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ABSTRACT 

.. -

.;· :, 

The dynamic behavior .of .single c~ystals of Ag?Al was· investigated· 
.· . . . ·. . 4 ~ . . . . . . ~ 
at strain rates fr.om 10- to 10 per sec. Basal slip vias found to be almost 

· strain-rate ~nsensitive; the yield stress was found to inc.rease slightly with 
() . . ·• 

a:; :ncrease in· temperatur~. · This behavior is e~plained in te~ms of Suzul(i .· . . . ' . . . . . . ,. 

lccking. ·In contrast, prismatic slip '~as found to be very 6trai~ rate 
. . . . . . 

S<' ··;sitive. At high temperatures and low strain rates a diffusion controlled 

deformation mechanism is ope~ative which is surpressed at high strain 

'· 
. r '· 
,. ""I 

ra·~es giving m increase in yield strength of a factor of 30. The prismatic · · . 

sli~ behavioy· is' explained in terms of the Peierls mechanism of kink pair 
. . . . . •. . •· . 

formation .. Th~ re'solved she~rstress for. {10i2} twinning as a function 

of temperature and strain rate was also determined. Finally. the theory.·. 

of plastic wave propagation is reexamined in the light of deformation rat~ 

determining dislocation mechanisms •. · 
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I. INTRODUCTION . 

·. ··. 
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., .· .,. 

' )." ~· . . . ' 
.. ; ' ··~ . ·.; \ . :r .. 

. :0 . ·.·~ .. 
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Thi~ _investigation was und~rtaken for the express purpose of studying 
·.·<. 

the plastic behavior of single crystals under. condition_s· of impulsive load~ng 
)· 

with specific em~hasis on the· ~ignif~cance of the dynamic behavior of· 

disloc.ations. to the formulation ·of the mathematical theory of plastic wave 

'propagation. ~or ~h~~ objeCtive single crystals of the hexagonal ph_ase Ag2Ai, ', 
. . 

containing 67 atomic percent Ag and 33 atomic p'ercent A1 were selected _for 
. ,,. 

study becat1.se of the varie~y of flow rate determining dislocation mechanisms . 
. ·. ~ . 

they are lmown to exhibit under condition~ of .slow deformation. 1 It will be 

shown that when the plastic deformation is contro~led by an athermal 
. . . 

dislpcatiori mechanism~ the deformation stress is insensitive to the strai~ 
. . . . . . ' . ·. . . 

rate and temperature. 'In. contrast~ when the ·motion of dislocations at low .· 

temperatures is thermally activatable, the flow stress .j.ncreases with an·· . 

increase in st~airi rate ar1d a decrease in temperature. However at high:· ;·,·.· .... ,' 
. . ' . 

. ·'' 

temperatures thermally activ~ted defor~ations which are dependent on 
. .' . . ~-

,. 
, .. . : :·. 

diffusion are supplanted by ot}1er mechanisms when_ the .st_rain rate is so .. ,, ·' ... ·. ' 
; :. 1 ' : -~·. • ' •• 

high that there· is insuffi~ient tim~ for .diffusion to take ·pla~e. 
. ' . . . .. 
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, . Specimen· Preparation: . · .. Oriented single crysta:l.:rods of the· internietallf~ ~::;.'~· :.~{/:'' 
<" ·(~~:--. .... ·~,. • ' : ,;, ~' ":- :·· ·~ ••••. • • • . ,• ; ., ••. : ••.• : ••• • • · .••. · ••• ' . ' ',\ ·;. ·;.:.~~.·~:~:~·~.~:.r:.· .. ~.i ... : .. ·· ' 

·: ,· .. ~ ... ·.·phase, 33 atomic percent. Al?67 atomic percent Ag were grown fro~h1g~ ::•:',''.}:~:·~;,:_; . 

• 
1 
'//:::. ,; . ·purity Ag (99. 99? weight per.ce~~{ and A1 (~f9. 99'5 weight per·~.~nt) in· a. ··,::;·:L?:·.;ft.~;i,.._:··:·~ 

· .. ·, .; ... ~~·· .. verticalfurnace Und~ra positive argon, aimosphere by the' standard. '> >:.·r·~'~:~;.j,-~ .. 
I ':• 

• •..., • t ~ 
,· Bridgman technique_ •. The rod.s we~e qut into specimens, annealed at ;/<::·~~~L , 

. . . . . .. . . . ' '. ·. . . . ·, . . . . ': .. ~~:f.; ;· '"'t. .. 

·. B50°C to relieve' r·e.siduaf str~~~es; and etched in. nit;ic acid to remov~:,:~·~~:·.:~~:r_·t;,,,:·~:· .. : 
,· ~ ··~ ;.·~···~.. . ' ' . ' ' . •.... ' . . ·, ... ~>/~:<:,'·':. '··:'\/:; •. · . 

. · ·: ·the surface oxide~ , · · · .:.·::~. '·r. ·. 
. .:·:.:::,;,,·::· . . . . . ·. ' ' .. 0:. . . ' . ' .:. <~::.\. :..;:.?.:;;··~ : 

For the·purpose of studying the two.'slip.'systems of the hexagonal:(:>':'~C}.r··· 
. . . .. . .. .·.. . . . :'. ·:.: ' . ..· . . . . . ' ·. . '·~·>[:.; .. ~.~~·-~;~·;~·.\~~:: ·~-~·:-·J·._ 

close-packed structure, specimens were oriented for basal slip by the: '·:;•,>::~:· ;·:::i'•.:.: ~· 

.J I 

.. ~ ~ ' . . 

• 1,,' 

'. ·, 
',_· ... 

.. ' . { 0001} <1121l>. mech;,ism or f~~ prismatic sli~ by the { iioo}. <1120;<:\,'.~;~:::~r. 
~. 
J. 

;; ,: ,' :I '' .'' • ' ' '1 ·, ' ,,• 

0 

:..··, 0 ·,: <, · ' , ,, • ' ' • ',• I • •,' ' .. •.-·· , ':f' i:\ '•• '; ~·_; 1 t 
mechanism. Both compression .and sh~ar. tests.were peziormed •.. For the.;:'::·'···: 

. . 

,;· compression tests, cylindrical rods,. on.e·-hali inch in diam·eter by qne. inch 
. ~~ .· 

. ' ' :. ; in length,. ~ere oriented. for ril.aXitnum' resolv'ed shear'• ~tress on the .• 
~: . . . . . . . ·.. ~ . ' .. 

· · · . . particular slip ~ystem tested. as shown. in \.Fig~ ia. As anticipated: specime~s .,_ . 
'.) . .f . '·' . 

< qriented 'for slip' on the prismatic. plane izl tl:.l.e. compression type test.·. 

exhibited {10i2} twinning. For this reason shear tests, as shown l.n 
·.··· 

i• Fig. lb, were also made •. In :these tests the Slip plane and the Burgers .. ..... ; ... 
··"· 

. vector were oriented p~aliel to. the. sheariilg .plane •. ·.Because of ihe short 
• . . .· :· ·, ; .,. . •' .·. . .. • . .>; 

.... -':. . , 
·.: .~ , .. gage section the shear tests had the added advantage of providing very high .. , 

'·· !;; .. rates o£ shear. strain, in the.v:t.cmit;.ofmo~e·.thanl04 per se~ fortli~ 
. \ .' . . . . ' . . f : - .. 1: ~) 

. ' 
• ~· 0 I •' • ' • : ',' : ' 1 ~ i: • •' ( ~ ·~,. • < 

•. ,· .· ... \ .. i "'r .. :.,·.-l .... 

. ··:;;~.;.· · ,. Experimental Apparatus:· .·The· ap~~ratu·s used to produce and measure the .. ,.-..:.r 

dynamic tests. 

, : .. ._::·;._:·;:.·dynamic stresse.s and high ~i~ain rate~,·· .previ~usi~ describ~din d~tailby.: ;::; ;'~·;;·(;c ~-
.... · .. . '2 ·. . ... ·.· ··:·.·:. . .· . ,. . 3 .. : .. '. . :··· .. :····,·:·.·.~;'· ,· ~ 

'·. · Hauser and .winte.~ .. :and Hauser;·: Simin:oriS',·and DO.rn, is shown schem.atically: 
. ·. . ' . 

· . ,· ·· ' ·. · in Fig. 2. 

: . . ~ . ' ' 
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·SLIP PLANE AND BURGERS VECTOR 
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AT· 45 o TO SPECIM.EN . AXIS~ < ' . ,· ~-. 

. : ~- '; . -~ . _.,. 

{a) ·. ·'• ., . 

. I ~- . ' ~ -, 

. . .-.. 
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·, 
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i TOP VIEW 
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OUTPUT 
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I 

... SPECIMEN ... 
. ' 

' ' 

,· :' _.-._ ~-: 
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·_J .. -. · .. 

' . ' 

:·; -~<- ; . 

INPUT 
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... ; . ·, 

, '·· 
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SLIP ·PLANE . AND · BURG:;:R's vEcToR ·:,_·,~c•. ; . . : , , . I 
PARALLEL TO·- COMP:RESSION .·AXiS~ .· :_,: :-:-· .. ' · ·. !: · , · ., .. r . . . .. . . . .. ·. . r 

( b ) 
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dia~eter Ti-6Al-4Vtitanium alloy~ Elevated temperatures w·ere achieved : 
. . . 

by encasing the specimen and th~ ends of the bars. in a· small furnace. A., .. ·;· 

thermocouple was attached directly to the specimen to measure the .tempera-: ·· 
. . . . .. ... 

cooled and operat'ed at room te~pe~ature. 

· ·· Method of Analysi~i . Th~ analysis of the dynamic compression test~ by : 

.which the reso.lved shear stresses and. sh.eS:r strains were obtained 
. . . . . . . .: . . . 3 .· ... 

followed that previously descri~edby Hauser, Simmons, and Dorn. · 

Analogous techniques were used in the shear tests fr~>n:i which the shear < ·.· 
· stress on the sllp plane .and the shear-strain rate over the operative gage 

section were determh1~d·. ·.Although the shear-type. tests were introduced. 

· primarily to study prismatic slip; . their accuracy was established by 

comparison with compression tests for basal ~lip.· . As will be shown,. data 

obtained fro~ the dyna~i~ shear t_~sts agree well,with trios~ from dynamic 

. . compression tests. B.ec:ause preyiously teported data on Ag-Al was .·: 

. >. :~.- . 

. ~­
' 

obtained from slow single crystal tension tests, . ~·number ~f slow compressi~n '. 

'tests were carried o~t for .p~rposes of comp~ison •. 
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.. ,·. \', : .:.· III.. EXPERIIVfENT AL 'RESULTS ;, 

riasal Slip: · The_ shear stre'ss .vs'shear strain curves for basal shp. at\.;:;:~;;;..-;!,~·~/ . ./:;1 . '.: . : _ . .' . : .. ·.. .>~· ,;. .• . :_· : . . . · .. ; : ···./ : . .: ; >~<·i<t~(:::~i~!:·:·:~.:. 
300oK obtained.froin .the various. techniques that were employed ·g~ve>.:·:<CJ:).\··~~ :::,jE.::f· 

',•.:'.·.:· ',,-· ~ . . . . ·. '.:-: ' ·: . . . ., .. -.>.· . . . ·· .. ·--~~:·'.:~· ... ·:·.: ·.· :·.:~··;';.~·.:!.~~_:=;·· .... 
;< ' · a1z1~ost identical average stress.;strain curves. Certain minor differences~.)i:•;\!3::' 

I·, . .. ; . ' . , • . . . ~-' ' . ~--~·-· ~: :,~~~- -~\ 
... ·;.:.::. : . , however,· were apparent.: whe;.eas a single Luder 's band forme.d. ·in the,.· · .. :·;:;;~ ·:;·::~. · 

l • ~ ,. . · .. ~:· ·-~---~~·\:"~:\:.:-::.·:"·:: 
' ' slow tension test giving ~nly.an._iJ:litial yield point, the slow compression '. :'. :. >'''• 

~:~-·.·: . . . . . . ... ~- ., ~-~- . .·. . ·: . ..'·.· ·. . ··,:.-~/~~--·· ~' 

· .. test. gave a serra:ted stress--straip.curvesuggestive of a rapid relaxati~n:: :~~· -.~;· 

of the stress followed by either ia. reinitiation of the migration of the fir~t. ·::. 
) .'· .. 

. \ 

• ' . '. ' . ' . • . . ... ·.- ">~->~: •':J· . 

. ·: . band or the generation of a secon~ 'Luder 1s band front, etc. It was not . ·. : 

·· .> , / determined whether. this difierence ·~rose as ·a:· result-'of ~ harder or .· ' . . . ~... . . 

·''.--stiffer compression·testing procedure_o~·as.~ result of the d.iffer~nc~~· '>·_.·'.·.~.:~ 
. •: .. · . 

.. '··"in stress concentration at the· Luder's bandfront in compr~ssion as·.· , 
~ , . ' • • , . , ~ , . ' . . ·I • . . • . , . 

. compa;ed with t~nsion~ .The dynamic compres-sion test. also revealed . 
. ·· .. 

-~.: : · ····serrations over the first part of the test1· which were much· gr'?ater 
. . ~ . ' . 

those usually observed thrit 'arise ex~lusiv~ly from the dynamic test 
. . " . . ·.. . .. . ' 

. . ' conditions. In contrast~ the str~s.s~strain cu~ves obtained_f;rom the . 

dynamic shear·tests wer~ aimost free fr:~msu~h serrations. : ) 

. The nominal identity .of'the. resolved shear: stress vs resolved . 
. : ;, . . . . . 

. . ·. w . . . . . . 
. strain curves· obtained by the vario,us te'chniques clearly justify the use of . 

the dynamic shear type oft~ sis inthis cas,e~ The· results of all:. tests f_or.-
,:.; 

.... :. 
. . ~ ' 

basal slip are summari.zed in T~ble :i:.. The upper yield point was .se1~cted . 
. . . . . . . . . 

:from the maximum _initial stre.ss iev~i.wh~~e~s the 'iower yield point wa~ ·~· 
. ·: · :· · :· . · .selected from -the ~ini~~m. ~t~e~;~)evel followingyi~lding. . . . 

. . . .~-' 

~' .. 
. . - .. ~ .. 

The resolved shear ~tress _at.the upper and lowe-I· yield st~engths ::>> .. 
. . . . ''· . . . . . .._;·· 

) ·:; . :._'·for hasalslip are ~ecor~ed in F'ig. :3 :asfillicti(,-ns.oftemperat~re. sincie ~,::':~ . 

.• · .. ··. •: : . ; the ?xi de coatili.g has been fo\lllci ,t? :.rfec~ the st~ength .of single crystals~ .- 2( 
•: ,, I•_; ·.: \ 1 0 , • ,''• .', '.,I·, f 
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errors introduced by 'at.mosphe~ic te~ting· at .high, temperatures were··. <) , ·:.·· · 
•• •, •·•• ' • • , •• \, .•. ,"f ·. ·.· 

.investigated. ·Two crystals :were ~e~t. treated ·in air ·at 650°K, the oxide · .... · 
.. ·. . .. : 

. coating removed from· one~. and then both· were. t~sted at 71°K. Since th~ '· 
. . . . . 

.·.· .. :·'. 

difference 'in stress was within·the' ~catte~. oi the data, any-effect d).~_'} ~0. 

the surface oxide was discounted. 
·, 

. ; The increase in the yield strength~. with increasing temperature is,~ .. , . 
. . . . ! -.:· . ' .. .· 

therefore, ascrib~d to the ope;a:tive dislocation mechanism •.. ·.· 
.I 

Twinning: As expected_compression. specimens favoraoly oriented.for• •. 

slip on the prismatic plane twinne~ by the ~peration of the two most favorably.,: 

i 
I 

' I 
i 

, . ·: ... -~~ 
' ~ • f • 

. : ~~ . . 

oriented {10i2} m<?des of twinni.rig.long before'the resolved shear stress on 
. . . . . . . . . 

. the prismatic plane reached its critical value for slip. Several typical 

: .' ~ . 

' dynamiC resolved shear stress.~time records f9r twinning are reproduced. 
. . . . . . 

in Fig. 4. Oyer the first regions ~f a test the flow stress remained 
. . . . . . 

substantially constant, b·ut the curves always exhib~ted a rapid increase ill 

stress level inimediate~y follow:irig about 4o/o compression strain. Since 

the maximum ~ompressioh strairifor twi~ing-al~ne is about 3-l/2%, 4 
. . . . ' ' . . 

; .. 

;, '-· . 

. :. · .. ·· .. 
.. . . , .... 

-.. '· .•· 

·the data suggest that the rapid increase in· stress level is due to the restraint'.·, · 

of slip in the now twinned :and,: therefore, unfav~rably oriented specimen~ 

The data· given .in Fig. 5 refer to the possible·ef~ect ~f temperature on 
; : 

the critiCal resolved s~eaz- stress for twinning as :deduced from the' early' 

·.· ... 
t •' 

·· .. ·· ... -

,,,r• 

... :·. -. 

horizontal portions of the tyJ;>~S o!Oz:ecor~sHl~st;ated in. Fig. 4. ·The dat~:: '· '.~ 
clearly reveal a decreasing critical resolved shear stress for twinning with .•. ·. 

increas~rig temperature~ suggestive of'a thermally. activated twinning. . .-. 

· .. mechanism. This evi9,ence fora therni.allyac;:tivated t~in~ing mechanism_·: .: __ .:-~:, . 

.. -~s strengthened by the observ~tio~ ·tll.at the·~ritical r·esolved shear stress··,· . __ : 

for twinning ·i~creases at .77°K when the s.trai~ ~ate is increased. 
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. " ... -
40 fJ.SeC.~· This specimen was,'identical to.those ~h:lch vvere '' 

. ' r'···· ·:, : .. , .. . ·, ' 

t.he. full-200 ~sec. in that. the t.;ih~ .c·ompletely tr~versed the crystal an'ci.·;;;~: 
·,. 

. ~ '. ' ,· .. 

.·.. · .. ,. ~ .. ' . •. 
•, ' I •• ' ',• '•' '. ' '• • ' ' • ,' {. > .: ., '• 

. their average width· was .the same. However~ <there I were .fewer t\vi.,ns~ .· 
• • ! . • • ', • . • • •. • • ." . • •I. 

· indicating .that the. observedflo'Y 'stress may be pr'imarily due to the,. 

·; ·: ' .... ,, ; formations of new tw~ns and n~t ~o the growth of existing ones •. Since.··:·'· 
. . . ·. ' . ·.' . ' . . . . . .. 

'.:·twinning was rtot. a major iss~e forthis investigation~ the definitive· 

-'<of twinning was postp~nedfbrmore detailed future investigations~ . 

. , .. Prismatic Slip~ Because compression specimens favorably oriented 
. . ~ ; ' : '·, 

: ... '·: ,; ' \prismatic slip twinned before the' c'ritical resolved shear stress fo; slip:, 
.:. ' . . ... . . 

' ' ' 

· · ".·~:· ... was reached, the shear type tests were co;nsidered. The goocfagree~ert~ 
:: . .- r .. 

, .• '. <"· 

·.···' .. ·},' . 
. .-.. 

,.:-.·. 

between the dynamic shear test data and the equivalent data that were··.: 

. ·obtained froin.the othe~ types. of test that: were employed in studying 
. ... 

slip attests to the nominal validity' of the mechanics of the shear tests~-
.. .. . 

< ·· .. ~·All specimens 'that were tested in shear for prismatic slip did exhibit .:: . 
. ·.· .. 

··· · ... some niicrostrtictural evidence:oftwinning •. ·. But this was yery smani: 
', I' 

' ·. . · particularly at the higher temper~tures •. ·· ·, ., · .. ; 

Typical dynamic test data·f?r- shear_tests are shown: in Fig. 6.' 
··, •\ 

r~· • • 

. the range ·of temperatures abo~e· 2Q0°K stress-time records of the typ~ . . .. . . :··. . . . ' . -~ . . . " . 

<: .' 
.\ .. ', . shown in 11b 11 of Fig. ·6 were obtained which,.exhibit.ed asmallyield 

. . · .. · -:.,' :·drop followed by.practically .z~r6'.strain harderiirig with continue-d 
.. : ': ':.·. . ·~~- ~.... ' .. 

,. :. ;, •. , defo~mation. · SpeCimens :exhi~iting. ~his: type o'[ dynami~ · beha~ior exp,erienc~ ~:~:(~;;::~ 

' .. 

' .. ·.,, .. , almost exclu~ively prism~tic- ~;lib.· c~mplicate,d·with. only very ~m~ll amo\ldts·:.o·;;,_f~~~:·~ 
·· .. :. · - . · · · · -_ ~ ·· · :· _:- ··.:· · ·. -_ ·:· .. --~- · ·-... .- _ .. -. . .. ~ ·.-· - . · · .. .' :_.-- .. ~-;- -:_-~-~<:;·r~Jf~~-: 

. ":: ,' :of localized twinning. ·.This type,ofbehav:l.~rwas. quite_.analogous to that:·>_,-.: .. :,:tf?·~r< 
• ·_ : ... . . ·.. ::!:.-,.: . . -:.- ·-·: ; __ ·· .. ·: .... _ :: ·. ··- :.!·· .. ·:._.,· . ... -:~:-:·< .. ~>-r .. ~~-::,.~-:~~7~\~-~-
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absent. 1 . At tempel;'atures of 194°K and below; however., records ofthe 

type shown_in"a0 ,of Fig •. 6 _were~·ob~:ained which exhibited considerabl~ ··':·.-· 
. . . 

. · · amounts of strain harden'ing.. Sp.ecimems fi-om such tests revealed 
.. ·. ;) . : . . . . ., .. ., -·: . . · .... ·. 

considerable amounts ()f twinning which was evidently responsible for the. 
-.... · 

strain hardening. Because of the ·uncertainty whether twinning or slip .. · 
. . 

caused deformation, these tests were not considered in Fig. 7 and in the 

discussion in Section IVb. A summary of the i~itial yield strengths with<?ut 

··. noticable twinning for both the slo~ tension and dynamic shear tests· as a 
' 

function of temperature· and strain .rate are recorded in Fig.· 7. · 
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(, 
··-..... ,· per sec but ;t:mcli~s· subst~tially consfa.ntwith temperatureup toabout,~: ,.,.;·· 

. ' .... . . •'. · .. .,., .. 

·.: 4QQ°K and thereafter~ in Sharp CO~trast tO. th.e USUal trends~' itjncreases•·as':. 

. · .... : .. ,:· .·the melting temperature .is approach~d. Obviotisly~ the operative def<?rmatiori ·' l 
. ' 

.!'·"', 

·.:: .. •· ;., controlling dislocation: mechanism is athermal.·. Such athermal resistance 
_'!:· : ~: . • . . : • • • • . . . . • • '. • . • ' • • ~ 

' . t 
, . I 
.• I 

'.' . ,·:.·: to the motions of disloc.atio~s can arise fron{long;..range stress fields due to:~: ... ·.;· 'l · .. ·· .·· ... . . . . ., . . . . ... . .·.... ... . . . . .·. ., . .. " ! 
.... ··. other dislocations, recombiped. di.~locat~ons, long..:ra.nge order·,'. short-:ra~ge I 

I 
order~ and Suzuki lockin.g •. ·.Overcoming the long-range stress fields and~· · .. :· i 

• • • ' • > ,, 

; ·.· . the recombination force's will notpro~ide a yield point anq will give ·now. ·J 

·, .. : '' 

stresses that dec~ease lineariy with an: increase in'tempe~ature in' a \"la;.'·.'. ';)·[~: . ·: : ll.i 
that parallels. the d~cr.ease in shear modulus 0~ ela~ticit:y with temperat~re.'- '~~~.· 

As proposed by Flinn~ 5 alloys exhibiting lorig~range. order can ekhibit. . ! 
·i! st~engthening with an increase in 'temperature up to about one-half ofth~'~:··· 

. . . ·.! 

~elting temperatufe but ~-ray diffraCtion ~alyses have shown that the .· 
. ~. . :. . . . . . . . . . . 

Ag2 -Al hexagonal phase:· does not have long-range order •. Whereas shorf;;,.. 
. . ,. . . . . -~. 

range order is known to.be present. in this alloyi the athermal yield str~ss· 

. !l 
' ll 
: !! 
·II · .. ! 
. f 

. . . ,,. 
for the, short-range ordered alloys shouid,,decrea~e with an increase i~ .'·.'' [·~ 
· . · a · · I 
temperature .. ·Having thus disqualified all othe:r known atherinal proces.ses}~' ... !"" 

· ·.·:·:··we will now demonstrate: ~hat th~ ~xperime~t~al results can be' ratio~aliz~·d <·;:·. ::;>::··:. · d 
. ~:·.:·;~in terms of Suz~ki .lockin~~. . . ' · · . · · .. ' .. ;-: .. < ·. .::.~ .,,\<.•:/ ·. !1 " 

·" '.. Jj 
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As shown in Fig~.· 8,•. Wh~ri dislocations ~n the basal plane of a . 
" ,· ~ . ~- : :,, .. 

.· :1 
',';--: . 

hexagonal CP structure ,dissoc~ate, they form· a stackirigfau·lt two at()mic ·. 

layers high (2h) in which. the·p~~king of:. layers of ato~s coi~c~d~:s .\vit~ ~· ~· 
FCC structure. ·At sufficiently high temperatures (e~ g. above about 0.45, ;: ;. 

. . .. .i' ·' .• 

· of the melting temperature) where diffusion can take place, the solute ..... 

atoms wili disthbute 'themselv~s between the stacking fault and the· .. ·.· ·. :. ' · .· 

. sur.rounding ideal c~ystal as dictat.ed by. two phase. e~;uilibrium. •. Becati_se·, .· · :~'· :\?: : 
. ' . . . . . . . ' . 

. • ·.· '.\ 

of the small fraCtion of the volume occupied by the stacking fault, the ideal. . ' . . . . . . . ... · :-( 

'regions of the crystal retaii1' approxi~ate1y the ·ave! age composition co .. 
•··• "+ . ,.·, 

. . . . ' . . . . ' ' . 

. ' but the composition in the st'acking fault changes .to cf. .• .. 

Suzuki7 has sho~n that. when a sufficientlyhigh. stress>.;~· ... i~ .. . :•/ .. · 
' • . . ' ' ,' '' ' • I .·, ·, '.''t ' ' :. ·,. '• ' . 

in the direction of the Burgers·vector, the dislocations move a distance 6, •.':,. ·~ · 
. . •. . . ·. ~· . · ... • . . . .,_' ... _:.:.~ . 

as shown in Fig. 8. Fror.n the work done·by. theapplied.st~ess itfollows ' ": 

.. ·::~,.. : 
that 

2h [ f : . . :h . ' . 'f ' h }. . 
. , s = vo <~ - F >c . -. <F-; .. F >c . 

. · 0 ... ' f 
.' {1) ;." ' 

. . '. .,~ . •, . . ' 

where h is the di~tance between· adjacent slip ~planes, V is th~ mol~r 
. .··.. . ' h .. . '.. . . . . : 

volume of the crystal, b is the. Burgers vec:tor, F is ·the free energy per·.' 
. . . . . . . •. · ... f : . . . . ' .. ·.. . .. ·. . . '. . ·. 

mole of the hexagonal phase and~ is thefree·energy per mole of the fault. . . . . . . 

The subscripts C
0 

and C£ 'identify . .t~e compositions at ~hich the free. ~· .; , .. : , · 

. energies in the curv~d braces are to be. evaluated.: Si~ce the sets ~f .. · .. : : .. ' .. ·~:-~fY:· · 
partials: were origina~y at equ~llb~iUm, th.~ .. ~~·ange in iree energy ~i~e~·. i~ ,·· :; ~;·:"~.:~:~-:~: t:i 
the curved b~ac~s is al~ays p9si~ive,: afici cons~quently a po~itive st~es~ is.-'·_/:·:::>~ ~ 
always required to .move Suzuld~locked dislocati~ns ·. · · · ·. <:·,.·-: ... .; 

. ' . . . . . . . . ~ .... ·).~·~\ ... ·.:-~:. 

Two features of· the abov:e :.discussioh. are ·significant. to· the probie~·. /:_.::-_<::· . . , 
. · ..... ·.· •' .• ~ ' .. . .· --~ ·.~.\'~i:··"· .. · 

. under consideration· •. : First the· ,entire length of the· partial dislocations mov'e .'"> .. 
\ • • • • • • • • • • • ... ' • • ' : . •. ' • • ' • . ., • • . ' . ~_: <. ~ • 

. ; : '-~~-_. . . '· . . . ' ' .. :.,:· 
.• ' f •· • ,, , ·: ',' 

0 
., l .f, I''' o, 
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at the. same time revealing that, .;,ery high energies· are required to activate ... 

the motion. of Suzuki-Io<::ked dislocations~ Consequently, this mechanism· 

is athermal. Secondly, once th:e pair of partials have he:en moved past 

the ·re.gion of ~omposition. Cf so fast tha,.t equilibrium cannot be reestablished 

. in their new location, . the .subscript Cr in. t.he last term. of Eq •. l. bed)nies 

G • Under these conditions the. stress~ 7' ·, becomes smaller. Therefore, ·. 
0 . .' . . s . 

a Suzuki-lock~d alloy will. exhibit. a:yier~ point. Both of these require.ments 

are satisfied by the. data for b~sal·slip •. 

. It is not possible to calcuiate 7'
5 

directly from Eq. l, sinc.e the 
. . . ' ' 

required thermodynamic data for the. fre.e· ene.rgies of th~. faulted region are ·· 
. ,·. 

presently unknown arid are, no~ easily established.· However, it: is possible.· ..... 

to show that the ·experim~ntaiJ,.y ·determined values of 7' 5 and the. increase 

with tempe.rature. are certainl;y wi~hin thetheoretiCally acceptable range 

for Suzuki locking. For tl::iis purpose we follow the development by Suzuki, . · 

assuming that the ther.modynamics of both. the crystal and faulted re.~ions . · · 
. . 7 . 

· maybe approximated by the ideal.solution laws. It has been shown that 
. i 

for this limiting ·approximation, · . · 

r s =. Jg ·.(Co -. Cf)!:::...F = (Co ~'. Cf) }· {-yAI - 'YAr/ " . (2) 

where C
0 

andCf refer .to the ·mole fraction of AI ~n the· alloy and. in the.· 
. · .. , ·.· ' 

stacking fault respectively, 'YAl and ~A are the . stacking fault energies 
. ·' . . ... g. . . . . 2 . . ·.·. . .. :. '·. .. . . . ' 

per em in pure hexagonal AI and pure h.exagonal Ag respect.ively, 

~··\3) 

~here· F~.l and ~g refer ·t9 the free ·energies P.ef moie of pure hexagonal .· 

AI ~d pure hexagonal ·Ag and piAl ~d. Fi~ ;efer to the free energies .. 

.. 
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: ' ~ . 
.~ .. · 

. i, 
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per moie in th~ stacld~g fa~:lts;ofpure ·;u ~·d.pure. Ag (i~·e·.:::·fa~~~~:~h~~recf'~ 
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cubic ph.ases) •. The quilibrium· .. condifion· is given·by' .:·: . · · 

Cr ; . <' .. ~ "ft.f . ·.· .> 

1 c 1-c .· r · . - .f . ' 0 , .. :.:·,:: .. 
·; ':--

. . . :~_-: _:_·. ' . ·. . . . . . . - . . .. -~- ·.:. .;, . ·. :. ·' . .'. . ' ~-

Introducing the expe-rimentally determin.ed· stress··_afth~_:upp~ryield · .. '', · 
'' ., . ~· .. ' • ' ' ' ' '·' :-•.~ ' ·.' ·• : . ' . ' • .' •} • 'T. , • 

', \ . 

.... · 

. ' .. ,\._;(;:. 

: .. , ., . :~ 

.. . as representative of the Suzuki unlocking stress·" 
5
,. Eqs. Z and .4 vr~re · • '·~. : ·: . 

. ·:.: ... so.lved simultar1eousl;to give .YA.f" 'YA as a f~ct~~n of temperature •. · S~ch J .'; ~: · 
'. . '. . g . . . .. . 

.: ' ..... ~ .~ ~. ·:: .·; 

simultaneous solutions, however,: are only valid above about 400°K since .. ··., 
.. . : 

... 
... ···. ·, 

the'composition cf 3:t lower temper~tures refers· to the frozen-in _value at 
. _. . . . ·.. . ' 

abo.ut 400°K. It is ~or this reason thatthe experi~entally determined T s 

'. is practica:lly independent o~ the temperature below about 400°K. . . 

As shown in Fig. 9, two-possible_ sets of "~Al-·_"~Ag are obtain~d from. -, 

the experimental data· •• Since, however, .the stacking fault energy in cubic·_-.-·· 
... · 

. . · ·. -~1 is greater than that for 'cub~c Ag, the .stacking fault energy for hexagonal -.:'.K:r.::-
. Al is.less th.an that for hexagonal Ag. On this basi? the solid1ine .of-~ig~_,9_;:·_.·, · ..... 

· · _represents the appropriate values!" . Both the order of magnitude of the .. 
. . •' ~ . . . 

. ~. . ,'..; : 

stacking fault 'energies and the _line·ardependency in temperature are.- . 

consistent with theoretical expectations •. _Consequently, theory strongly ';;_. 
. ' . 

supports the copceptthat basal slip in th:e hexagonal Ag-33 at. 

· is controlled by Suzuki- JocJ(irig. · 
. ·:·_.· ' 

B. Prismatic Slip . '. · ·· . · .... , ·, 
... ·, . ·;-·, 

,:_ .. ' .. ..• . " 

.. 
. . . . '. •· ··~: . :· ' . '· ' ' 

As shoW,n ·in Fig. 7, the yield stress for prismatic slip exhibits.'three 
I ' ' 0 
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' ~: ' ' 0 ' ' , 
0 

' ; 'o ,·· : • ' • ' ·, : > • • ~ • 0 • 1< • , ..1 •: • • •:' • ,..·, 
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·.: ', ~ • • : t , 

. '· .' :· : ; distinct regions over: each of which unique.ly different dislocation mechanisms"' ,:·< . 
-~~:.·;.;·.~ . ' ' '·':··.. ~ .. ~~~::.1;·<··-.·~·-.~~...,J 

. . . ;: ~re oper<l,tive. The fl.o~ .fu Region I,, wh~ch is. characterized by a rapi.dly \<:·· ~;:; 
~ ' . ~ ' 

\ .... dec~easin~ yield stress-.w~th h,.c~~a.sing te,m~erature,·. ·rilUst be ~ont,rolied ·:, ·.,;\>·.:; ··:·· 
•.. ,.· . . .. .; ' . . . ~- ' ·.' 

· · · · · · · · by a thermally a~tiv~ted .mechani;~m~ · In view of' the small aCtivation vol~~e :·· ':r- ·. · · · 
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that was observed~. M?te~; Tanaka.·an<;i born tentatively attrib~~-~d . 

.1 '. •• 

. observed .'Qehavior. in Regio~ It~ ·th·e.)?e1er1s ·me~hanism. ·. Ov~~ Regic>n, 
. 1: 

the yield stress at low strain rates decreas,e~ only mildly withtemper~ture' 
!,•. . . ~ ,; 

.. ·,.,·.··.revealing that.some athermalproces$~is operative here •. :These results;,' 
. . 1. . .' ..... ··. · .... ·:.:) 

have been shown to be wholly consistent . with the concept that the 
•'' 
' ··~ ' '· 

~ . 

.. :.;/:': . '·deformation as a.r~sult of pr,ismatic ~lip iri this region results'from shbrt-: . 
. ' . .. ' ' . ~ ; 

. · ::, . ;." •· range order. · Ext~nsiv~ investigation by Howa~d, Barmore~ ;Mote .and 

... 

.. ··.·Dorn8 has shown that the strain.:rate·(~.r creep rat~}·o~er ~ll.ofReg .. 1on 

··,::can be correlated at low strain'rates:bythe. equation ... 

' . .... _·:·· 
. ·~ . ' 

•' .. '· . ·. ~ 
. ... ·: 

... i.~:.. - 33.000 

i = 3, 8 9 x 10
4
;'' ~ 3' 

6 
e kT , . . '· ' (~l:,;.):''::;j:}:}L 

. whe~e the activation energy' U = 33,000 approxima:tes that for.·diffusion.:\·;·}.::~. ; .. 

. : Consequently I . at low strain rate~ a' thermally activated:~~ffu~i~·ri ·c;ntr~~l~:~·,,·.!·\:;:;_.:· ,·. ·. 
. . . . .' . : .· :·\, ,· :· . . . . . ' . : _,-.._-:· .· _ ...... , ,· _.,-_. \. ,._ ·-': .-~:.-~?~~:(:,_~~-~;~~-:~ .. ~-~ 

plastic flow process is operatiy~ oyer Region III..... . . · .. ·>. . .;· ... : · · 
·The dynamic yi~ld stresses recorded in Fig. 7 c~incid.~ with the.. ..;,.,;;\:;;. 

. . . . . . . . . . ; .· .· . / .. :;:.~··· ;:)·/:~]~'{ 
J . . . .. _usual observa~ions on.thermally activate.d P?·~~cesses, :namely,• than an<~:~·.,.:;i/,~~~~~jf;\~:i" 

· .. ,·: ·.::· increase in strain rate at a constant temperature· leads to results equiva;e·nt~::::\~;r-~:;cf{ 

. : · , to a decrease in temperature ~t· constant strain rate. T.he dynamicte~t . <<:~.Y::~~~f·;:,:-: 
.. · .. ~ ·data~ therefore) . suggest .that .for the high strain rates encounteredin th~ .• :·;/\.II·:~:~{ ... 

dy1;1aniic tests,· the low;..temperature.thermally activated process is' opcrati~c;·.~;ttt· 

··· ;· · · . :over all of the test temperatur~~ that \\'e~e exa~i~ed. ·. It i~: e~pecte~~·., of/·+;:t~~}:j-y,:·~' 
·._,~-~-·· : , .. · ;-. '. : · · ,,:r."t'r·:.t.:.(} 

·:: .. < .• course~ that. the diffusi()n cont~oiled mechanism for prismatic slip~ .se~n:in• ·• . ; . 

.. ··. .. 

. ·.: ·---~ ·. . -~ . 

\ .. 

· Region III1 would not have ti~e ~nough to.be operative under high s~a•in > ._,. • .;-;J 
, , ' ' I , ' • ' ' '·' ,•;: ~;"-~; , '": 

· . rates that were used in the dynamic tests •. We will now demonstrate th.at the.···· : : 
. . . . . ' . . . . . . . :~ ,.. 
·. extent of Region I increases '\\'ith an incre~se in. strain rate .and that the ·~·{C);,:.:~;;.i. ,.;. 
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.··. 
:'·. ·, .... 

·. i 

.·,·. '. . .·• 
, l ~ . .... •.· ·' 

.'' 0.: 
,''• ._; 

. ':" .. 
·,· ··. 

.. ' ..... ~-.;.;- :_~ . .': ··: '· .·.·.;·' 
. :• ,' 

. •.·:· ,·.· 
. • .... • ~ l 

'··· ··· ...... 
:-:·: .. .. 

. . ' ~- . 
'4 ,· •• ,:, :·. 

. • •t .' ' ., · .. · ~, . • ·, 'I , . ~·, ·. ,'( . 

I 
! 



• ' I' 

... ·. •, . 

.•.:. 
~ . . . . 

.. 
. ·,· 

: .. ' 

.... · ,. '·' 

.tension test data obtained in Region I are wholly consistent with the 

dictates of the Peierls mechanism. · -Furthe.rmore, we. will show that all 

,·;· 

.. '.·· 

of the dynamiC data are also in ·fair qualitativ~ agr~ement with predictions .. 

based on the Peieris.process. · 
. 9 . . . . . . . . . . . . .1 0 . . . . . . . 11 • . . . . 'i 2 . 

Seeger, . Seeger#. Donth and Pfaff, .Lothe and H1rth, and Fnedel .. · 
. . 

have discussed the Peierls mechanism~ These earlier formulations of the . · .. f 

theory, however, were only approximate and ~ertained accurately only _for · .. 

low stress levels •. Mc).re recently Dorn :and.Rajnak13 have completed a 

. more rigorous and accurate theory for the Peierls process that is in 

excellent agreeme~t with most of the experimental data .pertaining to the' 
. . ~ . 

'. . ' ' 

Peierls mechanism .in body-centered cubic metals •. We will give a brief. 

suil.'lmary of this theory • 

,• . 

. As shown in Fig. 10, the lirie ~riergy o~ .a dislocation has its minimum 

value when it lies parallel.to certain clos~ly packed rows of' ato.ms. · A 

single kink traverses the Peierls hill as shown in Fig. lOb, where as a 

result of its greater ie~gth, it has an e;nergy pk ( ~the kink energy) which 

is grea_ter than that of a dislocation lying ex~lusively. in the valley. To "' 

. ' ... 

•· ... ·.l 

. m~·t·;;. ::,. tC..~.s!.':l.-t~:~'i:'.::. i:)..,.""l£ ~xc~:usJ:Vel)r in -one valley. to ilie next in the ::::!)sel1ce ·· .. · ' · · 
. . .... 

. of a thermal fltictuation ~equires·that a stress,. T , equal to the Peierls 
- . . . . . p . . 

··: __ .· ... 

stress be appiied •. If a stress '1' *<,. is applied, the dislocation, in.;the ' . 
. . . . . ··.. . ... p .. ·. . . . . . ' ... 

absence of thermal fluctu~tions,: will move only part way up the Peierls hill 

as shown by the st:raight dislocation EB '· But at ail temperatures above : 
... .... •. ~ 

the absolute ze~o·, · ther.mal fluctuations ·will provide energy to form : .·,. ' .. 

segments such as CDD'C '· Most' of these will.collapse bac~. But ii the · ·· .... 
. .. . ' ' ' 

thermal fluctuation is· great enough, a critical. stage will be reached such· 
' 

. ··; 

that the pair of kinks so produce'dwill move away from each other ther~by · ·· 
.l' .·.', . .' 

. '•, 
~· ( J • 

. ' . . 
· ...... 

... 
' . 
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advancing the dislocation forwd~d.by the periodicity., a., of the lattice •. 

. Tne theory for tl:ie Peierls pr_oce~s permits an ~ccurate determination of 
. .·· ~ . . . ~( . . ' ' . . . .·· . .. . . ' . ( '· 

the saddle point· energy U {-r } for: the hucleation of a pair of kinks. On, · · · .-
. . .n .. - -

this basis the· shear stra~n rate,--1_~ 'is given by the.~~ltzmann type of 

formulation as · 
.. _u -.-. -- n 

. . . . ·' . . -.' ... 1?T . 
1 = (~L) (La) b ( vbL/wb) e -· · · · (6) 

where Lis the geometrically 'deter~ined distance over· which the pair of 

kinks move~ f is the density of the freely mova~le d~slocations., v is the 

De bye frequency., w is the width of the .critical size of loop., and kT. and b 

have their usual meaning~ _Equatl.on 6., ·which assumes that only or1e pair of 
. . . . • ... -

·kinks is migrating in distance L at one time.,·_ must be· replaced by a slightly. 
. _·. . .. ·- . . 13 . 

more complicated relationship., as sh~:wn by Dorn and Rajnak, when 
: ... 

several kinks move at the .same time in t_he geometric length L. Equation 6, 

however., will be adopted here pecause 'it' predicts results in good agreement 

. with the present experimental data. 

Equation .6 _is valid only up ._t<;> acriti~p;l-temperature., T c" because.·. 

the necessary therm~l fluctuat:lons at T ~ and above are so frequent that 

even for an infinitesimal str'ess, no wait time is needed for nucleation of a-. 
• • "t" •• 

pair of kin~s. For this_ criti~al c_ondition., Eq,. 6 becomes 
. . ·.: .. 

--~-
.y ={fa b_.vL/w) e · ~--· c '· .. . 

-' - (7) . 

. where Uk is the kink e'riergy~ -· Since·w, appears ·in the pre-expoential term .. · 
' . . ' . 

and is furth-~rrriore ~nly mildly sensitive to--~~( .. it can. to a first approxi-

mation b~ treated as ·st;bstantially constant~ -Therefore, for a_ given strain 

rate, .f and L constant, Eqs. 6 and· 7 give· · 
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..,. . . . ... 
The theoretical evaluation of Un. /2Uk as a function of -;;- foJ;" .• , . 

. the case where th~ Peierls hill is sinusoidal is given in Fig. I1. 13 ·This · · 
•' * . . ·. . . 

c·urve is valid for all materials: ·As ..,. approaches zero, the energy that · 
: . ' I . 

must· be supplied by a· thermal fl~ctuation to produce a pair of kinks is 

2Uk •. When the· stress., ..,. :.:c .. equaJs the Peieris.·stress, no additional energy 

need be supplied by a thermal fluctuation to ·cause the forward motion of a · 

dislocation and U becomes zero. As shown by Eq. 8, the theory can be 
;n.. . . . . 

. ~·~ 

viewed in 'terms of -r ,. f..,. as a function ofT /T • At the absolute zero, . . p . . . . c . . . . . . . . *. . >!< 
therefore, as shown in Fig. ~1, ..,. · = ..,. p~ whereas..,. = 0 at T = T c· 

The slow tension test data given in Fig. 7 can now be .correiated with 

the theoretical predicti~ns based on the Peierls mechanism. Neglecti~g. 

the possible but small effect of temperature on the Peierls stress, We: 

. ·obtain the solid curve given in F.ig. 7 over Regio.n I as the theoretical 

* . . * . 
curve fitted to 'T = 'T at T = o· and 'T = 0 at T = T • . p . . . . c 

We w.ill now explore.the dynamic test data for prismatic slip. 
. . . ' . . . 

Assuming that :f and L were the same for the slo'"Y tension and dynamic· · 

shear tests, thetheory suggests:that 

... 

·rx ~· 
'Y.2 

(9) 

! • 

.e 
; . 

. . . . . .· .;;;13 .... ·.·· . . . . . ... 
Usmg the value ~f vk = 3 X 10· ·.· ·.ergs determined by Rosen, Mote and. 

,•'• .. 
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··;; J . ... ' . ~- .. 

. '· .. ···· 

' -~· ~.:· ··.. . 

. ~' . . . :. ; ~ .. :· 
~·.'· ·, 

i.' . 1· = 10-4 sec~ 1 , .the values ofT ... . ;i~r .y· ~ io2, i'o 3,· 10
4

, 

. .; . computed usi~g Eq~ 9. Thes~e?r· mod~les COJ;"rection &orAg2 _. Al alsq :. 

' . · · · given in refererii::e 14 • oari be .used to deter;,ine( j: J ( G~T) and the~ ' 

. ·. . . the corresponding .!__ can be read off Fig. i1. · At .T =.0, .. / = ..,. ... · ;' so from· 
.. · .. ·" ... j .,- ..,. ·. . • ·. · · .. · • · G , . ·· o ·· · po · .. :·. · .. :.· .. . . :p . . ... ),( . T . . .· . . .. 

:. <. ::.. Fig. 7 where the dashed line (-r 
0 

~: -r~)' ~- is drawn to ·aJ:?est fit through . 
'• ... ' ·........ . · .. : . ·. 0·. . .· . . . . 

. .. , , ·'. the exp:erimental data, the. value of ..,. · = 28Kpsi can be read off.,·. . :: ·.> I 
. '• •. Assuming th";t 7' pT = 7' po -d: . 7'; :.:be evaluated and the noW st~~ •• ;· ·; I 

. 0 . . . .. .. . .··... f 
plotted as a function ofT for various strain rates. These theoretically ~ .. ·! 

. . ; . . . . . . . 2 3 4' . :' 5 ... ,. f 

. · predicted c~rv~s are shown 'in J;ig. 7 for .Y = 10 , 10 , 10 , and 10 as ·· I 
· dash-dot lines. The experiment~lly determin~d dynamic yieid stresses are .. :·' : .I 

... ; · · s~own with the ·adj.acerit num~~rs inctid.atingthe strain rate inlOOO sec- 1. · .. .: . ~. . i ;:· .. , ..... ···· I 
. for each point •. Considering the experimental difficulties anc:i' the necessary~;':\:··~ 

.. ' -: .. ' ' . ' ........ 

"l ., 

. ~. . ... assumptions iri the theory, the ~greement is ~xcellent •. 
. ; ,: ... 

'·: '..;" . 

. . :: ~ .. 
·.< .. 

~. . ,. 

c. Plastic Waves 

All theories of plastic wave propagation are based on the equations. 

: for dynamic equilib:rium and the. conditions for ~ontinuity and therefo;e ·:' 
. ' . .. . : .' .- .. · . . ' ·, .. . ·, . . .: "' ' . ~.:• 

differ from each other Oilly with respec't to the constitutive e~uations th~t 
. . . . . ... .. ' 

describe the diuamic.elastopiastic·behavior of th~ material. ···using orily<· 

·• ·.the· Hugoniot equations for equilibrium. and the ~ondition for continuity~ . the·:·,:­

d~ velocity, ar. of the propagation or' a wave do'wn a thih longitudinal bar ; 
.. , . 

. · · . ·.: .. ·> .. is given by to"•. 

I .!.: 
·., .. 

'·. 

. •. 

·:where 

do< ar-= .. 

> "";.' 

[cr]/(eJ' .. : 
.· .P 

. :· 

[ cr] =the step.or shockin the·.engineering stress,~ 
. . . j • . . . .. ~ . . .· .'·.. ' . ~ . 

· · (8 1 = the step .'.<>r s~ock in the :total ehgineeriilg strairi;: 
.... ·'. 

-... 
~· ·'. .. 

, ... . ··, .. . 

. . . : ,_:.' '·.;· ~~ ·. : 
'l" . .. ·, .. 

. ."·- · . .'! . ~ 

(." .. '·· .. 

···~·: ~ . r 
... 

·.,,,' 

I 
I 
I 

·.lo 
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and f is the ·de~sity: ~f the material;. Forcry~'talline material~ however.~ 
.~' 

.. the shock in' total str~i~, re ]~ c·~ only refer to the shock' in elastic'',strain.~ .. · 

since the shock in plastic stt~~in is zero.··. This follows because~ as: shown 

by F;~k~ 15 the energy per unit len~h~ :r . .~. o(~. m~ving dislocation dep~nd~ 
on its velocity v. For a screw ·:dislOcation~· r is ~iven by the relativistic- . 

like equation 

. . . 2 

r(v) =. ro{ ·.l.:f ~ r 
-1/2 

. (11} 

.. where ~ is th~ res.t energy and c .is .. the .velocity Of an ~lastic shear wave. 
0 .· ...... ; . . 

. . . .. " ' 16 ·. . . . . . 
As shown by Johnston.·and Gilman .. -in their investigations on LiF.~ the. 

velocity of dislocations under high stress· approaches the limiting value·of 

c.~ as suggested by Eq. 11. Bec~use the energy of dislocations depe'nds on 
. . . 

their velocity, they haye i?ertia~ .• and a~ shown ;by expanding Eq. 11 into a 
I :,, , • • , , , , , . • • 

Taylor's series~. for velocities iess than about 0. lc the effective mass of a. . ' - . . ·. 

dislocation is about ~/c2 • Con~equently the.instant a shock in stress 

·· .... 

: ~ : 

arrives at a· dislocation which was originally at rest~ the dislocation remains. 

at its original position but it accelerates. ·Because there can be no abrupt· 

change in.the pO~?ition b,(dislo,cations as a result Of a shoe!{ in stress, there.:,. ' 
• • • • ~ • • • > • •• 

. . 

can be no shock in plastic strain~ Therefore, the shock in the total shown .· 

can only equal the shock in elastic st.rainand Eq. 10 always reduces to 

,\' ,. . ,,.!_ 

: . ' ~ 

.. :.. . . 
. where E is Young's modulus of elasticity. : 

Since the inertia of dislocations is very. small,~ they accelerate rapidly 

to their limiting veloCity. .This concept has also been experimentalijverified ... 
. . . . . ' . 

. ; . 

,. 
J 

I 
t 
! 



I . 

.·. . .. ·• . " 
,}. . ' .. . . ,_ ..... ~ 

: .. /.'~so·~: 
. ~ '•. . ..... 

: '. ·~·:. ,... .. 
. :_ ~-~·:: ~ ~-

'· 

i!. 

., ... ~. - .... . ' : ,,_. . . . '\. 
~ ;_ .. 

-·.•. 

-. !, "'', I' '·;·'·,. 

by Johnston ~nd .Gilman16 wh~o observed.t!J.at _the di~locations unde;~ooi{ ·,. ;_ ,.·::,: 
• . • ·:::·.r ·l'· ... -~ ... - ··;· 

. . . . . -~ .. -.. -: . :. ·. . ' ·, . ':. .· ... · ' ~~: __ ··.- .' ··- ~--.. :_ . -:.: ... ·~~-· --~~- .•¥'·.,.'', 

the same displacement under·.a.s:irigie stress.pulse asunc1er a series of,\ -_~:\~(·,;! 
. . _ ... ;.~. '· . . . -. . . . ... . . - ~.: . ¥_... ,_--<. :;·.~-· 

stress pulse~ of the ~arne total :d~ration .... :For exam pi~: neglecting damping,,. • 

·-;·,_.; 

' . the accel~rative 'period of. a di~lo_catio~ can. be- calculated by equating the .... 
. ' . . . . : __ . _ _. ..... '·. ' .. . :. ". . · .. ··.. . . . _· ··,._ ·. -_ · .. ~-- · .. -· ... · ·. -.. ~.-~-~:- .. 

., 
/} 

rate of work done by the stress to .. the increase in line energy _according .. · 

·to .· .... 
•• i• ·' ·' 

•"; ' ' , -~ • •• t 

··'; 
. ·.: ... , ... _·; . ·,.·, 

.·. . 

.· ·.~.· ' ;;.. v,.' ~ 
. ., ... : ·. 

,. ·.·.·'· ,(13t ... 
. :.-: ', .. 

. . ' . ; < -~-- ·", 

When this is .integrated; . takingv = 0 at t = 0,. the. result is '/. :- ·.' 
' . • • • . . :. • . - • • • i ~ '~ • ·, • • ~ •• 

,·. 

-.~ ·~:.-. rr : . 
f.: ,•. 

~- .. 

. . 

,.·· 

Using the vaiues ap.prppriate~_ . .-_-fo~:Al, natn.ely .c ·= 5 x 105 ~~/s~c>:: · :,; <. .. ·· .. ' 

. ~ .... , .·. b ~ 2.86 xlo-8 ~rn and :ro ~ .. ~~2/; .= 1.i·x-10~4 ~I'gs/crn whe~e Gis .. th_e~·)<;:; .. 

shear modulus of elasticit7.,: we observe ·that for a stress as low as 
. 8. 2 . : :; : . . . . . . :· . . . , ~11 .· 
·,. = 10 dynes/ em , a dislocatiop. will reach, 0. 9c· in about 2 x 10 sec • 

. Furthermore~ the shear strainat:this time is 

2 X 10-11 . . . . . :. -4 
-y= ·I . ,Pbvdt = 1.4 x 10 . 
. .. 0. . . 

· ... ·· ,. 
'· '*;: ·· ··s ·. · 2 · · 

.··:assuming a density of dislocations of .5'. = 10 . per c;m ~ :·.Approximately the'· 
.··.same an~wer is given. by more sophisticated analyses on the dynamic 

' . . : . . . . : . ' . . . ~- . 

_,. behavi9r of aFra.ri.k-R.ead sburce. 17 . At present there .isno•.-expe~irnental'/·~~·<<:-
·.··.· . . . .. . : -:_. .. 

.:· '· 

. ' .. 

equipment available to expiore this ac_celer~ti,;e period over such short:'·.-.' ·(/ 
. . ·, . . . ~ . . ·. . . . . . . . . . .. : .. · 

intervals of ~ime. Furth.ermor~~ -~ngi~eering interest usually .centers . .: . · .. ·., :::. 
. . . . . ·, . . . . . -8 . . ·.· . . ' .. ; . : ~:.~.<..:::··.- ,,, 

about the much longer_ times o~. 10 sec~ or. greater and much higher . _. ::··.·>,.i ~\ .. : 
.pl~stic str~ins than about 10 ~4 .- ._ConsequEmtl;,. for most types. of ·plastic /:.;·. :'·;,;:. · .. 

wave pro~lem~~ it-is appropriat~to ~egl~ct the accelerative period~·· ... _, 

I ' • ,•\:, ; : I I .: .• ~ ' ·· .......... . 
·. ;,-,-.' 

. ·. . ·, ·.: ~- . 
.!',. 

·' .· ·' .. ...... 
.•• •r •• '-., 

! •. ,, 

' 
'r 'r 
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For this reason the constituti~~ equations to be used in plastic wave·.· 
. . . \ . ·· .. : 

propagation problems need not' 6.ontain the rat~s of. change of .strain rate .. '· ., ... 

as woui~ be necess~ry .when'th.~ ·~alysis must,'account f~r the accelerati~n :._; ~. 

of the dislocations. . . 

All me~h~~isms of dislocation motion· involve the absorpti~~~ energy. •. .. 

:Therefore as a shock passe~ thr~·ugh materi'ai~ the· stress level at the front 

of the shock is ·continually ;educed b/ plastic de:fo·rmation at the wave iront 
. . : . . . . 

. . . 

until the stress. ·decreases to such a low.,value that. finally only elastic 

straining results at the shock ·:front •. Three classes of cases deserve · 

consideration as showri iii Table II .. · 

Both Class I and Clas~·!:i: phenomena g~ve flow stresses that depend 

,''. 
'• . 

-~ , 

''· ' ... 

on the strain rate; the Li.ebfried equation ·for the· int~raction of phonons \vith. 

dislocations~ howeverl .gives only sm~ll changes in stress with strain rate. 

The effect of strain r~te on the flow stress can· be. great for several of the 

Class II phepomenon. This is· easily verifi~d in terms of the discussion in 

the text of this repo;t on th~ Peierls process. · For both Class I and Class II '· · 

. processes~ hbweve;, the con.stitutive equati'ans must be formulated. in terms .. 

of the str:ess and strait:t rate :as well as the· str.ain. · And under: these . 
. . . 

conditions,. the plas;tic wave problem shouid be solved by means of the· .· ··.-~- ': .. 

techniques ~uggested by Malvern~ lS U~dE:r dyna.rriic c.onditions, however, 

. as previously .discussed,· 'the: diffusion controlled processes .do not have time~:; 

. enough to take 'place and .will be s~pe~'seded by other mechanisms. . ,., ~ . . . ' ' . - . . 

If over the entire low te~perature range only the athermal proces~e~ 

of Ciass III ar.e operative, the deformation stress will depend only on the · 
. . . . . ' . 

strain. Suzuki locking was the example ·gi~en in the text. In this event the·· 

. plastic wave propagation th~ory.can be most re~dily approached by th~ 
von Karman and Taylor19 types of theory.. . . . . 

·' 
. '• . ' 

. . ' . . 

. ~; . 

. ;_ 
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.· .. ··. :·TABLE·II· 

. DISLOCATION MECHANISMS. 
··',: 

:; .. ,, :"." •.,.,. 

Class Name Example Charac.teristics ... .\. ::.·:<;·~· .. ;:.r>·· 
,...._,.. _ _.____:___:_.;__~---_..,..--;....;.,.;..,-----_..,..--:----..,;-.;;..__......,;._~.;_.:,--~.;...,...--:-~~.' / .t.·t . 

.::(~) .Phonort inter-> .
10

·.·:,c ,.·()4 •.. ·<·:.:,. 
·, 

·, 

II 

.; 

,' _., 

. -~ . III 
. , . 

.. 
. :;_,-

; .. : ·' . ~- ; 

.. 

·'. 

·J • ..• 

·' •, 

A thermal but . 
· velo.city ~.ensiti.ve •:actionswith disloca- 1 .. ~ 3k'l 

tions.· · · · ' · 

. Thermally activated.. 
. ~- . 

. (activation energies : · 
less than 50 kT)· · 

·(a) :F>eierls . . 
·{b). Intersection:· 

1: '" '· 

.. ·.·· 

.,;. 

-.. -.; . ,• ., .. 

:·l, 

Athermal ·.· .. 
(activation energies. 
greater than 50 kT) · 

<; 

., . 
• • • 0. ~ 'l 

'.·· 

·:.-i; .. 

~::: ( 

. ·. -~ ... 

'' -~. . ~ ·. 

.. · ... -
,.·· l 

·. 
·"··· 

·.' 

J.,,-· 

,.'-! .. 

•. 1' ·~·· 

(c) Cross-slip ·: · 

· {d) Motion j-ogged··. "" 
screws 

{e). Climb of edges: 

. (f) Vis~ous solute 
·:.;,.:· .. atom drag . 
.r~. . . . 

·.(a) Long-range stress 
'-.- .. 

. ~ ., . 

,. 

. (b) Recombination· 
s.tresses 

(c)· Short-range .order 
. ; ' . . . ~ . . 

. (d) Long-range order ,. . 

(e) Suzuk~ locking, . 

.'•·: : '· 

.·.· .... 
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