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ABSTRACT

An mvestigation was made to determine the role of hthium alloymg
on the dislocation rate controlhng mechamsms of magnesium oriented for
(1010) [ 1210} prismatic sl1p usmg three alloys, namely, 12. 5 10.8 and
6.8 at.% Li-Mg, Whereas prismatic slip was preceeded by twinning and |
fracturing at te‘mperatures ~below 450°K in pure magnesium, the alloy
containing 6.8 at %‘.Li was ductile at temperatures as low as 200°K,

The higher JLi alloys showed more than 20% shear strain at 4 2°K and
finally fractured on the prismatic planes upon initiation of duplex slip.
The data revealed that the alloys have a critical resolved shear. stress
lower than that of pure Mg showing that the Li-Mg alloys provide an
exception to one of the usual trends of alloying, namely, that solid

. solutions are stronger than the pure parent metals., This decrease in _
the flow stress is enhanced by increasing in the lit hium content,

Whereas the flow stress increased only slightly with decrease in
test temperature below 400 and 370°K for the 12,5 and 10,8 at.% Li
alloys respectively, a rapid increase in the flow stress was obtained
at temperatures below room temperature in all three alloys., The
effect of both temperature and strain rate on the flow stress in the low

temperature range could be completely rationalized in terms of the



‘.'.Vi___jPelerls mechamsm when the deformatlon 1s controlled by the rate of

"_nucleatmn of palrs of kmks

T oeyiie

Ne1ther the Pe1erls mechamsm nor the d1slocat1on 1ntersect10n -

| mechamsm can account for the data obtamed from the 6 8 at, % L1 alloy
~at hlgh temperatures However, the data are-in excellent-__agreement w1th-v:?‘§;’l“.’. ‘

<~ the dictates of Friedel's theory for cross-slip to the prism'atic plane.

The separatlon of the dislocation partials on the basal plane and

o thelr constriction energy are IOWer in Li-Mg alloys than in pure Mg
- suggesting the increase of stackmg fault energy with the add1t1on of

" lithium.




I. INTRODUCTION

Investi'gatidnsl’ 2 on the deformatibn'o'f polycryf_stalliﬁe aggregétes '
of high purity Mg at low temperatures have shown that in addition to basal-
slip, small amounts of lbcalized prismatic slip are induced té take place
in regions of high stress concentration adjacentb to grain boundaries and
in the vicinity of the junction of three grains, This suggested that the
critical resolved shear stress for prismatic slip is somewhat gréater
than that for basal slip in high purity Mg. Thié was later confirmed by
a comparison of experimental data obtained on single crystals by Flynn3
and Shelly and I\VTash'.4

Further investigation on the mechanisms of plastic deformation
of single and polycrystalline Mg resulted in the identification of the

5,2,6 5,6,17
2 }

following mechanisms; {0001 {1010}, 2 {1011 slip plus

{1012}5 and {3034} 8,9 twinning. The Burgers vector for active slip on

" both the basal and prismatic planes of Mg is, b = a/3 <1210>,

10,11,4 have clearly shown

For basal slip, recent investigations
that the strain-rate controlling mechanism at low temperatures is the
thermally activated intersection of the glide diélocations with dislocations
threading the basal plane, |

Prismatic slip was studied in greater detail in single crystals of

. pure Mg3 and it was revealed that below 450°K twinning and fracturing

preceeded prismatic slip whereas above 450°K extensive slip was obtained, '

. Over the latter region, the rate of prismatic slii) was found to be in good - :

1

3

agreement with the theory of thermally activated és_ross 4slipping of screw“«b o

H

dislocations extended in the basal plane,




. When the defermation and fracture of polycrystalhne Mg at low

i -.,',t

temperaturesz‘ was 1nvest1gated it was found that brittle fracture

1nvar1ab1y occ_qrred at subatmospherlc temperatures Hauser, Landon

| and Dorn1 fouhd Athat the add1t1ou of - L1 in the alpha solid solution range

B -flowered the ductlle'to brlttle tra.n51t10n temperatures to below 4°K. Their

‘. e (,w

mvest1gat10n also revealed that both the basal and prismatic slip
"mechan1sms were operatwe but the prlsmatm shp was more prevalent
suggestmg that 1t Operated as a.n add1t1ona1 faCIIG mechanism of deforma-
Ltlon rather than as a 10cahzed stress rehef mechamsm at pomts of high
. istress concentratmn. The rea-son for this relatwely easier Operatlon

fof prxsmatlc shp and the resultmg mcrease m ductzhty was not

'determmed.
In order to evaluate the process by whlch addltlon of a Li seemed

- -1to enhance the ease of prxsmatm shp, the rate controllmg mechanisms

_' of pr1smat1c and basal shp m Mg -Li smgle crystals alloys were investi-
gated ‘Ina previous 1nvest1gat10n of the effect of Li alloying on the basal
.shp, 13 complicatwhs arising from twinning, kinking, and accomodation *
bending in areas adJacent to subgram boundaries prevented unquestlonahle
identification of the actual rate eentrolling mechanism, However, the

' _data' revealed that the alloy containing 12,5 at.% Li has -acritical

resolved basal shear stress at least ten times that of pure Mg and that the

-,

critical resolved shear stress was temperature dependent below 250°K
and relatively temperature insensitive above this point suggesting that v
as in pure Mg, basal slip may be controlled by the intersection ‘

mechanism,



The purpose of this investigation was to determine the rate
controlling mechanism of prismatic slip in single crystals of an alpha

solid solution of Mg confaining various percent Li.

II. EXPERIMENTAL TECHNIQUE
One inch round extruded rods of Mg-Li alloys of the fo'llowingv :
anélyseé were used for this investigation, * Table I
Single crystal spheres of pure Mg were grown by directional
-solidification in a grapfxite mold under an argon atmosphere using a
modified Bridgman technique. The spheres were oriented by Laue

back-reflection technique and used to seed 3/8'" diam cylindrical crystals

. of pure Mg, All seeds were oriented so that the angle (X ) between the

tensile axis and the prismatic plane (1010) was 45° and the angle ()
between the tensile axis and the slip direction <1210> was also 45°,
The oriented Mg crystals were then cut by an acid saw into 1" lengths
to be used as seeds for the Mg-Li crystals,

The extruded alloys rods were machined into crystal blanks of

~ the following dimensions

r—-:"/e"oia. _ :
, |

(

10" Dia.

3l — > — 3b," ~>
Fig. 1 Configuration of Mg-Li Single Crystal Blanks

The alloy crystals were grown under an aréon atmdSphere’ in a

split (AISI 1020) steel mold having a 4" solid steel heat sink below

 %Alloys and Analysis were furnished hy courtesy of Dow Chemical Co.




TABLE1

Chemical Composition in Weight Percent

Alloy

o. Al Ca ‘_VCu» _,»v_Fe Un

Ni . Si

Mg

Li

1 <0.03 0.147 <0,001  0.007

2 .n R T n " o n
3 " m  !|‘ ,_"* o 0 "

<0.01  <0.001 - <0.01 -

~ Bal.
IBal._

Bal..

6.01

5,02

301

-

- &

b




the original crystal, and rounded fillets were produced on the ends of

~operated at the strain rates of 0,333 x 107

the sced to produce a steep temperature gradient across the interface. -
The solid to -liquid'inte&'face traversed the length of the 3/8' section at

a rate of 1/4" per hour. After the alloy had solidified, it was carefully

removed from the mold. The 3/8" diam test section of the single crystal’

was acid cut to a length of 3-1/2" by removing the seed and the 1" diam .
reservoir section. By using a 1" reservoir section on the crystal blank,

the crystal itself is then only 1/8 of the total weight of alloy. Thus,

“when the crystal proper was solidified, only 1/8 of the total melt has been

removed and the composition gradient over the gage length is kept to
less than 0.5 at. %. The' initiai 4 crystals of each -alloy were analysed
by flame photometry to determine the composition gradient, Table II
shows the composition analyses of the 3 alloys and the assumed avérage.
The cryétals were annealed in argon for 15 min at 773°K to remove
any cold vx;ork imposed by their removal from the mold. The exact |
orientation was then determined by the Laue back-reflection technique,
By rhasking all but a 1" section in the center of the crystal with
electroplaters tape, a reduced gage section of about 0.2" diam by 1"
lbng was obtained by acid milling in a 15% solution of HC1l. The rate of

attack of the acid was very uniform, retaining the cylindrical shape of

the test section. The use of a 1" test section permitted the grips to be

attached 1/2" from the fillets so that grip effect would be minimized.

Thermocouples were attached to each grip in such a manner that the .,;: ;

¢ .
B

temperature differential recorded during all tests'was 1°K between th'e’/ . o

A

ends of the gage length. _ \

The crystals were tested in tension on an Inétron TTCL machine'fr_ _

4, 3,33 x 1074 and




TABLE 1I

Composition Gradients in the Single Crystals

at. % Lithium in Gage Section

Alloy No, Crystal No. Lower End Upper End
1 1 12.5 12,0
2 12,3 12.5
3 12,75 12,5
4 12.5 12.4
Average 12,5 at. % Li'+ 0.3
2 1 10.83 ' 10.90
2 10. 75 - 10. 80
3 10,88 10,72
4 10,75 10,85
Average 10,8 at.% Li+ .1
3 1 6.77 1 6.83
2 6.89 6.93
3 6. 69 | 6. 79
4 6.87 6.88

/ S : - Average 6.8 at.%p Lix .1
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8.32 x 10-6' per sec, Stlresses were determined to within + 2 x 106

dynes/cm2 and tensile strains were measured to within + 0,0001.

III. EXPERIMENTAL RESULTS

The experimental results of the three compositions will be given

in the order of 12,5, 10,8 and 6.8 at. % Li, respectively.

12,5 at, % Li

The values of resolved shear stress vs resolved shear strain for

~ different temperatures are plotted in Fig, 2., Whereas pure Mg

oriented for prismatic slip exhibited brittle behavior below 450°K,v the
12.5 dt. % Li- Mg undertook more than 30% resolved shear strain at 4°K
and fractured before the initiation of duplex slip. All crystals except the
ones tested at 4°K fractured on the prismatic planes upon ini.tiation‘of
duplex slip and showed about 70% resolved shear strain, They clearly
show a yi‘eld phenomenon at lower temperatures and a rather modest

rate of strain hardening which increases somewhat with a decrease in the
test temperature. The temperature dependence of the critical resolved
shear stress, as shown in Fig, 3, established‘the fac_t that tﬁe critical
resolved shear stress was nearly temperature ix_idependent in the region
of 300 to about 400°K for shear strain rate ¥ = 1,66 x 10_4/sec, and varied

only modestly and parallel to the éhange in shear modulus G with tempera-

'~ ture as given by Rober'cs.8 The thermally activated conﬁaonent of the

GT

. # s
¢ | o i - B .
stress,r , was deduced from the relationship; r T S Te TF B order
~ to obtain a reproducible data from each crystal, GT and Gr are the shear
moduli at temp'e_rature T and the temperature of referéncc\a respectively.

Tep is the total stress required to cause plastic flow at temperaturé T

and can generally be shown as the sum of two factors:

’




7 x10°%dynes/cm2

1100
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FIG. 2 RESOLVED SHEAR STRESS vs. RESOLVED

SHEAR STRAIN FOR PRISMATIC SLlP IN .

12.5 AT.% Li~-Maq.
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L :'T‘+
T T 'TA

vw‘hero-r: is the component of 'the stress that is needed to help dlslocatlons
~to surmount barmers over whlch they move with the aid of thermal
fluctua‘nons and Tp is tne component of the stress that must be supphed )

to push the dlslocauons over suoh barrlers as cannot be surmounted by
‘thermal fluctuamons. Hears 'r docreases rather rapidly with an increase
in temperature whereas —;[{ decreases in a manner that p.arallels the
decrease in the shear mooftllu\s oflelas‘cicity, G, with temperature. For
the convenience of the exéerimen"c,al procedures, the temperature of
reference r was taken 305°K for ¥ = 1,66 x 10'4/sec and 273°K for

7 = 4.16 x 10”8 /sec. o

}

The effect of strain rate on stress at a given temperature is shown

by the parameter "g" ‘in i“ig. 4, where B is defined as:

aAjZn'I' -~ { Iny, ~Iny, - ,
. T, T-— . 72 - 71 T

s
3
H

- where )

v = the shear;’istrain rate

7 = the shear:stress and

T

the absoh?:.te temperature

These data were obtsitined by measuring the change in resolved shear
stress, 75 - 71, uponl changing the shear strain rate from ¥4 to 'yg by a
factor of 10 times, B decreased to a minimum at about 140°x§ and
then increased to ayery large value at the neighborhood of room

temperature., . : o S
P : ‘ :

The apparent actxvatmn volume, whach will be used subsequently,

defined as the para}meier BkT = 1n~;12 in’“ KT was : a function of
: o ! . T2 =7y -

t
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temperaturce and increased-linearly at lower tempceratures then increased .

precipitously with temperature rcaching a very large value at the
‘neighborhood of room temperature where flow stress becomes sirain
rate indcpendent. This effect is shown in Fig. 5 in order to reveal the

stress sensitivity of the strain rate. The activation volume appears to

increase with temperature but remains relatively inscnsitive to the strain

as shown in Fig. 6.

S 10.8 at.% Li

o v_""s"';"\'A’somewhat similar set of data were obtained from the 10.8 at. %
Li al.iéy of Mg and Figs. 7 through 11 show the various effccts discussed
in the previous section. The cryst.éls uﬁdergo plastic deformation at

)',.vtémperatures as low as 4, 2°K and fracture on the prismatic planes upon
initiation of duplex slip. They introduced a less pronounced yield
phenvom.enén at low temperatures and probably a lower rate of hardening.
The temperature independen.t region of the critical resolved shear stress
was found to be from 325 to about 3l80°K for the shear strain rate
v =1,66x 10-4/sec and the same technique as used in the 12.5 at. % v

| alloy was also useci to adjust for the specimen variation., The reier'ei;ce |
temperatures used for this purpose were 300 and 325°K for the shear

6 and 1,66 x 10;'-4/sec;;f vrespectively.

strain rates of 4.16 x 10~

» The effect of strain rate for a constlari'i 10 to 1 change on the stress
with the variation of temperature is showr on Fig. 9 and it has in general
a similar shape as Fig. 4. The ap‘parent activation volume is a function
of temperature increasing linearly at 1ow temperatures and then |

precipitously at higher temperatures reaching a very large valuc around

320°K as shown in Fig. 10. The variation of the apparent activation volume

b

with shear strain is represented in Fig. 11 as a function of the temperature,
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5.8 at._: % Li
' Figure_ 12 shows the temperature dependence of the strainvharden-'
- ing fo_r this composition. Although the rate of h'ardening is_similér to
those shown by the other two alloys at low temperatures, there is almost
no étrain hardening atbhigh temperatures. The pronouncé'd yield ‘,
phenomenon shown by the 12,5 at, % alloy which was smaller in the‘
10.8 at. % alloy is not present in this alloy.

The plot of critical resolved shear stress vs tefnperature given
| in Fig. 13 shows a different phenomenon from the ones obtained for the |
higher Li content alloys. No plastic deformation took place below 200°K |
and prismatic slip was preceeded by twinning and fracturing. | The
critical resolved shear stress was strongly temperature dependent in the
~region between about 210 and 350°K, less temperature dependent in the
. Vicinity of'350—500°K, and again temperature dependent above 500°K.,

The variation of "B'" and apparent activation volume "SkT" with
temperature are shown in Figs, 14 and 15, respectively. The dependence
of the aétivation volume on temperature undergoes similar changes to
those discussed for the critical shear stress; it is very small and almost -
| ‘temperature independent at low temperatures and it increases markedly

at temperatures higher than 550°K, -

IV, DISCUSSION
- This discussion will be divided into three sections; 12,5 at. %,
'10.8 at.% and 6.8 at. % Li and discussed separately., Later a discussion.

will be given of the combined results and conclusions will be drawn,-
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-12.5 at. % Li

It w‘ill be shown that among the various processés that might be
responsible for the rate of prismat‘ic slip in Mg-Li alloy of 12,5 at. % Li,
Peierls' process is obviously the one which is more likely to be the rate
controlling mechanism at low temperatures, |

At first the other two possible processes, namely, intersection

| and cross-slip will be ruled out and then we will show that Peierls'
mechanism agree well with the data.

According to Basinski's14 modification of the Seeger1 5 theory for

intersection of dislocations,
_ - Ui/xT |

v =nfbv_e ' (1)
where

n ='the number of points per unit volume where intersection can

occur
£ = the mean spacing of the forest dislocations
U; = the activation energy for intersection

Fmax
= xdF
“F
vaax': the maximum force necessary to affect intersection
X = the distance through which a dislocation must move to
complete intersection ‘

F= 74b = the force assisting thermal activation,

For intersection:



where fbx is a function of the applied stress 7. Once constriction of the -
forest dislocation is complete 7 should increase rapidly with decreasing L
x2b at a value of x >~ b, When this is applied to the éxperimental data

2 -21

given in Fig, 16, it vsuggests that b° <1.5x 10 cm3. Consequently,

the density of forest dislocations estimated in this way has the value of,

p = o >4.5x 10,
2

For an unworked crystal this is sevefal order of magnitudé higher than
that determined by other methods or that usually observed in the
electron microscope,

The observed results also disagree with Friedel's concept that
prismatic slip rate is Aetermined by the rate of nucleation of cross-slip. 1
Friedel's theory assumes that dislocations containing edge components |
slip with ease on the prismatic plane until they traverse the entire plane,
combine with dislocations of opposite sign or become blocked. Such
blocking can occur in the vicinity of screw dislocations which éuto-
matically dissociate with a decrease in energy into their partials on the
basal plane. Continued slip, therefore, requires contihued recombination
of the partials on th-e bacal plane to form screw dislocations on the
prismatic plane, Friedel has shown that the activation energy for
nucleation of cross-slip is given by

3rb

U=0,+ -~ (3)

where
Uc = the energy to form a constriction in the partiafls on the-

basal plane

R = the energy to recombine a unit length of the two partials,
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- Both U, and R are constants in the present case since the resolved shear
étr_ess on the basal plane was always zero, and_th_erfore, the partials
* were separated by the equilibrium spacing under zero stress,

The shear strain rate for prismatic slip is given by the usual

expression:
v = nAbv exp - EI'%

where

n = the number of points per unit volume at which cross-slip

can occur, \
A = the average area swept out per process
v o= vob/y = the frequency of cross slif;, where
3/2 1/2 |

y = 2 frII{)r) and

n = A/y, where

A = the total length per unit volume of screw dislocations on the

operative prismatic plane,

Then for Friedel's mechanism the shear stfain rate is given by

_aabtyr? o Ue o p5/2p8/211/2 @
T8k~ P T kT °FP 3KT7h
which upon rearrangement gives
: . 4 . .
1 3bK AADb vq £ 3bKr - 3bUe . (5)

- ln ,
TT QO2R3I2TIIZ " ggry  oST2RITZ[FIIZ G512 T2
Since the first terms to the right of the equality is a constant
and the second term varies only modestly with the applied shear stress,

?},- should decrease almost linerally with %— The experimental
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results represented in Fig. 17 show that -;;lf— increases with i .
Consequently, cross-slip is also ruled out as the rate controlling -
mechanism. R

hat

Having concluded that neither the cross-slip nor the inters'ection_'
mechanism can be the rate controlling mechanism, we shall now. show |
that the experimental observations are in excellent agreement with
-Peierls! process which postulates that the fhermal activation of a disloca-
tion from one potential well to the adjacent potential well in the slip plane
is rate controlling, |

~A. Effect of Temperature and Strain-Rate on Flow Stress

The values of 'r* for two strain rates taken from Fig. 3 corrected
for change in shear modulus with temberature -29— 8 are shown in
Fig, 18. It is apparent from Fig. 18 that there is a critical temperature,
depending on the strain rate, where the thermally activated process
- changes to an athermai process., Calling these temperatures Tcl’ and
'I‘C2 for the slower and faster strain rates, respectively., The shape of

17 have -

the 'r* vs T curves agree well with those that Dorn and Rajnak
predicted when plastic flow arises from the nucleation of pairs of kinks
by the Peierls! mechanlsm.

We will now compare quentitatively the experimental results
with the theory for deformation controlled by‘ tﬁe nucleation &f pairs of
kinks. For the simplest case where the deformdtion rate is controlled
by the nucleatlon of pairs of kinks in & geometmcally determined length

\

L of dlslocatlons 17

-U i‘._‘_
n .

:’ y = paby Ze KT | | 6)
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FIG. 18 THERMALLY AGCTIVATED ,

COMPONENT OF FLOW STRESS r*
~ vs. TEMPERATURE "IN 125AT.% Li-Mg.




where

the density of freely mobile dis_locations;,

o -
1]

a = the distanée between the P.e.ierlé valleys

b = the Bufgers vectbr .

v = the Debye frequency

w = the width Of-. a pair of kinks at the saddle point free energy.'
configuration | | |

-Url = the saddle-point free energy for the nucleation of a pair Of,

kinks

k = the Boltzmann constant and

T = the absolute test temperature

The theory gives Un/ZUk as a function of 'r*/'rp, as shown by the curves X
of Fig. 19, where

U, = the kink energy and

k
Tp = the Peierls

for each of a series of values of o« where o< expresses the deviation of

the shape of the Peierls hills from a sinusoidal periodic variation. The .

shape of the Peierls Hill was defined in terms of o< by

Co) (r‘c+[-‘o)+(rc+r'o)cosﬂ_+. oc(rc+r"o)( ﬂy)

where r'c is the line energy of a dislocation at the top of the Peierls
hill where y = 0, Po is the energy in the valley where y = + a/2 and

F (y) is the energy whenthe dislocation is displaced a distance y from
the top of the hill, At T = Tc where 'r* first becorf;es zero, the thermal
: venergy that need be supplied is just Un = 20U, , and \t.herefoxle, for this

condition, ] i
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.= paby = e F N O I

But, as shown by Dorn and Rajnak, to a very good approxivma’tion W :wc.‘

and therefore, as shown by Eqs. 6 and 7

u.o 0 7%,_ G(T,)
Z‘U"" - — "G (T)
< %ory 0 C |

(8)

Furthermore, taking as required by theory that the Peiérls stress at the
absolute zero r° is 'r* at the absolute zero, we obtain 7;; = 6.80 x lO8

dynes/cmz. Assuming that the Peierls stress decreases with increasing
temperature in the same manner as the shear rhodulus decreases we can

write

| To = TI; G(T) . (9)
which is shown by the broken liJne at the top of Fig., 18. The experimental
data Un/2Uk as a function of g— as deduced with the aid of Eqs. 8 and 9
are shown by the points given in Fig. 19, The theoretical trends as shown.
by the solid curves in Fig. 19 are in good agreement with th_e experimental

data and it appears to agree best with the curve representing e<= -1,

B, Activation Energy for Nucleation of Pairs of Kinks

The activation energy can be de_‘cermineds if the change in strain

o of . * :
rate due to change in temperature /constant stress is known, From

Eq. 7 -2U,  G(T_)
Ca
Co : ; > K
’}.'2,-_- € ' 5:;
V1T TR0 OUL Y | 4o
] ' C1



, or.
. KGO 4,
20, = : X —
kT GIT Y G ) »
T T
C1 . C2
using
oy -16

K=1,38x10 ~““erg/degree

G(O) = 1.855 x 10 L dynes/cm?

Gr(TC Yy = 1,720 x 101‘]'dynes/<:m2

1
GIT, ) = 1.689 x 10 Y aynes/cm?
TC1 = 255°K
-TCZ = 300°K
J2 = 40
71
. : -12
2Uk is equal to 0.85 x 10 erg or 0.53 e. v,
- .

C. Activation Volume

The most reliable vefiﬁcation of the Peierls process concerns
‘ ~agreement between theoretical and experimentally deduced activation
volumes, because the activation volume by the Peierls mechanism is
much smaller than that obtained for other dislocation processes. The
experimental activation volumes were obtained by the effect of small

changes in strain rate on the flow stress. The quantity B was defined as

B;Bln __aanw _ 1 Uy | an -
57* . 5 T::: ETT' T}’k » .

Taking BkKT as the apparent activation volume, V .

- AT - . 0w _ 8Up | -
V= BRT = KT - S-Sk L | 2y
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Smce thc torm. contammd w is alt\tays noghfflbly small ‘the lqst tct*tn of
Eq 12 is the thooretlcal actlvatlon volume V. I‘ldure 20 shows thc
V. vs T" curve and the 1ow values of V.in terms of b3 adree very woll
- with the low activation volume as predlctcd for the Peierls prOcess
Figure- 21 shows the theoretlcal plot for the actlvatlon volumc vs‘. ‘
'r*/q'p for different values .of oC | The experimental va‘lues of - (7- /ZUk
?_%l"_n_ for different values of ;g«', corrected for change in- shear modulus
with temperatures are also pIOtted on the same figure, A(ram the .
correlations between experlment and theory are good and the data sesth
to be best fitted to the curve representing < = -1. ‘

D. Evaluation of Line Tension of Dislocation
Situated at the Pelerls Valley

Dorn and Rajnak have shown that the theoretical relatlonshlp

r_ab y1/2 L
between iUkﬂ {Wp } ‘4452 7T Using the experlmentally
"o [o 1.3 x 10 -

determined values of Tp and 2U in this equation, one gets the value

-Po = 4,843 x 10-4dynes which is about 3 times larger than the approximated
theoretmal value for the line tension of an edge dislocation taken as
EC';'(?'—UT . This minor discrepancy might be due to the presence of s}tot't

range ordering in the material,

10.8 at.% Li

Instead of discussing individually the various mechanisms.tha‘ti;:
might be rate-controlling for this composition, we will proceed to‘shot;:\r‘
how the expexjimental results can be correlated with the theoretical |
deductions of"“the recent approach to the Peierls mechanism discusseé-'_.
in the previotxs section, It could be shown in the same manner as in |
the study. of 12 5 at, % Li that other mechanisms namely mtersectlon

1
and cross-s]ip are ruled out as the rate controlling mechanism, L
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" E. Effect of Temperature and Strain-Rate on Critical Shear Stress

By conducting a scries of preliminary tes‘ts,' it was revealed that
this alloy has an athermal region between about 320-360°K for.
vy = 1.606x 10-4/sec as shown in Fig. 8., Establishing this fact,

temperatures of 300 and 325°K were used as reference tempei‘atures for.

G

the determination of 'r* =TT T Tref. -G-—-;f- at two strain rates

+ =4.16 x 10"%/sec and 1.66 x 10_4/se¢, respectively. The values of
'r* now corrected for change in shear modulus with temperature are
plotted vs temperature in Fig. 22, In Fig. 22, the shape of the 7 vs T
curves agree well with those predicted by Dorn and Rajnak whén plastic
deformation arises from the nucieation of pairs of kinks revealing that

- the 'r* vs T curves have a finite sbpe as 7* approaches zero,

The variation of ;?1: with 7 /7, is shown in Fig. 23. The

expected theoretical trends as shown by the solid curves in Flg 23 are

in excellent agreement with the experimental data and it appears again
to agree best with the curve representing o<= -1,

F, Activation Energy for Nucleation of Pairs of Kinks

Using Eq. 7 and

K =1.38 x 10 8ergs/degree
11

G(O) = 1,855 x 10 dynes/cm2
G(Tcl) = 1,705 x lolldynes/vcm2
(T, ) = 1.670x 10 M gynes /em?
o, =275 \
T, =325 '.\
!
In -,;;-13 = fn 40 \

we get 2Uk = .89 x 10-12ergs 6r .55 e, v,
o .
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G. Activation Volume

Figure 24 shows the V vs 7 curve and the low values of V'in
terms of b3 agree very well with thé low activation volume as predicted
for the Peierls' process,

Figure 25 shows the theoretical ‘plot for the activation volume

vs T /1, for different values of o<. The experimental values of

2'U'1_{_ oT
modulus with temperature, are also plotted on the same figure. Again

Ty ) e '
_( b ) 9Un for different values of 7 /'r;, corrected for change in shear

the correlations between experiment and theory are good and the data seem
to be best fitted to the curve representing <« = -1 as was the case in the

12.5 at, % alloy data,
H. Evaluation of Line Tension of Dislocation
Situated at the Peilerls Valley .
2Uk7r___{’fpab}1/2 .445

o als ("% 1.30 x 1072 /2
given by Dorn and Rajnak and the experimentally determined values of

Using the relationship

o and 2U, , we get the value of ro = 4,742 x 10'4dynes which is about

k:
3% smaller than the calculated value for ro in the 12,5 at, % Li alloy.

6.8 at. % Li

The plots of activation volume vs femperature and critical
resolvéd shear stress-temperature were shown in Figs, 14, 12,
respectively, where the data reveal that there are at least two transitions
taking place regarding the rate controlling mechanism in temperature
range of 200-700°K, No attempt has been made to identify the mechanism
governing the deformation in 350-500°K region énd it is bélieved to be
a c0n1;p1ex of mechanisms. The region 200-350°K resembles the low

_temperature regions of the other two alloys where Peierls process was -

the rate controlling mechanism, Activation volume has a very small
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value in fhis region and has the same magnitude as the activation volume's:
.of the other two alloys at this low temperatui"e range, The precipitous
decrease in Teo with the _incvrease of temperature in this _.reg_ion also
suggésts that Peierls proce.ss is the rate controlling mechanism..

It will now be shown that the experimental results obtained from
the third stage, i.e. at temperatures higher than about 500°K agree well
with the prediction based on Friedel's theory for prismatic slip and vthat
neither thelPeierls nor the intersection mechanism can be operative as
the rate controlling factor at this temperature range.

The temperature dependence of the flow stress and the magnitude
of the apparent activation volume clearly deviate from those by the
Peierls process. .

It can also be shown that the Basinski's modification of the Seeger
theory for intersection of dislocations is also ruled out. Using

1 9duj xlb . . . ‘
8= _Fl = “pr— and the experimental data in Fig. 26, we get

11

£b for the density

<20 x 10 2%cm3 giving a value of p = Z]-é- >2.5x 10
of forest dislocations which is unacceptable for an unworked crystal,
‘Having concluded that prismatic slip in this composition at this
temﬁerature range cannot be ascribed to either Peierls' mechanism or
the intersection mechanism, it will now be shown that the experimental
observations are in excéllent agreement with Friedel's concept that

prismafcic slip rate is determined by the rate of nucleation of cross slip.

1. Effect of Temperaiure on the Yield Strength .

It was shown in the early section of this paper that the shear | ;g '.

strain rate for prismatic slip according to Friedel can be written as:

4

i

i

16
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where ;r-l—— should decrease almost linearly with ”l’f . The excellent
T g ; '
correlation of the experimental results with this prediction is shown in

 Fig. 27,

From the slope of the L s 711* lines we deduce that
U Tr .

-1—1—,3—7—2-%;—1—7-2— = 3,98 cmz/dynes. (15)

J. Effect of Change in Strain Rate on the Stress
| For Friedel's mechanism of prismatic slip

3kT~+4b

= 2 + (16a)
T
’>0r

g3/21/2 _ 3bkTr  8bkTr (16b)
= 573 373 |
2 2

Employing the values of 8 and 7 at the yield strength for various

temperatures gives the average value of

r3/2"1/2 3.38 x 10']'3erg52/cm2

as shown in Table IV,

Using the approximate value of r= %b— , :_yvhere G is the shear

lldynes/é;nz) on slip plane,
-lsergzlcmz, we estimate

modulus of elasticity (taken as 1,435 x 10
and the average Value of R3/2r‘1/2 = 3.38x 10

b

R=11.60x 10 Serg/cm.
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TABLE IV .
- Determination of R3/2r /2
‘Temperature 7. x 1070 B x 10° R3[21—‘I/2 % 1013 _

K cgnes/cm2 . cmzldynes ergsz/cmz |
600 : 44,1 | 19.4 4.1

627 37.9 21.3 3.03

650 32,7 23.4 ‘ 2.8

700 26,1 35.2 3.1

14 25 36.5 3.8

Average value: 3,38




According to the rela‘cion18
A
' ana substituting the above values for R and P, the separa‘cion.of the
partials on the basal plane is d = 3Db.
Correspondingly upon substituting the average value of 3.38 x 10_13
ergz/cm2 for R3/2 I—‘l/z in Eq. 15, U_ becomes 0.84 e.v. and according

to the rela’cionl 9

2
_ Gb24 d.1/2
U, = —3p— Un g)

the separation of the partials on the basal plane is d = 6b. The agreement
between the two values for the separation of the partials ''d" is considered
very good in view of the theoretical approximations incofpo_rated in the
.derivatioﬁ' of Eq. 17 and particularly 18.
The separation of 'dislocation paftials on the basal plane of pure
Mg and their constriction energy were estimated to be d = 10b and
Uc = 1,54 e.v.3 This suggests that the addition of Li decreases the
separation of the pértials on the basal plane and so increases the stacking
fault energy. |
Figure 28 which shows the temperature dependence of the crit{Lcal
resolved shear stress for the three alloys and pure Mg, reveals that the
critical shear stress of pure Mg approaches that of 6.8 at. % Li at high‘
temperatures where the rate controlling _mechanism is cross-slipping
of screw dislocations in the two materials.' A comparison of the tempera- -

ture sensitivity of the apparent activation volume éhown in Fig. 29 also
¢ :
i
reveal that the activation volume of the 6.8 at, % Lijalloy changes parallel
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to that _of pure Mg at high tefnperature- con:_firming that‘crbs»s"—slip is
operative at this temperature range, The temperétﬁre dépiende‘n‘cvc bf
the activation volume .in the 6.8 at.% Li alloy is about the same as fchat
of the other two alloys at low temperatures where Peilerls process is

the rate controlling mechanism. The reason for this transition from one

“mechanism to another with change in temperature has not been determined

but it suggests that the stress required for cross-slip to fake place
becomes somehow less than that required for Peierls process at low
temperatures,

It is also obseryed ffom F1g 28 that the addition of Li suggests a
decrease in the Peierls stress, This drop causes plavstic deformation in
the alloy at low temperature where there was no deformation in pure Mg

oriented for this same slip. 3

V. CONCLUSIONS

1. The decrease in the transition temperature for ductile to bi'ittle
fracturing and the drop in Peierls stress are linear with the increase
in 1ithi{1m content when three Mg-Li alloys containing 12,5, 10,8
and 6,8 at,% Li are sfudied;

2. The separation of the partial dislocations on the basal plane and
their constriction energy is lowered by the addition of Li _suggestir:}g
that stacking fault energy increases with lithium,

3. The relation of stress vs temperature, activaﬁ_ion energy vs stress .
and activation volume vs stress obtained from\‘»the first two ailoys '.

at low temperatures agree very well with the dictates of Peierls
|

process when the rate-conirclling mechanism is|the nucleation of

pairs of kinks,



5.

‘The shapec of the PeierlS'Hill for these two compositioné approach
a sinusoidal periodic varjiation with a deviation of @< = -1,

The activatibn enérgy 'Qf the process of the nucleation of pairs of kinks
is estimated to be 0.53 and 0.55 e.v. for 12,5 and 10.8 at.% Li,
respectively.

The apparent activation volume over the range where Peierls process
is operative is approximately 30 to 50 b3 in both these alloys.

The magnitude of the apparent activation volume and the relation ofv

- stress vs temperature in the 6.8 at. % Li is very much similar to
those of the other two alloys at low temperatures suggesting that
Pelierls process is the rate controlling mechanism in the temperature
rahge of 200-300°K, |

.Abc'>ve daat 500°K, the rate of prismatic slip in the 6.8 at,.% Li alloy

is in excellent agreement with the theory of thermally activated

cross-slipping of screw dislocation extended in the basal plane.
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