I

" Furthermore, the term 16 X, >\BO< 5 in the activation energy expresswn ’

is small relative to Ah dnd o( decreases almost linearly with an increase

{
in T so that a fairly constant apparent activation energy is predlcted .

v
§

3 - Ah+ 16 Xp XBO<0€

~ mental results.  The theoretical value of Ain ¥y = Ar"e T

is estimated to be about 7.9 x 10718

-18

whereas the experimentally determmed
value was 3,8 x 10 The nominal agreement of the theory with

|
v - , !
experiment suggests that the high temperature prismatic slip of Ag2A1 is

: _dependent on diffusion leading to disordering in the locale of the dlslocatlon

Under dynamlc conditions of test where’ very high strain rates are

obtamed there is insufficient time for dvffusmn mechanlsrns to take place. o

|
|
reported by Larsen, Rajnak, Hauser and Dorn. 2 Using the Kolsky 1

: techniquéss they obtained the critical resolved shear stress for slip as . .* /.

a function of strain rate and temperature as shown by the datum pbints o



i
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I \

of Fig. 18, each of which is documented relative to the strain rate. Tﬁév =

solid curves are extrapolated from the previously described data of

- Rosen, Mote, and Dorn51 for low température prismatic slip assuming o

AT

the validity of the Dorn-Rajnak8 1 formulation of the Peierls mechanism.f

" In view of the experimental difficulties in conducting dynamic tests the -

- mi’ght.'Serve_to reduce the Peierls stress for prismatic slip.

. short-range order hardening and the ngeat'er‘ density of dislocations that

- on the intersection mechanism.

extensive prisfnatic_slip as well, At that time, it'was sugge'sted that Li -

agreement KbetWeen theory and experiment is excellent., As the strain
rate is increased ’I‘C for the Peierls process is increased and 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 N
- Solute atom additions to a metal usually result in strengthening, '

i

The previously quoted example of the increased critical resOlvedvs,-hearv

- stress for basal slip in Mg with solute addition of 12 at, % Li is somewhat . . -

typical of the usual case. The increased value of the stress TG to

|
|
overcome the athermal processes probably arises principally from }
|
are grown into the alloy. Furthermore, the thermally activated compoﬁent 3

of the stress, 7 , at low temperatures is also believed to increase as a!

result of the effect of the greater density of frozen-in forest dislocations

. o . - 1
H

A few years ago, Hauser, Landon and Dorn48 showed that additions *
of above about 8 at.% Li in a polycrystalline alloy of Mg resulted in solid . ‘
solution ‘softening. Whereas pure Mg exhibited principally basal slip and

twinning at low temperatures, élloys containing’ over 8 at. % Li exhibited
. ’ ’ {

Tt
P

¢ i e
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Recently Ahmadieh®” studied in detail the effect of Li additions
on the critical resolved shear stress for prismatic slip in Mg, The yield |
strengths as a funct10n of temperature are recorded in Fig. 26 which also .
‘contams the previously dlscussed data for pure Mg. These curves clearly

reveal that Li additions reduce the critical resolved shear stress for

prismatic slip in Mg The curves correSpondmg to 12,5 and 10.0 at. % L1 -

decrease from 4° to about 300°K in a manner paralleling the expecta’uons
of the Peierls process; and between about 300° and 400°K they become
substantually horizontal reflecting the operation of an athermal mechanisrn
which is probatbly due to short-range order strengthening. The data for; ;
- these alloys was analyzed in terms of the Peierls mechanism where in '
E i lieu of more accurate information the shear lmodulus 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 activation volumes are | -
compared with the theory of Figs. 29 and 30. The following data were |

then deduced as described previously for the Ag‘zAl alloy.

‘ , S
at, % Li . 10,0 . 12,5 |
{
|
i

o 7; in dynesfcm . 760 x 10° 680 x 105,
2U,, in ergs (ev) © 0.89x 107 %055 . 0.85 x 1071%(0.55)

using in the last comparlson the shear modulus of pure Mg since that for
the ,alloys is unknown. The shg,htly high values of the line energy g1ven[-. :
in the last row of the above summary is probably attributable to the ;
| inaccurate shear modulus of elast1c1ty that was. used The general - I

'i

agreement w1th the Pelerls mechanism is nevertheless qulte ‘good,
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The data for purc Mg and Mg plus 6.8 at. % Li were replotted to
compare with Friedel's cfdss—slip theory as shown in Fig. 31. As
discussed pi*eviouslj)r the linearity of these T—%,—— Vs l/T curves suggeét
that cross slip is the controlling mechanism for prismatic slip at o

temperature above about 450°K. A coi’nparison' of the stacking fault width ’

in the 6.8 at.% Li alloy with that in pure Mg is given below

From v From Slope
Activation Volume 1 1
| T VST
Mg - S~ - ~3b -
Mg + 6.8 at.% Li ~ 6D | ~ 3D

The same pfoceedure Washi‘u'sed in .calculating the\results for the 6.8 at,% Li
alloy as that pfeviously employed for pure Mg where G for the alloy' 15
assume‘d 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 faull width, In view
of these correlations, we sugg'est that the Friedel cross-slip mechanism
operates over region CD in Fig. 26. Over region AB tWinning and
fracfuring predominated and only minor amounts of prismatic slip weré
detected. Thé trends of the 7 - T curves as well és the acti\;ation volume
: Spggests that the Peierls process controls over région BC. We suggest‘
that this transition occurs in spite of the higher flow stress for the cross-
slip mechanism because more segments of dislocation7s larger than
Friedel's critical length LC = 2r sin 6(; remain on the prismatic,plane as
the shear stress ivncreases thereby eliminating thc;, necessity for additional
thermal activation of cross slip. Thus, the major effect of Li additions
on .the.low-temperature shear stress for prismatic slip app:ears 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 strend hs have not yet been acmcvcd‘m po lycrystalline
ggregates of hexagonal metals because their ductility is so l’ow_. © Although
hexarfonal metals con‘cain the needed kinds of dislocations (e.g. ¢ + é) for
prov1dwnd the five mdependent modes of slip that are needed for contmuluy
of strains au 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 strenvfths

it should be possible to produce higher strength polycrystalline hexagonal

vmeta‘ls by 'adjusting‘conditions so as to permit Operation' of the missing -

needed modes of slip. To accomphsh 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 gehéral, undertake the same
kinds of mechanismsAqf slip that have been identified in face-centered
cubic and body-centered cubic al‘loys. Basal slip in pure hexagonal metals
is usually facile and, at low temperatures, it takes place by the dislocation-

s

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 ofder 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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Weer‘tmanjCotti"eH mechemivsm bec‘omes"'\rate controlling. And in some
calloys (vide Angl) the deformation i‘emains athermal over all tempera-
tures as a result of strong Suzuki locking.

The current evidence on mechanisms of prismatic slip {1010}
v<1§10> is somewhat less well defined than those for basal slip. At high

temperatures, single crystals of Mg and Mg + 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 tefnperature 10.0 and

12.5at. % Li avlloys of Mg orienied for prismatic slip undertake tlie

Peierls mechanism; and t%xe 6.8 and 0.0 at, % Li alloys appear to exhibit

the Peierls mechanism at intermediate temperatures. According to this

interpretation, the Peierls stress decvreas_es subsfantially with increasing

B Li content., At intermediate temperatures the 12.5 and 10.0 at. % Li ailoys“'
- of Mg undertake an a_thermallprismatic slip mechanism that.appears to

be principally due to shoi't-range order strengthening,

A signifieant observation concerns the decrease in the critical |
resolved ehear stress for prismatic slip in Mg upon alloying with Li and
thue reveals the potentialities of favorably modifying the Peierls stress
:so as to pfovide more facile modes of slip. Consequently, there is hope"
of producing stronger hexagonal alloys with good ducti’lity. Prismatic
slip mechanisms in Angl 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 deformation diffusion-

controlled mechanisms cannot operate and the Peierls mechanism controls,:

[

E_—
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| ~about 22, 000 psi for prismatic slip in Angl., Opportunities for producing

“high strength polycrystalline hexagonal close-packed alloys with gobd
- ductility appear to exist but the approaéh is difficult land uncertain since|
 -_ it appéars-’éo center about methods of reducing the Peierls stress for

v various modes of deformation particularly that . for pyramidal slip by

-85~ B UCRL-11418"

The' greatest potentiality for strength with adequate duc{ility in . _
polycrystalline cloge-packed hexagonal metals rests with the possibility of
providing more ,fao;ile slip on the pyramidal plane by motion of the ¢ + a:
diélocation becaus’e.in combination with o,th'er rhodes of slip‘ it provides the
mode of slip needed for accomodation of strains at grain boundarié{;f’." It
appears that this mode of slip' is difficult to stimulate excepfing in the'cése
of Cd; and even in this case no attempt has yet b'een made to study the siip
mechénisms that might be involved. It is likely that the Peierls mechaniism_

will be found to control pyramidal slip by the ¢ + a Burgers vector; in |

- which event it might be possible to modify the Peierls stress by“alloyingi

The potentialities of producing high strength hexagonal close- {

‘packed alloys are revealed in the exceptionally high critical resolved shear -

stresses at room temperature of about 11, 000 psi for basal slip and

e

the ¢ + a dislocation. .
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- APPENDIX I

Force-Displacement Diagram for the
Mechanical Formation of a Constriction

Although several investigators have already calculated the

activation energy for the mechanically assisted formation of a constriction .

1,2,3,4;

during intersection, ’ 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 ennpldys a different mathematical procedure and gives a simple analytical

expression for the force‘necessary‘ to form a partial constriétion.

It L“is the averagei_kspacing:'of the forest dislocations that thread
the slip'plane,. a force F = 'r*Lb acts at their 'poiﬁt of contact restraining
the forward motiqn of the glide dislocation. The stress 7 is the local
shear s_iress on the slip plane in the direction of the total Burger's vector,
b, of the glide 'disl_ocation. At low stresses, the action of the force F = 7 Lb
causes a partial constriction to form in the. glide dislocation, as showﬂ
somewhat schematically in Fig, Al. The local force 'r*'Lb, displaces the
leading partial from its original equilibrium éeparation of Yo from the
second partial to a smaller separation, A at its point of contact. The
completion of constriction, as shown by the broken curve in the figure '
;fequires the aid of van appropriate thermal fluctuation. It is the purpose
of this calculation to estiméte in térmé of a line energy model the saddle-

- point energy that must be supplied by a thermal fluctﬁation in ordér to
complete constrictién. The total activation energy will then be the

constriction activation energy plus the activation energy for the jogs that

~are produced,

g et g T 3
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The calculdmon of the ac tlvatlon energy to com'plete. a coﬁstric:tioh '
-“vﬁll-be based on the following steps. First the énergy U{k} will be |
dct‘erminéd‘ as a function of A for the partially .form'ed constrictions, This
will be done from enerdy considerations by arbitrarily selecting each 2
and demandipg_ that gy 0 at x = £ L/2. Furthermore, the true shapc of |
the leading partial will be determined by minimizing the energy. Consequently
the force F = 'r*Lb can be equated to - -%g—c'— and thus the force will be

established as a function of A. The activation energy for completion of a

cdnstriction is then given by

U= ufr= 0} - UC{?\.} - (igf;)kx - (A1)
.where: the difference between the first two terms 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, tﬁe entire problem is solv.ed when Uc{k} is determiried.

The change in energy due to the formatlio_n~of a partial constriction

for a displacement from y = Vo toy = A at x = 0 is estimated to be

-L/2

where [_;3 is the energy per unit length of a partial dislocation, «vis the

: ['*'L/zz' dy 291/2 : 4 2 | :
"L B g sor] e

stacking fault energy per unit area, G is the shear modulus, b is the total
Burger's vector of the dislocatioh, and @ is the orientation factor given by

1

?M-l)_sinz_e (a3

1

Q:(S'- '1]_' cos 2.6+(
where u is the P01sson's ratio and 6 is defined in Flg Al, @{y} glvcs the

' depenaence of the repulsmn potentlal energy due to the mteractlon of the

4/

S U
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partial dislocations.. The line energy of a partial dislocation is assumed .

to be given by

l";) ~ o2 Gbl‘ * bl - O:GO ) ) ‘l . ) (..A'{l:)

relgar.dless of the orientation of the partial dislocation in order to precserve ,
- ;Lhe symmetry of ‘chev cons"cfiction and thereby simplify the problem. The
factor o< thus serves as a factor that accounts in part for the or.'ienltation,
of the partial dislocation, the effect of curvafure on the line energy and the
fact that the interaction energy between the two vbran}ches of the constricted
| partial dislocation will be neglectéd. _'Thus oc should be slighﬂy less than
1 when the bowed partial dié._location_is,in,screw orientation and slightly
less than 1/(1 - u) when it is in edge orien‘cation.

Whereas the force of repulsion for two partial dislocations va

- L 5
distance y apart is given by

2 L
b~ . .
R = - _.Q_G T% fory2sb o - (A5)

the force will bé assumed to be

Gb2Q

R=- mB—— ‘ - : forYSb (AG)

in order to avoid infinite repulsion forces at the point of completion of the

constriction. Therefore

1-y/bo+iny /b ysb _ (a7
o} - N
| myly, . y2>b o (a8).

Consequently, the first two terms under the integrand of Eq. A2

'g'i{/e the increase in line energy, the third term i‘epresents the change in
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stacking fault energy, and the last ferm:’"refers to the ch‘angc in intéraction. '
energy.

At their original equilibrium positions both pértial dislocations will -
be straight lines at a distance Yo .aparvt. Under these conditions th?nfirst
twé terms of the integrand of Eq. A2 will be zéro, whence the equilibrium’

conditions, given by 8U/dy = 0, is
2 .
. Gb Q o o '
| Yo T 247~ : (A9)
As shown 'by Eqs A4 and A9
7/2Pp;= Q/.8ﬁ<::yo = c/yo : - (AIO) :

where ¢ is defined as Q/87 «. Therefore Egq. A2 can be rewritten as

o LIz e
U= 2["‘pyo [{l + 'd)%j} f1+2c
. (o]

In order to facilitate the integration, the dimensionless variables

Y oaegiyl e ann
Yo R

7 = y/yo ) . | ’ (Al2)
' t=x/y, _ ) | (AlS)
v= 2= | (A14)

will be adopted, whence Eq. All reduces to

Tr—.—y—— = [(1 + 2 fl + 2¢c | (Z_fl + ¢{Z}}] dt . (A15)
p'o. Jg : A L _
where in this case , _

1-2zy /o+ iy [b z<bly, (A16)

¢{z}=

-an.. - : zsb/yb o (A1)
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and the boundary conditions become

- (A18)

_'y=7uatx=0‘orz=zi'=‘k/yo att =ty =0
'vand |
(D) = 0atx= —%‘— orz=0att=ty = L/2y S ae {AL19)

jdx |
The minimum energy curve is then given by Euler's equation, which for

this case is

5 ('8‘{) 3 a2

Dz dt |0z

where { is the integrand of Eq. Al5. Therefore, Euler's equation is

! 1 . . .

. X 8¢{Zr)_ 7 .

2C 11 h py - T >l . (Azl)
k oz (1 R :

which can now be integrated once to give B

2¢c (z + gb{z}) = - ! + constant “ (A22)
| ' El + 22).1;2 | |
Att =ty = L/2yo, Where the boundary conditions given by Eq. Al9 apply,
we let z - 22 = a, 'wherek from the phys‘ics of the ‘problem it is obvious
that a < 1. Interms of these boundary conditions, the constant of |

-

integration is given by

2¢ {a + gﬁ{a}) = -1+ constant | . (A23)
and Eq. A22 becomes | . E -b >
(T;—]ZZ—ZW?- =1 - 2c {2 + ¢{z}) + 2c{a- zna}' - (A?‘%.)

W‘nére the last term arises because the calculations will be restricted to

values of a greater than b/y_ for which ¢{a} = - fna. .

Ty
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It is now I'lCCGSbQI"}’ to determiné what values of a should be

employed in any selected examp;c. Eq. A94 can be rewritten as

dz | ' B

v . : =J dt=t" . (A25)
N -1

'h/yo {1 - 2c(z—a+¢{z}+£na)]2 ©

 fora<l, t = L/2yo and thus it is seen that a = a{/\/yo, L/2‘yo}. To solve

the intégral equation, Eq. A25, for a , we selected a and )L/yo'and '

integrated mechanically to obtain L/2yo. These data reveal that a = 1
when L/2y > 15,
The energy of a partlal constrlctlon can now be wmtten in terms

of Eq. Al5 which, upon chunrfe of the moependent variable from t to Z gives

Ue S 1/2
s © “1+z) -1+ 2¢
pro J

>L/yO

The value of & 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

a
U, / { |
2pro  — \i 1-[1-2c (z+¢{z}-‘a+2na)]2

k/yol .
S ‘ , (A27)
L [1-2c(z+¢{z} - a + fna)] 2c (a-1 - fna)

dz-

\{‘1 -[1~-2c({z+ ¢{z} - a-l-,(lna)Jz
For values of L/.‘Zyo > 15 where a becomes unity, this int__legr'al simplifies

since the last term in the integrand vanishes for these conditions.

z -1+ ¢{z}” %"“— | (A26)
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)
Rather than record UC as a function IOI" >‘/~Yo" the frcciuently é{uotcd '
foréc—displaeemeh’t (F-)\) diagram that was originally introduced by Baslins_kie

will be derived first. Toward achieving this objective we note that

dU 1 90U S -
7 = = - C= - C . ) 28
T Le=F= -3 Yo OOy - (A28)

for the case where L/2yO > 15 anda =1, only differentiation with respect
to the lower limit of the integral of'Eq. A27 is involved and the simple

result is

(A29) |

27—'\

F _ .
o Vi-(1-2c0/y, +o{r/y}-11"

Several F/2 f; vs >‘/yo curx;:'es are shown in Fig. A2. The curve for
2¢c = 0.24 f;efers to the force-displacement diagrém for the formation of a
constriction when the total dislocation being constricted is in edge orientation
whereas that for 2¢ = 0. 12 gives the force-displécement diagrém for
constriction when the total disiocation is in screw orientation. The F-Xx
diagram for Mg assuming Yo = 2b is given 1n Fig. 10 of the text, |

The total energy for the completion of a constriction is

1

U, = 2r~pyo F/zrp d ()\/yo) S (A30)

Examples are given in Fig. 9 of the text.

(o]

The energy to form incomplete constrictions for variou'é_pases can
easily be deduced from Eq. A27 and A25 where ¢{Z} is defined by Egs.
Al6 and Al7, '
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