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ON THE NATURE OF STRAIN HARDENING
IN POLYCRYSTALLINE ALUMINUM
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' Lawrence Radiation Laboratory
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! . ABSTRACT

B

The Basinki-modified Seeger equation for deformation of metals’

. by means of thermally aetivated intersection of dislocations was used

to ascertain the various factors responSIble for the strain hardenmd of
polycrystalline Al and a series of alpha solid solutlons of Mg in Al. The
analyses were based prin'cipally on the rate of change‘ of strain-rate with
stress and the Cottrell Stokes ratio. From meaSurements of these

quan‘cltles on a series of strain~hardened states, the force dlsplacement

diagram for mtersectlo‘n, the den51ty of dislocations in the entanglements,

and the contributions of the athermal local stress and long-range stress
interactions were deduced.

Polycrystalline Al was observed to have the same force-displace-

~ment diagram for intersection as single Al crystals, and the corresponding

- diagram for the Mg alloys differed in a manner that suggested that small

amounts of Mg may decrease slightly the stacking fault energy of Al.
Although polyerystalline Al had about the same‘initial.density of dislocations
as the single crystals, the density of dislocations in_crea‘sed much more -

rapidly with strain in the polycrystals. This fsctor and the higher back
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B "'stres'é“es gen_erated in the poklyc'rystalline'Ai were the major fa"cto'rs

‘ | r‘esponsible-for_thé higher -stféngth of the polycrystalline Al

‘V'As the Mg contentf of the alloys .was inCreaéed,_ fhe__ i.ni.tnial .'den'_sity-
of the dislocafions also incréased. Most of“tk.xe' :.alloy st'rengtheniﬁg"arOS‘e.
from this factvpr";-alloying effects due to short-range ofder sfr"vength'ening,
Suzuki lbcking;' Cottrell.pinning, etc. were estimated to be quite small.

The greater rate of strain hardening in the alloys was deduced to be due

. primarily to the gr,e‘ater‘ increase in the density of the dislocatious with

strain as the Mg countent was increased.
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ON THE NATURE OF STRAIN HARDENING
. IN POLYCRYSTALLINE ALUMINUM
- AND ALUMINUM-MAGNESIUM ALLOYS

Sandip'K. Mitra*. and John E. Dorn¥** -

Lawrence Radiation Laboratory
University.of California
" Berkeley, California

December 22, 1 962

I. INTRODUCTION

It is the pufpose of the present investigation to shed additional .1i‘ght

©oon the average plastxc behavmr of-a grain in a polycrystallme aggredate
' by analyses based on dlslocatlon theory, of. appropmate eaperlmental

f test results These deductxons when compared w1th those from smdle-

crystal data w1ll then serve to 1llustrate the maJor 1tems of dlfference
'b_etween the plastic behavior of smgle crystals and the 'aver'age behavmr_
of a'grainl in a polycrystalline'aggrega‘ce. Ef'fe‘c‘t_s of alpha solid solution . ;
alloying on thve plafsti.c beflavior oflAl'wer"e aiso investigated in terms of .
the disioeation intei‘section model. | |
'.Preyious. investigations on the plastic behavior ‘of si'ngle crys,tals
of face-centered cubic metals by Mitra, Osborne, and Dorn1 and more
' rec.ently by Mitra and _Dot'n2 have shown, as‘ previouslyemphasized by .‘
vSeeger, 3 that the low-temperature thermally activated dislocation proeess

is that of mutual intersection of dislocations. Consequently, the Seeger

= WALV e 0

*Postdoctoral research metallurglst, Lawrence Radiaiton Laboratory

-k Professor of Materials 801ence Department of Mineral Technology,

University of California, Berkeley



bowmg of the 1ntersected d1slocatlon a more approprlate relatxonshxp 1s

- given by

:‘»The values of G/G for Al used throudhout th1s paper for both pure Al o
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K

applies, where Y‘ is the‘shear strain rate, N is the number of points per

" unit volume where 1ntersectlon is. imminent, A is the average area .

swept out by the gltde dlslocatton per mutual mtersectlon b the Burders

~ vector, ﬂ a frequency about equal to the Debye frequency, U the actlva-
tlon enerdy for mtersectmn k the Boltzmann constant and ‘T the absolute
‘ temperature Although the energy for mtersectton depends on the intimate : -

| deometrlc detalls of the process as revealed by Schoeck and Seeder 4 we .

make the customary assumptton here that the vartables in BEq.1 represent

suitable smeared average values. Whereas Seeger assumed that the actlva-

" tion enerQY, U , decreases linearly with the applted stress, Basmskl5 has

" shown that,’ in fcc metals, owing to the 'con'striction of the p'artials and the

L f .

(2)

| The F - x diagram for intersection, as shown for single,crystals '

. of pure Al 1 in Fig. I, represents the average force-displacement diagram !

at ‘the absolute zero" At temperatures abo-ve the absolute zero howeyerv
the force for any dlsplacement varies llnearly w1th the shear modulus of
elast1c1ty, G and is given by

F=F G/G L
o o . . e L

and the Al Md alloys were calculated for the slip dlrectlon on the Sllp ‘

iplane from the data reported by Sutton 6 The force F ts gtven by

s (-2 )A s= <Z° @/@ JLb



where'z:"; _is the total back-stress field, referred to the absolute zero,

: v : . 7
that cannot be overcome by a thermal fluctuation. Whereas Hirsch

f'ie,lds‘ at the point of intersection, Mitra and Dor'n2 haire shown that

T A
T ["=1; +Z;L@ | | 5

“w

for pure metals, where

Fro A G
(4

e ———

/. A | (6)

givés the ioéal stress éffect due to interactions of the glide and forést
dislocations, and Z:; ;,ariges from loﬁg-range stress fields and other
- athermal restraints on dislocation motion.I Mitra and Dorn2 have ‘fo.un.d, '
) ‘experimentally, that the average valué of A = 0.035 applies to Al. This
iatter \;alue will be assumed throughout this paper for pblycrystallin’e
__Al,'énd the Al-Mg alloys. |
A satisfactory description of the origin of _tbe long-range b'ackv

stresses is not yet known. ~ Whereas Seeger3 and Friedél8 ofigiﬁally'

ascribed théé‘e stresses to piled-up dislocation ‘arrays, such arrays

are not us'ually seen in electfon microscopic investigatious, particulavrly‘
'; g in highv-s‘tacking-fault metals such as Al. We might éuggest, however,

| that they can varise froiﬁ concentrations of dislocations of the same sign
o - _ k m certain regions, and they may aléo be éssociated with effects due to

; ’ ~ the corumonly obs‘erv‘ed dislocation entanglements in cold-worked Al in

i ' two possible ways. One is merely a result of the concentration of dislo-
" catious of the same sign in a given region; and ’vche'second“is-due to the

: .- fact tha:,t'eh‘;ahglements may represent a lower energy state; cousequently,

forcing a dislocation segment from an entanglement may require that some

-
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and Basinski11 have suggested that Z); arises only from the local stress:
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worl< be done against ’;he attractive stress fields of 'vthe.-residual dislocations
in the enfanglement. Other athermal restraints on the motion of dislocations
such as might result from jog formation, trails and debris also contribute
to the value of Z:; - In Al alloys we expect another contribution, Z—*S
- to the back-stress field arising from the effects of short-range order

Suzuki locking; etc. Therefore for alloys, one has -
# )t‘
P Z“ + Z‘ A6k
L

The obgectlve of this 1nvest1<rat10n is to deduce the F - X cnrve . '

()

as well as the dependence of l/L and Z."x on the plastlc strain for poly-_
crystallme Al and Al-Mg SOlld solutlon alloys -The F, - x curve for |

: polycrystalline high-purity Al will be shown to be identical_with.that
obtalned from single-crystal data. | Thls agre_ernent is required when .'

_:"c'he‘ fheory.is'rellable; "'the same slip systems nredominate, and the.

’ deforrnati'on is controlled. by the same thermally activated mechavnisrn n .

single crystals and polycrystals. The F - X cu‘rve for..the alloys how - o

ever, will be shown to differ sllghtly from that for hwh purlty Al, las :

_mlgh‘c be expected if small amounts of alloymg with Mg decreases the
stacklnd-fault energy Our major interest, however w1ll be the trends

of Zf* and l/L with the stram since these factors describe the work-
‘har'denmd characterlstlcs We will show that the strain hardenmg of

' polycrystals dlffers from that of smdle crystals and that sohd solutlon‘

alloylnd also affects the strain- hardenmg trends
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1I. EXPERIMENTAL PROCEDUCRES AND RESULTS

Teunsile specimens with their longitudinal axes in-the rolling
| di"r.ec‘cion were machined from 0.1-in. thick sheets of the Al alloys, the’
chemic.al compositions of which are given in Table I. The reduced
sections‘were 3 in. long and 0.250 in. wide. | In order to obtain the Same
'average grain diameter of 0.3 mm the alldys were given the heat treat-
Am'en’cs shown also in Table I. Each specimen was etched before testing

to reduce the possible effect of oxide coatings on the test results.

Table I. Chemical composition and heat treatment of the alloys

~ Chemical composition by weight % Heat treatment

: : ’ Temp Time

-Alloys Mg Cu Fe  Si Others Al ( F) (min)
Pure Al 0.000 0.002 O.OOVO- 0.004 0.000 bal. - 650 30
- Alloy (i)~ 0.970 0.001 0.002 0.003 0.000 bal. - 850 . 30
Alioy (ii)  1.790 0.001 0.002 0.004 0.000 Dbal. 850 45
Alloy (iii) 2.820 0.001 0,002 0.004 0.000 bal. 850 60

e
~— — r— ac— — e —— —

Tension tests were made with an Instron testing machine operated
at a strain rateof € =1x 10_4 per sec. 'Stresées were determined to
6 dyn/cmz, and tensile strains were measured to within

T 0, 0001. To maintain constant temperatures, the enure specimen was

immersed in one of a series of constant boiling temperature baths. ! The

: diagrams of true stress vs true strain that were obtained at 90°K are. -

shown in Fig. 2.

In order to obtain data for calculating the a_.ctivation' volume, ‘the

" values of/g ,_ defined by

- (8)
T

ow@y‘) | ,M,g/ ,;,Zﬂwé/é}
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where ¢ is the true tensile‘str‘ess, were obtained by meéns of rapid .

* changes in strain rate from 1:52 =1x 10f4/sec. to él =1x 10-5'/S'ec,‘ '
for tests on' all alloys at QOOK,' as shown in Figs. 3a and 3b. As shown by
Eq.1, when t}ge‘ strain‘ rate 'ar'ld temperature are held constant, the
‘activation enérg}’, U , is constant p_rovided -NA does not change much
during a test: The factthat NA ‘is subs’c'antiall.y constant was shown
proviously,.1 :Corisequently,, F and x as given in Eq.2 are also constant |

throughout a test at constant strain rate and temperature. As can be

shown by Eqs i-,z,and 8, § |
. QQ/«LXQ)': , KLk .
£ ST T KT e

Therefore, the decrease inﬁ with s‘tress, as recorded in Fig. 3,

~ reflects how the forest d»islocation.spacing, 'L, decreases with true

stress. Furthermore; ‘A'onc.e x is knéwn the value _of L can be deter--

mined. | . |

In order to establish the values of L and ﬁ'_* for the tests con-

“ducted at 90°K and the strain rate of f =1x 10'-4per sec, the Cottrell-

Stokes ratio was obtained for séveral» strain-hardened states iz"x each

alloy. The prqcedure ’ﬁhat was adopted circumvented the difficulties

thafc ére intréduced as a _fesu_lt of the Well-known failure of the mechanical

equation of state. The strain-hardened state, represented here by the -

\;'alues of ﬁ' * and .L , depends on the temperature énd strain rate of the

test as Wéil as the total strain. In order to obtain the Cottrell-Stokes

'ré.tio for appropriate, we‘ll—defined states, each specimen was at first

| strained to a prefixed true—stres‘s' ’true-straiﬁ at 90°K with € = 1x10 ¥/sec.
‘The lpad,was then quickly removed and temperature change was made. The
specimen Was then allowed to deform at'the néw temperature andéi =1x 10_4/sec
and the yield stress was note_ﬁ; a series of/g measurements was also made -

in si;ccessidn.’ ‘The values ofﬁ so obtained 'Were plofted against the stress
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and were simply extrapolated to the yield siress at the new.temperature.

" A typical example of the extfapolation of/B at different temperatures,

- for a state cofresponding to true-stress true-strain of 7.55 x 108dyn/cm

and 0.038, resﬁaectively, for 1.79% Al-Mg alloy is shown in Fig. 4.

Similar experiments were done for other alloys at different states as is

_documented in Table II. As shown in Figs. 5a and 5b, the values of

Z/ G, /G= a- GO_/:ZG' obtained in this way were plotted as a function of

. ig kT = xLb. Each curve of Fig. 5 refers"to a given strain-hardened

state as identified by constant value of L and Z'* . Since L is counstant,
the abscissa, '/3 kT = xLb, is therefore directly proportional to x .
The value of x was selected to be equal to the Burgers vector b

for the tests conducted at 4.2OK. This selec_‘cioh is justified because, U,

~ the energy that must be supplied by a thermal fluctuation in order to effect

the completion of a mutual intersection of dislocations is very small at

4.2 K. Consequently, the applied stress must be great enough at this

temperature. to complete the constriction of the partials. The residual

Amqtio‘n required to form the jog is therefore of ‘the order of magnitude

- of-'b. Having so Selec‘ted X =b (at 4;2OK), the values of L were then

determined from L = ﬁ kT'/}b'-2 for each strain hardened state at 4.2k

From the now known values of L it was possible to plot Yi"LbGo /G
Vs X = /3 kT/Lb, as shown in Fig. 6, for the two specified strain-hardened:

states of polycrystalline Al that were investigated here. In addition, on’

. ‘the same graph are shown the same data for single crystals of hi_g‘h-‘puri‘ty

- Al for the initial yield strength (the beginning of easy glide) and for a

strain-hardened state that represents almost the maximum limit for the
linear range (Stage II) at lGOOvK, the maximum temperature emploj"ed in

this. study. '_ At slightly-higher.values of strain hardening, therefore, ‘the
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Table Il Value of L and 7

%

£

at different states for di.ffci‘c'nt miaterials

STATE

True  Truc  Value of § at 90°K, *rz - Calculated x Deﬁéity of
stress. | strain € = l/le“_’J/sec 8 £ valies of 1, 8 dislocation
Material (dyr/em®) (Jo~ c,m.l/,dyn) (10 dyn/cm?‘) (10° xcm) (107" cm) p = 3/1.,2, cmz_
Pure Al ©2.09%107 0.010 10.41 0.86 7.5 5.8  5.3x10!0
2.37x107 0.014 9.20 1.0 6.4 5.8 7.3x10'0
~ Alloy (i) 6.64x107 0.03) 2.91 3.2 2.4 - 53 s.2x100!
Alloy (ii) 5._44_><1o9 0.011 3.40 13735 7 5.3 4.1><10’;’-
o 7.55%107 0.038 2,72 4.95 2.2 5.3 6.2%1011
Alloy (iii) 9.10%10° 0.028 2.22 5.00 . 5.3 9.3%1011 "
o 10.80%107 0.042 1.88 55 1, 5.3

11,710}
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-single cr‘ystals would lenter Sté.g’e IIT of parabo_lic strain hafdening tha’c '
cﬁafécteﬁzeé the cross-slip raechanism. A_Thé vafious'curvés of Flg 6
'afe i_d;'_ant_’icall. except fér a vertica'l di:spllacen’ient. This is in égreéirhent :
Wi’c'h.'the deductiQns based on iEqs.}-S and 4,vwh‘ich suggeéf, for a givben‘
met.a‘l, ‘tha‘c | : .

CtLseje=FE 4TSl

(10)
,.A.’I‘he.refore, the same FO- - X curve is obtaiﬁgd for polycrys’télline vAl
.'as applie.s to s’ingle Al crystals, and the differences i'n. the eleva;cion of -
these curves of Fig. 6 arise from the di;”fezjences in ZJ;Lb for ‘che_sfrain- .
hardened 'Stat'es that were éxamined. Since L . is now known fovr.these‘ |
staté's, the values of z'xo can be éalculated, assuming, as pre‘viousl‘yi ‘
| ,justififedz', that the long-%range back stresses, Z;xo,g are zei‘o at the
. ‘beginning of easy g:lidé_in the'single—,crystal data. Therefore,l the total
bac'k—.str;eés_' field at ’the beginning of easy glide is eqﬁal to 0‘.03‘5‘ Gb/_L.v
Fi“om"th‘eidif.fevrencerin : Z"LbG‘O /G repfe'sénted by the vertical disp."lavce-‘
men‘;s of the curfzes in Fig. 6, the Vélues o_f. ?i)ko appropriate to each |
:st_féin-ha’rdenéd -sté.t_e were calculated, aé d‘ocument'ed.in Table II."V
.‘Sgbtrac‘cing the x}alues of Z'*oLb from _Z’”"L.,bGC')./-G gives vthe sa‘_m.e‘
| Fo - X cu’rle-e shbwn in Fig. 1 for polyc’rys:talline Al as .wa‘s préVi@usly’_ '
~ deduced frofn singl‘e-'vcrystal. data.2 | | |
A similar analysis was performed ou the data on Al;Mg alloyS i‘n_ 4

order to estimate the value of L for the st'ra‘in—harde.ne.d states shown'
in Fig. 5b.- From the value:s of L for each alloy and state calculated in .
this way, the data in Fig.5b were répl_otted to give beGO/G Vs X ilB kT/Lb,
as sh’ow‘n in" Fig. 7. " Except for the previously described vertical ‘displace- _

ment, t‘hese curves are identical (within experimental error) for the
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various c.lloys but they dlfier from the correbpondmd curves of high-

purﬂty Al in as much as they do not level off as ramdly Wlth mcrcasvnr -
"valuesﬁ of X, ThlS sugges s tha t dreater dlsplacements are r@quﬂred to
.c'omp.le‘ce intersect_ion and tha’c»t’he total energy 'expended- in m‘cersectlon‘ ..

reater for the alloys. Although the cause of this observation cannot

4,_:.
g

s
be definitely established exclusively inh terms of the observations made ‘ |
".hefe,‘-fche r.esult‘s suggest that small‘ iriitial amounts of Mg might lower

. _.-.thelst_a_cl;«:ing‘—fault ehefgy of Al. |

| ‘Wh.er»éas thé values of ?:*o for the tested ‘staté.s. for pOlyc'fystals -

..of pure Al_.could be established quite .accﬁr'ately 'Ifrom the»estimateq Vaiue
at the' vield strength of sin;fle Al crystals, this,‘pro4ced'ure ¢could no{ be

used for the Mg alloys of Al, since the single crystal data were unavailable.

On the other hand, the value of beG /G ia Fig.7 for the greatest value

of x s’cudied is prObably only slightly greater than 2& o Lb. Therefore,

| to wuhm thxs apprommatlon /'Z:'*o can be célculated for the da’ﬁa of. th'ei
1. 79%'-1\/10" alloys- And correspoundingly, the Values of t Lb for tne B
remamder of the Mg alloys. can be OeLermmed from the dlﬁerences in

'the vert;cal displacements of the curves of Fig.7 and 'Ehu, known Values ‘

‘ ,of L for each alloy The pert inent data are now summarized in Table II

By use of Lhe data given in Table II a_nd‘ those depicted in Flgs; 3a

o and 3b, .it ié now poséible to _deduce the Sidnific'ént stvéi.n-ﬁa14deilind trvends.

of t’h'e variation of l/L and -’Z’* thh strain durmd tension at 90 K. From"

a plot of ZIG /G against p kT on a log-log sheet shown in Figs. 8a and

8b, values of l/LJ with stral_n can be obtained by comparmg the vglues of

/’3 va, using the kho{vn.valu\e of L fqr each state.A The variation of 1/L

With stréin for each alloy is given in Fig. 9. For a fixed strain rate and

. t'emper‘a‘ture of deformation, since F is a 'cvonstan.t, we have Z" G, /G - Z};n

A

= constant/Lb. On the basis of the known value of ?:*o f;”or the states
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shown in Table II, a 45 lme is drﬂ"n as shown in Figs. 8a and Ob
From the differences of the observed curve and the 45 lme the
values of L for other strains were obtamed (given in Figs. 10 and

13), as previously justified in reference 2.
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III.- DISCUSSION

Pure Aluminum -

The-:observéd agreerﬁenﬁ betw‘eé.n' ‘the FO - X 'cur‘{re- for irgl’terseétion'b
d‘éduced from polycrystals and that fqr single erstéls has 'a‘number of
important impli_catioﬁs. This curve represents some smeared 'av_e‘ré.g'e
value o f the forcé—aisplacement dia'gram during'intersection of two dis-
loca%iqns. Therefore,' the identity of the Fé - x curves for singlé and
polycrystalline aluminum reveals that the smeared average conditions
for intersection are substantially the samé in the two types of test
materials ‘regérdless.of the proﬁou’nced differences in the number of
operative slip systems and in the arrangements and densities of
dislocations. Furthermore, the upper c’urve.fo_r"the single cryst.als'
in Pig. 6 r@pregents almost thc stress level at which cross-slip takes
place since parabolic hérdening of S“’Lage.HI would be initia‘céd at a slightly
higher stress level. Since the stress levels for plastic flow in the poly-
“crysials as shown in Fig. 6 are u's{;z;xl‘ly much greater than those required
o induce cross-slip in single crystals, extensive cross-slip rﬁust be
takiﬁg place in t'h_e pblyc‘rystalline specimens. In spite of the iﬁ‘croductiou
-of this alterﬁative thermally activated mechanism of deformation, the
same Fo - x diagram: nevertheless femainsv valid. The obvio'uvsvexplan-
ation is that; over the ranges'of coﬁditions investigated here, the two
processes are not independent. As cross-slip takes place, the back
‘stres'ses are relieved and dislocations move up at a rate dictated by'the
intersection,mechanism. Where both processes are mutually dependent,
therefore, the analysis for strain rate inay be based on either mechanism
since either can be considered strain-rate controlling. Coﬁsequently, it
is reasonable to basé thé entire analysis hefe oﬁ the interseciion fnec‘nanism,
since crbss—slip merely plays the rdlef of relief of the back stress acting

‘on intersecting dislocations.



- undoubtedly associated with the blockage to slip at the boundaries of
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As shown in Fig. 9, the initial dislocation density/O, where

: o . ‘
/9 = 3/L", is about the same for the single and polycrystalline Al

‘investigated here. The changes in dislocation density with strain are,

however, pronouncedly different for the two materials. Over the easy-
glide region, 1./L for single crystals increases only modestly with
strain, and it increases almost linearly with strain over the linear-
hardening range of Stage II. Whereas 1/L increases slightly less

than linearly with strain for polycrystalline Al, its rate of increase with

strain is about four times as great as that for single crystals. This

dlfference is due largely to the imposed polyslip that must take place
in polycrystalline aggregatﬂes.

The major.difference between the plastlc behavior of single
crystals and polycrystalline aggregates is due to the pronounced di:f‘fer? '

ences in the back-stress fields as shown by the data recorded in Fig. 10.

: ' . . , ' % )
For pure Al, as shown in Fig. 11, the total back stress [/ o &rises

A

from the interaction stresses [ 5 = .035 Gb/L and the long-range-stress

1

A ‘ . . n . , . . i, L.
Since L is known for each sirain, the interaction stiresses

fields {/.'o;f:

can be calculated as shown above. Although the interaction and long-
range-siress fields are small and about the same order of magnitude for
single crystals, they are many times greater for polycrystals; and, for

sle
B

the polycrystals the long-raage back stresses C , are about twice as
: , . ol S

S
by

great as the interaction stress fields |, o - - These observations are

. ;T
dissimilarly oriented grains. Whereas the long-range back stiresses .
in the polycrystalline aggregate at first increase almost linearly with
strain, they finally increase less rapidly, as is expected in terms of the

effects of relief of the back-stress fields by cross-slip.
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A comparison of the long-range back siresses in single and poly-

crystalline Al at different values of 1/L is shown in Fig.12. The

atio (75 ' - ; o about
'1au.o (Lo poly/ [;) ) sin gl at the same values of 1/L is about 1.6.
This coincides well with the factor deduced theoretically by Taylor
~ A A .
that C, X2 lf/ &= 3.10 [ for the correlation of the flow
poly “poly c , :

pre
o]

stress (G polycrystals with the critical resolved shear stress,

poly
for slip in single crystals. Whereas Taylor wrongly assumed

7
et

SN

C.)
that the comparison might be made at the same shear strains, this

ana.lysis reveals that the comparison should be made at the same structure,
as given by 1/L This is-in agréc—;men’c with the suggestion made by Kocks.
The higher value of ﬁ.’o* f;)r tke polyérystals must then be assocciated Wi't’n
back siresses of piledv-up dislocation patterns that are requi,recl to prqduce
approprlate polyslip on five systems in adjéc.ent grainé.
. The e*’fects of cross-slip also provide a chpie e\plana‘uon for
the Well documemgd failure of the mecncm cal » ation of state, whereés_’
11 12 ‘ ‘

Luawm and Holloman have suggested that the flow siress is a function of

' thé-instant‘aneous values of the St'rain, strain rate, and temperature
according 1o { JzG(4, &, T). Several investigators have clvarly shown
that W_hen these variables are ased the past hi story of stram strain 'rat'e,-

“and temperature are also involved. A typical result IOI‘ cox.-mercial Al,
as obiained previousiy by Tietz and Dorn, is shown in Fig. 13. When,
however, the intersection model is valid, the appropriate relationship is

o o

given by C‘-“ M (L, &, T,& ) as can be seen from Eq 1 When the

ests on 5m01e crystaﬂs are oer;ormed at low +cmt>erauurc and under -

o+

conditions such that cross- shp does not occur M-d {: are exclusively
o . , e oo . o~ 2 s
a runction of the strain & and, as shown by Mitra and Dorn, the mechanical

equ“uon of state is valid. DBut when the test is done in the range where

g 3k

C'f.OS_S'.'VSllP can OCCUI‘; ~ has a lower value t%an it would have had at that

L .

straia if cross-slip had not taken place or if, as occurs at lower test
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temperatures,, less cross-slip were obtained. Under these conditioneg,
' . o _ . ) -

‘various combinations of j and L can be obtained as a function of the.

ity

strain at the differeunt te emperatures. TFor example,
her temperature and then decreasing the temperature would

o
R

provide a lecwer value of [, than would have been obtained for the sam

strain at the lower teraperature. And continued siraining at the lower
\

' . . . R
temperature would then result in a more rapid increase in i, than

given at the same stress level for a test done exclusively at the lower

temperature.  These deductions are in complete qualitative agreement

with the data recorded in Fig. 13.

"Magnesium Alloys of Aluminum

£
|

The sirain-hardening characteristics of the polycrystalline Mg

alloys of Al differ only guantitatively fromx those of polycrystalline A

" are similar, but that they . difier from that of Al in a way that suggesis
oure Al. Thus, a srnall portion cf the increase in the streungth of the
a more significant facter in solid solutloq strengthening

However

z

ariges rrom the |

1/L are somewhat greater for the allcys than for pure Al. Undoubtedly

during recrystalhzauon a greater density of dislocations is retained in
the alloys as a result of Cottrell atmosphere and Suzuki locking effects
As ghown in Fig. 9, the increase in /L with strain is oreatest for the

'{ ’(v.l = . ﬁ]'l RS EA .‘ - -~ . - B 3. o~ - Py ) ‘
highest alloy content. For some reason, be it short-range-order

strengthening, Cottirell locking, or Suzuki locking, more dislocations

are retained in effective positions to require intersection in the

irst prestraining-

Previously we have mentioned that the ¥_ - x curves for all the alloys

rev.
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“high-Mg-content alloys. And as shown in Fig.9, the rate of increase:

in-1/L with strain is also greatest for the highest alloy content. . The

- da

/e 3

interaction stresses { ° for the alloys are shown in Fig.14. The

.present data, however, do not permit a separation of the long-range

€. A

back stresses Looo and the back stresses / due to short-range-
, L .. . i o . SR ' ./‘i/:::.' . C . .. ’
-order or Suzuki locking. The sums { , + o 2are, however,

o)
v~

recorded in Fig. 14 and the values extrapolated to zero strain are

given in Table III.

by

Table III. Values of ° + o at zero strain
Alloy | T
% Mg ‘ 9S
' dyn/ecm®
0 0.25 x 10°
0.97 0.580 :;-108
1.79 1.00 x 10°
2.82 1.50 x 10°

These data suggest that only modest increases in the initial flow
stress are due to effects of alloying. The major effect of alloying is

18

. R . Sk .. . op . ‘
due to the more rapid increacse in [j ° with strain for the higher

‘alloy contents.
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IV. CONCLUSIONS
1. Th.e'_ force-displacement diagram for iﬁtgrsectibn of di.slbcaf
T;Iioi:'s deducved from polyc&ysﬁalline Al déta agrees with that deduced:
from tests on single crystals éf .Al. |
| 2. The force- olsplacemen‘c iagra,n for intersection of dislocations .
in Mg 'alloysv of Al suggest that Mg reduces the stacking—fault Qnergy of Al.

3.. The initial mean spacing of the forest dislocations is about the

same for annea led polycrysLallme Al as for single Al crystals.‘ Anneale.d

‘C)Ol cv‘ stalhne al lo s of Mo in Al have more dense’ dlerLbLuon of dls‘o tions.
Yy Y :

Y

4“ Polyc:%ystallme Al strain- hardenc more rapidly than bl gle

_ cry'stals because (a) the density of fores’c dislocations inéreases. more

rapidly, (b) the interaction stresses increase more rapidly, c.nd v"mcm‘.llv
(¢c) the long-range back stresses show much greater increase with strain.

. 5. Alloying Al with up to 2.87% Mg results in solid ccﬂuuor swuvuhcrmo

as a result of a small increase in the intersection energy and as a result
of solute atom: dislocation interactions. A more important effect arises

from the increased dislocation density due to alloying. IFurthermore,

the rate of strain hardening increases . greatly with alloying owing to
(2) a greater increase in dislocation density,* (b) a greater increase in
the interaction stresses, and (¢) a much greater increase in the long-

range bac stresses with str
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