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: ABSTRACT

The dynamlc behav1or of s1nrrle crystals of Ag, Al was 1nvest10 ated
-4

Cat stram rates from 10 to 105 per sec. Basal Sllp was found to be almost' ‘
' stram ratcv nsensltlve the y1eld stress was found to 1ncrease shontly w1th
an ‘nerease in temperature ThlS behavmr is explamed in terms of Suzulxl
‘ lolcnmg. In contrast pr1smat1c Sllp was found to be Vcry 3[!‘8.11’1 rate | .

- seasitive. At hlgh temperatures and low stram rates a diffusion controlled E

de ormation’ mechamsm is operatlve Wh1ch is surprcssed at hwh strain =
raes glvmg a2n increase in yleld strcngth of a factor of 30 The prlsmatic L

slip behavmr 1s explamed in terms of the Peierls mechanlsm of l«.lnl\ palr

: formatmn The resolved shear stress for {1019} twinning as a functlon

of temperature and straln rate was also determmed Fmally, the theory

: of plastlc wave propagatlon is reexamlned in the lloht of de formatlon rate '




the plast1c behavmr of smgle crystals under condltions of 1mpu1swe loadmg X
leth spec:ﬁc empha51s on the mgmﬁcance of the dynamlc behavmr of

d1slocat10ns to the formulatmn of the mathematlcal theory of plastlc wave

L dlslocatmn mechamsm, the deformatlon stress 1s insensitive to the stram

. lncrease in stram rate and a decrease in temperature. However at hlgh

. _dlffusmn are supplanted by other mechanlsms when the strain rate 1s SO’ ,'

L INTRODUCTION

“This 1nvest1gat10n was undertaken for the express purpose of studymg

).

"'“":rl"-f'propagatlon For th1s obJectlve smgle crystals of the hexagonal phase Angl

contammg 67 atomlc percent Ag and 33 atomlc percent Al were selected for

study because of the varlety of flow rate determmmg dlslocatlon mechamsms .tf-.'a: )

“they are known to exhlblt under cond1t1ons of slow deformatlon. 1 It w1ll be v o

' shown that when the plast1c deformanon is controlled by an athermal

rate and temperature. In contrast when the motlon of dlslocatlons at low

temperatures is thermally actlvatable the flow stress 1ncreases W1th an’

.

temperatures thermally actlvated deformatmns whlch are dependent on L

high that there is msufﬁclent t1me for d1ffus1on to take place. n




~

speclmen Preparatlon- Orlented smgle crystal rods of the"mtermetalhc

phase, 33 atomlc percent AJ. 67 atom1c percent Ag were grown from hlgh
' pumty Ag (99 995 wexght percent) and Al (99 995 welght percent) 1n a |
‘vertlcal furnace under a pos1t1ve argon atmOSphere by the standard
| ‘Brldgman techmque. The rods were cut 1nto specnnens, annealed at
;.':“650°C to reheve reS1dual stresses and etched in mtrlc ac1d to remove

""'the surface ox1de. PR

close-packed structure, spec1mens were or1ented for basal sl1p by the
{0001} <1120> mechanlsm or for pr1smat1c shp by the {1100} <1120>_
- mechamsm. Both compress1on and shear tests were performed For the .
f:.'compressmn tests cyhndrlcal rods one-half 1nch in dlameter by one mch
: :m length were or1en’ced for max1rnum resolved shear stress on the -
jv’l'partlcular shp system tested as shown 1n F1g. la As antlclpated Spec1mens - "
- oriented for shp on the pr1smat1c plane 1n the compressxon type test. :
exh1b1ted {1012} twmnmg. For th1s reason shear tests, as shown m

Flg. lb were also made.. In these tests the shp plane and the Burgers

; vector were. orlented parallel to the shearmg plane. Because of the short

gage sectmn the shear tests had the added advantage of prov1d1ng very h1gh

& rates of shear stram m the v1c1n1ty of more than 104 per sec for the
dynamlc tests. el o B
Experlmental Apparatus'- The apparatus used to produce and measure the

'dynamlc stresses and hlgh stram rates, prev1ously descrlbed 1n detall by

f’il,v"Hauscr and Wmter2 and Hauser, Sunmons-, and Dorn

For the purpose of studymg- the two shp systems of the hexagonal

-

“

3. -is shown schemat1cally

in Flg. 2 The mput and output bars used m th1s mvest1gat1on were 1/ 2 mch
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followed that prev1ously descrlbed by Hauser, S1mmons and Dorn,

. Analogous techruques were used 1n the shear tests from which the shear

‘ prlmanly to study prlsmatic sllp, thelr accuracy was estabhshed by

y compar1son W1th compressmn tests for basal shp. As wxll be shown data

diameter T1 6Al 4V t1tan1um alloy. 'Elevat'ed temperatures.W'ereach'ie'ved".:'

by encasing the spec1men and the ends of the bars m a small furnace. A
thermoc0uple was attached d1rect1y to the specxmen to measure the tempera-

ture, The electrlc stram gages on the mput and output bars were water -

- cooled and operated at room temperature.

K .f Method of Analys1s-‘ The analys1s of the dynarmc compressmn tests by -

| wh1ch the resolved shear stresses and shear strams were obtained

3

3 '_'stress on the Sllp plane and the shear stram rate over the Operatlve gage

- section were determmed Although the shear-type tests were mtroduced

obtamed from the dynamlc shear tests agree well w1th those from dynamlc [

..compression tests, Because prevmusly reported data on Ag Al was .

obtamed from slow smgle crystal tensmn tests a. number of slow compressmn

"tests were carrzed out for purposes of compa.mson,




: "1'11 EXPERIMENTAL RESULTS»-

The shear stress vs shear stram curves for'basal sllp at.

Bas al Shp-

300°K obtamed from the varlous techmques that were employed gave

almost 1dent1cal average stress stram curves. Certam mmor dﬁferences,

'\'

test gave a serrated stress stram curve suggest1ve of a rap1d relaxatlon

" of the stress followed by e1ther a rem1t1at1on of the m1grat1on of the f1rst

band or the generatlon of a second Luder's band front etc. - It was: not :
";?dctermmed whether thls dlfference arose as a’ result of a harder or
s ‘stlffer compressmn testmg procedure or as a result of the dzi'ferences
m stress concentratlon at the Luder's bahd front m compress1on as

' “ compared with tens1on. The dynamlc compresswn test also revealed

serratlons over the f1rst part of the test Wthh were much greater than

those usually observed that arlse excluswely from the dynamlc test

condltlons ln contrast, the stress stram curves obtamed i‘rom the "
3 | dynamlc shear tests were almost free from such serratlons o
| e ‘The nommal 1dent1ty of the resolved shear stress vs resolved 'shear
B stram curves obtamed by the var1ous techmques clearly Justlfy the use of

the dynamlc shear type of tests m th1s case. ' The results of all tests for

Far i

~ basal shp are summarlzed m Table 1. The upper y1eld pomt was selected
L {from the’ maxlmum 1n1t1al stress level Whereas the lower y1eld pomt was ]
| selected from the mmlmum stress Ievel followmg y1eldmg. S

| The resolved shear stress at the upper and lower y1eld strengths

' for basal sl1p are recorded 1n Flg. 3 as functlons of temperature. Smce

.-
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errors 1ntroduced by atmospherlc testmg at hlgh temperatures were .

1nvest1gated Two crystals were heat treated m alr at 650°K the omde

.. coating removed from one, and then both were tested at 77°K Smce the'.}:“l '

. difference in. stress was w1th1n the scatter of the data any effect dn° to o

. the surface ox1de was dlscounted

The 1ncrease in the y1eld strength W1th mcreasmg temperature 1s ’ e

therefore ascrlbed to the Operatlve dlslocatlon mechamsm. . K

Tw-mnmg-  As expected compressmn spec1mens favorably orlented for:;_.:.‘_

slip on the prlsmatlc plane twmned by the operatmn of the two most favorablyf:_.- :

o orlented {1012} modes of twmnmg long before the resolved shear stress on DR

o dynamlc resolved shear stress-tlme records for twmnmg are reproduced

' the prlsmatm plane reached 1ts cr1t1cal value for sllp. A Several typlcal

~in. Flg 4 Over the f1rst reglons of a test the flow stress remamed

E 'the data suggest that the - rapld 1ncrease in. stress level 1s due to the. restramt

| The data g1ven in Flg. 5 refer to the poss1b1e effect of temperature on.
- horizontal portxons of the types of records 1llustrated m Fig. 4. The data
‘ clearly reveal a decreasmg cr1t1cal resolved shear stress for twmnmg w1th
mcreasmg temperature suggestwe of a thermally actlvated twmnmg :

i mechanlsm. Th1s eV1dence for a thermally act1vated twmnmg meehamsrn |

'_ for twmnmo mcreases at 77°K when the stram rate 1s mcreased

. the max1mum compressxon stram for twmmng alone is about 3- 1/ 2%, -

of sl1p in the now tw1nned ‘and, : therefore unfavorably orlented specxmen

o is strengthened by the observatlon that the* crltlcal resolved shear stress

substant1ally constant, but the curves always exh1b1ted a rap1d mcrease m

stress level 1mmed1ately followmg about 4% compressxon stram. Smce

the crltlcal resolved shear stress for twmnmg as: deduced from the early

A

"1‘,:« * R . Co '1".-‘3_- L
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One dynamlc test ‘was runin Whlch the stress was ‘_removed after

40 p.SeC. ThlS speclmen was 1dent1cal to those wh1ch were _stvressed for

. 7

. the full 200 p.sec. in that the twms completely traversed the crystal and

l‘ thelr average W1dth was. the same. _ I-Iowever there were fewer twms
1nd1cat1n°‘ that the observed flow stress may be prlmarlly due to the
formatlons of new twms and not to the growth of exlstmg ones. - Smce
: twmnmg was not a maJor 1ssue for ﬂ’llS 1nvest1gat10n the defmltlve study

of twmnmg was postponed for more detalled future 1nvest1gat10ns

Prlsmatlc Shp" Because compressmn spec1mens favorably orlented for

| prlSmath shp twmned before the cr1t1cal resolved shear stress for shp

: was reached the shear type tests were con51dered The good agreement v

between the dynarmc shear test data and the equlvalent data that were'
"'obtamed from the other types of test that were employed m studymg basa
' shp attests to the nommal valxdlty of the mechamcs of the shear tests
. All spec1mens that Were tested 1n shear for prlsmatlc shp d1d exhlblt |

'f_some m1crostructura1 ev1dence of twmnmg. , But th1s was very small i

'partlcularly at the. hlgher temperatures. o

Typlcal dynam1c test data for shear tests are shown in Flg._

the range of temperatures above 200°K stress t1me records of the type

"‘v-‘shown in "b" of Flg. ‘6 were obtamed wh1ch exh1b1ted a small yleld pom

= _» drop followed by. practlcally zero stram hardemng w1th contmued

- deformat1on. Spec1mens exh1b1t1nc th1s type of dynamlc behavmr experlenccd

almost excluswely prlsmatlc Sllp COmphcated w;th only very small amounts

“of locahzed twmnmg. Thls type of behavmr was qulte analogous to that
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absent. 1 At temperatures of 194°K and below, however records of the

~considerable amounts of twmnmg wh1ch was ev1dent1y respon51b1e for the',:j. '

- t_stram hardenmg. Because of the -'uncertamty. whether twinning or shp L

type shown in."a of Flg. 6 were obtamed whlch exhlblted con51derablc

" amounts of strain hardenmg. Spe01mens from such tests revealed

_caused deformatlon these tests were not conS1dered in Flg. 7 and in the.__{;
: dlSCUSSlon in Sectlon IVb. A summary of the initial y1e1d strengths w1thout
' notlcable twmnmg for both the slow tensmn and dynamlc shear tests as a

: functlon of temperature and stram rate are recorded in Flg. _




alloy reveals that the dlslocatlons that are 1n1t1a11y present on the basa

_'plane are locked m posmon As shown 1n F1g. 3 the y1e1d stress 1s not_

4t06a104

,"only 1nsen81t1ve to great changes m stram rate from 10

‘ ;per sec but remams substantlally constant w1th temperature up to about

’:400°K and thereai'ter in. sharp contrast to the usual trends 1t mcreases 'as :
the meltmg temperature is approached Obv1ously, the Operatlve deformatlon_
",‘ﬁcontrollmg dlslocatlon mechamSm 1s athermal Such athermal re31stance |
,v.to the motlons of dlslocatlons can arlse from long range stress flelds due to

‘other dlslocatlons recombmed dlslocatlons long range order short range

l“"fv_order and Suzuk1 lockmg. Overcommg the long rande stress flelds and
o the recomblnatlon forces W1ll not prov1de a yleld pomt and W111 g1ve flow

j,‘stresses that decrease lmearly W1th an mcrease in’ temperature in'a way

v' that parallels the decrease 1n shear modulus of elast1c1ty with temperature
L » As proposed by thn 5 alloys exhlbltmg long range order can exhlblt
' strengthenmg W1th an. mcrease in temperature up to about one- half of the

! meltmg temperature but x- ray dlffractlon analyses have shown that the

A 2-Al hexagonal phase does not have long range order. Whereas short
'. range order is known to be present in th1s alloy, the athermal yleld stress
_ for the short- range ordered alloys should decrease W1th an mcrease m |
| temperature.‘6 Havmg thus dlsqualz.fled all other known athermal processes

e We w1ll now demonstrate that the experlmental results can be ratlonahzed

' 1n terms of SuzukJ. locklng,.
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- surroundmg 1dea1 crystal as d1ctated by two phase equlhbrlum.; Because

As shown in I‘lg. 8‘ .when dlslocatlons on the basal plane of a
hexagonal CP structure dlssoc1ate, they form a stackmg fault two atomlc
. wlayers high (Zn) in which the’ packlng of layers of atoms comcldes Wlth a 4
FCC structure. At suff1c1ently h1gh temperatures (e, g. above about 0 45
of the meltmcr temperature) where dlffusmn can take place, the solute

atoms w111 dlstrlbute themselves between the stackmg fault and the

: "'l'of the small fractlon of the volume occupled by the stackmd fault the 1dea1
A-breglons of the crystal retam approxlmately the averacre coxnposm.on C .
e but the compos:.tlon 1n the stackmg fault changes to Cf. . ey
| Suzuk1 has shown that when a sufflclently hlgh stress 'r 50 1s applled
in the dlrectlon of the Burgers vector the dlslocatlons move: a dlstance 6 _
as shown 1n Fig. 8. From the work done by the apphed stress 1t follows '
.'thatAl ‘ |
| o - v f@f»-’%.,r% - .F*‘>lcf}~?*
:where h is the dlstance between adJacent'sllp‘planes V 1.s the molar
~volume of the crystal b 1s the Burgers vec.tor Fh is the free energy per“'
mole of the hexagonal phase and Ff is the free energy per mole of the fault
. The subscrlpts C and Cf 1dent1fy the compos:.tlons at whlch the free
' energies in the curved braces are to be evaluated Smce the sets of s
partials were orlglnally at equlhbrmm, the change in’ free energy g1ven 1n
" .the curved braces is always pos1t1ve and consequently a p081t1ve strcss 1s .
always requlred to move Suzuk1 lOCked dlslocatlons | |

Two features of the above dlscussmn are 51gn1f1Cant to the problcm

. under cons1de_rat10n. . Flrst the entxre length of the partlal d1slocat10ns move ;




-19-

- .at the same tlme reveahng that very hlgh energles ‘are requlred to actwate

.the motion of Suzukl—locked dlslocatlons. Consequently, this mechamsm
| is athermal Secondly, once the palr of partlals have been moved past

| the reglon of compos1t10n Cf 50 fast that -equilibrium cannot be reestabhshed
| ‘m their new locatlon the subscrlpt Cf in the last term of Eq. 1 becomes '

C . Under these condltlons the stress T 57 becomes Smaller Therefore, .

a Suzuk:L locked alloy Wlll eXhlblt a y1eld pointy Both of these requlrements
are satisfied by the data for basal shp. . | B
It is not p0351ble to calculate T dlrectly from Eq. 1, since the '

requlred thermodynamlc data for the free enerdles of the faulted region are o

presently unknown anid are not ea511y estabhshed However, 1t is p0551ble

- ,stackmg fault respectlvely, 'YAl and "'Ag are the stackmrr fault energles

- . per cm2 in pure hexagonal Al and pure hexagonal Ag respectlvely,

' where Fil and F}A g refer to the free energles per mole of pure hexagonal

AAl and pure hexagonal Ag and Ff and F Aé refer to the free energles

to show that the expemmentally determlned values of T ~and the mcrease

- with tempera’ﬂure are certamly W1th1n the theoretlcally acceptable range
._for Suzuk1- lockmg. For thls purpose we. follow the development by Suzuk;_ r,‘
4 assummg that the thermodynamlcs of both the crystal and faulted redlons |

: may. be approxu'nated by the 1deal solutlon laws. It» has be en shown’ that A:» L

for this limiting approxunatlon : E VR N o

v

3

ok - hV'-F“.”’*¥~ | Dy T
1AF—(F_A Fzﬂ m!% FAQ SRR ygv_-‘_w?V*

B N

L Ly L .'._L R
where C, and Cf refer to the mole fractlon of Al 1n the alloy and in the '_:

[EN



“facé-centered

e.‘

. ‘cublc phases) The qu111br1um cond1t1on 1s glven by

' Introducmcr the experlmentally determmed stress at the upper yleld

St

as representatlve of the Suzukl unlockmg stress T Eqs 2 and 4 were

solved 51multaneously to glve 'YAl as a functlon of temperature Such

| -51multaneous solutlons however, are only vahd above about 400°K smce’-..

- _. the c0mp051t10n C; 2 at lower temperatures refers to the frozen -in value a' :
: about 400°K It is for th1s reason that the experlmentally determlned 'r

Uis practlcally mdependent of the temperature below about 400°K

As shown in Flg. 9, two poss1ble sets of 7Al .7 g are. obtamed from
; the experlmental data Smce howevcr the stackmg fault energy in cublc

. Alis greater than that for Cublc Ag, the stackmg fault energy i‘or hc/a onal

Al is'less than that for hexagonal Ag On this basis the SOlld lme of Flg.
i _;represents the apprOprlate values Both the order of magmtude of the

‘, stacking fault energles and the lmear dependency in temperature are

" .con51stent with theoretlcal expectatlons.v_ Consequently, _theory strongly

- supports the concept ‘that basal shp in. the hexagonal Ag 33 at % Al alloy

is controlled by Suzuk1 lockmg. - PR

B Prlsmatlc Sl1p v.::‘lf“ L

| ' As shown in Flg. 7 the yleld stress for prlsmatlc Sllp exhlblts three _

‘ . - i dlstmct reg1ons over: each of whlch unlquely dlfferent dlslocatlon mechamsm} :

S '_ are operatlve The flow in Reglon I wh1ch 1s characterlzed by a rapldly
‘ .'."decreaslng yleld stress w1th mcreasmg temperature must be controlled

-: :by a therma.ly act:.vated mechamsm. In V1ew of* the small actlvatlon volume . o
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ék.:_ﬁthat was observed Mote ‘I‘anaka and Dorn tentatlvely attrlbuted th

Over Re glon

_' observed behaV1or in Reglon I to_-the Pelerls mechamsm.

have been shown to be wholly con31stent1 w1th the concept that the '

B deformatlon as a result of prlsmatlc shp in thls reglon results from short

'range order Extenszve mvestlgatlon by Howard Barmore Mote and

’Dorns has shown that the stram rate (or creep rate) over all of\ Reglon II '

an be correlated at low stram rates by the equatlon

v = 3,89 x 10

j.where the actlvatlon energy U = 33 000 approx1mates that for"dlffusmn

Consequently, at low stram rates a thermally actlvated d1ffus1on_controlled
- _ plaSth flow process is operatlve‘ over Reglon III e u
' The dynam1c y1e1d stresses recorded in Flg. 7 cOln01de Wlth the
,-;’.'.";v'usual observatlons on thermally actwated processes narnelv; | than an
mcrease in stram rate at’ a constant temperature leads to results equlvalen
to a decrease in temperature at constant stram rate The dynarmc test
;""f“f‘data therefore, _suggest that for the hlgh stram rates encountered 1n the

_".;dynamlc tests the low-temperature thermally actlvated process is operatlve

S

S 'over all of the test temperatures that were exammed It is expected of

chlon 11, would not have tlme enough to be operatxve under h1gh st‘ram

rates that were used in the dynamlc tests -We W111 now demonstrate that the




\, __'

_* based on the Pelerls process g

of a thermal fluctuatlon requlres that a stress 'rp, equal to the Pelorls

| absence of thermal fluctuatlons w1ll move only part way up the Pelerls hlll 2
o © - as shown by the stralght dlslocatlon BB-' But at all temperatures above
. the absolute zero thermal fluctuatlons w1ll provxde energy to form

‘Segments such as CDD’C' Most of these w1ll collapse back. But 1f the

oe23

tensmn test data obtamed in Reglon I are wholly consnstent W1th the

dxctates of the Pelerls mechanlsm. Furthermore we w1ll show that all

- of the dynamic data are also in falr quahtatlve agreement W1th predlctlons

10

Seeger 9, Seeger Donth and Pfaff LOthe and Hirth, 1.1 ' 12

and“ Frie ae1~ \

Ll ) have dlscussed the Pelerls mechamsm. These earlier formulatlons of the 'f;';""

. theory, however were only approx1mate and pertamed accurately only for

13

‘low stress levels More recently Dorn and RaJna.k have completed a

- more rigorous and accurate theory for the Pelerls process that is m

excellent agreement w1th most of the experlmental data pertammg to the

- v_ Peierls mechamsm in body centered cubzc metals. We will give a brlef ;. _”'
: summary of this theory.. | : ‘ = :

As shown in Flg. 10, the nh.e,-'e"né-r gy:ol‘ ‘a,. di510catioﬁ has it's ‘rn'invivrnuvm

~value when it lies parallel to certam ,clo,sely -pa_cked rows. of’ ato@s_. A R

single kink traverses the Peierls hill as shown in Fig. 10b, where as a R

result of its greater length it has an energy Uk( X the kink energy) whlch

is greater than that of a d1slocat10n lylng exclus1vely in the valley. To

mav 2 AlslogEhic l, ing e:tcl 5iv el) in om. va lley 10 ine ncyt in uu. aoscnce B

stress be apphed If a stress T < 'rp 1s apphed the d1slocat10n in‘,the.f'_'_;,_‘-‘.

L 'i: thermal fluctuatlon is great enough a crltlcal stage w1ll be reached such .

‘that the pair of kmks S0 produced w:.ll move away from each other thcreby‘vf W
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: advancmg the dlslocatlon forWard by the per10d1c1ty, a, of the lattlce

" The theory for the Pelerls process permlts an accurate determlnatlon of
the saddle pomt energy U {'r } for the nucleatlon of a pair of kml\s On e
- thls bas1s the- shear stram rate, -y, is g:.ven by the. Boltzmann type of |

formulatlon as

e

(?L) (La) b (ubL/wb) e
= \vhere L is the geometrlcally determmed dlstance ovcr which the pa1r of
kinks move f is the den51ty of the freely movable dlslocatlons v is the
Debye frequency, w is the Wldth of the cr1t1cal 51ze of loop, and kT’ and b
have thelr usual meamng Equatlon 6 whlch assumes that.only one pa1r of
- kmks is mlgratmcr in dlstance L at one t1me must be replaced by a slldhtly

13 when -

more comphcated relatlonshlp, as shown by Dorn and Rajnak,
| several kinks move at the. same time in the geOmetrlc length L. Equatlon 6,
however will be adOpted here because 1t predlcts results in good aoreement

. with the present exper1menta1 data ‘

o Equation 6 is vahd only up to a cr1t1ca1 temperature T‘ becaus_e,“ L
" - the necessary thermal fluctuatmns at T and above are so frequent that o L

even for an mfmltemmal stress no walt t1me is needed for nucleatlon ot

' palr_ of. krnks For thls Crltlcal condltlon Eq 6 becomes
. . - .U -

K2 (9 ab uL/W] e e S S e i

: where U is the kmk energy. Smce w appears m the pre expoentlal term ,"‘:: g ; A
' _-and is furthermore only mlldly sen51t1ve to 'r , it can 1o a flrst approx1- el

| mation be treated as substantlally constant ’fherefore, for a glven stram |

rate, p and L constant Eqs. ) 6 and 7 glve




KINKS ON

ENERGY

HE"
=

)

i

O

—
=

PAIR

O

Al

DENCE

{

LEATE

DEPE

!

TO NUC

l

FIG.

SS..

=

S

THE® APPLIED.-

.. . .
. . . - Y
. [



e

The tneoretlcal evaluatlon of U, /2Uk as a function of "'r for R,
the case where the Pelerls hill is sinusoidal is given in Fig. ll 13 -This-_i S

curve is valid for all materials: - As T approaches zero the enercry that - -

must be supplled by a thermal fluctuatlon to produce a palr of 1\1n1\s is’

2Uk‘ When the stress 'r , equals the Pelerls stress no additional enerdy

' need be supplled by a thermal fluctuatmn to cause the forward motlon of a-

dlslooatlon and Un beeomes zero, As shown by Eq. 8, the theory can be o

‘viewed in‘terms of T*/Tp as a functmn of T/T At the absolute zero_,

' therefore, as shown in Fig. 11, d' ' 'rp. _Whereas T =0atT = T

The slow tensmn test data glven in F1g 7 can now be, correlated w:.th' o

the theoretical predlctlons based on the Pelerls mechamsm Ne Glectmo‘ '
the pos51ble but small effect of temperature on the Pelerls stress we;
obtam the sohd curve given in Flg., 7 over Reglon I as the theoretlcal -
_ curve fitted to 7 = 'rp at T = 0 and 'r. =0atT="T,

 We will now ekplore th.e.d;.ynan:nc test data for. prismatic slip. - L

1 Assummd that ,? and L were the same for the slow tensmn and dynamlc

- shear tests, the theory suggests that

- ZUk‘

Y2

_ ﬁl”ﬁ

e

13

Usmg the value of Uk 3 X 10 ergs determmed by Rosen Mote and

D_orn14 durmg slow ten51on tests 1n Ag2 Al and T 200°K for o

e A o



'k Where B

104 and 10

5 .

".\? = :1'0'4: sé '1 the values of Tféé',;for 5= 10 , 10

can be

e computed usmg Eq.- The shear modules correctlon éor Adz ‘Al,_also‘

"glven in reference 14 oan be used to determme(—%—-) _ (’C’E) - and‘ then .
the correSpondmg _I_. can be read off Fig. 11 At T =0, 'r =_7‘ - ;‘:so__from
Fig. 7 where the dashed line ('r - 'r ) -G-—- 1s drawn to a best flt through

'4

:‘fthe expemmental data the value of 'rp 28Kp51 can be read off
_ G R

;-fj'.Assummg that 'r T = po v-—

Pl ‘can be evaluated and the flow stress T

j ‘plotted as a functlon of T for varlous stram rates. These theoretlcally
,""V"predtcted curves are shown 1n Flg. 7 for 102 103 104 and 105 as
“.-'v'.fv-dash dot hnes. The experlmentally determmed dynamlc yleld stresses ,‘are
shown with the adgacent numbers md1cat1ng the stram rate 1n 1000 sec_'.'v o

o :'1 for each pomt Cons1der1ng the expemmental d:i‘flcultles and the necessary

. assumptlons in the. theory, the agreement is excellent

' C Plastlc Waves

All theorles of plastlc Wave propagatlon are based on the equatlons

SR :;'vfor dynamlc equlhbrlum and the cond1t1ons for contmulty and therefor

'*‘f'_-'_-vdlffer from each other only w1th reSpect to the constltutlve equatlons that
” descrlbe the dynamlc elastOplastlc behavmr of the mater1a1 Usmg only
" the Hugonlot equatlons for equ111br1um and the condltzon for contmulty, the

veloc1ty, ' ’dt"' 'of the propagatlon of a Wave down a thm longltudmal bar

g 1s glven by ol e

Cak o qelltel
R

[o] = the step or shock m the englneermg stress

[8] = the step or shock in the total engmeermg stram




kel

" like equation

".where ra 1s the rest energy and c 1s the veloc1ty of an elastlc shear wave.
N . As shown by Johnston and Gllman 1n the1r mvestlgatlons on LlF the

.' velocity of dlslocatlons under hlgh stress approaches the limiting value of L0

~where E is Young 15 modulus of elast1c1ty. .

and P is the denS1ty of the materlal For crystalhne matemal however

.'N‘.

“the shock in total straln [8 ] s can only refer to the shock: in elastic stram
| -since the shock in plastlc stram is zero ThlS follows because as shown '-_’ T
'- by Frank 15 the energy per umt length F‘ f a movmg dlslocatlon depends

on 1ts veloc1ty v. For a screw dlslocatlon, r‘ is glven by the relatzvxstlc- ;

;i/zugt_._

16

c, as suggested by Eq. 11 Because the energy of dlslocatlons depends on L

“their velocity, they have mert1a~ and as. shown by expanchnd Eq. 11 1nto a R

Taylor's series, for veloc1t1es less than about O lc the effectzve mass of a

.dislocation is about r/c . Consequently the mstant a shock in stress L

arrives at a dlslocatlon which was or1g1na11y at rest the dlslocatlon remams

- at its original p051t10n but it accelerates. Because there can be no abrupt

change in ‘the position of:._dlslo‘catlons as a result of a shock in s_tress, there;_,,,
can be no shock in plastic strain.f ‘Therefore, the shock in the total shown
can only equal the shock in elastic st‘rainand Eq. 10 always reduces to

Smce the 1nert1a of dlslocatlons is very small they accelerate rapldly -

. to thelr 11m1t1ng veloc1ty. Thls concept has also- been experlmentallyvcrlfzed




o Nstress pulses of the same total duratlon. For example nedlectmo' dampm

i Usmg the values approprlate for Al namely c = 5 x. 105 cm/sec

‘ v“_:_.same answer is glven by more: SOphlstlcated analyses on the dynamlc
L behavmr of a Frank Read source. 17 A‘t present there 1s no experlmenta
Ve equlpment avallable to explore th1s accelerat1ve perlod over such short

S intervals of tlme Furthermore engmeermg mterest usually centers

- :'plastlc strams than about 10 4 Consequently, for most types of olas‘clc

:‘by Johnston and Gnlmanl6 who observed that the dlslocatlons undertool\ :

the same dlsplacement under a smgle stx ess pulse as undcr a serles of

sl

<-.the acceleratlve perlod of a dlslocatmn can be calculated by equatmn‘ the
' rate of work done by the stress to the mcrease in. lme enercy accordmg

- to

*--When- thls is- mtegrated takmg v = 0 at t 0 the result 1s

SRR W o

b =2, 86 x 10 -8 cm and F G /2 1. 1 x- 10 % ergs/cm where-G.is‘th.e,;b

_shear modulus of elast1c1ty, we observe that for 2 stress as low as '

8 2 11

= 10 dynes/cm a dlslocatzon w1ll reach 0 9c 1n about 2 x 10 sec

N .Furtherm_ore, the shear sfcram;atrthls,v time 1_s,_,1; '

fleo vadt 14x104 ‘

: ;O.,

"'-;assummg a den31ty of dlslocatlons of;«‘ = 108 per cmz. ' Approx:.mately the

" about the much longer tlmes of 10 -8 sec. or greater and much hlghcr

‘wave problems it-is approprlate to neglect the acceleratlve perlod




~until the stress decreases to such a Iow value that fmally only elastlc o 1
o strammg results at the shock t‘ront Three classec of cases deserve

v cons1derat10n as shown in Table II

techmques suggested by Malvern
.as prev1ously dlscussed the dlffusmn controlled processes do not have tlme

: enouch to take place a.nd w1ll be superseded by other mechamsms

vvon Karman and Taylor types of theory.

oo . . . ’ o ’ ; e Lo ) .
T L831- S S S

For this reason the" constltutlve equatlons to be: used in plastlc wavc .' A

Propagatlon problems need not contam the rates of chande of stram rate SR

as would be necessary when the analy51s must account for the acceleratlon

of the dislocations. L e o ,' : Y L

All mechamsms of dlslocat1on motlon 1nvolve the absorptlon cnergy

.'Therefore as a shock passes through mater1a1 the- stress level at the front

of the shock is contmually reduced by pl"Lstlc deformatlon at the wave front

Both Class I and Class I phenomena glve flow stresses that depend

on the stram rate, the Llebfrled equatlon for the mteractlon of phonons w1th

.dlslocatlons however glves only small changes in stress with stram rate. -

‘The effect of stram rate on the flow stress can be dreat for several of the -

. Class II phenornenon ThlS 1s easﬂy verlfled m terms of the dlscussmn in ‘17

the text of th1s report on the Pelerls process. For both Class I and Class II

! .processes however the constltutlve equatlons must be formulated m terms

of the stress and stram rate as well as the stram And under these

cond1t1ons the plastlc wave problem should be solved by means of the Lo

18 Under dynamlc condltlons however |

H.over the entlre low temperature range only the atherrnal processes .' 1

' of Class 11 are operatlve the deformatlon stress will depend only on the
7 strain. Suzuk1 lockmg was the example glven in the text In this event the e -

B plastlc wave propagatlon theory can be most readlly approached by the

i




'.Name

.

1 Examp.le‘ .

Athermalbut
veloc1ty sensrclve

/(activation energies
less than 50 kT) :

Athermal ; :
- (activation energles
' g_reater _than 50'_.k'I"v)_-

Thermally activated |

(e) Suzuk1 locklng

(d) Motion -'j'q‘gged

'(f) Viscous solute .
atori drag’ - o

(a).Phonon inter-- ",
‘actions with dlsloca-

‘tlons

.(a) Pe1erls
(b) Intersectlon
(»c). Cross-"shp

screws

(e) Cllmb of edges

H(b) Re comblnetlon

stresses

_(c) Short range order

(d) Long range order

(a) Long range stress

“U depends on.T

*1;and structure an'r

g ;.only_m“zldly on'T
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