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ABSTRACT 

The hardening by incoherent precipitates.is analyzed in.the f.c.c. 

metals. The precipitates· determine indirectly. the rapid multiplication 

of' the dislocations in the matrix. The hardening is ·related to the 

so formed dense tangles. 1'he recovery o_f these tangles is made by 

cross-slip, climb and probably by some < cher complex thermally activated 

mechanisms, 
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I. INTRODUCTION 

In recent years the investigation of dispersion strengthening has 

s...'lown that· the·-hardenirJ.g __ of the metal depends mainly· on vheth.er the 
·--· ... ____ --------------

discrete second phas.e part:Lcles are sh~ared b~ th.e di:slocati.on.s> ·moving 

in the matrix.. In 'this· -res.pect th.e· class:tfi:catton of hardening by a 

coherent or incoherent sec9nc3. pnas:e. can b.e· adopted since: the col)e~rent 

phase but not the incoh~rent phase, is- uimall.:y· sheared .. 
; 

Nevertheless., othe.r ;factors., such as· the: size of the pa;rticle$, 

influence the shearing.. When a dislocation confinec3. to sJ.,ip in. its. 

glide plane encounters· parti:cles:, i'.t maY expand betwe.en 'them, leaving 

residual loops. around each. particle. or it may· shear them.. The. stress 

'1 
necessary i.n the first case, known· as the. Orowan stress, is T "' flb/d 

c ' 

where fl is the shear modulus of the matrix, b the Burger'·s vector, d 

the interparticle distance in the slip plane. For a given ·volume fraction 

of precipitate, T decreases as: the size of the particles. increases. 
c 

In the second case the s.tres.s increas.es wi.th. the size of the par".:,icle. 

An upper limit for the si.ze of the particles to be sheareQ., r2, can 

be obtained by equating the two stresses:. Th.e hi·gher the interfacial 

energy the lower is the upper limit. Only·'V'ery small incoherent particles, 

•rhich have a high interfacial energy y, can be sheared. ·For th.e alu."llinum-

. alumina system;, taking y = .1.000 ergs I cm2 , an approximative calculation 

. 0 
gi:ves r £ = 15A. 

Therefore a glide. dislocation. encountering s.uch incoherent particles 

will generally expand between them, or·alternately bypass them by some 

more complicated mechanisms, like c·ross slip or cl.i':<!b. The strc:.:i.n 
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hardening of thes.e alloys, at least for small enough deformations, is 

much higher than that o;f the pure ·matrix and intimately· ·related to the 

s.ubstructures· of the alloy mat;rix. It will be sh01m that the harden inc ~ 

can in effect be expla:i:ne(l i:n ter!1).s of the elasti.c interacti·.ons of the 
'· 

dislocations i.n the ·mat·rix. The second phase parti·cles play the 

indirect role of accelerating the increase in di.slocati~on (lensi.ty ''ith 

the strain, leading to steep strain hardening. 

On the other hand, direct dislocation-particle interactions are 

expected to control the hardening by coherent particles. 

It is the purpose. of tltis· pape.r to gi:v-e a -Teview· o;f the -Tesul ts 

obtaine~ on crystals containing uniformly distributed incoherent 

precipitates. The true elasti.c limit will be briefly considered, and 

emphasis will be placed on the variation of the flow stress with temperature 

for macroscopic piastic deformation. 

II . ELASTlC LIMIT 

The precipitates intersecting the glide plane .are anchoring points 

·for the dislocation. As mentioned before, according to Orow~n, 1 the 

increase 1n the elastic limit .relative to the pure matrix is ~2t/bd, 

where t is the line tension of. the dislocation. The Orowan bo1-:ing 

applies provided the dislocations are confined in their motion to the 

·slip plane. Depending on >lhether the precipitates are elastically 
' ' f \ 

harder or ~ofter than the '·matrix, the· dislocation is ·repelled or attracted 

by the precipitates and the·anchoring is somewhat different in each 

2 
case . The Orowan criterion holds in both cases. 3 

'·. 
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The Orowan relationshif has been verified for sine;le crystals 

. 4-6. I _,_ , containing uniformly distri'cuted small part~cles. t mus"' oe 

pointed out that thi·s law is expec,ted to apply when the initial disloce.tion 

density is low enough for the particles to play. the ,role of first 

obstacles. 

Ashby, 1 us·ing an i:de.a of Htrs.ch, 8 P.roposed a bypass of part:i.cles 

by double cross-slip, as schematically shown on Fig. l for an ed.ge 

dislocation. · Hhen the di.slocation begins the Orowan bowing, the 

resulting screw components cross slip out of the slip plane under the 

action of the stress concentration nea;r the particle. The cross slipped 

segments attract each other, resulting after annihi·lati'on in a prismatic 

loop "behind the pa.:rticle and jogs . in the dislocation line .. 
' ll 
Ansell 

has shown that restrictive geometrical condition, n&~ely when 2r < d/10 

where r is the radius of the' particl.e, af.fect the bypass by double cross 

slip. Experimental evidence· of this mechanism is limited to the 

. . 7 9 10 prismatic loops observed by 'electron m~croscopy. ' ' Because this 

cross slip has to be thermally activated, the true elastic limit, if 

controlled by such a mechanism, has to vary more strongly with temperature 

than the elastic constants, vrhich is in contradiction with . . 9 
e~per:trnent. . 

. ·-,. 

Nevertheless it will be shovm later that r"':"OSs-slip occurs extensively 

after some plastic straining. 

III. TEYJPERATURE VA..-qiATION OF THE FLOH STRESS 

We summarize here the results obtained by the author'on the 

polycrystalline Al203-Al system (SAPl
12 

and by .i'·1itcheil et al. on ...... ... ne 



-4-

14 
Al/AlzCu system. The flow mechanisms.'involved can probably be ger.erc.lized 

to alloys with incoherent precipitates :n a 

stacldn~ fault energy. Electron microscope ooservations· by RueC.l, 

confirming the plasticity mechanisms· will be given late·r. '·· 

The composition anC. the structural parai·neters·, as determined by 

electron microscopy, of the alloys are gi~en in Table 1. Hhi·le the 

AlzCu particles are ·roughly spherical in shape_, the ahl..'1lin<i particles in 

. . . . . 0 ' 

SAP are platelets with linear s·i'ze between 200: and 2000A, and a thic1mess 

0 • 
of about 200A; the values of ,r given in Table 1 for the mean planar 

particle radius, are in this· case the ·radius· of the circle. of the same 

area as that of the me.an intersection area of platelets by a random 

plane, i.e. r = (2Le/7T} d 2 where L is half of the mean linear size 

and e the thickness.
12 

The temperature dependence of deformation mechanisms 

controlling the flow stress are now discussed. 

3.1· Flow stress ·a.t ·low temperature ·(ABC ·in ·Fig:··1I 

3.1.1: Forest process 

·~ 

In the range of low temperatures, and t).nder small stresses for 

creep (or at low strain for tension at constant strai-n rate). , the mobile 

dislocations cannot leave the glide plane; their glide, in pure f.c.c. 

metals, can be hindered both by long range internal stresses and by 

short ·range .. op3tacles provided by the "trees", dis-locations piercing 
---·--. 

thei.r glid.e plane. 
- . - -------- -. ---·- ------

The deformati.on is· then controlled by the thermally 

activated jog formation durin~ the cutting through those t·rees and by 

the movement in long range st·res s· field. 

The tensile cu-rves· for both Al/Alz03 a...'1d Al/OuAlz systems, especially 

,~ 
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for small strains, present a strain hardening rate wl1ich is much 

b . ' ' t' t " .I- 1, . , . 12-14 11e;ner tnan na for po.Lycrys-va _,_1:ne a.LlUnlr;ur:: and 1are;ely de:pe:nd.ing 

on the temperature. 

The variations: of the. tensi·le flow st-ress~ for a given st:rai·n .:::-ate, 

with temperature (for three strains· increasing from 1 to J L are shO't:'D 

jn Fig. 2. 

The curve_s of type (1 L o;r (2 I are similar to those of pure metals· 

whose hardening is controlled by the forest process· as· menti·oned before. 

The P~ part on Fig. 1 corresponds to the thermally a~tivated jog formation, 

whereas in the BC .part, the forest opposes the development of loops·· 

only by long range internal stresses 1. . In f. c. c. structures, the lo;1g 
l. 

r&.'1ge stresses are principally due to the attractive t·rees e;iving junction 

reactions with the mobile dislocations .15 

An estimate of the energy of formation of a pair of jogs, 2U.L.. , 
J..C 

can be deduced from the measurement of 'I' , * according to Friedel's . c 
.. ···· 2 

tl},rory as described in reference t1-relve. The results so obtained are 
. \• 

gathered in Table 2, for Al(Al203, Al/Al2Cu alloys, and for two purities 

of Al. -Applyir1:~ the forest theory:to the thermal decrease of 1 at low 
-----

temperatures, we thus obtain, for both-alloys---and aluminu:n a· common 

value of 2Ufc namely 2Ufc = 0.37 ± 0.05 e.v. ~better estimate of 2Ufc 

2 
is given by a direct measurement of the activation energy beyond T · 

c' 

the value so obtained, for SAP 11.7 is = 0. 35 e. v. , 
12 

•13 
in good 

.. o -4 s-1 ""i',... .is. next to 173 K for SAP, for a strain rate of 2. 710 
sriin.ll strains (<2 .10-3 }. 
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agreement with the forme.r ·mean -value, and of a reasonable orde.r of 

magnitude for ,the energy of fo;rmatton of a pai":r of jogs in al1..1Jninu.11. 

Thus, th~ activation energy i's compatible with the ::'orest process 

controlling the plastic d,efo·rmati"on i'.n these alloys as· in pure metals. 

The measurement of the. acti'vation volu:ne from strain -rate change 

tensile tests, allows· the dete.rmi:nation of the force-distance diagra.11, 

showing the elasti:c interaction between a repulsi:ve tree (not ;::;iving 

a junction. reaction I and a mobile di-slocation. The -results obtained 

by Mitchell et al. for Al/ Al 2 Cu and pure ahuninuin
14 

and by the author 

""" SA~ d . al . 12,13* . h .. .,. '"' .._or ;:: an lmpure uml·num ' are s. O"W"TI on l< lg. .5. The fact 

these F-x curves differ but little for the SAP, Al-Cu, Al, gives an 

added evidence for the presence of the intersection r.1echanism for all 

materials. 

3.1.2 Cross slip and self diffusion 

For large strains (curve (3} in Fig. 1), the shape of T/lJ - T 

curve can no longer be explained solely with the r.,echanism of sectioil 

3 .1.1. The absence of a plateau i·n the TIll - T curve seems to be due 

to a strongly thermally activated mechanl.sm. In fac~, r.1easuring 

activation energy, LiH, at constant strain rate as a function of te;:rperature, 

-vre establish that the change in Shape of the T /;J. - T curves is reflected 

·oy the A <::r - m.L curves·, "H'~·g. 4 for SAP 1·1.1. 12 •13 A... 11 "" · s t ·• L.lil ... .... " sma . s ~.raln , :.il1 

flattens out at "'2U for T > T · s_uggesting a forest process; but for 
fc c' 

~I 

large strains, LiH increases beyond T and reaches a nlateau, at about· c ~ 
\.t 

1. 6 e. v. for high enough temperatu-res·, clearly corresponding solely 

to .... 
~.ne operation ·of· a diffusion process·. Belm..r-, the. -variation of LIH 

«·The SAP matrix is in impure aluminU!l') C99.5!L 

1' 
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~orith T probably corresponds to ill defined cross slip :processes co::rplicated 

by the effect of internal st;resses. These -phenomena sho-..;,ld dc"ceri:1ine 

the rela.'"<ation of the internal stresses leading to "che thermal decrease 

of T. The observation by electron microscopy o.f plastically de::.~ormed 

specimens· shows· an homogeneous distri·bution of Q.i.s-locati·ons w'Den the 

deformation is low, whi'le after high deformations the di·siocati'ons are 

. 10 16 11 
tangled and have a cell structure. ' ' · Cells· in SAP ' . .rere only 

· observed fo·r high deformations and beyond the plateau T CT I.. 

As we previously saw, the cross· slip of scre'..r dislocations· should· 

lead to a decrease in T with increasing temperature, .and for 'Digh 

strains, we can reasonably conclude that. our observations agree with the 

idea that the cell formation is related to: 

(a) the cross s·lip of sc;rew dislocations·, 

(b) ··.the: appearance of stage III of the stress strain curve, 

(c) the tensile stress decrease with temperature after the plateau. 

. 18. 
Thomas et al. suggested that the t!illgles and cells result fror.1 

the multiplication of dislocations by op.,~ration of Frat1k...:.Read sources 

left by cross-slip of'dislcoations adjacent to particles. This ·could 

explain for instance 1-rhy the cells observed in TD-Ni appear to have 

corners located at the largest particles. 18 This mechanism of formation 

o'f cells is slightly different from the above--which is in fact the norr:1a1 

cell formation by cross-slip in pure metals--because requiring the further 

operation of sc>urces resulting from cross-slip. Until nore eviue:1ce 

is obtained, it CI3J1 not be considered as fi·rmly established. As •:ill 

be shown in the next parar:;raph, the role of par'ti:cJ.es· as multi_;,:-:.:;_cu.tion 
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centers is evident but not well defined. 

The measurement of the athermal stress t i' C;~.::':.rt EC o:-:. ?ig. ·2) 

directly leads to an estimate of the density of dislocations wi ti1 

p = r wb)-2 15 ~-- after Saada 1 s relations·, . where S "' 4 i3T •. 
i~ f.c.c. structures. 

J. 

On the other hand, when the forest process is cont·rolJ.ing the 

deformation, the measurement of the activation -volu."i1e .v-'' gives a.."1 

' . - . (' - 21 :/. \ 2 12 otner poss:Lbili ty of determination of p, na.."llely p "' .1. 5 D- V" L • 

Obviously, a direct determination of p is feasible by -1- .. . .. urans:r.lSSlon 

electron microscopy. The variations of p vith the strain, as determined 

from the activation volmne. and electron microscopy· by :Ruedl, are given . 

in Table 3, for SAP 4.5 deformed at room temperature. 

For strains smaller than about 2%, it can be seen that the agreement 

between both methods is quite good. For high strains·, when cross slip 

becomes operative and introduces a cell structure, the deD.sity as 

determined from the activation volu."lles, is on the whole close to the 

density as determined by electron microscopy in the cell walls (the 

density in the walls is between 2 and 4 times higher tha.."1 the nean 

density). Thus, it seems that the activation volume is characteristic 

of a forest process for whichcthe mobile dislocations have to cut through 

the cell walls .. 

The aqsolute values. of the dislocation densi·ties are high, such 

as are only achieved in pure· metals after- severe cold wor%ing lvi tnout 

subsequeni annealing. The hie;h :Lni tial -v ::.lue of tnis density in SAP, 

prior to tensile strain is probably due t.o the fabri'catj.'on l)rocess 

l . 

. \ 
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(sintering and extrusion). · 

From t~e preceding st\.;.([y· 1-re cari conclude thc.t the ha.rdeni!'lg of 
., 

these alloys has· the same o:r·igin as· in pure f. c. c. met s; 

in b. c. c. structures· havE! not been seri·ously studi'eCi. The li:r.ited 

nUtuber 
'_._ 19 . . . 

of mechani'cal tests rHade by Sell e.., al. on· QlS}Jerslons of 

oxides, nitrides· and carbides· in tungsten are not conclusive. I 

Their larger strai·n hardening is· due to a :rr,ore :.rapi·d .increase of 

the dislocation density wi.th plastic strain, as shm-m on Fi-g. 5, a::"ter 

Eitchell et al :·--,..Figure- 5 .. represents the variation of the distance 
-- -----··---·-~· ------

bet:-reen trees as· a function of· strain. Similar results vere cbtai!'led 

by the author for SAP,
12 •13 and Heimendahl and Thomas for TD-Ni.

18 

For Al/Al2Cu, (dT/ds)T decreases vith increasing pe.rticle spacing cl, 

for a given volume fract.ion f; for SAl? the work hardening ~ate increases· 

with increasing f or decreasing d. Although no c;_uantitative relation 

has been proposed, these results show that the particles are thus 

playing an indirect role of multiplying the· dislocation density. 

Nevertheless the exact mode of multiplying is not 1-rell understood. The 

particles can be active by creating prismatic loops 1-rhen clislocations by-

pass them by cross-slip or by volu:ne indentation effect_. T_l1e particles 

ca.."l also act as barriers to moving dislocations nuclee.tecl at other 

sources·, such as Frank.-ReaC ... sources·, grain boundaries e.nd tvrtn bounda:ries 

in TD-Ni. This explains why in both cases the cell size :3eer:ls to 'be 

governed. by the particle spac:i:ng. 

Jm interesting feature appears when studyi·ne; the' grain size i:1fluence. 

As 
' ,. 

shown by Heimenci.ahl and Thomas for TD-Ni,.L
0 

and the author for ,·, 
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the grain size has no influence on the flovr stress at 0 .l or 0. 2 :9ct 

tensile stress as vell as· on the ·ultimate te.nsile stress. Trr.u1sn:j.ssion 

elec'tron microscoptes· t·aken by Ruedl on ten.sii:le st-r~in~d -reor:rst alli zed. 

SAP show that for the· sa.'!le· plastic st·rai:1, the d:i:slocati'on de)'}si "cy i;;; 

about the sa.'1le for as-extruded and recrystallized speci::-:iens. Thc.:.s 1n 

recrystallized speci'err.ens, the dislocation densi·ty ~ initi-ally lmr, 

increases very rapidly with deformation, reaching after a fe'\v tent':1s 

pet of st·rain the same dis:location density, &'1d therefore the sa.>.e ::J.oi.f 

stress, as in the as-extruded mate.rial. 

. 20 
Furthermore, the Fi·she-r-Ha:rt-Pry th~or~r · of strain· h::..rd.cninc) based 

on the result of planar dislocation loops around the dispersed particles 

is invalid, since as ve saw, the role of the particles is to multiply 

the dislocations and enhance the cross-:slip processes ·leading to the 

cell structures.' 

17 . 
Ashby .proposed a s·omewhat more realistic model to accoun-t;. for 

the strain hardening of these alloys, based on forest intersection. The 

strain hardening was calculated assuming that the glide dislocations 

have to cut through the ce.ll walls set tip_ by the resi.dual ·prismatic 

loops left by cross slip on the particles (c. f. paragraph 2). Neverthe-

less the assumed substructure is peculiar; even if such prismatic loops 

are observed it is difficult to ascribe the vrork hardening due to their 

presence only. On the other hand, the formation of cell configurations ~ 

takes place only at high enol..USh strains. At small strains, when the 

dislocations are uniformly distributed in the ·matrix this theory is 

q_uestionable. A pure forest process· has to be considered. Unfort1.:.n2..tely 
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in this case the rate of increase of dislocation dens:Lt:y ,,:;_ th plastic 

strain is not clear. 

The internal stresses, -r-elated· to the dislocation tangles a::-e 

relieved at high tempera:tures by ;nechani:sn:s· co:n.."''lon to pure -metals 

(cross-slip and climb J.: and by some more complicated mechanism. . This 

recovery is, however, st:rongly limited by the presence of the second 

phase, a..."'ld the material wi)..J. maintai·n hieh st-rength.. The stability of 

the dislocation s·ubst·rv.ct·ure i·s. obvicusly a· :function of the dispersion 

stability; in this· ·respeet, oxide dispersi·ons, vhich are -very stable, 

will assure a good alloy dislocation substrv.ctt;.re at high temperatures, 

and therefore high strength. 

These ·recovery processes can be analyzed as a function of teEiperature 

. from the spectrum. of the act.j_vatio:n energ-y as determined by tensile 

tests for different grades· of SAP and polycrystalline impure alw~in~~~ 

(99.5%), Fig. 6. 21 

3. 2 .1· .. Cross~s1i u .. and· self-c1.iffu~idn: ..... ; nr· 

Between 100 and 350°C, for a strain of 2.10- 3 , the rrlovement 

dislocations in the matrix is controlled by cross slip and climb, as in 

pure aluminum (the cross-slip~-at same stress level--and self diffusion 

energies in pure aluminum are 'respectively 1.2 and 1.5 e.v. ). The creep 

of TD-Ni (Ni + 2 vol.% Th02 ). :can be also satisfactorily explained, below 

0 5 Tm b 1 . 
22 d . '\.. . h .L 1 . , y cross-s lp, an tne. r•lg vemperature creep of severa 

recrystaUized Ni-Th02 (1 to 3 -vol.% Th02 J by climb. 
23 

T;·1e creep o~~ 

/cl/Al2Cu at high temperat·ures has also an acti-vation energy close to 
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the self-diffusion energy -'-" pure aluminui11. The general eo~uation for 

the strain rate resulting from the climo of edge di:slocations oy 

diffusion of jogs has to. oe applied.
2 

where UD is the·self-diffusion energy, T the applied stress, n a stress 

concentration factor, and h· the mean heignt that a dislocation nas to 

cli:nb before escaping by glide or annihilation. If the escape takes 

place at the head of a piled-up group on a second phase parti'cle, ,., .. has 
... 24 

to be of the order of the half hehrht of the particle-; for a pile-up ,_, 

on intracrystalline barriers, h has to vary like ,-z .. 
21 

Measuren:ents of the activation volu...'1le made by the a1.l,thor on SAP 

are in reasonable agreement with the values expected from the previous 

equation. Cross-s'lip and climb can be operative at lower temperat-ure 

(paragraph 3 .1. 2 I_ :for higher strain and therefore hi'gher stress level. 

3.2.2 Other utocesses 

m• , .• h t' t• . d b ..,·50°C h "-h~"" +' j_ne nlg ac lva 2on energ2·es ·meas·ure a ove ..:> . s. ow "' """ ... ne 

high temnerature deformation mechanisms in SAP are radically diffe:::·ent 
- ..L._·-·-·- ------ ,_ ______ _ 

:from that in aluminum, since iii the-Iat:ter--tn:e- clirrrb of dislocations is 

the controlling process up to the melting point
1

, with a constant activation 

energy closed to the self diffusion energy. 25 The variation of the 

activation energy Yrith th_e tempe-rature i.s .appa~·ent, because t11e tensile 

tests were conducted under low stress· at high t:e:-:;peratc;re and -vice 
! -

versa. So the activation energy steeply increases-with_ decreasing 

stress, as reported in -references t\vel ve and t-1-renty one. Sl:nl.lar 

\r 
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activation energies have been observed by other investic;ators in 

In fact, high values of ·0-ctivation energy, reachinr:: at hiGh enou,:~:1 te::::pc::--

atures ten times or·more the selfdiffusion enersy seem "'co oe a .s;cner::cl 

. . . '. . . 28 feature for dl·spersl·on hard.ened alloys; J..na.J..u;~...,.glass composJ.te, 

23 20 
TiJ-Ni, Ni-Al203 alloys·. " Never"cheless there is no general a,sreerr.ent 

concerning the stress dependence of the activation energy. 'Different 

models have been suggested depending on whether the apparent actj_vation 

. . 
energy is a function of the stress. 

·a/ ·Grain ·ocrtlnda:ty-· sl.iding 

. 23 . . 
lvilcox and Clauer · explained qualitatively, in te:rms· of grain 

boundary sliding, the independent of st:r .~ss· activation energy for creep 

in TD-Ni. · The presence of impurities or pa.rti'cles in the boundaries 

vould increase the activation energy for slidi·ng to the observed value. 

N~vertheless the iarge stress exponent (n = 40) in the preexponen~ial 

term of the strain rate remains difficult to explain. 

b/ Dislocation generation from grain'boundaries 

2 ~~sell fu~d Weertman 7 developed a semiquantitative theory based on 

the generation of dislocations from grain boun.:S.aries. The activation 
( 

energy of such a process is obviously strongly stress dependent, but the 

expected grain size dependence of the flow stress is not observed 

. . . • 1" 12,16 
experJ..men~.~a 1.y. 

The model, based on the Orowan mechanism, consists of thermally 

activated glide by-passing the parti'cles· intersecting the sli"I) pl~1:1e, 

for stresses lower than the c-ri.tical Orowan stress-. Calculations· have 
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been made oy Coulon1o 3 for precipitates softer than ti-,e ~atrix (or 

. \ . 21 
bubbles; and the author · for p:reci:pi.tates harder thar: 'the 1r.atri:{. 

In the last case, for small enough precipitates and :::~or ap~'llied s"c:-ess 

very near the critical Oro',ran stress T c, the acti·vat ion e~ergy :::s 

strongly stress dependent: 

The numerical values agree well enough -...ri th the experimental ones foy 

SAP, but the ·calculated activation volumes are oetvleen 10 &J.d .100 ti1:1es 

•t ~h ~b • L 1 12 · grea er uJ. an ".e exper1men"a ones·. 

d/ Thermal acti vatiori of junction ·reactions 

In alloys deformed at high temperatures, the particle limited 

recover.r can still .lead to large dislocation densities. Hirsch ty};e 

junction reactions 30 "between attractive dislocations· a-re frequently 

' d • Lh' • 10 ooserve -ln_~ 1s case. The author has studi.ed the thermal dissolution 

~ h L' 31 
o~ sucJ. reac~1ons. 

again vary rapidly with the applied stress, agree reasonably ,.;ell '.-ri th 

experimental data in SAP. 

·Even if the various models presented here are partially satisfactory, 

it is doubtful that a single model can at high te~peratures ·uniquely 
1 

descri.be the flow mechanism of this type of alloy. In any cnse the 

large valu~ of the activation energy indicates a hignly rc·stricted 

dislocation mobility. Such alloys· ,.,-ill therefore -retain an appreciable 

fJ.ow stress, even at high temperatures. 

,, 
'. 

\ I. 

\ ,'. 
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Table 1. Structure parameters of the alloys 

~================~-========= 

alloy 

type phase ·"'(A') . i. ./0 ... 

SAP 4·i-f Al203 y· 2.75 0.0253 

SA? 7 II )+..85 0.0293 

S/.J...P 10 II. 7.00 . o·.o3l4-
.. 

l~?vi Al2Cu h.5 0.298 

4c !I l.+ .5 1. 08 

5F !I ).9 0.158 .. 

f == volw"lle fraction. of· dispersed phase. 

r = mean planar particle radius. 

d = mean planar interparticle distance 

-cl c~1; 

0.208 

O.J.82 

.... 0.162 

2.8 

11.4· 

1. 3· 

·»The nu.ni.ber is the 1.reight fraction of alu."T,ina. 

.'-. 

·cr·o.in s_ize 

2 - 5 

430 

LilO 

430 

,;· 
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Table -2. Energies of formation of a :pair of jogs .. 

Xl.loy. SAJ-=> 4. 5 SA? 11.7 4c 5? n. 99-~Y:, 

2·• r ) u.... \e • ..,~r. 
:tC . 

0.43 0.42 0.35 0.41 a·. 34 0.33 0.37 

Table 3. Dislocation densities as a function of ter:s-ile · 

strain at room temperature. SAP 4.5 

===========-=--=,===== 

Strain 

0 

0.05 

0.2 

1 

2 

3 

5 

6 

mean densi.ty, em - 2 

(electron micrbscopy) 

(5 ±_2)10 9 

(T ± 2ho 9 

(1.05 ± 0.3)10 10 

{1.2 ± 0.3)10 10 

( l. 6 .± 0 . 3} 101 0 

' . ' . . 10" 
(2 ± 0.3}10 

mean density, cm- 2 

(activation -vo1u..-ne) 

.......... ------·. ----------

(L9 ± 1.2
1
hb10 

' ( 2. 3 ± 1.1[) 101 0 

'(3.6 

(4.9 ± 0.9)10 10 

(6.2 ± 1.3)1010 

(6:9·± 'i:iho10 

clistri but ion 

homogeneous 

II 

11 

11 

cell structure 

II 

11 

==================================~~========~==-== ~=-======== 
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FJ:GURE CA?TIONS 

·Figure 1. Double cross..,.:s]_:i<;). for an ed:o-e dis loc s.t :~o:-::. 
~- D 

Figure 2.. 'Variations- of tfte tenS~L.le flo'!,.r st·ress, -~or C.i·f:2'ercr:t. ~YC1 .... al~S, 

as a functiC)In of te;-nperature (.the flow .... stress· ·is cor:!:'cc-t:.ed 

- ~-----~----~--

?icure 4. Variations· of tt,e a.cti.vation energy function of ter.;}en:.ture, 

(·.~ __ · -4 s-1) at constant stra.in rate c. 2. 7.10 . 

strains. SAP 11.7. 

Figure 5. Variation of 1/L wtth true 

Figure 6. Activation energy at const&'1t strain :::-ate as a function of 

temperatu:::-e for SAP 3.6, 8.3, 11.1 and. Al-99.5/;. ~ = 2.7.10-4 
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A. Makes ~ny warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa­
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor­
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com­
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or empl0yee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employme~t with such contractor. 
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