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ABSnlcT -., .................. .... 

A nl«'thod to Htemint tht ",icf"Ostrtss ~htr1but1on, in 

crysta1s h pres~ntod in thh thosh. Tht dhlocltfon ,..-nts 
11 

~,ddftd insidc d s1ngl~ crysta' Ire constd.re~ the Mlin,~chlnt,m 

for obttining the n~ctSs.ry knowledge to dtscribo tht mtcrostren 

distribution in lhts crysttl system. Utl1htng a lin.-tt~Sion modtl, . ; / 

1 ntOdHted expl't!ssion to .scribt tht stress field Icting on 1 dis

Tocation lino in te .... s of tu gtOMttr1c.l plr ... tors ts obtl1ned . 
.. 

ln t~is anAlytic~l dorivltton, the 1ncrtlsi tn tnergy duo to inter-

Ictions betwoon " ptrt1cuhr dhlout1on line end an tn'in1te number 

of surrounded dis locltions 15 cons1dtred. , 

AJ experiMentll study utilizing ln x-rl1 Ling SClnnfng

technique hls b~n clrr1ed OU~ to obt.in the dislocation distribution 
• 

pattern in 1 S111con sin9,11 crystal. F~ t~. gQOmOtr1cll Plrlmeters l 

meesured from the exper1Nntally obtlined Pittem, tM stress fitld 
• 

act1ng on tach indtvid~al d1slocltton, in th1, pattern, is calcul.ted. 

Th1~ leads to the doscr1,tfon of the stross distributions 1nstdt • 

single crystal vil tht Ih.lytic •• pres'1ons of tht present studl. 
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CtUt th". dtnlo1)1)t unt .... thod. d'hel utr 't\ ! 
distribution, dt Micro-contraintt a "int'"itur d'un c .. htl1.;' 

On cons1dt,...qut ',s 'egMtnti dt dis,location a "intl .. itu.. ( . . ~ 
d'un seul cristal contitnMnt toute "infonMtion ntc"'lirt '-,"'\. 

• pour en d.du1· ... li distribution dt ''''icro,cont,rlinto du ,:r't~\) 
crh t.l11n. Ef\ ut ni sant un Madtl. dt ttns ion 11 n'a ire ~ on 
• obtiont aiMi un, nouvellt .»tprenion In.11tiq~ pour -d'crire 

'-

le ch.n,ps de contninte 1mpo'41 'ur unt ligne do dhlocat10n\tn 

fonction de ses par."lêtres ~tr1quts. Cttt, -e.pression 
~I • 

1n~ut l"ntrgie edditionnt". dut lUX int'''lction~'~ntrt unt . \ .~' 
ligne de dis location tt un nombre infini de dh~oC:I\1ons 

vo 1 J 1 nts . ' i, 
1 

Cette th',e prtsente IUSS 1 Uftt êtudl e)(ptdlntntt le 

qui se sert de la Mfthode dt btll1lge d. rayons x dt Lang If1n 

d'obtenir li distribution dtl disloclt1ons a l'int ... i.ur d'un 

'Iul cristal de siliciUM. Lts PI"I~trt' gtomttr.quI' Masurfs ,... 
lU llboratoire pe~ttlnt lins1 dt calcule" 1. c~",ps dt contrlinte 

impos' sur chiqui dislocltion individuelle. Ct dtrni ... calcul 

tS t ~nfin ut 11 ht IVec les e)(pren ionl Inl lytiq.,.s dtv~"~pfts 

dlns ,. th'se pour obtlnir li' distributions dl contretntt a 
" int'r1.u .. d'un StU 1 cris tll .
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INTROOUCT ION _ .. _~-

" IllOn' CCMnp l ete and rea 1 is tic understand i ny of the s trcss

defonllcl t 1 on re 1 cl t 1 ons perta i ni n9 to po lycrys ta 11 i ne soli ds rema i ns 

a nlajor objective of the mechanics of defonnable bodies. Classical 

continuum nlechanics and its extensions of high order. try to de'Scribe 

these relations by util izing mathematical models based on the obser-
- ........... . 

vations of the material in bulle. and employing the simple, assumption 

that the material 15 10ca11y homogeneous. This classical approach ls 

cl nlacroscopic description of the material behaviour which ignores the 

non-dctonl1inistic influence of the microstructure of real materials 

and consequently is unab1e to include the properties of this micro-

structure wHhin its mathematical formulation, These theories have 

been accepted as an approximation to the response of materials. but 

they fa,', to a certain extent, to close the gap between their theo

retical predictions and existing experimental evidences. 

To overcon~ the limitations of continuum mechanical theories. 

, Axelrad [1-3) and Axelrad and Provan [4-6) pave fo'rmulated a theory 

-
within which they accept polycrystal1ine materials as composed of 

real crystals. ln this theory, the mechanical response of a poly

crystal system is first fonnulated at • microstructural level by 

considering that-the relevant quantities. characterizing the material 

system at this level. such as crystal orientation. size, position and 

Shape of crystals. are random by nature~ A transition is then obtained 

to the Rl4crolevcl by the use of certain concepts derived from statisti

cal mechanics and the mathematical thèory of probability • 
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This way of solution has two nlain objectives, first, to obtain 

a microscopie stress distribution leading to the predictions of local 

phenomenon such as the initiation and ~evelopment of crac~s and, second

ly, to relate the observable macroscopic response behavlour of the VOly

crystallinc S.y~tll'" to the microslructural chardctcrhth:s of such cl 

system. • 

The atm of the present study is to furnish the prob,b1l1stic 

micromechanics theory wi th a method of detennining the microstt'ess 

distribution inside a singlé crystal. In this thesis, the dislocation 

segments embedded inside the single crystal are considered the main 

mechanism for obtaining the necessary knowledge to describe the micro

stress distribution in this crystal system. 

ln order to clarify this approach, a bri~f review of the 

development of dislocation theory is discussed next, while the micro-

mechanical concepts for the case of polycrystalline solid is given in 

appendix 1 of this thesis. 

I. 1 T.h_tt.~v~l.C?~n_~_of Dis location T"eQ!'~ 

Crystalline solids defonn by means lof translational slip 

in a particular crystallographic plane (slip plane) along a particular 

crystallogra~ic direction (slip direction) within that plane. The 
1 

idea of slip SeeMS to suggest that planes of at~ slide as rigid 

bodies tcross e.ch other. However. this would ~n thtt the shedr 

stress on the slip plane 15 unifo .... ly dhtributed dnd thdt the atoms 
. 

in the sl.p ~lane can nove siwultaneously. Thus the materi.l in this 

slfp plane becOMeS aMOrphous as .11 th. coherence be~n the at~ 
/J. ' 
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on either side of the plane is destroyed. lt is hdrd ta accept that . 
the shear stress on the slip plane can be UnifOnll1y d1stributed par

ticuhrly in the presence of thermal vibrations of atonls themselves. 

Furthennore. the production of an al1Orprous layer is analogous to 

the process 0 f me l t i n9. where crys ta 11 i nit y i s los t. wh i ch i nvo lves 

energies much hi~her than th.t observed during the slip procass. 

Obreimov and Shubnikov (7] • who analyzed the plastic de- \ 

fonnation of NaCl in crystals 1n polarized light. showed that slip\ 

develops progressively. After this it became clear that translational 

slip cannot be reduced to simultaneous s11pping of crystalline blocks 

and must necessarily be a consecutive slip. The concept of consecutive. 

slip succeeded replacing the simultaneo~s slip idea and the san~ final 

result 1s achieved, but the consecutivc.slip gencNtcs (\ certain ,,,ter-

mediate stage where there is discontinuity within the slip band with 

the lattiee in register on e;ther side. This discon~inuity is a 

boundary separating the slipped and unslipped areas of the crystal 

and it is identified as a dislocation line. 

The mathematical theory of dislocations in a elastic continuum 

was first systematicalb studied by Voltera [8] and Weingarten [9] 

Afte'r a preli.inary work by Prandtl [10] and Oehlinger [11] • dis

locations.were applied to the explanation of the plastic defonmation 

Of"6 singl~ crystal by Orowln. Polanyi and Taylor, indepe~dently. 
They considered the dislocations as imperfections in crystals and ex

pll1ned why the Observed yield stresses of cfystals are ~uch lower 

than 'the theoretical values calculated f~ atQmic theory assuming 

the- perfect lattice state. Orowan [12] showed that the boundary of 

r . 
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1 limited region fonms 1 closed ring of dislocations if this region 

of one Itomic pline slips along 1ts neighbouring plane for a distance 

equal the parameter of the transition of the lattiee. Further slip 

can extend Ilong the slip plane by gradual widening of the regions 

of local slip which is equivalent to the disp1aceft~nt of the dis

location in the slip plane. Polanyi [13] investigated the edge 

dislocation, fig. 1.1, and noted that the displacement of the dis

location leads to slip by an amount equa1 to the parameter of the 

litt1ce. He attefllpted to calculate the stress ,tlecessary for the 

displacement ot dislocations. Taylor [l~] considered the atomic 

plane next to the dislocation as not rem.fning straight but con

tinues to bend around the edge of the extra half plane whfeh forms 

the dislocation line. He showed that trans1ationdl sli~ for a length 
".. 

equal to the paraAleter of the latticet can occur due to the motion 

of positive, as well IS negative, edge dislocations, fig. 1.2. 

The concept of non-straight dislocltion and screw dislocation, fig. 

1.3, was introduced by Burgers (15] who expressed .1so the elastic 

field caused by a dislocatien loop by a sut~lce integral of a known 

function over the slip surflce bounded by the loop, using the Inalogy 

of Vortex lines in the theory of hydrodyna.ics. 

The~.ttention .fter th.t WIS pa1d to the effect of crystal 

structure on the dislocation propert1es. ExaMp1es of the results 

achieved in th4s way were the introduction of partial \dislocations • 

by HeidMreict\ IncSiSchockley [16] Ind by Frank {17] , the concept of 

sp11tttng and the recognition of the importance of the 

Seeger's theory of work hardening due to 

.. 

.. 
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dislocation acculllulat10n in the crystal appeered .s cl result of the 

work of Mott [19] • n~chanic.l and ~-ray studies and the investigations 

of slip linc patt(\rn by optical and electron microscopy. Pcach and 

Koehler (20] transfo~d the Burgers surface integral into a line 
/ 

integral and defined the forc~ acting on a line element of disloca-

tions. 

Turning our attention to at,tempts to dcscribe the ~verall 

response of a crystalline material, Nye [21] introduced the density 

tensor of dislocations which was utilized later by Kondo [22] • 

Bilb{ [23] , and ~rOner [24] • 'ndependently. They found that the 

dens ty tenso~ of dislocations cl~be written as the rotation of 

plastic distortion. Krëner [25] developed the theory of a continuous 

distribution of dislocations in connection with the stress function of 

elasticity. The relation between the '1pcompabil it y of strains and 

the Burgers vector due to a continuous distribution of Itationary 

dislocations have been studied by Moriguchi and Kondo [26] . Mura 

[ 27-32 ]commence~ his theory of continuous distribution of moving 
1 

dislocations by deriving the defo~tion due to a single dislocation, 

then he e~tended this expreSSion to the deformation field due to a 

continuous distribution of dislocations. From his theory, Mura 

derived Von Mises yield criterion and the Prandtl-Reuss relation 

between stress and plastic strlin rite for isotropie and ànisotropic 

elasto-plastic material and he derived the velocity tensor and density 

tensor of continuous distributions of dislocations considering the 

dyna",i c cise . 

\ 
\ 

• 

'.' 

',. 



o 

o 

• 

-6-

Eshelby contributed markedly in the development of the 

mathematical theory of dislocations. Hè found the solution of an 

osç11lating scr~ dislocation [33] , ~v1ng dislocations [34] , 

and dislocations in anisotropic media [35] . 

Probab~listic approaches include'\hose by Nilson, Lagneborg 

and Sandst~ [~6] , who measured the mobile dislocation density. 

They considered that the increase in the stress inside the crystalline 

material is -a direct measure of the effective stress where the average 

dislocation density is obtained from Orowan equation for plastie flow. 

Utilizing the concepts of micromechanics theorl [1-6] , which accepts 

the existence of imperfections inside the crystals within its ~athema

tical formulations, Axelrad, Provan and el Helbawi [37] have developed 

an analytical mode l to evaluate the effect of internal dislocations in 

each crystal on the linear response of elastic heterogeneous solids 
• 

(see appendix Il). 

Thus it can easily be realized, from this review, that the 

study of the mechanical properties of crystalline bodies is reduced 

essentially to the study of the defect structure of dislocations and .... 
the factors controlling their generation and dynamics. 

Particular to the approach taken in this thesis, the analysis 

of the distributions of stress inside the crystal, stress on and due 

t~ isolated or determinately positioned dislocation have generally 

been investigated by "abarra [38J • Indenbom [39] and Li (40]. How-
• 

ever, in real crystalS, the disfocaUons are positioned quite randOlnly 

so th~t the local density and the positioning of dislocations change 

'\ in a rtndOll INlnner frolR one VOlUMe of the crystal to another. Such 

\ ' 

• 

"-----------------------



o 

• 

-7-
, 1 

1 nonuniforMity inev1tably leads to the nonuniformity of the stress 

field inside the crystal which in turn can exert a considerable in

fluence on the motion and the p1nning of dislocations, on the inter

action of dislocations with impurities and point defects, on the 

defonmation Ind dcve10pment of cracks and on other processes whtch 

determine the mechanical properties of a crystalline system. 

ln this present study a theoretical-experimental work has 

been carried out to determine the internal stress distribution in 

parallel 91 ide pla'nes inside a single crystal. Util 1Iin9 a line

tension model, a modified expression to describe the stress field 

acting on a dislocation line in terms of the geometrical parameters 

of this dislocation is obtained. In this theoreticil part, not only 

i s the sel f-energy of a dis location line assumed to change under the 

effect of stress field, but a1so the increase in encrgy due to inter

actions between this dislocation line and an infinite number of 

surrounded dislocations is considered. This part has been discussed 

in the subsequent Chapter 2 of this thesis. 
-

An x-ray diffraction microradiography technique, known as 

the Lang Scanning Method, is used to obtain a dislocation distribu ion 

Plttern under the effect of external and internal ~tress fièlds within 

glide planes {220} in$ide a Silicon single crystal. This technique 

1$ described in detail in Chapter 4 .fter a survey for the methods 

U$ed to observe dislocations inside materi.ls is presented in Chapter 3. 

, FroM the geo.etrical paraMeters Measured froM the experi.entally-

Obta1ned Pittem, the stress field .ctt~ on eath dislocation in th;s 

pittem 1s c.'cu,.t~ uSing the theorettcal expression derived in Chapter 



o 

• 

t 

• .. 

2. This lelds to the description of the stress distribution inside ~ 
Single trllte1 wh1ch is the ult1 .. t~ li. of thts present study. Thest 

results Ire discussed in. Chlpter 5 whilst the conclusions thlt Mt Y be 

. drlwn ff'OWl tMs study IS well IS future rtseat'ch considerations 1" 

dealt with in Chapter 6. \ 

.. 

! 

• 
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ln a new unstrain~d and wal'-annealed single crystal, the 
• dis'ocation density is typica"y ,a' ~c.c. T~,e dislocations 

1 

tend to arrange theM~elves in a low tnergy configuration, rather 

than being distributed at ,randoM. Such an arrangeMent would be aided 

by thenMI' fluctu.ti~ns and so would occur readi'y at the higher tem

peratures encount~red during and imlntdiltely after crystall ilation. 

A section of this configuration is shown in fig. 2.1. ft consists 

of a three di~nsional ne~work of dislocation segMents intersecting 

at various nodes. These configurations are called Frank hetworks , 

and are relatively stable states in regard to both their own internaI 

interactions and the effect of external stress. 

Upon application of a stress to a n~'y formed crystal. one 

of the first events ~o occur is th.~~.~ free dislocations not in- ' 

volved in a network begin to MOve and etther glide out of the crystal 

or are stopped by the network. At sa.e higher stress, Frank-Read sources 

begin to operate and produce a series of concentric loops as shawn 

in fig. 2,2. ln t~is figure a strlight part A8 of a dislocation line 
, "-

lies in ~ Slip plane (the plane of the dtag~) and fts ends are pinned 

doWn by et ther intersKUon nodes or a",' ottttr obstacle. This dis-

.. locltion segllent is fote" to bow out in a cin::ular stt.pe, to keep .... 

its 10. lnergy configuration. under the letton of an .xternal shear 

stress ""til eventuaHy a position of instlbiHty 15 ,,"checS and a 

'closed 100p of dhlocation~f then forMel around A8 in the sHp plane 
1 • 

-
• 
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to~the .. with anoth~r pitct edj(\ining A and 8 frowt wh1ch the proc.n 

cen be rePNt~. 

This op~ration can then be dhided into a r~'1.rsible proctss, 
li 

stage land 2 in fig. 2.2 end en irre'letsible one, aft~r sttge 2, which 

need higher stresses to btnd the dislocation st~nt tnto tn tppro~iMt

te1y half-ctrcle before it ctn e~~nd outwards . 

• 

. 
ln this cht.p'ter, the followfng assUWtptions tre mede; 

" 

1. Infinity strong point obstacles are arrengtd et . 
random tt etch slip plane. 

2. These points are kept fi~ed while the e~ternal 

stress is applied to the systeM • 

3. Thè stress will cause any dislocation ly1ng in a 

particu1tr slip plane to .ove !ollowing the Frank

Read source MtchanisM w'thin this particular plane. 

Fo11owing thest assUMPt10ns and trelt1ng the Frank-Read sources 

on th~ bests of thè l1ne-t.nsio~MOdel, 1 relation between the micro-

stress on and due to dislocation interactions and the geoMetrical parl

meters of this dislocation is derived blsed on work of J'ssang, Lothe 

and Skylslad [41] , Foreman [42] 811n (43] and OeWit and Koeh1er (44) . 

Il.2 

\... 

~!.\çtiO~Of otsl9Slttions WiU-, el' AppHed Stress, in en 

Anisotropie Cr1!ta' 

. 
fn fig. 2.1. a dislocation 11nt, pinntd at its two end points 

A and .8, 1$ .ss.-cl to be 111ng efttirely in iU CMn 91 ide plane which 

is teken ta be X-y pla ... with the Y-axis PIrellel to the 8urgers 
" " 

vector direction. A ptNlltwr "is ~eft a'Ôtt.' the dislocation 
1, ,!" • 
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segmellt 111 Sudl a Wdy that 1t ll1creases in the pOS1tlve sense of the 

dlS1o(atlOll, 1 (' '120 at A dnd '1.1 corresponds to Il. Any general 

pOInt X('I). y(,d on the segment Ail can be descrlbed by n(I)). the angle 

hetween the LItHjent at thlS pOInt and the directlOn r on the dislocatlOn 

11 ne 

U~on clpplYlrH:l an external shear stress, the dislocation 11ne 

wl11 bow out p,1<:'<;ln9 through the plnn1ng p01nts and stabl1lty occurs 

when the totdl c,plf energy of the dls1ocatlon 11ne 1S ln balance 

W 1 t h UH' r x t (' l '" 1 1 1 Y a pp Ile d for c e 

d 
lhe wo,k dOlle, W[' on the dls1ocatlOn $cylllent lS equJl to the 

1 [45J 
Integral of the dIslocatIon segment's self energy and has the fom, 

B 

= J [(0) ds (2 1) 

A 

where s 1') the an length along the dls10catlOn segment and f(o) 1S 
1 

descrlbed as the energy per umt length WhlCh lS assurned to depend 

on () a t 1) Under any vlrtual change, the pOInt rI 1S d1Splaced by an 

amount ,'r('1) == (,'X(IJ), 6Y(rJ) ). Then, the work done on the d1s1acatlOn 

segment due ta th1S vlrtual dlsplacement can be de~cr1bed as' 

d 
B 

,)W
f 

.. f f(Ti). or (n) ds (2.2) 

IIIhere: f( rd = (b.q1 x ~ (2.3) 
- lit 

1S g1ven by Peach and Koehler [20] as the force per unit length on 

the d1s10cation 11ne due to an external stress o. However a can 

lnclude the effects of other dislocations. In expressIon (2.3), t 

'lS cl unIt vector tangent ta AB at Il and b is the burgers vector 

1 
1 

l , . 
l 
~ 

.. 
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_ denotes a f(rs t-order tensor and :: denotes a second-order tensor. 
, 

The c1imb motion is assumed to be ignored and only the forces causing 

the glide effect will be considered, Le., only the forces acting in 

the X-Y plane. Examination of equation (2.3) shows that only the 

0YZ cbmponent of ~ causes a force in the X-Y plane. Then, 

f Y Z (n) • bo y Z (s i n a ( n ) • - cos e (n), 0) (2.4) 

Equation (2.1) after a virtual movement for the dislocation segment. 

under the effect of external stress. becomes: 

6W~ - 6 t E ( e) ds 
A 

(2.5) 

Under the condition of contlnuity on the. dislocation segment. expres-

sion (2.5) may be writte;~n the fonm: 

ôWd 
c J 6«((a) ds ) (2.6) 

E A 

12 1 2 2" 
where: ds .. (X (l')) t Y (11) ) dn (2.7) 

Substitutlng equation (2.7) into equation (2.6) one gets; 

" where E • 

at Tl - 0 

l 

6wd JI 12 12 T 
0= 6 (E(e) (X (Tl) + y ( 1') ) ) dn) E 

0 
1 

Jl 1 2 1 2 T - (E (a) 6e(n) (x (1') + y (1') ) t 
0 

l -
12 12 2 

E (e) 6 (X (n) + y (n) ) )dn (2.8) 

X and Y are the lst derivatives of these values. 

Integrating by parts and using the fact that 6X and 6Y vanish 

and 1. since the end-points are pinned. we obtain. 

) 

\ 

2==.2 
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1 

f (E" (n) .. [((I))(S1O O.t\X - cos Il.f,Y) ~~; dt} (2,,9) 

(1 

In equatlOns (2.2) and (2.9) 1t is r.ealized that the variatlon (~X, !\Y) 

lS an arbitral'y functlOn of IJ, and hence it is posslble ta set the 

lntegrals equal ta zero ta obtain 

, 
t 

f () () [ E () E ' '( )] [' X ] do t . l\!:' t:: n + () S 1 n n. Il - cos (1. () y ds (2.10) 

Substltutlng pquatlon (2.4) into (2.10), gives the conditlon 

b "YI = [((1) + [" (n)] ~~ (2.11) 

Thus, under a unlfonn shear stress (lyZ' accordlng to equatlon (2.11), 

the dl S locatlOn l'ne would be approximately a circular arc of radlus 

Rand exprpss, 011 (2.11) becomes; 
, , 1 

b llYI == ([(II) + [ (0) ) R (2. 12) 

It should be Ilotlced that 0YZ in equatlOn (2.12) is regarded as both 

due to a external applied stress on the dislocatlon segment and an 10-

ternal stress due ta the dislocatlOn's bow out agalnst the surroundlng 

dislocations. Then E(O) ln this equation must be taken as the self 

energy of the dislocation segment plus the energy increase caused by 

the bow out and equation (2,l2) should be written as, 
f' f f 1 -Il 

b 0YZ = (Es(O) + l".E(e) + Es (8) + AE (0» Ji (2,13) 

where, in equation (2,l3). [5(8) is the self energy of the dislocation 

line and l1E(o) is the energy increase of this dislocation line due to 

bow out movement. Expressions for Es{O) and AE{o) are calculated 

in the fol1owing sections of this chapter • 

...,. - ... ~ ), ~" ' .. 
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T!~e _Se_1f_J_n..e.!:9Y_o~~ ,J~~~~_lJ!,e 

ln f19 2.4, 1f a loop 1 1'; created while loop 2 is present. 

the stresses or1ginating From loop 2 do work - W)2. where WI7 is the 

1nteract1on energy between the two loops and has the fonn~ 

W l ' == f dA b lJ 
AlI l' 1 Cl ~ aB 

fl.B=I,2 ( 2 . 14) 

where AilS the area surrounded by the dis locatlOn loop, b are the 
\rt 

components of the Burgers vector and a (' is the sel f stress of a 
~(11 

curved dlslocatlOn. It has been calculated by Peach and Koehler [20] 

and' takes the fonll, 

b 
m ')Xi 

41lt'1-VT i l
l/11k 

b 
a 'R a V2 R)dX k 

( 
°aS ax. (2.15) III :lX. ax aXe 

c 1 rt 1 r , 
\': = _d-': 

, 
where 1 = l .2 t 3 :-lX 

1 

~, i s the shed r 1II0dul us of the treated mater; ait V ; s the POl sion 

ratio and R= r- - r where r-and r are the distances between the two 

dislocation loops and an arbitrary origin. 

Substituting Equation (2.15) in (2.14) and using the Stokes' 

theorem 

f 
A 

dA 
l 

where. in terllls of the orthagonal uni t -vectors. the Einstein per

mutation operator is given by. (46] 

1 

Then equation (2.14) yields: 

, , 
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W1 = 
)1 J , (II 

CI C, 

(h X ~,) • (dI I X d!.) 
----- lf - -- - - - - - + 

\1 J J 411 \=1 
C, 

+ 

\1 J J 4-1IT1--\..' ) 
CI Co' (2.16) 

where T 
,1.'R 

T = -- - - ---
iJ ;îX i Xj 

(2.17) 

and where' i s d uni t vector in the direction of a dis1ocatlon loop whose 

length is v. 

ExpresslOn (2.16) was first obtained by Blin [43] and the detai1s of ltS 

derivation are described in appendix III of th,S thesis while expression 

(2.15) which was obtained by Peach and Koehler [20] • the detal1s of its 

derivation are ln appendix IV. f" 
Each element dl of any dislocation loop is ac~ upon by a force cdused 

-" 
by the stress originating from all other parts of the 100p and the work 

do ne against a11 these forces is the work done to supp1y the self energy. 

Then, the self energy Es ;s obtained in equation (2.16) one inserts 

CI = C2 =C and b l = b,= band then divides by 2, i.e.; 

Es ... iL 811 

IJ J 
BlI{1-v} r 

(b.dI 1 ) (b.dI 2 ) 

R 
+ 

J (bxdId.T.(bxdL.) (2. 18) 

1 
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ln equdtlOn (2.18), the self energy 1S regarded as the interaction 

• cnergy between all segments of the loop. Sinee the integrations in 

equation (2.16) count the lnteraction between two given elements 

tWlce. then to calculate the self energy of one dislocation loop, 

the result must be divided by 2 as in equation (2.18). 

The self energy of a dislocation line. as it is expressed 

in equatlon (2.18), diverges logarithmically. To remove this di

vergence, Hirth and Lothe [46] postulated that two elements, dI I 

and dl~ do nat interact when they are e10ser than sorne distance p. 

On basis of thlS convention the self energy of a straight-dislocation 

segment of any character i s found by those two authors. to be; 

E = l~_ [(b . .');> + (~ x ~)]] L ln...!. (2.19) 
s 4,1: l-v ep 

where b 
1'= -

Il 

while Il. the d1s10cation core parameter, has been evaluated by Hunt

ington [47] and Maradudin [48] using numerica1 computations and semi

empirical atomic forêe laws. (l is found to take ::'4 as a rough average. 

II.4 Interaction Energy Between Two Straight Dislocations 

ln fig. (2.5) two dislocation segments XI-X2 and YI-Y2 lying 

in the same plane and ori ented to eact) other a re shawn. A. non-orthogona l 

coordinate system xyz is constructed'consisting of two senses (1 and [,2 

-
and a third perpendicular unit vector e,; 

where el: [;. x 
(2.20) x 

., 
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1" th lS coo,-dino te system, sug!IOS ted by J~ssang, Lothe Id Skylstad [41 J, 

the interdctlOn energy [12 betwcen the two dislocation segments is given 

by equation (2,16) and takes the form; 

[ 1 .. = [- ~·,i ( b 1 X b 2 ) (r. 1 X r: 7) + an ( b l , r, \ ) (b :> r.:d] X 

(2.21) 

where T, the tensor defined in (2.17), becomes: 
"> 

x.' Y: 

T= f dxJ dy ['~2 [,\ (- cosO a2 1 + cos '0 a2 cosO 
sin~o axr - S1n~ aXdY - sin'ïû 

1 a cos 0 a e, t'JO 1 (sln -=0 ax + S"fnl"ü ay) + 
-

(~ cos 0 ~x - Anio a R(x,y) r, ~ el . ... ay)] - sln'o (2.22 ) 

Here 

R ~ (x,y) = x ~ +. y:> - 2xy cos 0 (2.23) 

All the integrals in equations (l.21) and (2.22) can be calculated 

explicitly. For example; 

JJd~d:t = I(x,y) 

which is ta be used in equations (2.20) and (2.21) in the form 

x=' 

J .. 

y., 

f dxRdY = !(xa,YR) 
'YI 

R + y - le cosO R + x - y cose 
wh il e I( le,l ) = x 1 n - x + yIn - 1 

(2.24) 

a' 
ay7 

+ 

" Jo 



o 

• 

-lA-

Ut111z1ng equdtiolls (2.22) and 12.24), then equation (2.21) can 

be wn ttl'n in the forlll; 

+ 

.' 
-~(--- (b 4n l-v) ,1 

where 

S :: y COS Il - x + R 
e. } (2.26) 

t - x cos 0 - y + R ,- , 

Il.5 Th~J~T9Y lncrease Caused by the Bow Out 

A segment AB in an infinite edge dislocation bowed out 

LO ACB as shown ln f19. 2.6. The energy increase caused by this 

bow out mus t be 

hE:: 1 im m .. ., i\Em (2.27) 

Where ~Em is given in \:nns of the self energies, Es' and interaction 

energies, AE int • among the symmetrical arrangement shawn in fig. 2.5. 

Then, ~Em can be constructed as; 

+ 2 E. t(AC ,fA). E (AB) + ln s 

2E int (AC,8F) + Eint{AC,CB) 

- 2E int (EA.A8) (2.28) 

where the self energy E~ can be calculated frOll equation (2.19) 

while all of the interaction energies needed are calcul~ted from 

equa t ion (2. 2S ) . 
1 

1 

\ 
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ln this particu1ar case, expression (2.25) hec~s: 

1 (x ,Y,'> 
1 t ~) (2.29) 

Considering first the contribution: 

(2.30) 

where; 

E (AC) - Ilb-' {cos" (90-0) + sin" (9.9.~lU) l 1n--l_ 
s - 4-;- l-v 2 COS() 2e(l cosO 

and; 

E (AB) :: _\lb:>L 1 n_L_ 
s 47t1T=VT ep 

From equations (2.24) and (2.29), the interaction energy can he 

written as, 

l 
cos () 

1n1 + cos 0 
cos 0 

(2.31) 

(2.32) 

(2.33) 

Expanding equation (2.33) in a Taylor sedes about 0=0 and taking the 

1 lfnit as 0 ~ 0, one obtains, 

(2.34 ) 

In the 1 ilni t m • 00, the renia ining tenas 

hE2 = 2Eint (AC,EA) + 2Eint (AC.BF) - 2Eint(~.A8) 
are similarly calcu1ated to yield 

t\E 2 =: llb~;02 (_ 2 + 2 1n2) (2.35) 

The total energy increase due to bow out given by equation (2.28) 

is then, 

• 
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0.5) (2.36) 

Il 
For the case of an edge dislocation. An in fig. 2.3, following 

the rrank -Read source mechani sm through ils advance ln the s 1 i P plane 

under the eff('d of an external1y applied stress and internal inter-

dctlon stress, the situation can be sunmarized as fol1ow'S: 

1 - The relation between the total energy of thlS dislocation 

llne and the total applied stress is described as: 

(2.13) 

Il - The se lf energy of thlS dislocation line. AC + CB 

in fig. 2.6. is described in equation (2.19) as, 

-
E(n)= ~[(b n~ + (~~)'] L L 1n-s 4n , l-v ep 

wtll ch can be wri tten as; 

[ (il) = 2\1b 2 [ , ( ) + ~_iî~~_-_OJ] L L -4" cos 90-0 2coso 
ln-----

s -v 2ep coso 

L 
1 n2epcoso 

L (2.37) 
cosO 

III - The energy increase due ta bow out mechani sm i s gi ven 

in equat;on (2.36) and it is: 

lJb(Le2 L /\[(0)= Sn l-v) «1-2v) 1n4en - 0.5) 

Now, by direct substitution from equations (2.36) and (2.37) into 

equation (2.1J), the general form of sol~tion 1S obtained as: -llyZ = 4~h:-v) [(sec1n + secO tan 20 -v COSO) (l-v) 1n(c seco) + 

where 

o~ c 
(2'+1) (1-2v) 1n2 -0.5)+ 

(l-2v) teco tan 2 0 -v tan 0 sin 0 + sec) 0] k 

l 
c = 2ep 1 

(2.38) 

,1 

. , 

.. 

" 
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Chapter III 

THE OBSERVATION OF DISLOCATIONS IN CRYSTALS 

Il 1.1 Decoration Techniques 

Hedges and Mitchell [49] were the first ta observe the 

dislocations within crystals. They found that partieles of p~oto

lytic si1ver, separated along the dislocation lines of low angle 

sub-bou~daries within erystals of silver ehloride or silver bromide, 

eould be secn with nonmal bright field illumination. The s~lver 

ha1ide crystals provided a realistic model for studying the probable 

behaviour of dislocations in erystals of metals with face-eentered-

eubic structure. Networks of dislocations in crystals in Alkali 

Halides, made visible for dark field microscopie examination by 

the separation of calloidal particles. have been studied by Amelinckx 

DeKeyser and eo-workers [50]. 

In 1956, Dash [51] developed a method for deeorating dis-

locations in single crystal plates of silicon. Silicon deforms 
o 

plastically at temperatures above 1000 C. Thus thin plates can be 

prepared by seetioning and polishing at room temperature. The points 

of intersection of dislocations with the surf~ee can be made visible 

by the deformation of etch pits which can be observed in an infrared . 
transmission microscope. With his method, Dash made the first 

observation of the Frank-Read source in Crystals. Bartlett and 

Mitchell [52] used gold to decorate the materials. ln their mèthod 

the crystals are expos~d to, light''41t room temperature and this causes 

nuclei to form a10ng the dislocation lines throughout the thickness 

\ 

--"-"~ 
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0( crystal. The nuclei are made visible by the precipitation of 

gold. 

Many theoretically predicted dislocation phenomena have 

been observed experimentally in crystals in which the dislocations 

were made visible by decoration methods. These methods. however. 

suffered from a number of disadvantages. Configurations of dis-

locations induced by plastic deformation are modified by thenmally 

activated climb or glide processes during heat trcatment. Also. it 

is not possible to observe the motlon of dislocations or even two 

successive positions of an array of dislocations during plastic 

fonnation. Finally. these decoratlon techniques spoil the crystals 

in such a way that no further physical investigations can be made. 

T-herefore. these decoration methods have limited use in practice. 

111.2 Transmission Electron Microscope 

The transmission Electron microscopy of thin foils devised 

by Bollman [53] and Hirsch and Whelan [54] made it possible to observe 

the distribution of dislocations for any material which is stable in 

an electron beam and can be produced in the form of thin sections. 

This method depends on the diffraction contrast arising from the 

interactions of the electron beam with the displaced atoms in the 

strain fields around the dislocation. 

Although electron microsco 

that it 1S a high power nondestructive method (magnifications up to 
l 0 

100,000 are attainable) t the use of thin foils approx,imately 10 A 
, 

thick is a serious limitation of the method. This is probably not 

of great illpOrtan~e if the static distribution is the target of the 

5' , 
,1 , 
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study - prov1ded that the distribution itself is not affected by the 

method used for the preparation of such foils - however, if the 

dynamical behaviour of dislocations is under investigation, the 

method of foi 1 preparation may have serious consequences. 

111.3 Infrared Technique 

In 1975, at Siemen's Munich Laboratory, Heinrich Grienauer 

and his associates [55] devised a nondestructiye infrared film .thod 

to detect dislocations and other crystal structure defects. The key 

item in this method is a laser that emits linearly polarized infrared 

light at a wavelength of 1.1 microns onto the crystal under study. 
~-__ .--------- r 

A microscope enlarges the view of a sectton of the crystarTor exam-

o 

./' 

ination. An analyzer ~bsorbS the transmitted light that has not had 

its plane of polarizatiot:' rotated. An infrared TV camera converts 

the IR picture at ~tre transmitted light into video signals for display 

on a monitor.' in examining a crystal specimen, the analyzer is adjusted 
/ . 

so that iy"â'bsorbs the portion of the light that passes through the 
/ 

cry~ without deviating from its plane of polarization so that the 

/4OWless crystal areas show up dark on t~e monitor. Zones with defects 

/ in the lattice structure cause the polarization plane to rotate and 

/ show up on the monitor as light spots against a dark background. 

• 

111.4 X-Ray Technigue 

Independently in several labo~atories, i t was discovéred that 

~ndividual dislocations could be observed by the x-ray diffraction 

technique. This technique is based upon the theory of x-ray diffraction 

1 

• 

t. 
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by perfect crystals. From point-to-point variations in the direction 

and/or the intensities of the diffracted x-ray, the defect structure 

of the crystal may be examined. 

The methods of Gunier and Tennevin [56]. Schulz (57] and 

Weissmann [58] are methods that mainly measure the local ~ariations 

of the diffracted beam. These methods are useful for the detection 

of gross orientation. Intens i ty mapping methods are concerned wi th 
\ 

indlvidual defects, such as dislocations. which can be treate~s 

local perturbations within the perfect crystal. These methods cln 

be classified according to their geometrical arrangements as fol'~S: 
(1) The BA.tk Berg-Barrett method. The dl ffracted beam leaves 

the same side of the crystal through which the incident 

beam enters. This method yields a projection of the 

dislocations structure at and near a crystal surface. 

Newkirk [59] used this method which had also been used 

(2) 

by 80nse and Kappler [60] but with strict collimation 
l ' 

of the incident beam by prior reflection from a mono-

chromator crystal. 

The Transmission 8erg-Barrett method. This is a thin . " 
'\ 

crystal tran~ission .ethod. in Laue geometry, in which 

the Idi ffracted beaIA and the trans .. ; tted beUl leave the 

Salle side of the crystal. Utilizing this technique, 

Lang [61.62] presented his .ethods wSection Topograph" 

J 

and wProjection Topograph- where the iuges of individual 

di~~ocations were first recorded. The transmi.5sion Berg

Barret~ .ethod '(Is used ~nd developed by Webb. t63] 

1 
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(3) Anolllalou<; Transmlcslon or Borrrnann mcthod. ThIs is a 

tlllck crystal transmIssIon IIIcthod ln whlch the dlffracted 

dnd transmltted beam leave the SdlllC c,lde of the crystal 

rlnd both beams are used. ThIs technIque has been applled 

WI th success by Borrmann and co-workers [64] , Barth and 

H05ellldnn [65]. Gerold and Meler [66] and Authier [67] 

5el('( tlon from dmong these three methods. as they have been 

descnbed and shown ln fIg. 3.1 and table 3.1. depends on the perfection. 

~-ray absorptlOll coefficIent. thlckness and 51le of the crystal ta be 

studled. In all of the methods dlscussed above. a special x-ray film 

must be used ta record a maxImum resolution for the topograph images. 

lhese fIlm plates must be carefully processed to obtaln maximum contrast. 

Whlle It IS not the intent of thlS thesis to prespnt x-ray theory 

ln dptdll, ttH' InterpretatlOn of contrast 15 of paramount Importance ln 

'uslny x-ray topo<jrdphlcal technIques. 50 a considerable a/llount of dis

cussIon 15 necessary. However. for detailed theories. Zacharlasen [68]. 

Battennann and Cole [69], James [70J. Hart [71], Meleran [72J, ~enning 
[ 73] . [74] [75] 

and Polder • Pennlng and Authler should be consul ted. 

ln the next section, the dynamical theory wi,11 be dlscussed 

brlefly, followed by a discussion of the possible mechanism by which 

dislocatIons can produce contrast. 

Il 1. 5 ~he X-Ray Oynamical Theory of Contrast of Dislocation Images 

When an x-ray impinges on a crystal, the alternating electric 

field of !he x-ray sets the electrons inside the crystal into forced 

vibration. The scattered wavelet is the result of the acceleration 
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and deceleratlOn of the vlbratillg dipoles and is coherent with the 

excltlng fleld ln polarization. frequency. phase and amplitude. 

As shown ln f1g. 3.2, two main direct1on5 of polarization 

can be d1stingu1shed. The first is the o-polarization, which occurs 

1f the sCdtten~d wavelet is emitted in a direction perpendicular to 

the electrlc field strength of the incident field. The other polariza-

tlOn direction 1S the 'I-polarization which occurs if emission takes 

place in a direction perpendicular to the magnetlc field strength at 

the exc1t1ng f1eld. If the wavelet is emitted in an arbitrary direction, 

the Incident fIeld may be decomposed into two parts, each corresponding 

to one of the maln polarization directions. 

DIffraction is a constructive interference that occurs when 

the dlfference in the distance travelled by two identical diffracted 

waves 15 equal to an integral number of wavelengths, so that the two 

waves are ln phase. The total path d1fference between the two rays, 

shown in fig. 3.3, is 2 dhk1 sin 00 and can be fonmulated as: 

nÀ = 2 dhkl sin 00 (3.1) 

This relation is known as Bragg's law and it states the 

essential ~ondition which must be satisfied if diffraction is to 
, 

Dccur. ln equation(3.l).~ is the wavelength of t~e characteristic 

radiat10n from the x-ray target material, d 1s the interplanar spacing 

for the tested specimen. 00 the Bragg angle, is half the angle between 

the incident and diffracted beam and n 1S the order of reflectfon and 

it may take any integral value consistent with sin 00 not exceeding 

unit y • 

1 , 

• 1 

'1 
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There d re two genera 1 I.heori es wh 1 ch may be used to account 

for the intensltles obser~ed in x-ray diffraction studies. The kine-

matical theory treats the scattering from each volume in the sample as 

being lndependent of that of other volume elements, except for incoherent 

power losses in reaching and leaving that particular volume element. 

The other theory. called the dynamical theory, takes into account all 
o 

-
wave interactions within the crystal1ine particle. The difference 

between these two general theories will be made clear in the following 

dlScussion. 

Consider an x-ray wave of vacuum value vector K <IK 
1 

I=x) fall-
-0 -0 

1n.g on a crystal set exactly at the Bragg angle OB for diffraction frornJ 

a set of planes (hkl) with interplanar spacing dhkl . The origin of this 
c, 

wave vector'is the point L, fig. 3.4, and has 'an end point at the origin 

o of the reciprocal lattlle. According to the geometrical theory of x-

ray diffraction there will be a diffracted beam in the direction LH with 

~ wave vector ~H (I ~H 1 :::~) if the reci proca 1 1 aU i ce poi nt 

of the reci1>rocal lattice vector _ghkl- OH (19 \"" 2sin8B - h k 1 ~''-:À'''''----= 

H at the end 

~) lies 
hkl 

on the surface of a sphere of radius I~ol and center L. This sphere 

is called the Ewald sphere. In this geometrical approàch no account is 
. 

taken of the interactions between the direct beam and th] diffracted 

beam. The calculated ;,ntensities corresponding to the abd've are known 

as the kinematical theory of x-ray diffraction. 

In fig. 3.4. since Bragg's law 1S satisfied for reflection from 

(hkl) p1anes. the,diffracted beam is in correct orientati~n for dif

fraction back into the incident bea. direction by the (hkl) planes and 

iqterferes w; th the inci,.dent belli • 
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The interacti'On of the waves in the transRlitted beam direction 

and the diffracted beam direction is the basis of the dynamical theory 

of x-ray diffraction. The problem of multiple interactions was treated 

by Darwin (76] , Borie [77] and Ewald [78]. The most generali,zed approach 

was taken by Von Laue [79], Von Laue considered the crystal to be made 

up of a periodic continuous distribution of scattering material and 

the dynamical conditions were detenmined by requiring the crystal waves 

to satlsfy Bragg's law and Maxwell's equation in a medium of periodically 

vary1n9 complex dielectric constant. The solution of the resultant dy-

namical equation gives al10wable wave vectors in the crystals, and the 
• properties of these vectors deten.ine scattered intensities. 

for the case of Laue Transmiss~n. shown in fig. 3.5 and for 

the n-polarizatlOn state. the dynatnical l equivalent to the geometrical 

theory as given by Battenman and Cole is shown in fig. 3.6. 

The sol.tion of the dynamical equation for each state of po-

larization consists of two hyperbolic sheets in reciprocal space. 

centered on Q, which are the two branches of the dispersion surface. 

One branch. the a-branch. ghes the locus of the wave points of wave 

vector K longer than Ko and the other branch, the B-branch, gives -<1 _ . 
the low~ of wave vectors ~B shorter ~an ~. Each wave vector has a 

cOllponent ,in the incident bea", direction ~oa and ~o(~ and a cOllpOnent 

in the diffracted bea~ direction ~Ha and ~H6. The n branch waves are 
o 

180 out of phase from the B branch. 

A perfect single crystal will only diffract dyna.ically where 

the two branches of the pr1Mary wave ~o and the two branches of the 

diffracted wave ~H are still coherently bOunded ta each other. However 

a ~fect in the_crystal .ay severely be~ the littice planes surnDunding 

------------.......... . 

• 
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it and this distorted region can diffract x-ray intensities from 

the wings of the incident beam. fig. 3.7. This excess diffracted 

intensity will give rise to the kinematical images where the coupling 

of ~o and ~H is destroyed because of large lattice distortion. In 

addition to the dynamical image diffracted from perfect areas and 

kinematical images diffracted from distorted areas around the defect. 

there will be an intenmediate dynamical image of the dèfect. This 

image arises from the areas of the strain field which are not reversely 

distorted as the kinematical region itself and this intennediate image 

is equivalent to interbranch scattering or transfer of energy from one 

branch to the other. The intenmediate dynamical i.age may or may not 

be superimposed on the direct image. 

Fig. 3.8 shows three situations each with a narrow beam of 

characterlstic radiation incident at 1 on the x-ray entrante surface 

of the specimen and radiation leaving the specimen over the region 

Hl on the exit surface. The angle HIT=20. and the incident beam has 
,0 

typicallya divergence of i or tof arc in the plane of the diagram. 
1 

fig. 3.8a r~presents the diffraction from a perfect crystal. In fig. 
1 • 

3.Sb. a dislocation line nonnal to the plane of the diaogram lies -

within the triangle IHT. The area of dislocation is divided to the 

outer zone of coherent scattering and inner zone of incoherent 

scattering. In fig. 3.Be. the incident beaM cuts through the center 

of the dislocation. The inner zone of the di$location can reflect a 
, 

considerable fraction of the energy within the angular range of the . , . 
incident beam and it produces an intense diffracted beam which over

shadows the other rays travelling in the triangle IHl. The intense • 

1 

/ 
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\ 

Shar~ image i S the "di rect im.lge" and the diffuse. weaker illlilge 

arising from the outer zone 1S the "dynamical image". In the pro

Jection topographical technique for high contrast and good topograph 

resolution. a direct image. strongly compared with the dynamical i.age 

i s des i rab 1 e . 

, .... 

1 
1 
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Chapter IV 

THE EXPERIMENTAL INVESIIGATION 

IV.l Th~.!i_eometry of Topographical Technique and IlIIage Resolution 

The experimental work in this present study has been done 

utilizing a~transmission Lang technique for which the horizontal 

geometry is sch~tical1y shown in fig. 4.1. A divergent bea. of 

x-rays is emitted from an x-ray focal spot of height h and width w. 

As x-rays cannot be focused by lenses. parallel beams can be obtained 

by al10wing a very small portion of the emitted radiation to pass 

through a set of slits L. at a distance l fnom the source. The 

col1imated (parallel) beam of x-ray is diffracted by the crystal 

planes that have crystallographic directions inclined at Bragg 

angle PB' An x-ray counter. set at twice the Bragg angle, is used 

to align the crystal for maximum diffracted intensity • . ' 

The directly transmitted x-ray beam is intercepted by a 

metal shield while the diffracted beam is passed through a slit II 

in the shield and falls on a special photographie plate. The dif

fraction image produced on the plate represents that part of the 

crystal which the beam traversef' Since II is ~nerallY s.a1l, 
/ 

only a narr"", portion of the crystal is ilUged at one tille. and the 

crystal and fil. must be scanned through the x-ra~ be_ in a directions. 
# 

shown in fig. 4.1. 

The resolution of the illiges obtained by Lang Topographical 

technique 15 in general d1fferent in vertical and horizontal direction 
, ü 

In the vertical direction. Wltch fs the direction parallel to the long 
1 \ 

\. 
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axis of the collimating slit lI, the geometrical resolution is given by 

v ;::; xh 
l 

(4.1) 

where x is the distance between the sample and film, h is the x-ray foeus 

height and L is the colli.ator length. The distance x is limited by the 

need to-avoid the undiffracted beam. The geometrical resolution of the 

image is determined by 

xAO l - 2 
Z = sin ( Cl! 0 ) (4.2) 

where fl:90 ' OR' x is the specimen - film distancelfoo_ the difference 

in diffraction angle. h0 1 _ 2 • between the K and K doublet is: [BO] 
(1) (12 

(4.3) 

where A~ is the separation of the K - K and dhkl is the spaeing of 
Cl) Cl, 

the crystal planes (hkl) used for diffraction. 

In the present work. the dimensions of the x-ray focal spot 

1S 500~J x 5OQjI' the specimen used is a Silicon single crystal and the 

crystal planes used for diffraction arc (220). With reference to table 

4.1, one can ca1culate the image resolutions in -Çhis particular case: 

Vertical Resolution v=~ 
l 

5 _IX 0.5 _ 10 
s 1846 

- 2.97619 Micron 

from (4-2) and (4-3). the Horizontal resolution fs: 

Z-2 "taU Si~~«Û08) COS8
S 

(4.4) 

_ 5 ~.7135 - O.1093~ , 
2 (1.91 ) stn (9QCtl.2 ) cos 21.27 10 

.5 

.. • 6.2978Ja .fcron 

1 

J 

1 
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/ 
With reference to fig. 4.2. following Okker~e and Penning 

1 

[81] the distance. SOt between t. and K iNges can be calculated 
ut Oz 

to indicate to what degree it effects the resolutiGn. This distance 

on film is. 

&0< ~ (4-5) 
cos 20 

sinoe ,\ = 2d sin 0 (4-6) 

60 .. X sin e 6,\ 
(4-7) 

# C05 2 0 À 
';» th en 

The maximllll value 50 between the illh1ges occurs -men the m 

çrystal film distance is at its minimum value ~ 

where w is the x-ray focal spot width. 

ln the present study. w = SOOu and with reference to table 

4.1. for (220) reflection in Silicon one can~calculate 60m 

1 
50 '" • 

1: 

w 

(0.5) 10 1 .42 
tcos 2 (21.21) .1093 

... 1.7045 

-mich 1s of considerable consequence. 
f 

The Lang Callera used in this experi1lental part of this thesis 

1s shawn in fig. 4.Sa, 4.5b and 4.5c. It consists of ln adjust.ble 

width ine:a.ing bea. slit (3). a h1~h ~recision Slide/aSS~li (5). a 

sUde drive lllechani~. consisting of a reversible variable speed de 

_tor (6) .nd a set of adjustable position li.ft 5witch (2). fi a,ea. 

e -stop sHt (7) whose position and opeaing ~ be adjusted - by (8) -

. ' 
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and a light tight but x-ray transparent film holder (9) that allows 

transmi ttdnce of the intens ity monitoring beam even with the fillII 

in place. 

The sample (12), a single crystal of silicon, is mounted in 

a stress apparatus fig. 4.5c, which has been made to fit with the rest 

of the can~ra and allows a tensile load to be easily applied to the 

specimen through the use of an accurately measured lever. The 10ad 

at the far end of the lever is transferred to the specimen axis, scaled 

up by the value ~ where b and a are the lever's dimensions as shown in 
a 

fig. 4.5c. The sample is positioned to diffract incoming x-rays into 

an x-ray counter {l}, Scintillation counter, used for alignment purposes 

and set at the predetenmined angle, 20
B

, for the reflection chosen. 

The beam stop slits are positioned to allow the entire dif

fracted beam to pass while stopping the direct beam, these slits are 

as close to the sample as is experimentally possible. In this particular 

experimental work. the distance 1S lmm. 

The scan speed and scan length are then set by means of the 

motor control and limit switches. The x-ray film is positioned as close 
J 

as possible to the back of ~ beam stop slits and is aligned normal 

to the diffracted beam as shawn in fig. 4.1. 

IV.2 ~ili~~ Crystalsj Description and Cleaning 

Silicon is an appropriate .aterta1 to use to study the dif

fraction phenOllena associated wtth dislocations. Its loW absorpti,on 

~s 'not require the use of very thin sa.,les while thNUgh ~he use 

of a single cry~taJ of silicon, a vide range of dislocation densities 0 

" 
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can be obtained. 

Silicon belongs to the cubic system and has a diamond 

structure. This is characterized by each atom being symmetrically 

~rrounded by four equally spaced neighbours. Fig. 4.3 shows an 

isometric and a planar view of the position of the atoms with respect 

to the crystal axes x. y and z. Fig. 4.3 can be extended as shown in 

fig. 4.4 to show two face centered cubes combjned to form a diamond 

latt1ce. 

The preferred growth habit for silieô~ 1S Octahedra. i.e., 

bounded by the family of {lll} planes. 

The silicon crystals used in the p~sent study have faces on 

the {lttl planes and diffraction planes on the {220) planes. 

It is important to know that the ulti~te result of any method 

util,üing sUicon sUces depends heavily upon the initial cleaning of 

the s lice . 

The following .ethod [82] provides a technique for the cleaning 

of silicon slices. Although the method outlined is long and involves 

many steps. each individual step i5 si~le. If the procedure 1s followed 

aethodically. the results are good. 

1. Slices ~re placed in l, 1. 2 Trichloroethylene at 75 Oc for 450 ! 150 

seconds. 

2. After all visible organic conu.inants have been rMOved. sUces are 

placed into 2 - propanal or lllethanol for 300 ! 30 seconds. 

3. SI ices are rinsed in flowing water .tIich should be dtsti lIed and/or 

1 cIe-ionized: 

4. SUces are iMeneeS 1ft bon tng llydrogen peroxide for 300 t JO seconds • 

5. Ste,' ~r ~ to ~ repeated. 
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6. Slices are imnersed in Hydrofluoric acid for 5 + 0.5 .fnutes 

such that s1ices are eovered. 

7. Slices are rinsed thoroughly in water at gooe. 

8. The polished surfaces of the sliees are exaMined byeye to 

detennine if they are hydrophobie. If they are. the inspection 

should be done under bright illuaination with the unaided eye 

to detenmine whether there is any visible partieulate -.tter. 

If a specimcn~a5ses both exaMinations, it i5 considered to 
\ 

.he c1ean. 

IV.3 Processing of 11ford Huclear Plates 

11ford nuclear pla~es are used in t~is study to record the 

dislocation images. The fol1owing processing procedure has been 

tound ta give 9o;d results for the develo~nt of 2- x 2" 11ford l4 

nuc1ear plates with SOll ... lsion. 

1. Developer 15 1:2 diluted 0-19 at ODe for up to 30 Minutes witbout 

1 

agitation. The plates have to ... be checked after 10.inutes to / 

detennine if they are o~erexposed., 
\ 

2. Stop bath ~s 1% glaciAl acette acid. It 1S used for Doc for 

5-10 .inutes depending on the thickness of nuclear aulsion. 

3. Fixer is Kodak rAptd fb vi th 100% extra htrdener added. The 
\ 

fixing solution is 1nitially at O·c and war.5 up to roo. te.perature 
\ 

during the fixing tilll! _1ch eould.be one hour. 

4. Wa$hing 1S clone usj .. a .thanal ultrasonje bath 10r 5 II1nutes to 

el i.inate dust , .... the _hion. 

5. The plates are _shed up 11, ...... i.., water for tvo Itoars And thbn .re 

left to dry. 
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CHAPTER v 
"I~SJ~!SS DISTRIBUUONS IN A SiNGlE CRYSTAl 

ln this chapter the analytic results of this thesis are 

cOftQined wi th the experi.ental observations in order to deterwine 

the microstress distributions in a Silicon single cr~tal. As a • • 

result of the theoretical study in Chapter 2. the stress field acting 

on a dislocation line is des~ribed in equation (2.38). The i~rtant 

variables governing this equation are the dislOC1:ation s~nt's length. 

l. the radius of its curvature, R, and 0, the angle between the di~-~ 
/~ 

location direction and the X-axis of its local coo~~c sin-12~) . 
..---

------These geometrical para.eters are eYa~ f~ the dislocation pattern 

• --ootalOt!d experltnentally as described in CINpter .. and shawn in fig. 5. h 

V.l Th~ Observation and Histogra.s of the Dislocation lengths. ~ 

a_n_d._their Radi; _~~_Curvature. R. 

The work that has been done in this thesis is ()ased on the .. 
idea of bow out under stress of pinned Seglle~tlof loop as i l1;strated 

in fig. 2.2. The configurations of the disl~ ion s~nt, as is 

discussed in Chapter 2, depend on a balance between forces associated 
, 

vith applied stress ,Hne sèlf enerv ind interactions vith other -
-

segillents. Aside f ..... these considerations, the dislocation behaviour 

can be described in te .. of the strentth of the p1nning points. In 

the present study, the ptnning points A and B ln ftg. ZtII are assUled 

te withstlnd the _t of the t~tlon ....,.eht under the effect 

of a stress field acting vithi" , elastic region of the ~S~ed 
.. terial. Thus, the dtstAftCe be A and B vill sQy! f1xed wIIile 

the radius of the cunature f~ decreased due te the bow-out EChaniSli • 

• 
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TJhis indepencleftce between the two variables l and R ts illlPOrtant 
1 \ 1 • 

in handHng the a'nalysis process of the stress distributions _ich 

Ire, due to the nature of eqUition (2.38), functions of these _ 

ra~ variables. 

The values, of l and R for each dislocation are .easured 

fl"Qll fig. 5.1 using 'CQIIIPUter progrM described in Appendix (Y) and 

the values are tabulated in l-bles 5.1 and 5.2. Their corresponding 

htstograMl are shawn in figs. 5.2 and 5.3, respectivel,. 

V."2 Microstress Distributions 

The values of l, R and e for each IINsureci dislocation. which 

are i".diC&,Jed in fig. 5.1. are ins~ in _tion (2~l8) and the 

cOrreSlM»nding .icrostresses are evaluated uslng CCJIIIPUter progr_ 
, 

jSCribed in ~penclix (V)',, .' 

As discussed in Chapter 2. the .icrostress nlues. GyZ ' are 

aCting in the Y-direction of the local COOrdiMte systell XYI. A. 

transfonution is need1 to correlate tbese local stresses with the 

.terial (exterùl) ~cooh.lnate systell xn s~ in fig. 2.3. This 

transforwtion 15 aèhieved using r ij' a second order orientation 
,J 1 \. _ • 

tensor. ..1 ch can be expressed as: i -' ~ 

cos a 

r iJ - - s1n8 

~ 0 

sina 

casa 
o 

o 

o 
1 

(5.1 ) 

lIhere 8 15 the .. le a.et.en Y~uis in the local c:oordt_te sys_ 

aacI ~is tft ~ OU.,.-1 ,caordiMte sjs ... 

~ . 
• <1 __ 

. , 
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Consequent1y, the microstresses can be ca1culated as: 

o 

Ll ::: (J 

YZ 

o 

"YZ 
o 

o 

~ 0 

o 

o 

(5.2) 

Uti1izing equation (5.2), the m'Îcrostresses acting on 

every, d.ation seyment indicated in fig. 5.1 .are eva1uated. The 

,results are tabulated in table 5.4 and the correspond1ng histograms 

ifr~ shown in f1gS . .5.4. and 5.5. 

These histograrnsi as a result of the cOllIbination between 

the theoretical and experimenta1 study of this thesis, form the basis .-

for the deterlllination of continuous microstress distributions in the 

case of un1dx1a11y stressed specimens. This i-s one of primary goals 

of micromechanics theory [1-6] 

\ 
V.3 Po_s_sJ b1~~uss hn Interpretat ion 

Strunin [83, 84] invest1gated the probabtl1ty distribution 

for the values of the components of the' internal-,tress tensor pro

duced by randomJy posit1oned l1near dislocations in a crystal. The 

hi stogram obtained from his tnv~stt~atton 1~ fttted to a "onnal 

distribution curve. 

Th~s leads to the,strong aS5UMPtion that add1ng an external 
.-- -

stress distributions (due to externally app11ed load) to the internal 

stress distributiôns (due to, the presence of dislocations and thefr 
\ 

1 nteraet 1 ons) with1n the range of the e1l5t1c regt_ of the te5ted 

~tertal. wtll reSult in 1 total stre.s distribution whtch 15 

normally d1str1buted • 

, 
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Provan and Axel rad [85], in their applicationof.proba

bilist1c micromechanics to actual polycrystall1ne solids, in the 

form of pure copper and aluminum, pred1cted and utilized the- idea 

that t~.icrostress distributions are of Gaussian fOrM. follow1ng 

the concepts 0f these two approaches and .rea11zing that for a random~ 

vector gaussian process x, the mean ~x and the variance V x are g1ven ... 
by; 

n 
1 im ~ (5.3) ~x - - ~i n-+«> n ... 

1 - 1 

and 
n t 

V -
l1m [1 ~ (~i _ ~ )2] (5.4) 

x n-+«> n ! 
i - 1 

Then, w1th1n the limitation of the present experimental Wrrk-

47 d1s10cation segments have been investigated - we may11t the 

h1stograms obtained in f1g5. (5.4) and (5.5) to the gauss1an form 

under'assumption that the mean and the variance. descr1bed in 

relations (5.3) and (5.4), can be accepted as; 

and 

~a - lim~o 
yz ".....~ yz 

1111 ( l 
"..... n 

" 
1 -1 
47 

~ «Oyz)1 - ~o )2] 1 
1 • 1 yz .. 

(5.5 ) 

whera li and Vo \. are ~ .an and the variance, rHpectively, 
. . °yz yz .. 

1 • • 

/ 

1 

• 
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for the suggested gausslan process of the stress Y.r;.bl~ 0yz -\ 

Carrying"- out this ass~ption, the histograms representing 
. 

the microstresses. in the x-direction and the y-direction of the 

, ext....al coordiute system. are fitted to gau5sian distributions. 

The results are shown in figs. 5.4 and 5.5. 

Fol1owing the same fi tt1n9 process, the hi stograms of the 
o 

1e~ths and the radi1 of the dislocation segments shown in figs. 5.2 

and 5.3 are fitted to gaussian distributions. The results are a150 

shown 1n figs. 5.2 and 5.3. 

V.4 Discussion of Resu1ts 

The res.ults obtained in the 1ast three sections of this 

chapter 1 ead to the fo 11 owi n9 observa t ions. 

1. I,n fig. 5.2, the histogram represent1ng the lengths of the dis

location segments, the values of l vary from zero to 0.006 ~. 

At the same time. the lengths di stribute themselves, approximate1y 

equally, around the mean value of the lengths O.002~ ~. 

2. Jn fig. 5.3, the histogram representing the radi i of the d1s

locat1~n segments, the values of R vary from zero to 0.010 IJIII. 

This hfstogram shows a peak corresponding to dislocation segments 

that have bowed out' crit1cally near the mean value of the rad11, 
-0.0036 ~. 

3. The h15tograms repres~nting the lengths,and the rad11 of the 

d1~ocat1on segments are siml1ar to those obtained :y Mughrabi [86]. 

4. Studytng ~e hfstogralllS in figs. 5.4 and/ 5.5 •. the lJicrostresses 

1n the "-direc~on and the y-direction of the external coordinate 
\ ' 

• 

l, 

j 

1 

, . 
r ' 

1,,. ~. 

1 ~ 
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system Xyl, it 15 found that the high stress values are affected 

mainly by critica1 values of the radius, while length changes, 

wh1ch 1 ie in a narrow range compare to that of the radi i, dt! oot 

crit1cal1y effect the values of the stresses. 

5. Inserting the mean values of,l, R, and e in equation (2.38), 

the mean values of stress are calculated and the results are com

pared to those obtai ned exper1mentally 'as follows. 

Micro- ~o 
.. o( ~R' ~L' ~e) lJ : Equation (5.4 ) 

stresses 0 

"Xl 'Cl' 
19.219 21 

--

"~l 33.779 42 

These results show that 1n t~e x-direction of the external co-
€.) 

ordinate system ... the direction of application of the external load 

of 20 kg/cm], the mean value of the M1crostresses'can be evaluated . " . 
through a knowledge of the aeans of l, R. and o . 

• 

1 ,. 
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CONCLUOING REMARKS 

Since the main aim of this thesis has been to provide a 

method to detenni ne the mi crostress di s tribut ions in crystal s, the 

following conclusions of the investigations can be stated, 

i) from the Hldependent work of J~ssang. Lothe and Skylslad [41J 

For~nan (42]. Blin [43]and de Wit and Koehler [44Jand treating 

iO 

the Frank-Read source on the buis of the 1 ine tension mode1. 

a theoretical relation between the microstresses on the dis-

location segment and the geometrical parameters of this dis

location 15 derived. In this derivation the rnicrostr~sses due 
1 

to dislocation interactions are considered. 

The X-ray topographical technique. Lang method. prov1des an 

accurate pattern of the dislocation individuals - in a selected 

specimen· under the effect of an external load and within the 
.... 

range of the e1lst1c behavlour of the tested materia). From 

th; s pattern the 9eoœetr:-1cal parameters of these dislocation 

ind1viduals can be ea511y measured. 

1ft) The combination of this theoretlcal and experimental study fs 

able. as 15 descr1bed and analyzed 1n chapters Z, 4, and 5, 10 

provide enough tnfof"llltion to dete,..1ne continuous dfstributions 

of .fcrostreSiel fnsfde 11ngl. crystals. 

Yl.2 Proposa 1 for future Research 

On bÎsts of the presenud worte 1n thf.t- thesis. 1t ts s,,*sted 
, 1 

1 

1 

! 
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that the fol1owing items should he considered for future research. 

i) The main purpose of this thesis is to introduce a method to 

determine the stress distributions inside single crystals, 

so the information obtained from the small area of the tested 

specimen which has been examined and analyzed was enough to 

test the val idi ty of the introduced method. In any future 

research, large areas should be examined and analyzed, in 

the same way as it has been done 1n Chapter 5. in order to 

get enough information to test the validity of the gaussian 

distribution assumption. Furthermore, from the general ex-

pressio~ of stresses, expressions for the Mean value and 

the variance can be determined using the well known basic 

relations of normal distributions . 

ii) ln the present work, only one stress tensor c~nponent acting 

on the dislocation line and parallel to the 9l1de plane 1s 

considered. Also~ in the derivation of the equat10n pertaining 

to the equi11brium of m1crostresses using an energy argument, 

the energy dissipation due 10 the dislocation movement has 

been neglected'tn order to remain wtthin an elastic analysis. 

This study should be extended in future to include al1 the 

stress tensor components which are working on the dislocation 

line ln a gilde' plane taken as randomly or1ented. The energy 

dissipation factor should a150 be taken into consideration ln 

any future anal1tl"1 for.ul.t1on 50 that plastic or creep 
1 \ 

de5crt pt Ions can be fo .... lated. / 

) 
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i i i) The author bel ieves that th(' knowledge obtained from the 

microstress distributions in a crystal 1 ine systetR 15 a key 

to future analytic fonnulations developed in conjunction 
\ 

with nondestructive fatigue testing and stress microanalysis. 

Furthermore. the necessary knowledge to describe the irrever-

sible behavl0ur response of crystal1ine material s will be 

mainly obtained through the study of its dynallic dislocation 

patterns. This suggests that future research should be carrled 

out by more advanced experimental techniques. such as an IR 

technique, ~ich are able to show the dislocation patterns, 

in practically tested specimens, .mile their dynalllic IIOvement 

i s i rrevers i b 1 e . 
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--------- - .. - ------- -'- ----Oh 10ca tt on 1 s rtUHlbP.r Oislocatton lenyth 
as ind1q. ted tn Hg. 5. 1 x 10·" Iml 
~--- -_._--o 

1 48.85 - ------
2 36.94 

-'--- -- ----- . \ 
3 38.06 fo--------- - -- - "p - --------_ .... - ~- --
4 

1 13.74 
~-- -~ -~ - -

1 
- - - -

5 40.10 --_ ...... -- --
6 18.32 --_._- - _"'''''''k'' ------_ .. - .. --
7 19.24 

- - . _. _. -- --- .. . 
8 14.66 --_ . ... ___ k ___ '_ ---'- --... __ .. _ .. _ .... .., 

9 '\. 32.07 --- \ 

10 30.69 

11 18.32 
~ .. _-- -.. " --- -- _.- ... _-* -. _.-

12 23.82 • 13 21.99 
, 

14 . 11.41 

15 21.99 . 
16 20.62 

11 • 33.to( " 

18 21.49 _.-
19 ' l'.J2 
10 . 41 •• 

21 41.39 

22 30,23 " 

... 
23 21.99 
.-... --

1 24 • Il .... ~. , 
1 

IAnIUtt of Ittl"'ion Se ... ,," ... Tul.5.1 h, fi • / 

Il 
f, 1,1. 

/ 
, 

,1 



-57-

Oh location 1 s ntlnber Dislotatfon tength 
as indiClted in fig. 5.1 " 10·" '*' o -- .. _- - • .-----_.-

25 29.32 --- ----~_. .. -_. 
26 43.98 

._ ... _--- _.-...... -
27 55.43 
-. - .. _--
26 48.56 - ._. -- ._--- - . - . "'~~#_--_. _._-_. - . -
29 50.48 

30 23.82 
~. __ ._- --

31 .. 42.65 
~. __ ._._'- 1 
"---

1 3? 
. 19.01 

33 10.99 
--

34 28.40 --, 35 8.704 
----~---

~ ...-..-..-.,. 

36 46.27 --- -• 37 27.49 

38 
. 

11.41 

39 28.62 
1 - --_ .. _---

40 48.19 
-- -

41 21.01 
~---_. ,-

42 10.99 

4'. 
T 

1'.28 .. 
44 8."2 1 

• 4S '#621 , 
46 13.14 / 

47 ,14,66 .. 

• 1 
• (~ntinued) .." • .,1_ 5.1 a.-netItt " Ofllout1on s.,.,," ... fi,. 5.1 # 

\ 

1 



Dislocatton's nUiber Dislocation radius 
as indtcated tn ftg. 5.1 " 10·" ,_ 

1 44.87 . 
'l>' • . . 

2 36.65 

3 36.65 , • "f" 

~ _._----- -- - ---
4 9.391 -- --
5 32.57 
. . 
6 13.71, 

7 14.66 

8 13.05 , 
1------- .--"-" 1 

9 37.23 . --_ ... _-
10 24.74 

----- -
11 16.53 

~- .. _------.- -- -
12 21.16 .. . 
13 " 21.99 

14 22.68 

IS 34.59 . 
• 16 21.12 , ' 

17 18.34 
4 la 33.86 

1. ! 11,58 

20 
'\. ) ".43 . 

~ 
21 90.54 

22 .. 7 33#78 
loi' 

%3 
. 1 

%3.4' -_ . .--.-

!4 14#72 

• %5 15#59 , 

~// 
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Disloc.tlon's nUiber Dislocation radtus 
as indtClted fn ffg. 5.1 " 10-1f ~ 

... 
,26 81.04 

1-- , 
27 74.05 

28 39.03 II> 
~ 

~-_ .. _- -
29 90.83 

'---- --_ .. 
30 46.05 

31 90.66 

32 20.28 • --
33 13.74 

~--. -_ .. - ..... ,.. -~ .... ---- -
34 . 21.99 

~-._-_._ ... -
35 9.391 

\36 61.91 
, 

• 
37 49.41 

38 16.49 

39 40.31 

40 69.61 

41 34.36 / 
(2 - 1.188 

43 20." --
44 \ 14.81 \ , 

45 8.171 

46 11~ 18 -
;' 47 1.788 

j 

• 
(Contt.e4) • T,a,l. 1.211cUt of Df_~ocation SetMntl SIIown in ffO. 5.1 
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.. 
in y-direction Dis 1 oca t ion nUlllber Stress in )(-direction Stress 

f ndi cated f" fig- 5 _ 1 kg/cm) i kg/cm 1 as 

1 21.121 38.103 

2 45.096 57.720 
.. _~- ----._- -

3 48.264 66.429 
._. 

4 90.009 193.025 
>--_._-- -- .. -_ .... ---- --- -

5 19.060 58.662 -
r- ------ -

6 101. 984 109.364 
-

7 . 70.368 100.496 
... ----- ----
8 65.812 46.082 
--- .. 
9 15.834 31.075 

1 10 53.391 44.800 

11 11.255 63.830 

12 10.060 57.053 
~~ 

13 39.752 54.714 
_._--~ ---

14 52.787 84 .477 
-~-"# -- --

15 1.944 27.703 
~--- _., ... --- -- - -- --- f---

16 23.115 46.699 -_ .. _-
17 6.718 15.821 

l 

18 23.255 23.255 
-

19 65.566 100.191 
/ 

20 15,,655 12.231 
/ -21 4.7'8 11.303 

-22 12.323 33.857 .... 

23 19.667 38.598 ,. 
24 4.214 l14.t06 

JIL ! ~ 

1 li 

r.ble 5.3 Micro,tres. ,.,. in x lM 1 CUrecttonl of the Extenal 
CHrdfnate ". .. " ' 

. , 

" 1) 

, • 1 . 
J 
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Uislocattofl nllllber 
as indicated in ftg, 5.1 
>--------------o 

25 

26 
t------- -------

27 

28 _._--_. 
29 

-----~ .. - -
30 

--- ........ ---_ .. ..,--
31 

----- - -- -- . -\ 
32 

33 

34 
~-----, ._. 

35 
-_ .... _----~_ .. - ... _--- ~ 

,36 

• , , --~ .... -
31 

38 

39 

,40 ! 
1 "\ 

~ 
~-. 

41 . . -<l 

43 

44 
-

45 
...----~ .. - ._-.....--.-

46 

47 

• 
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------ - --
Stress in x-di rùctton 
kg/cm! 

------
20.881 

4.398 
---- -- -----... -.. ~--

7.580 

33.514 
, 

2.693 

16.892 
1---- -- -. ---_.-

3.229 -_ .. _----- ----. __ .. -
34.008 

25.356 

43.760 
-- 63.614 

• 
10\376 

6.~ 
36.260\ 

11.670 \ 
, 8.857 "--

10.812 
- -

195.984 

22.260 
1 

1 73.776 -
120.328 

-

--

" . .. " 

Stress 
kg/cm' 

--

• 

. 
~ 

\ 

tn y-direction 

36.166 

12.0B5 

13.675 

23.467 

12.669 

21.620 

12.053 

84.172 

69.665 

62.495 

157.449 
--

16.604 

22.080 

118.601 

32.064 

15.341 

29.705 --
147.684 ~ 

-- 4' .639, ~ 
113.604 \ 
90.673 

" 
~ _____ .~, ... 4 _ 1 

28.603 61.339 . 
. • 

266.056 266.055 
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c conftfUratfon surroundfng an edte dislocatton. 
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Edge dislocatfon 

Sc ... cUslouttoa and edge dislocation. 
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!PPIHltIX 1 
, , 

~_SJ~ ÇO"~iPIS OF_til.tROMiCH!tUcs. 

Tho ftr\t concopt of t~.or.tical micromoch.ni~s ts th. 

e~httnce of throo metsurinv ,cil" for tht dascription of th., 

deform.tion of l ,tructurftd m.dium, The llrgost roqion on which 

III the boundlry conditions Ire Is,um.d to be prescribed 1, known 

IS the ~~~~~tn, see fi~. 1-1. The sMll'.st region of interest 

11 reforred tu 4S th. !"..1sruJemtn\ Ind dts1gnltod by tu vo1umo 

l'Y Indlt1 surflce Os, It 11 identified by the superscr11,t ." 

This corresponds to on. indiyiduil crystll in thQ polycrysttllint 

sol1d. As. first IpprolChMtion ~ the Inllysh of the Nterhl 

Nsponsa, it il I,sumed thlt th. constitutive relation, of ,uch 

elonlOnts arQ doscrtbablo by continu"," hw" whllH tho 'Str~~s end 

dhplacoment fields Ire tithor rlndom yariablos or stochutic I\l'O-

" C'SSts dep.ndtng on th. medium Ina th. boundary valu., probl0111 undor 

iny.stigltion. Th. me'~~9'"in h ln inttrn .. dhry scat. betwe.n 

th. M1cro~in end th. macrodomt1n Ind il such thet it contlins 

1 largo number, N, of M1croel.,,,ont\ with \,.1,2, '" ,N 

end hence lMy bo yiewed upon Inelavous 1y to tho Gi hbs 11" Inslmb 10 
, . 

of, stat~stical _chlnics. Furthermore, a mesodomtin il eonstdered 

to M a phys1cll doN1n in 1 Ncroregion for whtch t~e Stlthtics 

of eny-rena vlrli~bl. or 'tOChlst1c prottn _Ny I.f01y be .""",d . 
to be ,pathl1y hOlnOg.nous, All parl_ten reltt1ng ta the "Iiero-, 

dONin, .. sodoNin and ""crodtaNtn 1" P'1f1.ed by "Micro", "'"'50" 

and Mmecro~ respectiv.'y, . 
J \ 

TM "cond concept of ",1croMchan1çs Itnvo 1 ftS t~e geOftlttri c 
• \ 

descrtptton of the deforMIt1on k4nlMlt1cs of t~e Mtcrotlements end 
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'( 

Yt'atn bound4r1re;, Th. displtctmont IdntNtlu of the I,t.h cryst.' 

"l'~ Idt}elllf'd tU ~hown 1. fig. 1 .. 2, __ e~in lh~ points Inttrior 

ta the cryst~l dnd on the grain boundtry art dhtingu1sh.d. Thus, 

thl! position Y~ctor to '''1 .rbttrtry point of th~ l,th crystal ... • 

14t.~~ to a ri~rd (ultrian frime (X'. X2, X3) Cln he exprosstd by: 

l'II ("" , .. " - ... 

or th~ indicl~l natation tS: ( 1.1) 

!lx "0 l'Cil.. 1 .... 
t· tJ 'J 1(1 

wh""" ~ i e; th" l)(le; i tion vctctor to the centre of mle;\ of the fI th 

ct'ysUl, ''0 the ori~ntlt1on of the crysttllogrlphic UtS of the • 
micro(\lNlIl'nt wHh r~spect to the fhed Ctrteshn frl"" tnd fly the 

position vretot' to the point relative to th~ cl"ysttllogrtphic ues. , 

MAjU't,(ul(lS r"IWf\'t,N,t J'trameters in .~he und«,fot~d configuration, 

whnt' lh(li!' fOt'I't'wonding Minuscules rtpr~s~nt tht'ir counterpart't, 

in the defonl~d configuration. Cartesian tlnsor notation i$ rtsort· 

~d lu far c ht'i t,Y. U",nce, durlng and at the end of a t:.ndolll deform

.tion the positIon Vf'ctor It '(\! nll,Y bt wrHten as: .. 

or (J .2) 

('" f(O \1 (L 

",. ij "j+"i 

fo" the subs.q~nt-Intlysis of grtin baundtry .fftets on -

the defonMtt~on.l behtviQur of po1ycryst.11int solid, th. Irbitrary 

points intern~' ta the crystal\, as indiclttd IbaVt, and the points 
l , 

Il tM grain boundlry .... dhttnguhMet. Hfnce, for 1 surflce point 

(Fig. 1.2) the rel.tions (1.1) Ind (I.t) betOMe; 
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Xl 

figu,.e 1.2' 

o • "0 

~th crystal (undefor~ed) th 
~ crystal (deforaed) 

arbitrary point 
th 1n:a crystal bouftdary 

~ 

:'.Iv - -- -...-_- ...... -----
:av - - -.-. -- --- ..... -

local co-ordinate 
fra.e 
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Jdea1i~ed 1I'Iod'?1 fOr" d i s:..1ac'?Jlllent IcineJlllatics Of _ ... t h crystal 
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-~. 

l'li ."U '~, + ''0, "g. t'o ''h + "r 0.3) 
, - ~ ~ ~. ~ ~ 

when \'G, ('N and (\g, "h trt the position vectors of thh point in 

the undoformed and dtfo~d statts, respectivtly_ 8y MelnS of the 

above ~ltt.ons th. random deforMttion for the ctntre of MtSS of 1 

and ~ 
'l l' I~ u· r - .~ 

.t'~. tra~'.Y ~int inside the grtin by: 

'\, • "x - "X • "0 '') - ''0 "y + IlU (1.5) 
.. " .. Ill" 

Ana'o~ous'y, th\' d~fonnation It the surhc~ of the grain 1s 91'4en 

by: 

"Ii • "9 • ''G • \10 ''h .. .. .... .. .. (~ ''li. "u 
Ill... ... 

(1.6 ) 

• iencc the di s tllnce vector, À \ betw&en the cent~ of mass of any .. 
C'ontiguous 91" .. 1"S ,\ and" 15: 

À ~ ,) - \'R .. .. .. (1. 7) 

and con\tttutes a signtficlnt correlation plran~ter as discussed 

1 a ter. 

The id~a'iled d.forMttion kinem.tics of the grtin boundlry 

is as shown in Fig. 1.3 with the relations defined relJtive to the 

surface co-ord1nates (Fig.1-.) 

l'. , '. ' .. (j • 1.2.3) givtn by: 

1\. • Cln Jt f~,,; ft, • ('n ; (t • !ll\~ :' ... .. ::' .. ~, ... 
( 1.8) 

ln equltion (1.8) '~, h the nonM l vectOr to the boundtry p~.ne 
and t,"! il the efgenwctor abOut which a ahMtch rotation of 0 

sU1)eri"'POsts the local "! aa" on the "! tats (Fit.tS). aa~, ct1ltd 

• 
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1 
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1 
'... 1 ~ 
~ 0 , .. . , ' 

\ , 
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undeformtd boundtry 

~ ____ X2 

_ ...... __ -...--... .. _ .......... 

. 
d,for.ld bdundlry 

Figure 1.3. Id~ilh:.cI '''11" bouncllrl clisphctftnt 1t1nt"'.t1cs 
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r. L
et 

, \. , .. ", , , , \ _ .. 
. .' \ , 

80undary 

f 

S, •• 'trtc ttlt copper boundlry for.ed by 1 rotltion of 

two trystlls bl 'S~,o Ibout ae~ • [001] Ixt$. Solid 
! 

ctrcl" r'pre"nt on, (001) pline whtl, dlshed c1rcles 

r.~r.s.nt the other (00') pl~ne. Solfd lin, below the 

ft,ure repre'ent, t~e p.rtod~ctt, .'ont the Cl direction . 

" 
\11 C ,tifC .... p .iI' .... q .. _.Io.:~ ... t 
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th. "c al cu 11 t i on rone", il the unde fo"",d d h t.nce be tween the crys t.l-
1 

line laUicQ of each .dj.clnt çrystal btyond which the conditions of 

the .toms are those of the perfect crystal l.ttice,' It ~ b. e~prtssed 

u: 

.nd in the dtfo~d st.te, this distance beeomes: 

so that the stoch.stie relative d1splacement is: 

111~ 1 Il~-, 
• n" ." .. .. 

(1. 9) 

(1.10) 

(1.11) 

The ~bove geon~trie and physic.l Plra~ters fOnM the basic 

~ulntities ulilt,ed in the description of the responsi beh.viour of 
'" 

crystalH"e soUd. Gtven 'that eaeh gr'in cln be cons1dered es an 

e1astfc continuum, conventionll kintNUc quantfties such u "mfero-
":' 

strain tt un readily be formullted. Thus for instance 1 "primitive 

strain mtlsure" in ttrMS of the Microdtfo~tion grldient,will be 

IS fol.lows: 

. , (1.12) 

.. from whieh a ",icro .. lang~lngian or Eul.ritn strlin eln be ~finM es 

fol1ows: ' 1 

, 
• I1f 

" 
( 1.13) 

wher. the superscrtpt "c" on ex, or uf indic.te, the dy.die conJugate •• • 

and 6 h\ the Kronecker hltl. The abo .. fo,," are 0""1",11f1cations . / 

Ind overlook the influence of the ,rltn bovndar1es Ind dislocations , 

\ 
ft 
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a nlOre cat"ple~ fo""u,ttion of th!! response behlviour. Within th. 

.fran~work of mtcroftltchlnics, tlking into considerltion th., •• ff.cts. 

the above kinet,,,,tic ptra""ters can be ""P1oyed to define the linNr 

"",icrostrlins" wHhin th, crystll and et the grl1n boundery, respect

ively. These l1near .icrostrlins within the crysttl Ind It the grein 

bo1mda,'y calculation IQne of two Pabutting crystah Ire express" IS 

follows:' 
1 

1 ( l\t i . ) 
"e l'e • f .f- '\. j, i :1 ij f ,j 

(1.14) 

and: 

, 'I~ '11~J. • l 
(Clf\d + tlf\d ) . l e . • IC I,C C,I 

(1.15) 

in wh~ch w and d are defined in (1.15) and (1.11), respectively. With .. .. 
the gr. in boundary surflce co-ord1nete system es defined in .qult ion 

1 

(1.8) the gflin boUndl'ry dhphcpents and strains become: 

n~h • ( 0, Il, o ) • ... 
na6 ( Illi d ,,'\ d Il 

• l, '., 
H 

oRd 1 ) 

<i~d • ( otid l, a8dt, aBdl ) \ ... 

r 0 «t'dl 0 
t"\. l ,c4dl 2-d. dd) 
• • fi\ 

0' o (1.16) 

. . The thif"d c~t .i the .1croMtchlnicel tht'ory 1~volv.s 
the notion of e ~~.ri.l ·~tiOntl· Of .. t.~il' operltor which is 

.. 

, -- ~-------

( 
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charaetel'ht-ie fOt' a spetifie IM'di~ and whieh contains geometrtcal 
\ 
and thennonl@chanicil ptrameters or funct ions of luch parameters. - . The miterial functional tekes the place of th~ familhr fourth-order 

Mtteriel tensor relating the stress to the strain using a continuum 

mode l , It can he written as a characteristic energy functional in 
, 

ten"s of the s1yn1ficant variables in tho following manner: 

M 

• • ,ff (E , a , Pd ' " ''0, . " . .. c\ c\ 
0, V , T, t) (1.17) 

where the full mcaning of these paramcters, characteristic for a 

~~'ycryst,,'lin~ solid ar~ expllined in ref. [1-6]. 

finally th~ last concept of the micromechanical theory is 

that the theory 1s based on the MltheMIt1cal theory of probebility 

and statistical n~chanics. This is inevitable due to the inherently 

t'lndo", geometric and physical properties of a real material as pointed 

out e~rlier. Th~ tharacterist1c quant1t1es involved in the analysis 
- , 

Art therefore rln~n vartables or random functions of lueh variables 

and time. Henee the defonMltion process of the polyerystalline material 

is setn IS a stochastie protess. For the determinltion of the kineMItic 

Ptrameters and t~ mtterial characteristies 1nvolved, mltheMttieal 

e~péètations and second moMIn~s ean be used. Seme of the parameters 

Ire experimentally obtainabl. froM crystallographit studies in the 

fo"" of distributions. The Mitromtthlnics theory hypothesised f .... . ' , 

th. 'blgtnning that these distributions wtre Gaussian or nearly Glussian, 

stat1stically homogenous and non-isotropie 50 that an approKiMition • . , 

to a MOrt rigorous corrthtion theory tould be .loyed. ConfinMtion , 

of the abave hypothes 15. MS been afforded by the .~pert_ntll work of 
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\ 

\ ~ . 
Ktlousek [01J involving combintd hologr.ph1c 1nt."ferometry tnd X.riy 
dtffraction studfes of the dhtrib~tions of the dhpt.c .. nts lM ro

tations of alunl1n1um crlst~1s Imb.dd.d in en tpoJ rnin Ntrh und." 
.. 

1 t,nsUo lOld. 

, , 

\ , , 

• 

, 

1 
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mBRlLU 

~1rbl;J.~~bijnrtlfMEI ~J~ 
for the siMpl, CIS' of th, "ntlr .l.,tic ~spon,. of 

"-
polycry~tallin~ solids tlking inta consideration the presence of 

. \ 

fftObtle tntern.l·dfslocations in the,crystll, the stress (l"ij' ..... 

fined it~ the C.'uchy stnse, Ind interMl str.'n ('t'J (equltion (1.14), 

relation for the ,,-th crystal has blln Ippro~d"'ltld (l1] in tM , ~ 
, , 

following ~nar: • 

,. 

"e kl (11.1) 

(11.2) 

in which ('oijkl is a fourth order tensor cc.prhing of the Illstic 

n~dulus E'jkl of the ~'ngle crystll and the dislocation efflet 

tl ''r ijkl , 

(11.3) , 

""ert G h tM pure erystaU1ne .. tl"ial 's she,,, ""us, v 1U Poisson', 

... t10, t a charle~"ht1c '.ngth MtwMft pinning points of an ecIge dis

location Ictins on a sHp plane, .tlQse nGnMll MS Clirection cosines 

<Jo3i' in the d.irection .sc,,1btd by the COSi~s ''o2j' both w1th respect 

to th. externtl coordinlte f~. ,and ftnal1y where GPd i5 the ~ile 

, 

-----------------------.... ., .••. ""'z._!IIIIiœ .. J.1IIII422,., __ 
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dis lotat ion dons ity, The qUint i ty l'l' h a four th order. ten,or re~,,!

~ \enting the orientation of the slip pla~es and direction of Ictton of 

the in4ctivlted Frank-Read sources. 

TM IbOvt ranclom qUintities were considered tn t .... of their 

first and second moments leading to the expression: 

-.: f;. & 
'\ , (Il .4) 

, 
whet'e ... 1.:- h the mean stress and .;:e:- the mean strai n. whi ht V "pre-

sents the variance of the par'llleter indicated by the subscripts. ~ 

being the dhtdnce bet~en any two contiguous grains (J Ind al (equation 

1.7) ) is used dS a correlation parameter to d.fine the cross variance 

of the stress distribution a r. (t) and vlriance. ~ r. in te~ of th. - . con'esponding statist1cs in the strlin sp,ce so thlt: 

T 
R t (~) • (! + n<I» ( 1 + n\t~) B.(~) . -

,,:'R (A) ',e>"e,T 
'1' .. iii • 

2" ( , .. n<J'» <~>T ! el' (!) 
•• 

-~I~I(~) BT:l (~) + 2~~ ~~r(~) 

.. "I<~> "far (~) t ~leet'r (!) 
.. ..". (lI.S) 

and: 

Yt• • ~" (0) (11.6) 
Il 

The,above brief outline of th •• tcroMtChanicll theoryas 

appHed to • po,\ycrysta1l1nt soUd 1s seen to tllte tnto consideration 

the presence 0 f dt s 1 ota t i ons in tema 1 to the crys ta 1, whi ch becOlM! 
, 

.obile on Ipplié.tton of 1 'ord, 

' .. 
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' •. r 

, 
-._This h fonnullted by thellst two expressions in equation (11.4) 

~tch if the dislocltton ter. is OM1tttd , .. ds to the-fIMiltl~ 

stress-stratn rellttonshtp conventionilly obtained from. continuUM 
~ , 

.. 

\... 

, t 

•• 

1 



APPlNOIX III 

TIll' ,nll'I'action t>nergy bctwCl'n two loop,>. (1() 2.4. from 

SlIh..,t,tllt ln9 the -val\1C' of \';.'Ir~ from f\qudtl0n (2.15) ;nto 

(''lu,H 1 on (.". 14). 011(' (, nde; . 

l' J f dA dx b b im 
" V'R l~ 1 • ~~ , 11\ '1; l, \ ,n) \ ,IX. 

fil l 
, 

" f f dA dx b b 
,1 

V7R R, ' . ,IX. • I{' ... 1 (l lm 1m(\ 

fil ( 1 

" f f dA l t~ dx , b h 
ri'R 

4/1.t~). 
1 

1 mie. .JX-:-;~i . ~ù ~ , l' 1'1 'm 
1\1 ( 

, 
" 1 

II f f dA dX'K b b 
ri V;R 

.f,,(,~, 1 
1011< ,\, tI~ aY: 11\ 1 (l 'm 

1\, C 
1 

(111.1) 

~y u<, 1 n9 S to~e.., 1 theorem and the relation~ 

(b 1 X b ~ ) (dl, x dl,) ::. (b, dl d (b, dl,) -

for ('vrry pdrt in equation (111.1). then it yields equation (2.16) 

wh~re aIl the tenms are described in section 3 of Chapter 2. 

't 

1 
j 

1 

" 

, 

~ 
1 

1 
1 

'1 
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Consider a nlc\lprhl of infini te c~tent and suppose that 

.. closf'd 100p C of Burgprs vector ~ is created, fig. IV.l, sorne 

displacPI1K'nt Y(I') cH r wi 11 appear due to the creation of the dis-

10(.,t10l). If ~ point force r acH al r whil<.' the dislocation is 

C ,'NI t('d. ,t \10('~ wor~; 

(1'1.1) 

wh('t'(' r dnd lJ an~ componenls of rand U resp<,ctively. 
ln nl 

If th(' di<.plt\cement rclieve the point force, they de-

(t'('(ISI' th!' ('I)(\l'qy of the n~chanism producing the point force by 

.ln amount W, tIlt' interaction energy. Then the total energy con-

tl'1butC'd by thr' <"xtnnal mechanism producing th(' surfdce displacl'-

Illl'nt<; .lnd th\' point force l'quaIs the elastic !'nC'rgy of the s('lf-

stress field of th(' loop, then, 

-fdA. 
A J 

(IV.2) 

Whet'(\ r ('., (t':- - r) is the stress l1
iJ

. at r- causf'd by the components 
ni 'Jill 

Fm of a point force r at r. The b i are the components of b, dAj are 

the componl'nts of dA, etc. 

Sinee the tensor green's function fOf the ehstic displace-

ment i s 

u ( ). 1 {t\ V'r _ ! .. +..ll.- ~, 
ij ra",; ij À + 2" aX1)Xj 

Then equation (JV.2) can be written as: 

W := Â! dAj bi 
a 

Cijlc1 aX
1 

Fm Umk(r- r) 

equa t i ng equa t ions (1 V • 1) and (lV.5), one can get; 

(IV.3) 

( IV. 4) 

," '. 
t -

• 
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U (1') -f dAj b. C iJk 1 
,) 

Umk (r' - ~) III 1 ,)X 1 
A 

((V.S) 

Wi th the USt' of the fact that 

C, jU ~ li {"ik l~j 1 • 1\; 1 ~ jk) • À t\ij "U 0'1.6) 

Then, equIIl10n (IV.5) can be written, in Il more extend form as, 

U (r) 
m 

(lV.7) 

S1"((' th!' HI'ess can be e)(presst'd as. 

(lV.8) 

Theil, from <>quations (IV.7) and (IV.8) and following the procedure 

of deWlt lRHl, Peilch and Koehler [20] derived equat;on (2.15) which 

enahl<,s Orle to delermine the stress field of an arbltrarily curved 

dis local iml by 1 ine integrat ion . 

.---........... ·4 
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API'Um IX V 

(A) 

ltno: ~'I\'" I,~~' '/Î'.t 'JlAIk:. lHt, !'~, ' __ "l 1'<'\ltll'~ l'l' 1"'" '.'Lf\h: I,.UHVA!UH" 
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