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ABSTRACT

The eflect of changes in stress and temperature on the creep rate
of single hexagonal crystals of Mg-12 atomic % Li alloy, orientcd for
basal glide in simple shear by the {0001} {1510] mode of slip, was
Getermined over the temperature range of 500°K to 830°K.

In the middle of the range from 600° to about 750°K, the specimens,
after a primary stage of short duration, entered secondary creep for
which:

) 28 4.9 _37 000 .

y = - —l e
v =1.6 x 10 T e 5

where ? is the shear strain rate per second, t is the stress in dynes
per sguare centimeter, R is the gas constant and T is the absolute
temperature. These results strongly suggest that basal creep in this
alloy, from 600° to 750°K,.is controlled by the dislocation climb
mechanisn.

For tempergtures less than or equal to 550°K the strain rate was
found to increase very rapidly with the stress. Microscopic examinuation
of the gage sections of the specimens showed that twinniﬁg occurred in
thi; tenperature rdnge.

For temperatures greater than 800°K, the activdtion enersy was
round to increage substantially, indicating that some new mechanism ;

becomes operative as the specimens approach the melting tenmperaturc.
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I. ZINTRODUCTICHN
Investigations dealing with basal {0001} [1210] slip mechanisms
r

. 1o . . o
in pure Mg have shown™ that the strain-rate controlling mecnanism for

this mode at temperatures up to 350°K is that of thermally activuted
intersection of the glideé plane dislocations with the "forest" dis-

locations threading through vne slip plane.

Additions of Li from 8 to 12.8 atomic peécent are known to modirfy
pronouncédly the deformation charagteristics of Mg at lower temperatures.
In particular, ovef an intermediate range of temperatures, such alloys
exnibit a much higher critical resolved shear stress (erss) than pure Mg.
Furthermore, the flow stress for this new intermediate mechanism is
insensitive to temperature. Such a region, having a. crss ten times
greater thag that for pure Mg énd extending from about 250°K to L50°K,
nas been found2 for basal slip in the 12.5 atomic percent‘Li alloy;
for temperatures above about 4L50°K the flow stress was shown to decrease
répidly with an increase in temperature, indicating that some thermally
activated creep process again becomes rate controlling.
It was the purpose of this investigation to study the rate-
controlling mechanism of basal slip in & 12.0 atomic percent Li alloy

of Mg &t high temperatures. It will be snown that viscous glide does

VRS

-,

not control the creep rate. However, cver the temperature range from
600°X to about TS0°K, creep appears to be controlled by the dislocation

climb mechanisn.
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FIG. | GEOMETRY AND ORIENTATION OF
CYLINDRICAL SHEAR CREEP SPECIMENS.
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I1. THEPERIMENTAL TECENIQUD
Specimens were prepared by Tirst growing spherical crystals in a

sraphite mold, orienting the spheres using the Lalie back-reflection
x-ray method, machining the oriented cylindrical sphere with a spark-

utter, placing this seed at a bottom of a cylindrical steel mold, and

(@]

then growing an oriented crystal rod using a modified Bridgema tocnulque.
Toe pec1ﬂens contained an average 12.0 atomic percentage of Li.

Because of the large composition d1¢fefence.between the liguidus and

the solidus, and despite the féct that a large liquid metal reservoir

wvas placed at the top of the steel mold, the single crystal rods showed

a composition gradient of about .T atomic percent per inch along their

length.
Since tension creep tests for prismatic slip conducted on single
-5

; : . . ; 3 . s
crystals of this alloy have shown that the specimens necked down

immediately near the grip at which the Li content was the least, it was
cecided to try the double shear uype of specimen shown in Fig. 1. This

type of specimen appeared to be very satisfactory: (a) the shear strains

btained were uniform over each gage section and the same over both

(@]

gege sections; (o) after a prlnu ry stage of creep of only a few minutes
in duration, the creep rate remained uniform throughout the test up to
strains of about 1.0; (c) the steady state creep rate was always found
to remein uanchanged after reversal of the direction of shearing.
Therefore each specimen was machined into the double shear type %o
the dimensions given in Fig. 1. Tollowing that, their oricentation wos
axain checked, ané their gage length and gage diameter determinea with

an accuracy of L0001 inches. Only specimens which were within 2



desired orientation were used. Their composition is given in Table I.

A1l creep tests were conducted in an argon atmosphere. Furnace
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controller and specimen temperavurces were determined by a pair of
caromel-alumel thermocoupl in direct contact with the.edges of tne

&

gage sections of the specimens. One of these thermocouples was connect

ed

to the controller, and vhe other to a manual potentiometer. The stresses

Ay S

were applied with a lever arm with an accuracy of 10 dynes/cm?; th

gy

o

to 10 % with a linear differential transformer.

£

easure

2

strains were
ine specimens entered secondary creep after strains of only .0l.
It was therefore possible to determine the effect of stress on the
secondary creep rate by merely changing the stress during the testing
of a sing 1e specimen. The same steady state creep rate was obtained
for each stress regardless of the order in which the stress changes were
effected. No instantaneous plastic strains were observed upon increussce
in stress and the transient strain upon change in stress was bvarely
detectable and lasted less than one minute.
To aetermlne the apparent activetion energies for creep, small
changes in temperature (15°K) were imposed and their effect on the

stealy state creep rate was considerea. For such changes in temper

the transient condition was never Tound to exceed 2 to 3 minutes in

sture,
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Three tygicsal creep strain~time curves cre shown in Fig. 2. No

training was observed at any temperature for any ol

initial plastic s
the stresses that were ap .ied here. As suown in the upper block of

o~

Pig. 2, a small primary creep stage of short duration occurred in &il
tests, but no tertiary creep was ever encountered, even unourh the meaxinmun

measureld total creep strains were as nizh as 1.0. As shown in the body
of Tig. 2, the creep rate was constant over nost of the creep range

undéer consideration. All further reported data refer to such a steady

state creep rate.

-
(]

The apparent activation energy, Q, in calories per mole,

defined by

where y is the shear strain rate, R the gas constant, 7T the.applied
stress, and T the test temperature in °K. Over the temperature range -
from 600°K to about T750°K, and over the stress range from 1.5 x 107
to 6 x 107 dynes/cm?, a constant activation energy of about 37,000

£

LY -
1 this range, the

5]

1000 cal/mcle was obtained as shown in Fig. 3. 1

>

ate variel linearly with approximately the fifth power of the

w
ct
8]
om
s
o]
H

applied stress (vide Fig. 4). The slight differences obiained occasionally

wahere v the sirain rate per second, .t the applied stress in dynes/fem?,
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3 3 : % 2 K 1
R is the gas constant in cal/deg K x mole, and T is the temperature in

ct

han or egual to 550°K and for stresses greater
than 6 x 107 dynes/cné, the strdin raﬁe was found tq depend on atv least
ne.twelfth power of the stress. However, microsco?ic exeminations of
the spécimens after testing showed that some

twinning occurred at these higher stresses and this may account Tor the

observed extreme stress dependence of the strain-rate. No twinning

i

etected

o
O
<
[
O
O
®
[e]

or tests at the lower stresses.

AT temperatures greater than or equal to 800°K, the activation
energies increased raéidly, exhibiting a value of about 62,000 cal/mole
at 830°K (Fig. 3), whereas the slope of the stress-strain rate curve

decreased to 4.0, as shown in Fig. L.
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ependent of the applied siress.

£

urthermore, tne activation energy is in
(Fig. 3.) This fact disgualifies &ll possible mechanisms for which the

zetivation energy is sensitive to the stress. As shown in Fig. 5, the

. o an s . 2 .
athermal stress level for the 12.5 atomic percent Li alloy is about

[ 4]

10 times higher than that for pure Mg. Therefore, if new mechanism 1

Ny

invcl#ed in controlling the creep rate, it must be attributed to some
effect arising from alloying. Furthermore, the thermally activated
mechanisr of basal creep cbserved in the higher temperature range occurs
at stresses below the extrapolated values of the utnermal stress level.

Consequently, when the temperature exceeds about U450°K, it scems that

the dislccation barriers responsible Tor the athe rmal behavior at lowve
temperatures become more easily surmountable. Since 450°K is- hall the

weliing temperature, and this temperature is that at which diffusion
vecones easier, a diffusion mechanism is thought to modify the nature
and resistance of these barriers

Predictions based on short range ordering considerations ap

kel

ear

Tirst to be .in good qualitative agreement with the general observed

4

ends. According to Fisher , short range ordering results in an

4

w
ct

---.n

’
strermal deformat: hanism at “rnior o
aerermnas Tormation mechanism at intor

5

.ediate temperatures, and Flinn

suggested that diffusion controlled Iluctuetions in local corder at the
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site of thne disloc

above adbcocut one~hall their relt
and Averbach7 cérefully investigatel
ing and found that its Cowley degree
Turthermore, as will ©Te showa lafer,

~

oI

.

the high temperature creep v

terms of a viscous mechanism; that

are considered to move in 2 viscous

location line being proportional to the siress acting on it. Thus short
range ordering effects cannot account for the obs rved athermal strengthen-
ing of this alloy.

The zhermal behavior could possibly wve explained by the strain
energy ox iﬁteraction vetween solute atoms and dislocations Effectively,
Li alloying in Mg resulls in changes in both the a and ¢ lattice constants
and causes a suovstantial aecrease of the ¢/a ratio. Li atoms in the
ellcy are consecuently centers of tetragonal strain fields which can
interact with both edge and screw dislocaticns. Summarizing the current
status of the theory, Friedel showed that an athermal siress level
resulting from solid solﬁtiqn strength enlnb should increase with about
the 2/3 power of the'con&éntration of solute atoms. Since no data on
vasal slip are avaeilable showing the ianfluence of the lithiun concentration
on the variation-of the éfss with the temperaturé, over the range
0 - 12.5% Li, it is difficult to decide whether or not this mechanisn
i; operative. Howover, the results Tor bésal silip are very sinilar <o
those previously o ned‘fq prismatic slip3-5, end for prismatic si;p
the observed athermal sirengthening cennot be essocizted with the tyse-

ions yield a viscous type of

< ~ - -
ing temperaiure.

he 12.

manner,

creep in such zlloys

v

er,

this allcy by diffuse x-ray scatic
of oraer is practlcaLly'zero.

it is unot possible to rationalize

0 atomic percent Li zlloy of Mz in
is, a)mechanismAin wnich dislocations

the velocity.of ©

ne



of s0lid solution sirengthening described by Friedel; therefore it is

I
ct

his mechanism is also inoperative Tor basal slip.

ki,

Furithermore, the absence ¢f a yield point at low temperatures and ol &
Portevin-Lechatellier effect in the higher temperature range clear 1y
‘revegl that Cottrell atmospheres are not sffective in modifying the

-

deformetion. Since none of the above “od zcls can erlalﬂ the obtained
results, the athermal behavior of the 12.0 atomic percent Li alloy must

be ascribed to other causes.

It was shown that the experimentally observed creep rate increased

with the 4.9 th power of the applied siress. Consequently all mechanisms
Tor which the creep rate increases either linearly with the stress as in

Cottrell viscous drag of solute atoms, or w1th the cube of the siress

9

as in Weer tman s” viscous creep mocdel, cannot be considered. A variction

9

of Weeriman's creep model” could provide a satisfying correlation with
the observed stress law. When p is the density and v the mean velocity,
of the mobile dislocations of Burgers vector b, the creep rate for this

wmodel is ‘given by:

-Q/%T

. 2VZTb3CDoe
Yy = pov with v = e
) prees
i -Q/d‘T o =y P _Sapn . et i : ey i %
where De is the self-diffusion co efficient, aprroximately the
Debye frecuency, z the coordinetion number, ¢ a conrstant, and 1, C, Xk,

T have their usuel mesa 11nvs. In order Tor this mcdel to agree with the



The possidle validity of this model depends on the p values it predicis.
The values obtained by introducing the experimentally determined

into the above eguations are all greaster than about 102 /em?, which is

not the operative mechanism,

. . s i s 10
However, one of Weertman's dislocation climb riodels correlates

[§)

well with the data. This model is based on the assumption that pairs
of edge dislocations of opposite sign, moving on different parallel
slip planes, are prevented from passing oneé another by the attractive

forces acting between them. These Immobile dislocations inhibit the

s

action of the dislocation scurces on their respective slip plane, thus

allowing The formation df.dislocation>pilerups between them and the
sources. I%»was assumed that during steady state creep the blocked
Gislocations whien lgad the pile-ups annihiiate each other by climbing.
This annihilation is accompanied by movements of the pile-ups wiich bring

- . . N s : s 10-11
rew dislocations into the lead positions.. According to Weertman

the shear strain rate for this model will Dve:

5 ﬁ2 T
/2 1.1/2

-

. .2 > p YT : (3)
TETT
b

&> 25T

waere N is the density of dislocetion sources, G is the shear modulus
and the other symbols are defined above. The derivation of Eg. (3)
~assumes a uniform distribution of the sources throughout the crystal
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Weertman (4.5) might be due %o a devi.vion From thesec ideal conditions
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during clim 4 ol Lanatid i L fference could

compared

predicts Xzonent
of the sum Q
o the
ihen
0.30 =2 LD e
* <
y = . (&)
bN G* T
This equation may be slightly modified in order to account for the
. - . . ; . th
cbserved dependency of the strain-rate witk the 4.9 power of the
stress. It them becomes:
. Qi
RT
0.3C .72 th.2 D,
Y = - (5)
b 639 XT
Introducing the experimentally determined data into Eg. (5), (and ucing
- a 12 . S - 8 2

velues for G for pure Mg~ ) the very acceptable value of 10°%/cn

is Tound for N.

Thus, among e&ll kunown rate cohtrolling mechanisms for creep, only
Weertman's dislocation climb model appears to account for the duta
reported here on. the basal creep of the 12.0 atomic percent Li allioy of
Mg. DBut since ne;ther the self-diffusion energy nor the Jog fermaticn

.

energy have been determined for this alloy, it is not known wheiher ihe
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For tampersiures egual to or greater than sbout O00YK, it was

b - 1 - N Ea S o O A, P . N Tm
shown that the activation energy intreased substantially with the

Ha yvyam sy e i - S P - £ A N T 4o . PO 5em e
cennerature, wacréas e slope of the strein-rate stress curve dcereased

snionudy No present theory can account for such results. However,

milar phenomena, though in a lower temperature range, have bLeen

- 13 . .
Lserved by Tegart et al. Tor polyerystalline pure Mg in which the

>

O

W 44 - - - - L e - [ .
mein sliy was apparently bassl. It tuerefore appears that more than

cne thermally activated process might be operative in this alloy as
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