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'I'HE 1-iECP,.A!USM OF BASAL CREEP IN Mg-12 ATOMIC PERCENT Li 

Bernard. Yves Chirouze 

I1:or,::a:--,ic M~.teric.ls Res..:::.=.:ccl", Division, LaWl·ence Radiation Labon;.t,ory, 
anu Departlr!ei!t o:... ... Jvl:i.n~rul :.Cechllolot;y .. , College of Ent;incering, 

University.of California, Ber~eley, California 

September 9, 1966 

ABSTRACT 

The effect of changes in stress and. temperature on the creep rate 

of sine;le hexagonal crystals of Ng-12 atomic ~~ Li alloy, oriented for 

basal glide in simple shear by the {0001} [1210] mode of slip, was 

ceter.nined over the temperature range of 500°K to 830°1(. 

In the middle of t~e range from 600° to about 750°K, the specimens, 

after a primary stage of short duration, entered secondary creep for 

which: 

_28 
y = 1.6 X 10 T 

4,9 e -37,000 
RT 

where y is the shear strain rate per second., t is the stress in dynes 

per s~uare centimeter, ~ 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 dislocati.on climb 

mechanism. 

For temperatures less than or equal to 550°K the strain rate vas 

found to increase very rapidly with the stress. Microscopic examin~tion 

of the gage sections of the specimens shoved that twinning occurred. in 

this ~e~perature range. 

I•'or temperatures greater than 800°K, the activation enerc;y vas 

becoxes operative as the specimens approach the melting temperature. 
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I. INTRODUC'I'IOi:~ 

Investigations dealinc with basal {0001} [1210] slip mechanisms 

in pu:ce Y1;3 have shown1 th;;:t the strain-rate controlling meci1anis:n for 

this mode at temperatures up t.o 350°i( is that of thermally u.ctivu.ted 

intersection of the glide·:plane dislocations with the "forest" dis-

locations threading through slip plane. 

Add.itions of Li from 8 to 12.8 atomic percent are knmm to rr.oO.ify 

pronouncedly the deformation characteristics of Mg at lower temperatures. 

Ir: particular, over an inter:ned.iate range of temperatures, such alloys 

exhibit a much higher critical resolved shear stress (crss) than pure Mg. 

Further.more, the flow stress for this new intermediate mechanism is 

insensitive to temperature. Such a region, having §. crss ten times 

greater than that for pure Mg and extending from about 250°K to l+50°I\:, 

has been f'ound.
2 

fo;c b.asal slip in the 12.5 a"cor:J.ic percent Li alloy; 

for terr.peratures above about 450°K the flow stress was shown to d.ecrease 

rapiO.ly 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 a 12.0 atomic percent Li alloy 

of ~lig at high temperatures. It will be shm·n-:. ·that viscous glide does 

not control the creep rate. However, over the temperature range from 

600°K to about T50°K, creep appears to be controlled by the dislocation 

climb :':",echanism. 
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Specimens were prepared by first crow1ng spherical crystals in a 

~r~phite ~old, orientinG the spheres ~sing the Laue back-reflection 

x-ray r.i.ethoci, ;:r,achining the oriented cylindrical sphere with a spark-

c1ltter 1 placing this seed at a botton of a cylindrical steel mold, and 

then growing an oriented crystal rod 1lsinc a modified Bridgeman technique. 

Ti1e specimens contained an average 12.0 atomic pe1·ccnta.;e of Li. 

Because of the large coi-uposi tion difference between the li~-..;.id.e<s ana 

solidus, and despite the fact tna"G a large liquid. ::;.etal reservoir 

vas :p:l.act:d. at the top of the steel mold., the single crystCJ.l rods shov:ed 

a co:nposition gradient of about . 7 atorr.ic percent per inch alone their 

length. 

Since tension creep tests for prismatic slip conducted. on sinclc 

' -'- 1 . ""' th. 11 h ' . 3- 5 - h ... th . k - ' crys"a s o.. 1s a oy ave snown G a" e spec1mens nee ed aovm 

irrx:ediately near the grip at which the Li content was the least, it w~s 

C.ecided. to try the double shear type of spec i:-:1en shovm in Fig. l. ThiB 

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

obtained were uniform over each gage section and the s~~e over both 

gage sections; (b) after a prirr.ary stage of creep of only a f12v minutes 

in duration, the creep rate remained uniform throughout the test up to 

strair.s of about 1. 0; (c) the steacy state creep rate was ahmys found. 

to rerr.ain unchanged after reversal of the direction of shea.rinc. 

Therefore each specimen was machined into the double shear type to 

a~o..i:-1 cl'"J.ecl\.ed., c.r:.<i their gage lcn~rch and g::.ge dia..."neter deterr..ine:Ci. Yli ~~. 

~::. ::.ccm·acy o:' . 0001 inches. Only ::;)c:c::.:::c:r,s w~ich vcre within 2° 01' t.h~ 
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cL::sired orientation were used. Their co:-::r;osi tion is given in Taol0: I. 

All creep tests ;-;ere cor ... d11cted i~1 a.n. argon atmosphere. Ft:rnac~ 

te;::rperG.tures were he:l_d constant to :t • 25°K by means of a proportional 

ci1ro:::el-alu.i·nel thermocouples in direct contact with the- edges of .the 

c;a.5e sections of the 3l)ecirr.ens. One o:~ these therJ:iOcouples was connected 

to the controller, and the other to a manual potentio:-::eter. The stresses 

were applied with a lever arm with an accuracy of 104 dynes/cr;:2 ; 

strains were measured to 10-4 with a linear differential transforr.1er. 

The specimens entered seconCiary creep after strains of only .01. 

It was therefore possible to determine the effect of stress on the 

secondary creep rate by me:.·ely changing the stress during the testing 

of a single specimen. The sa.:ne stead.y state creep rate wo.s obtained 

for each stress regardless of the order in which the stress changes were 

effected. No instant~~eous plastic strains were observed upon incre~se 

:.n stress and the transient strain upon change in stress ·.ras barely 

detectable and lasted less than one minute. 

To determine the apparer-1t activation energies for creel', s::-.all 

changes in temperature (15°K) were imposed and their effect on tie 

steaG.y state creep rate was considereCi. For such changes ir, te:r:;pel·atc;.:ce, 

0he transient condition was never founCi to exceed 2 to 3 minutes in 



~able 1. Composition of the specimens 

Ill ) r.0 
-r.vu l2.9 

#2 l0.3 

113 3.ll 10.2 

\ 
if;..;_ 3.25 10.6 

115 3.50 11.2 

1;..07 12.8 

ii7 3.08 10.1 

!i8 4.15 ' ..., ' .L.) • .i 

-----·--;:---r-..;.~ 

~-: A rep:. ... esento.tive figure of 12.0 has been c:~osen for the te.xt. 
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in~tial plastic straining was observed ut any temperature for any of 

the stresses that were applied here. As s{;o;.rn in the up:;_)e:C b:ock of 

Fig. 2, a small primary creep stage of short duration occur:ced in all 

tests, but no tertiary creep was ever encountered, even though the maxlmw~ 

measured total creep strains were as n1gh as 1.0. As shovn in body 

of Fig. 2, the creep rate was constant over ::::ost of the creep range 

under consideratior:.. All further reported d.ata refer to such a stendy 

state creep rate. 

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

defined by 

Q = 3(-1/RT) 
T 

3 ' ( 1) 

where y is the she.ar 'strain :r-ate, R the gas constant, T the applied 

stress, and. T the test ten:perature in °K. Over the temperature range 

fro:-:1 600°K to about 750°K> and over the stress range fro:-;1 l. 5 :;.: 107 

to 6 x 107 dynes/cm2 , a constant activation energy of about 37,000::: 

:ooo cal/mole was obtained as shown in Fig. 3. In this range, the 

strain rate varied linearly with approximately the fifth pm,rer of the 

applied. stress ~ide Fig. 4). The slight differences obtained occasionally 

wit:1 different specimens could be attributeci to differences in compositior-. 

(S:able I). All of the data are satisfactorily correlated. by the relation-

ship 

-20 1;. 9 ::: .l 
y = (1.6 ± .6) X 10 T e 

-37,000 ± :i.OOO 
(2) 
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R is the gas constarit :1.n cal/ deg I{ ..... :-c.ole, and T is t:'1e tcrr.~perat·u.r0: in 

d.cgre.es Kclvi~. 

P. ... t tem~~H2ratu1"'es less than or eq_u.ul to 550°I{ and. for stresstZ's C~""ca"t.er 

the1.:1 6 x :c 7 d..J .. ncs/ c:;: .. 2 , the str~:.:.·!: r~:.t.e '\·tas found to C.cpenC. on at le~st 

t:--~c. ~'velftl"'.1. power of the stress. Eo' .. r<::!Ver, microscopic exa:r:inations of ' 

the gage sections of the specL':1ens af"ver testing showed that so:r:e 

-cwinr.i:-.. g occurred at these higher st~esses ar.d tl" .. is r:..ay acco.u:n.t fo~ the 

observed. <>:·:;;rer..e stress dependence of the strain-rate. No twinning 

could be detected for tests at the lower stresses. 

At temperatures greater than or eQual to 800°K, the activation 

e:-:ergies increased rapidly, ex..'IJ.ibiting a value of about 62,000 cal/l;~ole 

at 830°K (Fig. 3), whereas the slope of the stress-strain rate curve 

decreased to 4.0, as shown in Fig. 4. 
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IV. DISCUSSION 

Cesc~i-Ded. by a single activati.on er.crgy ter::1. This strongly i~C.ic~tes 

"cl-:at • i:'l t:nis range, only· one dislocation mechanism is :t·a.t~-COl'ltrolling. 

?ur"!:~ermore, tile activation energy is incle:9endent of the appJ.icC.. stress. 

(Fig. 3.) This fact clisg_t:.alifies all possible mechanisn1s for \vhich the 

e:.ctiva:tion energy is sensitive to the stress. As shmm in Fig. 5, the 

a:the~:.r::al stress 2 
level for the 12.5 atomic percent Li alloy is about 

10 i:;ir;;es higher than that for pure Mg. Therefore, if new r:lecr.o.niG:-:1 is 

involved in controlling the creep rate, it must be attributed to soilic 

effect arisir..g froin alloying. F-c.rthermore ~ the ther;-aally act i vat eel 

:nechanisE of basal creep observed ln the higher temperature range occurs 

at stresses below the extranolated valc:es of the athermal stress level. . . ~ 

Cor.seq_uently, when tne temperature exceeds about 450°K, it see::ns tl-.at 

-che d.islocation barriers responsible for the athermal behavior at 10\.:er 

temperatures become more easily surmountable. Since 450°K is half the 

:-;.el ting temperature, and this temperature is that at which diffusion 

::.eco~;,es easier, a d.iffusion mecnanism is thought to mo.dify the nature 

and resistance of these barriers. 

Predictions based on short range ordering considerations appear 

at first to be in good g_ualitative agreement with the general observed 

tre::d.s. A ' " • ... F . h 4 h t "' . . lt . • ... ccora.lng vO lS e:c , s .or ::;.·ange oru.er~ng resu s ~n an 
,. 

uttc:~a~ defo~~ation ~echanism at ~~t0r~ediate te~peratures, and Fliu~0 

suc;.::;2sted .tnat C.i:Cfusion controlled. ::'J.:c:c~-ue..tions in local order at the 
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site of the d.islocations yield a viscous type of creep in suc!:'" alloys 

aoovc aoout or..e-ha~f of their melting temperature. However, Hcrost~in 

ing a.'1d foL:nd VI1C..""C its Co .. ~·rley degree of o~tG.c~ is pr~ctica.lly zc:to. 

Furtber~ore, as will be sho~~ later, .:-!-
-v ~s not possible to rationalize 

--cl1e rJ.igh ~emperature creep of the 12.0 ato~~ic ?ercent Li G..lloy of :V1g in 

terms of a viscous ~echanis:a; that is, a r;.echanis~ in wtic:'1 dislocations 

are considered to :wove in a viscous n::a..."lner, the velocity of the dis-

location line being proportional to the stress acting on it. 9 Thus sho::.·t 

range ordering effects cannot account for the observed athermal strcncthen-

ing of this alloy. 

Tte athermal behavior could possi oly ·oe:: .:;xplaine.i by the strain 

energy of interaction between solute atoms and dislocations. Effectiv~ly, 

Li alloying in Mg :res~lts in changes in ·oath the a and c lattice consta.'1ts 

and causes a suos"tantial decrease of the c/ a ratio. Li ato::::s i::-. the 

alloy a::.~e conseq_uently centers of tetragonal strain fields vrhich can 

interact with both edge and screw dislocations. Surr~arizing the current 

sta~us of the theory, Fried.el
8 

showed that an athermal stress level 

resu.l ting fro:r..t solid solution strengthening should increase with abot;.t 

the 2/3 -cower of the concentration of solute atoms. Since no data on 

casal slip are available showing the influence of the lithi~~ conc0ntr~tion 

on t!1e variation-of the crss with t;,e 1-er.lperature, over the rangE: 

0 - 12.5% Li, it is difficult to decide whether or not thi~ r;,ccha.nisr;. 

those previously oota.ined for prisr:latic - · 3-5 . - ~ p:--is·,nai·.·:c S.llp , ana. ror __ .......... 
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of so::..id solutio::l s7.r~r"gthening descr:.be<i by Frie<iel; .therefore it is 

r:::.ost likely that t:'1is mechanism is also ino::;;erative for basal slip. 

FL:..:-t~err:~o: ... ~:::, the absence cf a yield poi:1t at lovt teraperatures and o: ... ~ 

Portevin-Lechatellier e:~fect in the higher ter::.:perature rar.ge clec..rly 

·reveal that Cottrell atmospheres are not effective in modifying the 

defo:cr::ation. Since none of the above mod.els can explain the obtc..ined 

results, the athermal behavior of the 12.0 atomic percent Li alloy ~ust 

be ascri'b.:;;d to other causes. 

It was shown that the experi~entally observed creep rate increased 

l·;ith the 4. 9 th power of the applied stress. Conseq_uently all J..'lechanisr:ls 

for 1-rhich the creep rate increases either linearly with the stress as in 

Cottrell viscous drag of solute atoms, or with the cube of the svress 

as in Heert~an's 9 viscous creep motel, cannot be considered. A variation 

of Heertman's creep model9 could provide a satisfying correlation with 

the observed stress law. \fnen p is the density and. v the mean veloci'ty, 

of the mobile dislocations of Burgers vector b, the creep rate for this 

mod.el is given by: 

y = pbv with v = 

. "" -Q/ dT ~ .._, l ~ _ . ~ ~ . ~,... vne1·e .u e ~s ... ne se r·-a1r::us1on coerr~cient, 
0 

approximately the 

Debye fre~uency, z the coordination number, c a constant, ar.d T, C, 

T have their ..-:.sual mea:.'1ings. In order r~or t::;.is n:odel to agree 1-.ritl:. ~::.e 

-· .... ' -w •• ...:.~ 

tt-~e density of ::nobile dislocations .o is given by: 

P = J.:r3,9 
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1'he possible validity of t:'lis ::nodel depends on the p values it pred.i.:::ts. 

The values obtained. by introducing tne experimentally detel'T.lined d;.:.ta 

into the above eq_uations are all greater tnan about 1012 / cm2 , H~-.ich is 

unacceptably hie;}~. It is therefore ::ecessary to conclude tr~at this is 

~ct th~ operative mech~nism. 

•· 0.1.-" TT .._ I • . 1 t • 1. b . ' 1 10 
rtowever, one ~eer~m&~ s c~n oca ~on c l~ noae s correlates 

vell vrith the C.;:..ta. T~is ::wdel is based on the assu..-nption that pairs 

of edge dislocations of opposite sign, moving on dif::'erer.t pa:::-allel 

slip planes, are prevented from. pass~.ns o:H~ another by the attract:i.ve 

forces acting between them. These :::r.:aobile dislocations inhibit the 

action of the dislocation so·tlrces on their respective slip plane, tnus 

allm.;ing the for::1at~on of d.islocation pile:-ups between them and the 

so11.rces. It was assu..ued that during steady state creep the bloc:<ed 

dinlocations whic~ lead the pile-ups annihilate each other by climbing. 

This anninilation is accort.panied by move:nents of the pile-lAps wi:ich b:::-in£; 

neiv dislccs.tions into the lead posi tio:::s .. 
10-11 

According to \Veertmar., 

the shear strain rate for this model will be': 

( 3) 

,,•here N is the density of dislocatio::J. sources, G is the shea.r moC.ul~s 

and t:J.e other syr.!bols are der"ined above. The deriva.tion o"i.' Eq_. (3) 

asst<:;:es a uniform distribution of the sou.:tces throughout the cryst.:.l 

bet1·reen the obse:::-veCi stress ex:yonent ( l~. 9) a;1d that :91:edi;;ted by 

iCieal cond t io:-.s 
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be tl:2.t tl"4e jog :f'orr~:atior4 energy for ·oasal slip is r.~.igl1 enough) cor.1lJS.red 

{3) sho~ld be modified. 

·N 
of the stress choul.c b~ 5, s.nd th~ ::..c1;iv:;.tion enercY eQU'"-lc t'hi.:: ::;\,;:(~". Q. 

o:' self-di;~"'·..::~ion a.4·1d the jog for:r:s.tion energies. 

0.30 -~2 
" 

y = 
·~· ~D e 

0 

_(.\·:(· 
:.;:1...-

HT 

(4) 

This eq_ua.tion r::.ay be slightly rc.odifieC. in orC.er to account for the 
., 

observed de:pencency of the strain-1·a.te wi tl". the 4. 9't·• :pm-1er of 1;h0 

stress!. It then becones: 

-Qi~ -·-
RT 

Y· = ( 5) 
bN G3.9 kT 

Introducing the experimentally deternined data. into Eq_. (5), (~~c. 

values fer G for pure Mg
12 ) the very a.cce:ptable value of 

is fo":.lnd. for N. 

Thus, a.-r::ong all kr:.oim ra.te con-crolling mechanisms for creep, or.ly 

\veertr::.an's d.islocation climb mod.el appears to account for the d~ta 

:re~?orted here on the basal creep of th(.;! 12.0 atomic :percent Li :1lJ.oy of 

Me. l3ut since neither the self-diffusion energy nor the j oz f'or::·,c;.t ic:: 

ene.r;:;y have beGn deter::1ined. for this alloy, it is not knovn ·,he-::.1-:.er t.Lc 

of these energies, as suggested in the ~odel :preserited above. 



f 
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No present theory can ~cco~~t such results. HOivever, 

si::-,ilar :pi:.enomena, though in a loi-rer temperature range, have been 

observed by Tegart et al. 
13

. :t.\n~ polycrystalline pure Mg in v;hict the 

~ain slin was ap~are~tly basal. 

one tl:.err:.ally activated. :process nigl-.t be operative in this alloy as 

its r.1elting point is approached.. 
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V. COXCLl:S:O:': 

?o~ the te~~erature r~nse 

(, \ - --.) .b£..S<l..L 

:cela-:::.onship: 

c:::eep of a l2.0 .................... -: ~ 
a.vv ......... -... 

-3] '000 e 

Li alloy of ooeys 

(2) 3asal c:::eep for the 12.0 ato::"lic pe:c.cen.t Li alley occurs by a. 

1::echan:.s:.1 for ;.;hieD the activation en.erg:l is insensitive to tte s~r0ss 

data are in disagreewent wi~h the vario~s 

visco~s creep ~o~els. 

(4) \V<::ertman's dislocation c:.i::.b - ,10 
::.oc..e..L "based on 1:.he arrnihilc.. -c ::.cr. 

o::.'"" blcc}:.ed C..isloc:.s..-cions acco""J.~ts we~l :'or t:-.. e observed. C.~t<1.. 

pair . .:~, tne activation energy ir.oc:reases subs"cantially, indicating the.:.:. 

r:"ore ~:can one activated: process ::ni.;ht be operative. 

:.:.ss oeen o·osc:::-ved~ the strain-rate varies ::.uch :t.J.ore ra:~idly 1·:·i t:-.~. the 

s~ress. 
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