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Crack-tip breakdown in shear by dislocation emission.
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Mode-1 cmsission in 31, Dislocations must be nucleated from a mechanically stable
rack. In () the shape of tie critical nucleus is assumed 1o be a hall-circle, and in {b} a rectangle.

TE At
DISLOCATION DYNAMICS AND CHACK TIP PLASTICITY

AT THE BRITTLE-DUCTILE ‘THANSITION (DDT)

P.b. lirsch, S.G. Roberts, J. Samuels and
P.D. Warren

Departaent of Metullurgy and Science of Materials
UnivarsiLy ol Oxlord

At the DDT plastic relaxation processes blunt and shield the cracks.
What is the conlrelling wechanisw?

Nucleation of loops at crack tip {Rice-Thomson wechanism)?

Operation of nearby dislocation souirces?

Plan of Talk

Experimental facts for Si

Problems Lo be addressed

Dynamic dislocation shielding wmodel
Role of existing dislocations
Tests of predictions of model
Conclusions.
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“rystallography of test specimens. A precrack is introduced on the (111) plane by
Knoop indentation on the (110} (tensile) surface (see text).
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Schematic diagrums of crack geemetries formed by Vickers indentations. (a) On loading the indenter
above a critical load £*, penny-shaped median cracks, orthogenal 1o 1the specimen surlace, are nucleated
at the plastic zone boundary and propagate dowonwards, Surface radial cracks may also lorm in some
matetials. (b) On removing the load, median cracks extend upwards and omwards and radial cracks
outwards and downwards, the two crack types merging to lorm a composite median/radial system. [n
addition, lateral cracks, approximately paratlel 1o 1he surface, may nueleate at the plastic zone boundary and
propagate away from the imdentation, forming chips of removed material where they intersect radial cracks
and the specimen surface. (¢) Plan view of a Vickers indentation alier removal of the Toad, showing four
radial cracks and one lateral chip. "The dimensions ¢ (the indentation half-diagonal), & {the plstic zone
radius) and ¢ {the radial crack radius) are also defined in the ligure.
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Load displacement curves for specinens tested Just below (A), ax (1) amnd just above
{U') the britte ductile trinsition. Note that the * transition’ specinen fractures at a high
stress, bud still appaeently within the elustic régime,
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Uaasen (14988} and St. John (1975). (for doping levels see refs.)
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Table 1. Activation cncigics
Experiment Activation cnergy
Intrinsic 8i n-tyge Si
(2x10'3 Pcw3) {2x10'% pcm-3)
BDT (this work) 2.110.1aV 1.610.1eV
BOT (St.John, 1975) 1.9eV =
Disln. velocity {(George & 2.20V 1.7eV
Champier, 1979)
Disln. velocity (Imal & 2.3eV 1.7eV

Sumino, 1983)°

doping levels used ware 2x10'? Dew 3 and 6.2x10!'% Pen-3)

T

Dislocation velocity and strain-rate dependence of T.

The dislocation velocivy v is given by
v = Ar"exp(-U/kT) = ™v,

where r is the resolved stress, U the activation energy
for dislocation wotion, T the tewperature, k the
Boltzmann constant, A a constant and m a parameter which
varies slowly wilh tewperature (w™~l), v, the temperature
dependent term of the dislocation velocity. U depends
on doping.

At the transition temperature, T., it is found that

exp-(U““T/ch) = CK
where K is the rate of change of Lhe stress intensity
factor in a constant straln-rate test, C is a constant,
and U, is the activation energy. It is found that
Uppy = U

and therefore, at T,

(K/VO)T = constant.
[
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(1) Etehed fracture face of a transition” specimen. (b)) Tracing of {#). showing
dislocation positaons more clearly. Long ravs of dislocations emunute from the crack front.

sty Trome the positions where the timgent to the crack front lies in a slip plane.
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precursor crack and slip planes used in the experiments.

LY and 'Q” are where a slip plane is tangential to the local crack front:

wst point of the crack.
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Warm prestressing in silicon, with B3 deep precracks. Losding st room
temperature (pathy {4)) leads 1o fracture at the normal low-temperaturs irneture stress.
Prestressing uhove T, followed by unloading and cooling to roons temperature (path {6))
mercanes the reom-temperature fructure stress. Symboln: @, brittle; &, transition; w,
ductile. Intrinsic, € = 1.3 x (0% *.

Meure 5. Generadion and growth of a diklocation foop on the BCD plane (oo text for
dircussion). () A segment of dislocation moves from the imdentation’s plistic zone to the
craek front, evoss wlipping onto BCD. (6) The loop expands onto BCD. (¢) Fhe loop cromsoes
the weak ‘negadive” stress region to expand “behind " the erack tip, () Serew segimenta 87
il e crons slipon planes ACD and BCD o follow the erack prafile,
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Determination of the conditions for dislocation eaission in dynanie tests near T.
A upecimen prestressed o 0.9 K, (1) Tractures ot the normal roam-temperature lracture
stresa, inidieating that no dislocations have been emitted from the erck tip. A specimen
prestressed to L1 K, (2) shows a small wirni-prestressing effect, indicating thut in this case
disloentions have been emitied. Symbots: e, brittle; &, trnnsition: @, ductile. [*-type,
cm P Ex 10 g0,

e I T U I

Problems to be addressed

AL BDT K & v,

BOE for 5i is very sharp - why?
No dislocation activily a few degrees below T, .

Little dislocatlon activity at T, for K £ 0.9 K, ..

At T, brittle fracture can occur at K > Ko
tlow can cleavage occur after plastic flow?

What is the criterion lor brittle fracture at BDT?

What 1s the role of cxisting dislocations in the
crystal?




DYNAMIC DISLOCATION SHIELDING MODEL FOR BDT

Dislocalion loops cuwilted Crow crock Lip suueces shield the crack.

)
H

Conditions Por brittle lNeacture

Totul lorce un crack tip.

- 52:11 {-») .
S R e

) 1-p ;
ke ki) 2 l};—l K.

| SN Knll' K.11, - local stress intensity foctors in modes I, II,

Iir.

K, - critical stress intensity Faclor for low Lemperature
brittle fracture in mods I.

u - ghear modulus.

v - Polsson's ratio

2. Instability criterion g{ﬂ > 0.

In mode I:

Kap = K - Ky,

2 2
Korr = Koy
2 - K2
Kir1s KiiLa
K, ~ applied streass inLensity factor
Kypo Kyyyo Ky, y; - dislocation shielding terms

Sieplified Models
Mode III:- K, =K, - K

o1y 2 Ky, —— ¥ § L )

Vl].l

Mode I:- K, =K -K, 2K,

Instability criterion satisfied for Mode 1.

Critevion lov BDT

The BDT occurs at the lowesl temperature (for a glven strain rate) for which
K, < K,. up to o volue of K, at which macroscopic yield Lakes place.

crack

ALY

22
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—

S

Simplified model of the crack front
and dislecation loops used for the
computer simulation. Loops expand
from points 'Y' and 'X', eventuslly
to cover point 'Z'.
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Assumptions in Dynamic Dislocation Shielding Model

Replace Mode I deformation by Mode 111 deformation.
Dislocations emitted from 2 sources.
Replace curved crack profile by straight crack profile.

Velocity of edge dislocation same as for screws.

Dislocation interaction stresses are those between parallel

SCrews.

T4

Dynamic Dislocation Shielding Model

Un these assumptions, stress on any dislocation at x, is

]
K aub | wb . %y 1
ro. - o 820 () 2
“ (2mx )b x o am w Txoxgd
where x;, is position of ith dislocation, a the line tension/image stress
parameter, ¥ the shear modulus, b the Burgers vector. The first term is the
crack tip streas, the second the line tension/image stress, the third the

diaslocation/dislocation interaction.

Dislocation velocity 1is

dx, - Ar® axp-U/kT = ¢ vo

dt

With it G Rl
dt dK
we find
1
/m +
1 dx x
Rivy) Mgy =t wR by b
(2!11)‘ 1 fLE Bt i

In constant strain rate test K is conatant, mnd positions of dislocations can

be uniquely determined ms function of K. Shielding at source

K = K~-IK « K - +
(1) 0 5 2.,1

FH



Dyniwic Dislocntion Shiclding Model

Mode L; slip plane ual 90Y to crack plane

..*
-

¥ 2(x) B3Rk, BR(1S) el T (xvx))
2
., Wb Bx, x,
lig(1-v) jwi (xl+xj)3(xl-le
Shiclding

K, =K-ZK =K-x #
J 2(1—0)(‘“!:(.’)l

Tk 54

CONDITIONS FOR NUCLEATION OF DISLOCATION LOOP

Stress al criticul distanco x, from the tip must be sufficient to expand

the loop

K pawb _wbpxyy 1
(2xxc)* 2 X, 2n :tx:) (x -x])

Flrst dislocation emitted at a critical value of

=
L]

Ky = aub(ZI/xc)'

Calculations are performed for different Ky by changing o« or K.

SHIELDING AT VULNERABLE POINT Z ON ORACK FRONT

#b
K = K- I
oz . 2w 1}
i, (2]
sumning over all dislocations which have moved past Z.

Note that this bullds into the model a dislocalion-free zone uat Z, equal

to XZ.
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{a)

{

time > | { V V timo -»

vurn 7. Schomatic illustration of the main featuren of the consputer simulation. {¢) Positions
of distocations as a function of time; they rapidly cross the *dislocation-freo zoneo' to join
the moving inverted pile-up. At d_,,, a dislocation can shiekt point. 747, (&) Variation with
time of applicd and elfoctive stress intensity values. Ellective K at the source (K) rives and
falls as ench disloention is emittad, i stays close 1o K The effective K at point * 2 (K,,)
diverges frony the applicd A once dislocations have passed o o K, everduaily rises ubove
K,.; at Lhis point the apphied K s st K.
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Oulput from the computer simulation for K, = K, =021 K, 560°C, K =
H86 Pamin b {rr) Disloviskion positions; note the dislocations vapidly cross the * disloestion-
free” zone (prz) to join the movieg pile-up, (h) Stresses on the dislocations. The wenn and
minimam stresses deerease slowly with tine; the maxinmm stress vavies depetding on the
position of the associnded dimlocation in the vz (e) Stress intensitios. The applicd K rvises
linearly with thine, K stays close to K (0020 K ), and K, vadues Tor the two valwes o d
shown in figare S diverge showly from applicd &

28
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Computer simulations {or K, = 02K, for four temperatures close o the

ritte-ductile transition, The upper graphs show the ponition of the leading dislocation,

450 500 550 600
und the lower graphs applied &, K_ and K,, for two values of (5 pm and 7.5 pm). The
made] predicts brittle behaviour at 450 °C,

temperatura/*C
transition behaviour at 50 °C and 550 °C; the
long-term bebaviour at G0 °C is uneertain

i 4 id hi 3 [ dislocation array {dotted lines)

icti { applied K (solid lines) and extent o n dotted )

t frnct};ﬁdlf;:.'(r}l;; d!lg)ercm, valuea of Ky. A smooth bFittle—d‘uq,uh.e' l':‘lll:‘s;:::li r:s ;;(re.

zicled for all values of K, the transition temperature increasing with 1 g K,
(@) Ky =02 K,.; (0) Ky = 075 K, i () Kyy = 095 K,
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K,/ (MPa mi)
4. /am

Kle

" | T -J— -~ ~lp

450 500 550 600 450 500 830 600
temperature/°C

Variation of w07 with K, () Ky = 02K, (h) K, = 0.75K,,: (¢) K, = 0.85 K, ; id)

o= 003K, K =020 K, inall cases. Predictions of applied K (solid lines) and extent of

dislocation array (dotted lines) at fracture for four different values of K, A smooth

brittle-ductile teansition is predicted for low values of K,. with the transition becoming
sharp as K, approaches K.

4
y 3
=
o2
3
1
1 1 l i | 1 J
] 5000 0 000 2000
tine /8

K/{MPa m})

1 | 4 1 v

0 time/s 5000

Charncteristics of a sharp brittle-ductile transition. K, is shown as o function of
time for three temperatures. (@) 510 °C brittle, K, reaches K, bofore disiocations pase d,,,
(7.5 pm). (b) 635 °C, tranwition. K, diverges romy applied A exvetly st X, (K,,}, drops
rapidly and Tater rises to reach Ky with applicd K = K,,. (¢) 570 °C; ductile. K, is high; the
nnsocinted strems level i above that for general yvielding. Note that an increase in

temperature from just below 1o just nbove 535 °C will produce s jump in K, from 'K,
(= K)ok,
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EXPERIMENTAL AND CALCULATED VALUES OF NUMBERS
0" DISLOCATIONS (N) AND DISTANCLES TRAVELLED
{d;) AT FRACTURE

N de (um)
Exeeriments
K=886Nu-3/2g-1 )
T,~535°C ) ~100 ~100
K =1.6PMant )
Calculations
Mode III 1<(,‘-'o.9|(h1 )
Ky =0.2K )
T,~52508° ) ~350  ~30
~1 6PMamt )
Mode I K,=0.98K, )
KN =0.2K, )
T, =570°C ) ~150 ~40
K,~1.5MPam! )

Nucleation Model -
Effect of existing dislocations

Source in plastic zone under indenter operates at a
stress r,=ub/1l, where s = shear modulus, b = Burgers
vector, 1 = gource length, If the source is at r, from
the crack tip, it will operate at a stress intensity
factor .

= ((8rc,)¥/F)ub/1
where f is an orientation factor.

When the dislocation reaches the crack tip it forms
a crack tip source, which shields the crack efficiently.

Existing dislocations can control the BDT only if

Ky<K, . -

a4 K



Model for nucleation of crack-tip source TﬁZJ/ L-H

Lislucaltion ot r, from crack Lip slorts moving al K=K , and

reaches crack Lip at KU, where

where [ = orientation lactor.

2(m+l) (Ba)m/2p t1em/2)
(m+2) ™

R
K m | I, m | - (_)
i d Vo

K4 depends on dislocation source

length £ in crystal, i.c.

Note

Ky = ((8ar )}/ f)ub/s

Provided K,, r f are conatant for given structure, K, is

ot
function only of (i/vo). 80 that at T, (*/va) « constant, as
observed.
For experimental values r, = 13.3um, 4/b ~ 10‘.

Ky ~ 0.U6MPant .
Writing  exp(-U/kT, )} = CK

2(m+1) (Ba)m/2p (10m/2)
C = me2irAlR » TK,>T)

C can be calculated and compared with experiment; (K K, ).
A size effect is predicted - the larger r, the smaller k/vo.

and therefore T, higher.
Existing dislocations can control BDT only

AF Ky < K.

i.e. rot ¢ (K £/ (87)4u) (4/b)

For Si, for £/b = 10*, f = 0.7, r, < 650ua

T3 MY

TABLE 1 CALCULATED AND EXPERIMENTAL VALUES OF 1n(C}
[Units of C are sPa ‘m-i]

intrinsic n-type
{2x10' Pem ) (2x101%pem- 3)
Calculnted from equation (20) -35.8 -30.2
Experimental values from figure 10 in I -36%1 -31%1
TABLE 2  CALCULATED AND OBSERVED TRANSITION TEMPEHATURI T,
v, {um) 13.3£0.9 13.3£0.9 37.4g1 b
k(Paals~') 886 1487 1487
T,{"C)(from egn. 19) 56143 57T 62822
T_(°C) (experizental) 56045 576%5* 53842

*(Interpolated)
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101

1
B (51 Juhin)

n (K}
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1 | 1 l

0.8 09 1.0 it 1.2

1P K/7T,

Arrhenius plot comparing the results of figure 10 to those of $t. John (1975); all data
are here plotted on a common scale of In (K) against 1/7.. Although the two sets of results
for intrinsic silicon give similar activation energies (slope), 1. John's results consistently
give higher values of 7, (by ca. 100 °C) in the overlapping strain rate range. The point ‘C’
18 for intrinsic silicon with a larger precurser crack size (37 pm); this point does not lie on
the line for specimens with the standard crack size (13 pm) (see text). Abbreviations: [,
intrinsie: N. n-type.

Faiure strees (MPa)
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Temperalwrs (°C)

lFailure stress versus temperature for:
(a) 'Control' specimens. T =545°C;
(b} 'Abraded' specimens Tc-555°C.

(c) 'Polished' specimens. T, =595°C;
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IFailure stress versus temperature
for pre-deformed specimens compared
with ‘'normal' specimens, and a
computer simulation.
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ROLE OF FXISTING DISLOCATLIONS

T, is predicted to decrease with incroanging dislocation density,

C

incroase wilth decrcasing dislocation densgity.

Where crack Lip sources are already present, nucleation is not

necessary, and Lransition should be gradual (BCC metals).

Crack tip sources provide more efficlent shielding than sources in the
bulk. Existing bulk sources can control the DDT by ewmission of
dislocations which Fform crack tip sources. Existing dislocetions can
control the BDT only if Ky < K, . For Si, e.g. for 4/b m 104, r = 0.7,
r, < 650um. If K, > K, _, nucleation of loops at crack tips by the
Rice-Thowgon mechanism may conlrol. Observed in thin foils by TEM (Ohr,

Chiao and Clarke).

Ll
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Nucleation Model - Lliders Lype band propagation

Suppose  Lhat dislocalions are emilted at special
sites along the crack, e.g. at the surface. Loops
enitted lrow these sites help to activate potential
sources at olher, wmore difficult sites, along the crack.

TNy \\\x.:;;’,x\\\--
- x . \\\' |

———t - ———

Simplified model

Criterion for BDT:

Loops must traverse 1d..y, before K=K, . This
criterion deterwmines T_. The distance (2,d__.,.) between
the original sources may be - crystal thickness, if slip
starts at the surface; after traversing to the centre,
the distance between active sources (fdcrit) may be very
small (say ~lum). The sharpness of the transition is
controlled by ;d

crit?®

e I T

100
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(MPe)
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9-14

1075
13.1
1090

3.0

16.3
1015
10-12
3.0

( Ko= 310 MPavms!)

for the model, Ky=Kq=0.3K,, K,,~0.93 MPa v, d_, - 5S8am
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Types of Transition

{no stable craock extension)

A n
Original crack tip small large
source spacing L P Py
2 ldcrl 3
Existing (large) Ka<xX,
dislocation no affect
density
Source nuclea- 1901~ 9., small
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Conclusions

Sharp trunsition due to nucleation of crack-tip
sources at K ~K, , which operate at KN<<K°.

For sharp Lransitions, T.  in a constant strain-rate
test is delermined by the time taken for the
'nucleation' event to ocecur. Two mechanisms have
been proposed:

{a) Nucleation of crack tip sources by existing
dislocations moving to the crack tip and
forming sources. T, 1s controlled by time
taken for external dislocations to reach crack
before K™K, ; Factors are K, (<K, .), r., K/v,;
i.e. dependent on existing dislocation
arrangement, Sharpness is controlled by
l'dcrlt.°

(b) Nucleatlon resulting from loops emitted from
few special sites (spacing 2 (4. ,) sweeping
along crack front (Liiders type wechanism),

T, 18 controlled by time taken for initial
loops having woved 4, , when K=K, ; factors
are K,, d. . ., Kfv,.

Sharpness controlled by .d K .

crit? 4]

When crack tip sources are already present, and no
nucleation occurs, transition is gradual. Likely
to be the case when dislocation dengity is large
{BCC metals?)

Strain-rate dependence of T, 18 controlled by
activation energy controlling dislocation velocity,
not activation energy for loop nucleation.



