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~-VISCOUS GLIDE, DISLOCATION- CLIMB AND NEWTONIAN VISCOUS
' DEFORMATION MECHANISMS DURING HIGH
TEMPERATURE CREXP IN Al-3 Mg .

- by
| K;,Linga'Mufty*, F. A. Mohamed¥#* and J. E. Dornft
- Inorganic Materials Research Division

~ Lawrence Berkeley Laboratory
University of California, Berkeley, California

ABSTRACT
High—t¢mpefature creep has bééﬁ studiéd in A1-3Mg solid solutibn alloy‘
in the stress range of 16—6G to'10”3G using dcuble-shear type specimens
viﬁ a range of.temperatﬁres to near the melting point. A composite plot
~of dimensionless parameters f kT/DGb versus T/G_indicated'three distinct
regionsg region I extending from stresses of anut 6'3@10“5 G and above,

5 5

regioanI from lOfSG to 6 x le'G and region III below 10 °G. - Plots of

logarithm of modulus-compensated strain-rate versus reciprocal of the

 abs61ute'teﬁpérature.in all the three regions yielded anvaverage value

of 33vk Cél/mole'for the activgtion'energy for creep. This value is in
essenfialvégreeﬁéﬁt with the acti#ation energy for Sélf~diffusion. Values’
‘for the.stress-exbonenté were found po be 3.2,_h.l and 0.9 respe;tively

in regiohsbI,‘IIiand ITI. Viscous glidé and‘dislocation cliﬁb mechanisms

~

were found to be operative in regions I and II respectively.' Presenﬁ

*Research Associate
¥¥*Research Assistant
tSenior Scientist, and Professor of Materials Science of the College of

Engineering, University of California, Berkeley, California; deceased
September 1971.
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experiméntél results in region IIT agreéd‘very_closely.with the earlier
data‘on bUre Ai in this ﬁbrmalized stress rangé. Modified yersibnsvof
modelé 5éééd on jogged screw dislocation énd/of climb of jogged edge.
disloéatioﬁ were founalto explain the present'exbgrimental résuits on
Al—ng.as'well as the éarlier data  on Al. Experimental results were
compargd, in addition; Vith various tﬁeories of‘créep, and Nébarro, Coble,
Nabarrq—Herring in subgrains as well as Nabarro—Bafdeen—Herringvcreep
mechanismé,were found to make at most a minute coh£ribution to.the overail

creep-rate. .

LN




INTRODUCTTON
: A recent survey by Bird, Mukherjée and'Dorn'(hereafter.referréd to
as BMD)(I?:Concluded that the steady-state rate:of creep of é metal
deforming at high température through any'diffusiqn controlled mechanism
is éiven by the dimensionless relation
o o | S

e n
YRT _ (L
Dep ~ A &)

In tﬁiévequation'Y ié the steady-state strain-rate, D'the appropriate
’diffusivity, G the shear modulué, b the Burgers vector, 1 the applied
sheqr stréss, A and n are copstants depending uﬁon the particular éperaﬁing
mechanism and'kT hés.the usﬁal ﬁeaning of BoltzmannFs constaﬁt times the
gbsolute temperature.

.At high temperatures (i'O.S Tm) creep in metalsAis controlled by
dis;péation:ciimb.' In such cases A has a mean value of 6 x 107 aﬁd
+ the ?araﬁeter n'tékes>a range of valﬁes depending oﬁ the crystal Strhcture.
_for fcc metals n lies in the range 4.2 to 5.5 and increases with Gb/T
wherevf-ié the stackingifault eﬁergy. For bee metals n lies in the
rgngébh.b to 5.5, aﬁa is near 4.5 in the majority of cases. ‘For hep
_metélégln is\betwgen 3.0 and 5.5. Invsolid sbiutibn all@ys_such as Al-~
V Mg, créep is éontrblled bylvisc§ué glidé motion of dislocations whenever
dls]ocatlon Cllmb is raold and these élloys disﬁlay values‘of n from 3

(2)

to 3.6 in such cases. Any interaction mechanlsm that can_reduce the'.
rate of_g]iding of dislocaﬁions.to a value vhich is so low that giidé'vj

becomes slower than dislocation-climb recovery, can produce such a creep

behavior. For example, glide can proceed no faster than the rate of
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soluteestomfdiffosion'when these solute atoms are bound to dislocatiohs
.throughithe Cottrell, Suzuki or analOgous'interactiOn mechanisms. Thus
althougﬁ elimb élWays occurs in -alloys, viscous glide mechanisn controls
the creep whenever'the creep rate for glide is below that for the climb
confrolled mechanism. - Such behav1or has been ooserved ‘in various solrd

solutlon alloys at stresses higher than about ]O G (3- 6)

BMD suggested on theoretical grounds(l) that the dlslocatlon—cllmb
'mechaoism will‘preVail at:lower.stresses, thOugh experlmental verification
'of such a transition was then unavailable. The present research was
underfakeﬁ to test this prediotion. We studiea,the oreep of Al-3Mg
soiid‘solution'over a range of stresses to 10"6G and a range of temper-
atoresltO'near the melting foint.v The transftion.in creep mechaoism
predicted oy BMb occﬁrs in tﬁis alloy. In.addiiion, a third creep
mechanism was. found to govern creep at low stresses This mechanism is
phenomenologlcally 1dent1ca] to that prev1ously found by Harper aﬁd

(7)

Dorn in studies of creep 1in pure alumlnum.v The details of this

mechanism are unknowm.

EXPERIMENTAL PROCEDURE

A143Mg alloy_was_supplied by Kaiser;Aluminum and Chemij.cal Corporation.‘; o

The final produce eonﬁained the following elemenfs in atomio.percent:
Mg - 3 ?9 Si - O 003, Fe - 0. 003 ‘Mn - 0. 006 Cu - 0. OOS Cr < 0.001,
Zn - 0. 003 Ti - <0.00S. The_remalnder 1s»Al. The cast 1ngots were

- soaked at 950 °F for h8 hours and air cooled Afterrscaloiﬁa O 2" per
surface they were flash heated to 775°F and stab11114ed at that temper-

. atnre for about an hour. The 1ngots 1n1t1dlly measurlng sbout 3 1/4"

L.
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thick.wére hot'rolled to a final.thickneSs of 0.875" in five passes.
Doﬁbie—shear specimens of fhe Shape'and dimensions shown in Fig. 1 (inéet)
‘were é?epared ffom the rolled stock. Thus machined specimens Wefe annealed
'iﬁ situ f6r a minimun of 2 hours at a temperatufe élightly.above the
pianned test temperature §rior.to‘tes£ing.

| Tests were carried out'either onAan Instron tésting machine or on

a suitébly.designed creep machine at constant load; for this spécimen
configuration; constant load implies constant stfess. The tests were
conducted in air in an electric furnace. Temperaturés wvere monitored.
with Chrpﬁel;Aluﬁel thermocouples held in direct contact with the Spécimen
(Fig.‘l) énd were held constant tolbettér than i;l° by a proportional
cgntrollér. Léngth cﬁanges.during the creep tests were measured by a

Daytrdhic LVDT accurate to + 5 x 10*5

in. Tension tests were performedl
‘on an Instron machine using sélected strain~rateé'at fixed temperature
(Fig. 1). By using double»shéar type>test specimens, uniform elongaﬁions
and cdnstant‘steady“stafe strain-rates were obserfed;to shear strains

beyond 0.80.(8)

Whenever required, grain size measurements were carried
out by chemical polishing and etching, and revealed that grain size is

3 + 1 mm for 24 hours anneal at 863°K.

ED(PERIMP‘;NTAIJ RESULTS
As ﬁoted in fhe'eérlief'section, data were ébtained thréugh both_
creep‘énd Iﬁstron tests. Differeﬁtial stress and strainuraté tésté &ére.
bemPIOYed’on'the éreep énd Instron'machinés respectively; In botﬁ these"
:cases‘the specimens were left to'achievé the stéady state before changing v

‘the stress or the strain-rate. The date obtained are plotted in Fig. 2



'as 1n I——-versus 1n —-wlth D= O.hSuexp

se]f—dlffu51on value obtalned by NMR and tracer

. and beyond reglon 11 from 10 5G to 6 x 10 5G and reglon ITT below 10

2. 16 ‘k Cal/mole for the actlvatlon eﬂergy "ln'?,G

. :—’4—-
(- ,3.3,999;)..'

DGb G ’ RT -

value of 33 k Cal/mole for the*activation energy for self-diffusion was

The choice of the

based on the creep activatiOn'energy.Obtained in the preseht'study; as

will be seen later. ThlS value, nevertheless, 1s nearly equal to the |

(9) (10)

techniques in pure
Al. The unava1lab1llty of 1nte1—d1ffu51v1ty data on Al-Mg SOlld ao]ut1ons
forced the cho:ce of the value of O. h5 for D correspondlné to that for
selfndlffuslon in pure AlT The effect of theoe ch01ces will be dlqcussed
later.’ The shear stresses employed range from about 2 x 10 G to 10 3G.
The equlvalence of the creep and tension testing is apparent from the.
overlap of the datum p01nts obtalned from these tests (Flg 2). The
lowest“avallable crossAhead speed of the machlneirestrlcted the data to
-5

stresses greater than or equal to about 4 x 107°G. Three distinct regions

appear in Figure 25 region I extending from sfresSes'of about 6 x lO—sG

.,

The values of n and A obtalned in these 3 reglons are tabulated in Table I.

- The temperature dependence'of the steady—state'creep rate was studied

in each of the three regions. Effective activation energies Were.obtained

from'the slooes ofhthe.Arrhenius plots shown in figures 3a; 3brand 3c.

'.Flg 3a shows plots of 'ln Y G T vs l/T' at constant stres e5 of 300

and: 600 ‘ps : These data fall in reglon I and give a value of 33 10 +

¢

3

for region II in Fig. 3b. These data yiéld a value of 31.08 + 0.52 k
lfcal/mole for the activationvenergy for.creep A 51mllar p]ot for the

- region III is presented in Fig. 3c vhere 1n %2-1s p]otted abaln t 1/T

since temperature variation in this region eovers only a small range.

T vs I/T' is plotted

i
!
i
i
{
1
i
i




The line dfaWn.through,the datwa points jields a value of 35.f0 i_S.?8

k Cal/mole. ‘These three values for the effective activation enérgiesvfor
creép ére also includéd,in‘Tabie 1. An averaée Valué of 33 k Cal/ﬁoie
was obtained for the activation enérgy and this was used in plotting-
Fig. 2.

Important differénces were noted in the creep curves corresponding
to yariousrregions; Fig. b is a schematigvrepresentation of the important
features 6ftthe CurYesvobserved in the threé regions.

Creep cuffes in region I aré typicel of solid SOlﬁtidn alloys with
no extensivé initial strain upon loading. They are charactefized ﬁy
brief transient creep,'indicétingvthét the substrﬁétuqe pertinent to
‘creep remains substantially constént. Additional sUppoft of thesé
fihdings is obtained through interﬁittaﬁt loading experiments. In one
of the tests ﬂhe specimen was unloaded after it crept to a certain strain
in the sﬁéady staie and left for about 3 hoﬁrs at the test temperature.
Upon réloading to the oriéinal stress the sﬁéadybsfate was achieved
immediately andvno‘transient was observed (F?g. 5a). It may be noted
that sometimes inverted creep curves may be observed in the Viscous‘glide
region.(l)» An examéle is.shown in Fig.’5b for Al-5 Mg where normal
'primaryfcréep'was ébsefved_befbre deformation Whilé‘iﬁverted curves were
Observed after defqrmatioh(l;). In no case wéré'such inVertéd'transients
found in the preéeﬁt stua&'of'Al~3 Mg; |

-In copﬁrast to these obsérvations ex§ensive normal primary creep
.régions were ﬁoté& for specimens crept in rggion IT. The decel¢rating

primary creep rate illustrates the continued formation of a more creep
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resistant substructure during fhe transient stage. When the stress was

removed and reapplied after an hour, a region of primary creep was again
obsérved following & small instantanédus strain (Fig. 6). However the
flnal steady- stdte creep rate was exact]y the same as the orlgnnal value.

These_reéults resemble'the obserVatlons made by Raymond et al(]Q)

creep of pure Al.
Creép”curves obtained in the viscous creep region (region III here)

are:similaf to curves obtained previously from tests of pure Al in the

same stress range. (7)_ The transients observed in the annealed samples

‘.

were present even after prior deformation.
It is to be noted that in all the intermittaht~stress tests, immediate
traﬁsients.accompanying changes in stress(l3)vare not depicted. The

details of these transiénts form an entireiy different study end will be
the subject of a future publication.
DISCUSSION

The transition from reglon I (n A 3) to reglon II (0~ b) at a stress

of about 6 x 1072 (deplcted in Fig. 2) apperently confirms”the theoretical
(1) I

.predlctlon by BMD of a trans1t10nvfrom viscous'g%ide to climb regions.

In order to prov1de backgroqnd for the discussion on the theoretical

implications of the presently documented high~températuré creep data on

» - Al-3 Mg alloy, a brief outline will be presented on the various creep

" theories that have ‘been proposed.

Excluding a few rare exceptions metals and'alloys'deformAby diffusion-

ICOntrollsd creép at_low strcssesgand'high,temperatures'(above‘about one-

half of the melting point). The various diffusion controlled creep

o




(1, 1&)

mechanisms documented in mable II have been suvgested

(16) (17)

Amonn the listed mechanisms, Nabarro, C oble, and perhaps

(1)

Superplastlc creep as well, are due to'changQS'in grain shape arising -

dlrectly.from vacaﬁdy fluxes under chemical-potential gradients. In

(18) B . (2)

contrast creep by the climb = ' and viscous glide mechanisms are due

to average rates of slipudisplacements of dislocations released by climb.

‘At the”steady state a balance must necessarily be obtained between the

rate-of accumulation of dislocations and their rate of removal by climb-

recovery. To account3fdr continuing steady~state creep, recovery by
(14)

dlslocatlon climb must a]ways be opgratjvc at hlgh temperauures

In SOlld 501ut10n alloys however, as noted earller,>although climb always

v

occuré'thé'creep rate is controlled by viscous glide motion of dislocations

when it gives the slbwer rate. Jogs on screw dislocations may impede the
éqnservative motion of the dislocations and further slip is possible

only by the nonconservative motion of these jogs in the direction of the

(19-22) | ' (15) .,

 advance of screw dislocations. As noted by Dorn et al

meéhahism needs‘éxtensive improvements and the problem becomes ektremely
difficult.becauSe.of moving sources, illndefinéé boundary conditidnsvand
compétifion‘befweén pipe aﬁd vélume diffusion, types of Jjogs, Jjog-Jjog
inﬁéféétions, effeqté'bf dissociation:etc} Thus a ﬁecﬁanism 5ased on scme
kind of édge disloéaﬁion ciimb isvpreferred oVer'the Joégédlécréw‘dise.
ldéati?n mephanism; Since diélqcafion giide and climb are mutuaily gxn

clusive thé tbtal-creep raté in solid solutions is due to the rates

“ascribable to elther climb or viscous glldv, dependent on which is

controlllng, plus the sun of rates from all remaining mechanisms. As

w1]l be clear, although many mechanisms can be operable at one time,
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usﬁally one’exhibité theihighést'cfeep rate ahdﬁthéréfofe becomés dominaht
‘o;ér'sﬁécial-panges ;f'T/G and T. Transient.créep seems to occur ogly |
whéh disiocation cells and entangleménts are:produced as a résuit of

- the 1n1t1a] plastic straining that takes place upcon the éppllcatlon of

(3)

stress In the absence_of'inltlal plastlc'stralnlng3 hqwever, the
'steady;state:creep réte is achieVéd almostlimmediately'follqwing stfessing.
Obviously ﬁébarros Coble and Superplastic creep mechénisms dd_ggz;exhibit'
trahsi@nf stages. This is also true for.the fécently proposed Nabafro-

(2k)

: Bardeéprérring vmechanism baséd on climb of dislocations from Bardeen-
Hérring s¢urée§. | |
With this introduction-an the various creep mechanisms we proceed

to coffeléte the preseht'experiméntal resqlts with fherthus far docﬁmehted

théqrieé;' Since the activation enefgy for créép in the 3 region; is’

33 k Cal/mole a;d is abouﬁvthe same as that forvSelf~diffusiQn in éluminum,
the ﬁechénismslB(b), B énd F {Table II) Caﬁ be immediately omitted froﬁv

further discuésion The very fact that at higher strescos (Reglon I) a

snaller n value (% 3 compared to N 4 of region II)’ was observed 1nd1cates

~ that the mechanisms respon51ble for the reglong I and II act'in series

énd aré.exglusive. The added observation.of'ﬁﬂe equality of‘the activagion
'eneréies.for-preeévin bofh regiéné with'thaﬁ for self—diffusioﬂ iéaveéi”
vﬁo' doubt‘that viscoué'glide motion-of dis locatlons and dis locatlon ¢climb

'.contrél creeé in I and II res pectlvely To corrélate the present egper—
1mental results on Al- 3Mg w1th various théoreﬁlcal predlctlons, the

'éxperlmental data afe plotted 1n Fig. vfbalong flth the theoretical 11nés.
Region-I: A Value-of 3.2 forvnfin-this'stress;range'discounté:ﬁﬁe

possibility of climb. (A) and Nabarro>(D) creep mechanisms. Further




éliﬁinatibnbié achieﬁed thréugh £he pre—exponentiai factér 'AtS The
expérimeﬁtql value of A (Table I):refutes B (a) éé.the chtrolling meéh—
anism Sinée even if 1 is taken conservatively ;syklOb', thié factor

is too large compared to 47 while the Nabafro—Subgrain ané N—B—H'meéﬁanisms
can be'fuled éut since they predict too small a value for A. In addition
.it is queétionabie on theoretical gféuﬁds whether the Ngbarro creep in
'subgraihs and N-B-H creep can ever takebprecedénce over viscous glidé
and/or cljmb mechanisms. ( ) This isolateé the VisCOus Glide mechaﬁism

and thé-experimental’results are in line with the‘bredictioné'based on

this ﬁodei; Aslio be notéd, the expression fér'#he creep—raté presented
heré_fof glide'wés taken frombBMp and #his differs slightlyvffom'Weertman's,(G)
in thgt the latter theory pfedicts solute~concéntfaﬁion?dependence of

the pfe~éxponential factor.¥ Moreover such an e#pression éan be derived

ip'a mOre,étraightward and eleéant way as-given;below.(l) FQr the caée

' where'all.dislocations within a.cfystal drag Cottfell atmosphere, the

(25)

shear straln rate is ﬂlven by

: g 2
L =erv= o0 G v e (-5 le (R - (‘9—’tl )} (2)

whefe?v.is the dislocation velocity, Q the Debye frequehcy and gd tbe
. free éhergy of activation for solute atom'diffusion; ‘Since ka2 << kT

and D = vb? exp (- gd/kl)

v_?:'z_pD%_ - R 1)

*Whereas the efperlmental r?su%t on Al- S Mg also ylelded 1dent1cal valu
for A and n as on Al-3 Mg. _
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It’issimportant to note that the proper diffusivity applicable here is
the chemical interdiffusivity'of the alloy as given by the’ Darken expres-
sion for binary solutions,

: ) o B.Iﬁy ‘ e : . ‘
%
(N DL +.N.D) (} + ~——~—~$¥> > | (5)

B B A° 9 1n NA

where Nﬁ»aéd NBAare the atomic fractions of A and B atoms; Dz and D;
are the tracer diffusivifies of fhe A and'B atoms in the AB alloy aod
YAiis,tse'scfiviﬁfbcoefficiént'of‘tﬁe A species. The psucity of data op
the chemical interdifquivity asd the activity coefficient makes accurate
COrrelation‘of the expression'witﬁ the present eiperiﬂenﬁal-findings
difficolt. However as sotea byIBMD this sﬁould'not mske ﬁoo'much diff‘
férencé iq the‘present case of AlfMg solid solution alloj; Asiis cleaf
:frOm stie I and Fig. T, exberimental,fesults in region IZCOrreiatevwell
with Eq. L. | |
RegiohsIIﬁ Ekperimental.caiues for the pre~exponential faCtor and the
stress exponent peint to thé climb mechanism. The expression given in
TaclefII for the climb—cfeep was ﬁaken from BMD obtained'froﬁAs corcelation
of avsiieble experimenfal’data on'various>metais.énd alloys and neither -

(18)

the ex1st1ng theorles based on the plle up models, dipole annihila-

(26) o (27,28)

'tion, % and modlflcatlons thereof nor the relat:vely recent

(2k)

'v N-B-H creep predict the correct etponent as well as the pre- exponenflal'

: factor Dorn et al( 15) observed that although Chanv's theory(26) based'
on dlpole annlhllatlon does not predlct the correct values for n and A,
it nevertheless has very attractive features and further modifications

on these lines may prove invaluable. In lieu of correct thebry.ﬁe’WOUid_

"
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iike.to compare the present experimental results with the climb equation

 appliCable‘to puré Al. Such a comparison is showﬁ in Fig. 2 where it

ié'clear that Al-Mg daﬁa fall below the Al curve‘and part of this dis-

' crepancy mlght have arlsen from the diffusion frequency factor (D ) since

the approprlate dlffu51v1ty here is-

b= Izﬁ EE TN DT o - o (6)
B A A"B i - '

. in lleu of the 31mpler D¥/f for. pure Al; here f is Lhe correlation factor.

: Reglon III:  In this stress»range (a~< 10_5) = 0.91 4+ 0.03 and A =

N

2.88 x_lofil. For"the_grain-size of the Al-lig samples of the present

study, predictioﬁs‘based on Ndbarro creep yieldtstfainérates smaller by

v3 OrderS'of maqnitude‘than the éxperimental values.\,However present

(1)

results fall very close to the alumlnum data of Harper and Dorn in
this normal;zed,stress range. These obseryathns cannot be-explained

by any of the mechanisms tabulated inITablé I7. Mechanisms which predict

‘viécous»déformafion such as Nabarro, Coble etc., fall orders of magnitude

lower. than the experimentél results and, in addition they predict grain

(7)

sizé"dependence of the cfeep raté while Harper and Dorn observed that

single crystal ddta agree with those of polycrystalllne Moreover recent

(29)

study by Muﬁh]&lspn on Al in this stress range clearlf revealed sub-
grain'formation‘indiéating thereby slip due to dislocation motion. Ap—‘

pcarance of large transient creep reglons add to the above to refute the

dlffu31ona1 creep dup to Vacanhy exchangc as the controlling mechanlsm

uThe high—témperature creep model based on,Nabarro»Herring mechanism‘

(25)

:in subgralnq also fails to explain the pfésént éxpérimental results.

(2 9)

observed that, in this stress range, subgrain size tends -
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to be independent of the applied stress and reaches a constant value of

'about-lmm. Tnus( 1) ' _ .' ' : ‘
(I_}"l ) : = ]2 (%) (;[.) = 9 : 8 x 10._13 (é)

-DGb Nabdrro»uubvrann G
Thisﬁﬁodel predicts strainlrates Which'are two ordere of magnitude lower
"~ than the eXperimental}valueé.
. Slight:medifications‘qf soﬁe of the:creep theories seem to explain
tﬁe obeerved n ='1 dependedce, greln size 1nsen51t1v1ty as Well as the

'magnltude of A(29 30). Con51der for example the jogged screw mechanlsm,

B(a) in Table 1T, accordlng to whlch(lg)

KT T | S |
Here, on]y vacancy absorblng Jjogs are conendered since most of the JO"S
produeed by athermal processeslare of this type.(3 1) If ‘the moblle screvw

dislocation densitx-(ps) is independent of the applied stress, the above

. eqUatidn predicts a.-linear stress-dependence of the cfeep rate. Recent
O N | (32) | |

x-ray -topographic studies by Nost and Nes ‘reveal that at stresses of

Zthe order of lO-6G the dislocation density tends to remain independent

3 b

of the stre s and to acqulre a constant value of the order of 100 - 10

cm—z; At higher stresses the density was proportional to. the square of

( )

the applled streos as expected ‘ Muehleisen(gg) attempted to show the :

saﬁe throuﬂh otch p1t end e]ectlon transm1831op.m1croscopy technlques
_in crept Al at.these smalldvaluespof stress.._Scatter in the data iSf
'todtenerﬁeus to drew ényvqudﬁtitative conclusions‘althdugh his data-de

'.tseeddtolpéint?td'the eonstancy'ofvp et.these extfeme etress values.

Thus if Py is assumed to be a constdnt, in the reglon III, equal to 10




results in pure lead indicate. such trends,

hé»’ + b hu‘; W3 f ‘,}1 ;-.,;,* ‘4»&9’ ] ,é ‘j
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-2 o s e . (33)  ted ve ‘
em  and if lJ is taken as equal to b then the predicted value for
A through Fq. T above comes out to be

A=6p l.ib = L7 X'IO”ll
. s . _
while'the'experimental values are
o 'A.ﬁl ' = 14.05 x 107
. arper--Dorn ‘
and
M-3Me - 2.88 x 107

"Present

Such an excellent agreement is very encouraging and perhaps this modified

jogged screw.dislocation“mechaniém controls creep at these low stresses:

If the present allegations are cbrreét, such type of creep; referred to

as Harper-Dorn creep; should be observable in all metals and should be

a universal type such as c¢climb at high stresses. Very recent experimental

(34)

and experiments are in

progress to observe such a creep mechanism ‘in pure tin as well as copper

(29)

failed to observe n=1 dependence in éopper and

- (35) -

also. '~ Muehleiéén

copperLSilicon ailoys, and a re-evaluation of histdata'in terms of Eq. 1

' indicates that his results extend to stress values equal to-or higher than

6

5x lOf G.  As is obvious from the presént.work region ITI starts from

. about 10-5G -5x 10’6G_towards'lowér stresses and thus Muehleisen's

‘results are inconclusive. This is one of the reasons to choose Cu for

fufther_stgdy; in addition to finding the possible effect of stacking:

' faulﬁ'energy on the Newtonian viscous flow in metals.

As shown by Muehleisen,(gg) this n=1 stress depeﬁdence may also be

derived from climb models if p is assuned constant. Calculations by



Hirth and Lothe(36) yield the following expressions for models based o

on the climb motion of jogged edge dislocatioﬁs'

. .3
YKy = b b : R
(DGb) . =127mop gy (G) s A >0 o (8&)‘
. point
-and» _
_;.f'.j-“’;-tikl{) =61 p o PE_-.'__ (%) ' _ |
. DGb line/skew FIn Q7% e : ' (8v)

where A'iS”the spacing.of”jogsi In Eq. 8b above, the subscript 'skew'
corresponds to the case where the jogs appear as groups of segmented
line. sources on the dislocation with spacing A, and if A % b the dis-

location is regarded as a 'line' source. Thus if A is taken as 50b in

the fpoint' and 'skew' éases,(36) following Values‘aré obtaiped for'A
in Eq?_lt‘ | o | | |
A T 6:ﬂ p 52/1n (1ﬁ755§) =‘;521vx 10‘1?
Ay =670 b?/iri (J_./fE_SVO.b,) = 1.}7"1; x'j,o"ll_

for p = iOll cmﬁg, ‘These values for A arévof the'same order as that ob-
tained in the pfeéent expefiments on'Al—3Mg as well as that predicted by

the modified model based on the motion of jogs on screw dislocations as

v_seenveérlier. Thus from the mechanical data alone; it is not possible to

identify the controlling mechanism uniquely. Microstructural stﬁdiesi'
 5y éraﬁsﬁiésion:electrgp-micrOScop&vére needed to unravei this_probiem_
and suchAstudies are preSéntly underway(3s).

Thus Vgrioﬁs featﬁrgs of tﬁ¢ threé régiohs'dépigted.in Fig. 2 bring.
‘out the:néed'fbfffufther'éXpefimeﬁtal work,iespécially oh‘suBStructures

|



: v-ls;_

- developed in the deformed metals. Creep data presented here, however,

predict important and significant differences in the dislocation

vstructures_developed in the viscous glide, dislocation climb and Newtonian

.v1scous reglons, for example, well defined subboundarles are exnected

to be found in the metals deformed in the cllmb region.

Fig. 7‘summarizes the present experimental results and various

theoretical predictions. As is clear from this plot, Nabarro~Herring,

Coble; Superplastic, Nabarro—Herring in subgrains (both with & = 10b (t/G)

‘and a constant value of lmm)

in the stress range &10-6 to V10

(1, “9)

and Nabarro-Bardeen-Herring mechanisms

~do not'contribute significantly to thé overall creep-rates in Al-3lg

-3 ;.

CONCLUSIONS
Highftemperature'creep data on Al~3Mg'anaiyzed in terms of the di-

mensionless parameters: %Eg-and 1/G revealed thréé distinct_regions

: whén.plotted"as logsrithm of compensatéd strainsrate versus logaritﬁm

of normalized stress. Values for the stress exponents in the three

- reglons were found to be 3.2, k. l and 0.9 respectlvely in the hlgh (I)

intermedlate (II) and low (III) stress regions.

.A value of 33 k Cal/mole was obtained for the activation energy er

creep in the‘thrse regidns end this value is in good agreement witﬁls
thaﬁ:for self-diffusion invpure alumiﬁum.

Viscous‘glide and dislocation climb ﬁechaﬁisms Qere foﬁnd.fo be op-
srative in regiqns I and 1I respecfively.' | |

Pressnt expsrimental résﬁlfs in region 111 sgreed closely with ihe»

earlier data on pure aluminum. Although'ﬁhe Tl dependence of the

-1
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stréihnrate éoihts to diffusional creep mechanism by vacancy excﬁange
. such as Nabarroéﬂefring.model,-the_éxperiméﬁfai‘values are thrée orders YL
fo magnitude“highertﬂhan thé ﬁrediétions bésed on these ﬁodéls.
_ S. . The e?idenée suggests ﬁhaf at.low'streéses (region IIT) the dislocation
deﬁSity as well as'the subgrain diametérvére_iﬁdependeﬁt of the applied
sfress. TMédified versions of the models based onvjogged screw dis~
location”we%e found to explain the present experimental results as
wvell as the earlier data on aluminum. ._ , - ]
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“TABLE I

_Experimental Values for Various Parameters in the three Regions

T . R

AH

- iRegion : kaal/mole | n S A
I . :, 33.10 1_2.16 . 3.19 £ 0.03  L6.77 i_10.86
,;i , 3 31.08 +0.52 - 4.05 i_o,07 f\ (1.74 + 1.50) x 107
IIT . 35.70 + 5.78 0.91 + 0.03 . (2.88 + 1.39) x 10*
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. TABLE I1I

Diffusion Controlled Creep Mechanisms

........... N . '
# . Mechanism : . Relationship ..fi
A Dislocation Climb ' XKE = 6 x ( ( /G)h to 7 i
. - : I)GB )
- . o 2h 1, ' |
B  '4;fJogged‘Screw'Dislocation- v%%%—= ——~--~J~'(I/G)3 (a)
| » '%%Eﬁ; w(t/G)
.CA o Viscous Glide DGb 6 (T/G) '  o . ;-:' , o
D - Nabarro-Herring L u%%%‘i'lQ (b/d)2 (t/G)
T _ _ _ ’ !
. ' L : E
E . Coble o XEL L 900 (b/a)3 (1/0)
, o D. Gt
F : Superplastic - o YT A 200 (b/d)2 (T/G)2
. Swperp S - @™ -
G ‘Nabarro-Subgrain _ : Dot = 12 (b/G) (T/G)
(870 = 30 (v/@)
L : o R FKT 3 :
H v - - - : CXEL o . |
B Ngbarro Batdéen Herr{ng | N oL (hG/nx) (T/G)»
_(a)*ﬂlf jogs on the screw: dlslocatlon are all elther vacancy emlttlng or | : :,iz
absorblng type S - ST
'(b):”for the case when equal. numberq of bo*h types of Jogs are Dresent ' --’,;'M§
Dé = Core lefu31¢1ty o _ da = mean graln diameter
va =;Grain'Boundafy Diffusivity § = subgrain diameter '
lJ.= mean distancé between jogs j
i
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FIGURE CAPTIONS

A typical stress-strain curve during differential strain-rate tests

in AlQBMg.. Inset shows the drawing of the doub1e~éhear,type specimens.

L . o S 3 ) .
Plot of 'In %g%-vs 1n é— depicting the three regions with slopes

3.2, k.1 andj0.9 indicating the transitions from glide to climb and

climb to Newtonian viscous creep mechanisms. Data of Harper and

€

Dorn on pure Al are included for comparison.

Arrhenius plot of 1n y G2 T versus l/T‘in region I. Slope of the

line gives a value of'33,l + 2.2 k'Cal/mole for the activation

enefgy for creep.

3

Plot of 'ln ¥ G°T vs 1/T' in region II at a constant stress. The

value for the activation ehergy_for creep was found to be 31.1 + 0.5

T

Plot of 1n I-{E-versus l-in region III. The slope of the line yields
a value of 35.7.k Cal/mole for the activation energy for creep.

Schématic representation of the creep curves observed in the three

regions.

Typical intermittant—stress test in region I showing no or brief

transients after reloading.

Same as Fig. S5a except in Al-5Mg depicting the observation of in—

verted primary creep after réloading.(ll)

;Intermittant—stresé test in:region.II showing the existence of normal

primary creep even after prior deformation.

‘ . S
Plot of 'In 1§E~vs 1n la

DG o Various theoreﬁlcal lines are plotted for

 'compari5on with the experimental results on Al-3Mg.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor

“any of their contractors, subcontractors, or their employees, makes

any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any

- information, apparatus, product or process disclosed, or represents

that its use would not infringe privately owned rights.
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