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ABSTRACT

Critical stress for hrittle cleavage of Silicon at 20°C along {110} planes
was determined, then compared to previous results on {111} planes. The plastic
zone developped at  high temperature around the crack tip was characterized by
X-Ray Toepography and etch plc counting (glide plane, Burgers vectors,
dislocations distribution). The influence of the load level on the plastic zone
prowth was emphasized. The toughness increase due to plastic relaxation was aluo
investigated either under creep conditions or under dynamic loadings.

INTRODUCTION

- Mechanical properties of semiconductors have often been neglected in  the
past, merely because of their llmited Influence in Silicon device applications.

Furthermore the few difficulties encountered in VLSI technology like chip
cutting have been bypassed by sawing in place of scribing and cleaving. However
brittle fracture is still a major source of seclar cell rejection. Thus a berter
understanding of the cleavage process is required either to avold fracture or to
cuntrol it (like in laser diodes manufacture for instance). Dislocation content
is well controlled in Silicon technology, it ks not possible yet for TII1-V
compounds. In this latter case a decay of optoelectronic properties is relatcd
to an increase of dislocation density, Therefore control of dislacation
mucleation and development during crystal growth or during service, is a major
priority in microoptoelectronic technolegy. In particular stress risers can
improve dislocation emission even under low level loadings : microcracks (or
instance, easily introduced during processing can act as dislocation sources.
The sudy of crack-dislocation interaction is of peneral importance, thus of
practical inrerest for structural materials (steels, aluminium alloys, etc), far
beyond the limited scope of Silicon.



However $1licon has several advanta
such basic studies,

1} Silicon single crystals of high quaiiry (zero grown-in dislocations, a
very few defect amount) and large size are avallable.

7) A totally brittle, limited, cristallographic cleavage can be Introduced
in the material at room temperature. The failure of the material is readily
explained by the strong lattice friction that opposes dislocation motion,
hecause of covalent bonding,

3) At sufficiently high temperature dislocations have gained by thermal
activation a sufficient mebility to glide and multiply. Because of an
cxponential varifation with temperature, $ilfcon allows one to cover the entire
range  from totally brittle to Eully plastic behaviour. At = 1000 K the
plasticity Is low enough to follow experimentally the growth kinetics of plastic
sone with reasonable time intervals. Under 800 K material plasticity almosr

veduces to zero @ in these conditions quenching from higher temperature will
freere-in the dislocation pattern,

4) Dislocation mobility has been
slress, temperature and doping.

3) R-Ray topography is a diffraction imaging technique very well suited to
the  study of non absorbing single crystals like silicon. Limit of spatial
renolution of XRT lles in  the #m  range and 1s poor vompared Lo that of
transmission electron mlicroscopy, but a strong compensation is the possihility
ol the methed to check non destructively the defect content In the bulk of
samples thick enough to be safely handied an submitted te well defined stress
conditions. In fracture studies XRT can help greatly In estahlishing not only
"statie" feature (for instance identification of activated slip systems), bat
also "dynamic™ ones such as the threshold value of the stress intensity factor
for dislocation emisslion, growth kinetics of the plastic zone, estimates of  {he
effeerive stress, ete. The field of possible applications of XRT has bren
ronsiderably  extended by the use of the intense and tunable synchrotron
radiat ion which dramatically reduces to some seconds the exposure time. XRT has
bren sucessfully applied to characterization of cleavage crack geometry, shape

and dislocation content of plastic zones developped in both creep ar dynamic
conditions,

ges which give the hest conditiens for

extensively studied as a functian of

In the fellowing the main resulrs are summarized
discussed. The paper will be divided into two parts,

the  brittle  behaviour of Silicon, the second
interact inns

and critical problems
the first one  devoted to
ene to the crack-dislecation

PART A - BRITTLE FRACTURE

I - EXPERIMENTA UES

- Double cantilever beam testpieces were cut from {112} and {100} wafers
{figure 1) grown by Wacker ("waso" quality). Both floating zone (FZ) and
Czochralski (CZ) single crystals have been used for this study ; differences In
growth conditlons lead to differences in microdefects content, but no effect of
Siliecon origin has been detected on the brittle behaviour of the material.

- Machining is achieved by sparkcutting and/or abrasion. After mechanical
then chemical polishing the sample thickness B ranges between 450 and 80C
micrometers. The samples are pre-cracked at room temperature by forcing an
alumina wedge into the rotch [1,2]. The cracked sample is then clamped in a
tensile stage by introducing two rods into the pin holes, then the crack is
loaded at 20°C under mode I opening [5] until propagation occurs : this crack
advance can be achieved up to six times before complete breaking of the sample.

Topographs are recorded on Ilford L4 100 um nuclear emulsion plates
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Figure 1 - a) Sample shape : W = 30 mm, the crack length a is equal

notch depth, 8.5 mn, plus ES. The sample thickness is B.
b) Alpha orientacicon ) Gamma orientation
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I - CRACK CHARACTERISTICS

- The crack features, i.e. length, plane misorientatfon versus the ideal
vrystallographlc plane [2,3), crack tip orlentation [2], are determined by XRT
t4] using the Lang Method. A satisfying measurement of the misorientation angle
was obtained : the deviatlon {s less than 4* from a {111} plane in the alpha
urientation (figure 1b) and generally less than 5" from a {110} plan in the
£amma  orjentation (figure 1lc). These values are geemetrically deduced from
measurements of the crack image width as recorded on X-Ray topographs. Crack
terngihs measurements on topographs are much more accurate than optical ones,
vanging from 2 to 10 millimeters.

- In  X-Ray topography the poor resolution is counterbalanced by a high
sensitivity to lattlce strains - very small defects on the crack surface pive
rise to strong conlrasts (figure 2), the crack quality cau therefore he easily
checked.  For instance closure imperfection fis revealed by figure 3 which
Jdivplays a moire pattern typical of a mismatch bertween the two crack surfaces
after unloading  {the crack tlp belonging to both surfaces it is a raration
Moire carresponding to a slight mode III opening) .,
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Figure 2 - X-Ray Topograph g = 117. Figure 3 - Topograph g « [1]

B orientation ¥ orientation
Accidents are clearly visible The Moire pattern js
an crack surtface modulated by

Pendellosung fringes

ITI1 - SILICON TOUGHNESS
II1.1 -_Basic_background

- In the coordinate system of figure 4, the elastic stress fleld around a
sharp crack under mode I loading is expressed by the relation :

K
-l (@) (

i S nr Bi

where g () are known functions of phi [5]. The so-called stress intensity
factor kl depends on  the external loading through a calibration function
fla/w)

K, = P flasw) / B (2)
Y
} y
Figure 4
M Cartesian coordinate system
- ¥ is perpendicular to the
r . crack plane, z is parallel o
- the crack cip. r and p are
- polar coordinates.
P
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For our tappered DCB samples this function only increases slightly with erack
length [6]. During loading propagation occurs for a critical load P, i.e. when
K, reaches a eritical value K ¢ which is assumed to be a physical
characteristic of the material, calied toughness

- The energetics approach developed by Griffith [7) assumes that crack
growth occurs if the energy required to increase the crack length of da can
just be delivered by the system. Because crack velocity in brittle materials is



use to  the sound wvelocity the external work can be negliected during
opagation and only part of the elastlc stored energy U is released to create

‘v new surfaces
1 du 2 (3)
G = - -1 = -
< 8 | da}, 7

is called critical energy release rate or crack extension force, vy is the
rface energy for fracture (probably different from thermodynamic surface
erpgy) . Because the load-displacement curve 1is linear in the elastic range
ipure 5) another expression can be derived, introducing the sample compliance
~ 8/P (& is the erack opening)

2
Pc ac .
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2B da j,
P
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( ) Figure 5
Cla
. Compliance varidation with crack
advance. The dashed surtace
T T T T corresponds to energy reguired
for creation of fwo  new sur-
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It has been shown (8,9} that the physical quantities K;o and vy obtained

sotwo different methods are not independent

. 2 1.t -
.)yvklc ”E* {9)

voopdane strain eenditien  is  assumed, E  {s the Young's Modulus and v the

Sinoon val ind

IIT.2 - Easy cleavage plane

As far as single crystals are concerned, cleavage can occur on several
planes. According to Orowan [10] and Cilman [11], the theoretical cleavage
stress and the surface energy for {hkl} plsnes are proportionnal te the ratio
of the Young's Modulus E wversus the interplane spacing gl In covalent
materials the lower ratio corresponds to {111} planes, However, 111-V compounds
fail along {110} planes [12]. This discrepancy is probably specific to the
partial lonicity of the bonding in these materlals : {111} planes have a polar
character due to the stacking sequence (cne layer of element I1I, one layer of
element V.., (figure 12), convarsely {110} planes are neutral, no additionnal
electrostatic energy is required for bond breaking.

- If {110} cleavages are observed on neutral {110} planes in I11-v
compounds we may assume that it s also paossible on, obvicusly neutral, {110}
planes in Silicon. Actually, some {110} crack observations have been reported

in the literature [13-16] ; the authors observe that this cleavage generally
deviate from the ideal {110} plane. However it has been shown [3,17,18]} that
under pgiven conditions, such a crack can be introduced and propagated in
Silicon.

IIT.3 - Resultg

- Using the critical load methed, the K¢ is related to P, through the
calibration relation (equation 2). The obrained values for {111} cleavages, as
measured by s' John I1] and Michot [19], wusing the same techique are very

closed, 0.96 and ©.93 MPalm respectively . The measured value for {110}
cleavage [1B] is not very different

K10 - 0.89 + 0,04 MPaSm

- By the energetics method, measured surface energy are equal to 2.87 J/m2
far {111} planes [1] and 2.45 + 0,40 /v’ for {110} planes [18].

- We are confident about our experimental result on {110} cleavages
because they wverify the theoretical relation (equation 5} within the
experimental scatter. We have choosen results obtained by the critical load
approach hecause of the low scatter

Yi1p = 2.25 J/nf (18]

Tirq — 2.70 J/m? {1

- A rough approximation based either on the Gilman model [11] or on the
planar bond density [17,18] gives a theoretical ratio Tyy1/ 7110 2qual to 0.68
and 0.82 respactively . Our experimental ratlo is strikingly 1arger than unity.
Because optical micrographs and X-Ray topographs [3,18] indicate that {110}
cleavages are cleaner than {111} ones and comparable to those obtained in 111-V
compounds, we assume that our Ti1p value 1s close to the true value, and that
all tbe surface defects (ledges, tear marks, rivers... [20]) observed on {lll}

- -



cleavapes have required some additionnal energy consumption {21,22,28]. In
these conditions, using the Gilman ratio, i.e., 0.68, the expected y,,, value
equals 1.5 J/mz. This vaiue compares quite well with other data presented in
the  literature [13,23], 1.14 J/m2 and 1.23 J/m2 respectively , with some
theoretical predictions [24,25), 1,41 J/mz, but drastically differs from Gilman
evaluation [11], 0.82 J/uf .

Our Yy1p value (2.25 J/mz) also_compares fairly well with other data
{13, 1/], respectively 1.90 and 1,81 I/m? . However is seems that the cleavage
technique is  too sensitive to crack surface quality and to any parasitical
vhergy dissipation source : for Instance, some enerpgy 1s wasted by sound waves
during crack propagation (figure &). But one should be aware that theoretical
calculations are also very sensitive to the choice of Interatomic potentials.

Figure 6

Optical micrograph ot the
cleavage crack. Reflectjon of
the sound waves on the sampie
boundary (crack propagarces
from left to right}

ITI.5 - Crystallographic_apisotropy

- Experimentally, crack nucleation is enhanced by scratching the root
notch wlcth a4 wolfram blade. This heavy damage leads to a crack spreading on
different planes, giving rive to a misorientation & of the cleavage surface
versus the ideal one (Section I1).

- For {111} cleavages, the crack front propagates towards [LT0| direction,
probably on (1i1) terraces connected by (l11) ledges as schematized (figure B).
Some roughhess can thus be detected, characterized by faint lines parallel to
~ 110> directions (figure 7). These patterns, typical of anisotropic hehaviour
of material, indicate the preferential propagation direccions. Macroscopically,
when the propagation direction [110] is not parallel to the sample surf{ace
(fipure 9), crack propagation from 0§ to 0’8’ leads to a departure 7y of the
track plane ; in order to minimize the corresponding energy increase, rhe crack
is likely to re-start on a new set of {111} planes, This change of propagation

directiaon gives rise Lo a pronounced surface accident, which was often
ohserved

- Pertece {110} cleavages (line GH of figure 10} are equivalent to a
mixture of two sets of {1!1} cleavage planes on the atomic scale (broken line
GHIY). Non ideal {110} cleavage should therefore behave like {111} cleavapes,

Figure 7 -

Observed faint lines (arrows) are parallel to <i10> directions.
These micrographs correspond to two different orientations, (called
alpha and beta (figures 10 and 11 of part B}).

Figure 8 -

{110) section of a covalent erystal. Only the longest bonds belong
to the page plane.
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i.e. propagate in <110 ditection common to the twe sets of planes. However
there is  a fundamental difference in behaviour, there Is only one possible
propagation direction <110> per {110} plane, When this direction 1is parallel
te the sample surface {orientation v, figure 11), propagation s
stralghtforward, the misorientation § is kept constant and the surface quality
is enmhanced, the previously mentlonned disruptive mechanisms being avoided.
fenversely if rthis direction is no longer parallel, the deviation n (figure 9)
in always increasin experimentally for this configuration we generally

ohserve a very short 5110} crack who deviates on transverse {111} planes wuntil
vomplete fracture of the specimen,

Comment . the best {110} cleavages have been obtained in 111-V compounds
15 emphasized before. This could indicate that the energy contribution to ledge
formation is much higher in III.V compounds. This {5 not surprising because
‘hese ledges correspond to pelar planes in these structures (figure 12y,

II1.6 —“HicEogcgpicgl_mgchuni;mg
The idea that propagation of non ideal crack

'II]} planes leading to a <110> propagation direction , probably still helds
or a perfect crack. Thig assumption {s based on the experi
ltslocation behaviour in covalent

takes place on two sets of

ence accumulated onp
materials [26] - stability of either
lislocation or  crack tip 1is maximum along the dense <110> direction of the

attice hecause of rhe highest number of honds to he broken. By analopgy crack
dould advance by nucleation and lareral spreading of kinks [27] (figure
Ya.h). As mentionned before we have nat been really successfull in propagating
uch a ecrack with the tlp parallel to <I110> so far. Gonversely the eaxny
ropagation nbserved for gamma orientation c¢ould he also related to the facl

hat 0 i)y the crack tip is a low density direction of the lattice, ii) nn Wink
neleation is required (figure 13c).

vitre

M5 ie the crack vip RS is the sam

ple width (B). 0N js the MACPrOS -
copic propagation direer ion

ZRX is the jdeal cleavage plane

-] -

Fignre 11 - Easy propagation of a glightlv misoriented {110}

Figure [0 - Atemic crack paths for {110}

cleavages (perfect cleavage Gl or G'H',
misoriented oleavage IL)

cleavage.
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Figure 12 - Theoretical {110} cleavage with a ledge, in III-V compounds ([I]
and V elemencs are represented by different symbols}.

Figure 13

a)

b)

¢l

\,
5
110

The crack tip advances by nucleation and spreading of a  doubie
kink.

Nucleation takes places at the most stressed point, only one
kink has to be nucleated.

For y orientation no nucleation is required ; crack tip

shape is probably controlled by some "line tension” as for dis-
locations.

-..‘5.-

PART B - PLASTIC BEHAVIDURA]

The stress concentrations that arise at a crack tip induce a plastic
deformation in the neighbouring material during high temperature loading. This
plastically strained region is known to modify the conditions for further crack
propagation. In spite of the importance of crack relaxation by dislocations in
fracture problems, amongst all the related studies no experiments have been
performed allowing & complete microstructural and mechanical study. Very
accurate in situ characterization of plastic zones can be achleved by T.E.M,
[29-38] but there 1is no way to correlate these observations with the poorly
controlled external loading. An other polnt 1s that thin folls are not likely
to behave like bulk material, especially in brittle solids : the probability to
encounter a bulk dislocation source is negligible, most of the dislocations are
emitted from the crack tip {itself, but probably under stress level never
sustained in bulk material ([39]. Etch pit studies performed either on DCB
samples ihD-aB]_or on four point bending samples [40,45] help to characterize
such mechanical tests but the link between the materlal strengthening and che
dislocation characteristics is difficult to establish. Finally, eventhough XRT
methods are useless for observation of the relaxation mechanisms very close to
the crack tip, they allow a partial characterization of the plastic zone in a
buik sample under well defined loading conditions [1,2,4,46-48).

The ultimate aim of this study i{s to foresee the toughness increase of the
material as a function of the external parameters which contrel plastic zone
growth (time, temperature and loading). Initially we were interested in solving
the simplest situation, i.e. by applying a constant load (creep conditions)
after a rtransitional period, which can be followed by in situ XRT, the
equilibrium configuration has to be achieved. Characterization of such
equilibrium plastic zone (glide plane, Burgers vector, dislocation density) has
been performed by XRT and etch pits methods. Then we have tried to figure out
the interaction mechanisms between cracks and dislocations through our
experimental results. Finally an oversimplified equlibrium model of the plastic
zone has been developed in order to tackle more complicated loading regimes,
like constant loading rates or constant opening rate, which loading situations
allow a study of the brittle to ductile transition behaviour of the material .

~ 1y —



I - EXPERIMENTAL

- Two sets of experiments have been performed with either the conventional
ilevices available at the 1aborntory (tensile machine, X-Ray generator) or using

the Synchrotren facilities of [.U.R.E, (Laboratoire CNRS - Université de Paris
Sud - Orsay, France).

- At the laboratory a high temperature stage has been built [18] and
fitted to an 1185 Instron tensile machine. Either the opening rate § of the
crack or the load P/loading rate P can be imposed. Thermal treatment
temperature has an accuracy of €.3*, and can be ralsed up to 1000°C. Forming
gas (10 % H,, 90 & NZ) was preferred to vacuum, Conventionai XRT was performed
either with a 20 kW generator ({(silver rotating anode) or with a 1,5 k¥
penerator (molybdenum anode). The exposure time ranges from one to two hours.

Conventional XRT has been used only to characterlze the dislocatien pattern
after cooling of the sample.

- For in-situ experiments two different devices have been used. For creep
experiments the load is applied directly by a system of wires and pulleys an
transmitted to the moving grip through metallic bellows as described in detail
in reference [49]. For dynamic experiments, the signal delivered by a wave form
generator is transformed into a force by an electromagnet whose airgap is kept
constant by a feedback control [50]. Topographs were taken on a two crystal
spectrometer with the so-called (+,+) setting. The X-Ray beam was first
reflected on a Ge crystal and then diffracted by the sample, set at a 220 Bragg
reflection, with a selected wavelength of 0.08 nm. Topographs were recorded on
4 50 um nuclear emulsion plates. The exposure tlme is typically 30 s when the
DCI storage ring ran at 1,72 Gev, 200 mA. The sample-to-plate distance {s about
J cm which ensures for images of fixed dislocatfons a geometrical resolution
comparable to that of the conventional Lang technique (ar least at 20°Cy .

- Sirtl etchant has been used te reveal the intersections of dislocations
on both cleavage surface and lateral faces of the sample. Frow etch pit
counting the dislocation distribution in the plastic zone ran been determined,

IT - GROWTH KINETICS OF FZ SILICON UNDER CREEF CONDITION

I1.1 - Results

This paragraph summarizes the results obtained at different temperatures
nnder different load levels [51]. First of all, no plasticity has been dotected
for X values smaller than a threshold value B,"'" = 0.25 ¥Pa/m [12] (the value
is nearly independant of temperature in the range 700-800°C). Above this wvalue
disnlocation generation occurs, The series of topographs of figure ! shows the
entbreak and development of dislocations at different intervals of time after
Inading at t = 0 (T = 700°C, K, = 0.66 MPa/m). For alpha orientation the
tlastic zone consists of five lohes. The plastic zome size, d, is defined by
the distance between the leading dislocation (first emitted dislocation) and
‘he crack tip, averaged on the four fully developed lobes. Figure 2 plats the

cvolntion of d versus time at different temperatures for a given K value @ for
high loading times the plastic zone sizes rend towards a common value. Figure 3
plots  rhe evelutlon of d wversus time under different loads for a given
frmperature o after a  first stage of rapid growth (stage 1), whose rate is
inereasing with K, and T, the plastic zone saturates (stage IT) ; the limiting
dize strongly depends on K, wvalue but not on temperature.

b N
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I1.2.2 - Saturation regime

- The small slopes d(t) measured in stage 11 leads to effective stress
levels below 2 MPa. This value 1s smaller than the expected contribution of the
singular applied stress fleld 7, - However the contribution of the dislocations
of the fully developed plastic zone to the inrernal stress field r, is not

likely to be negligible, thus an estimate of this contributien has been done,
based on etch pit counts,

- From micrographs observations, as shown figure 4, the dislocation
distribution n(d) has been determined. The results obtained at 750°C wunder
different loading levels are summarized figure 5a. The corresponding samples
hiive been loaded two hours, thus we may consider that these results are
representative of dislocation configurations in stage II. An inverse pile-up is
observed. By distributing dislocations on a square net a Tough estimate of
the internal stress fleld ahead of the pile-up has been made [53], values
chtained on nine samples range from 3 to 13 MPa, So in order to fulfill the
equilibrium equation we conclude that the elastic stress field must be negative
at large distances from the crack tip. The vanishing, but positive, singular
stress field T, cannot obviously account for this result, a negative non
singular term has to be Introduced in the stress field expression

T - —

f 2xy¢

gle) - |C ]| £ s ... (3

This term comes from the sign inversion of the shear stress on neutral fibers
resulting From the bending of the sample arms, as shown in figure 6, this
contriburion must be negative. 1t increases with £, leading to a confinment of
the plastic zone. This Is an example of the limitations of small scale yielding
theory [54) which assumes that plastic zone size depends only on the K, wvalue.

- For a plastic zone of N dlslocations, the numerical caleulation of the
internal stress field roughly follows a square root variation

roa N2 ()
I the mean time the varlation of N with KI follows (figure 5b}

N o Kla
This means that v, varles as K to the fourth while ic(w)| Is probahly

proportional te the leoad, {.e. to K, . This result explains the high seasitivity
of the plastic zone slze with K, {figure 3).

- I:? -

Flgure 4 - Etch pit observations on a half-sample (alpha orientation)
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Figure 5 - a) Dislocation distribution n(d) after two hours at 750°C under

different K, values. n(d) is the number of etch pits counted
between d and (d + 0.1 am) .

3] Corresponding integrated number of dislocatjons versus Kl values

8

Figure 6 - Position of the neucral fiber for o v (line AB) and o, (line ¢p)
components of the stress field as determined by finite element

method [53]
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IT.3 - Conclusigns

Round about one micrometer from the crack tip where the singularity of the
vlastic stress fletd {s dominant, dislocations are emitted and pushed away from
the crack tip. The dislocatien density increasing, the internal stress acting
on the leading dislocatlion increases too and overcomes the singular stress at a
distance of several hundred micrometers. Plastic zone gtowth is then controlled
bv this internal stress field (stage 1I). For extensions in the arder of a
millimever, the increasing non singular part of the elastic stress field
opposes the internal stress field, thus lowering the plastic growth rate (stage
1), tending to an equilibrium conflguration. Because of the very small slope
measured in  stage II, relaxation is probably nat  complete. This means that
some dislocation rearrangements are still possible, as long as the disiocation
backstresses are not high enough to stop the dislocatfon source activity.
linwever we considered afterwards that relaxation was nearly complete.

TII - DISLOCATIOR CONFIGURATIONS

IT1.1 - ghgrgcgegl;!gign_mgthog

As previously mentionned, saturation of plastic zone is assumed. Three
different cristallographic orientations have been studied (figure 10 to 12)
Alpha and beta orientations are relative to {111} cleavage cracks whereas gamma
orientation is relative to {110I cleavage cracks. Far any orientationg

dislocations will develop in those 111} planes that cut the crack tip {2, 19)
(tigure 7).

The slip systems have been characterized by XRT in plastic zone repions of
low  encugh dislocation density in order to consider either the individual
dislocation or a limited set of dislocations. The Burgers vector is determined
through the extinction criterlon 5.b = 0, where E is the diffraction vectar.
This rule is difficult to check when the active slip plane is ohserved under a
frazing incidence (planes (111) of flgure 8 for (nstance) but quite easy when
the reflected beam direction B is close to some <111> direction (plane {111) of
Fignre B). Generally 111 and 220 diffraction vector have been choosen but  when
in doubt, 311 and 400 reflections have been used. Figure % displays some
examples of blurred contrasts, characteristic of extinction conditions.

IT.2 - Resules

Slip systems in covalent crystals can he conveniently represented by the
thomson tetrahedron (figures 10 to 12)

1.2 1 - Alpha_orientation (figure 10)

As expected for mode 1 loading no dislocations are observed in the crack
rlane (111) because of the lack of shear stress acting on this plane. (111)
planes display a low number of dislocations with either a/2[101] or a/2 (071
Burpers  vector (a is the silicon parameter). Thus, as a rough estimate,
dizlocations divide up Into 50 % of dislocations with b parallel to the crack
plane (a1ip sysvems (1T1)[011] and (I11){T01]) and 50 % of dislocations on slip
svatems 1Ty 10T and (ili)[OTT]‘ Dislocatlions with B belonging to hoth (111
And ETHDy planes, i e, a/2 {110] are in the minority.

[rio}

é)[m]

Figure 7 - a) Erch pits revesled on crack surface after complete fracture of the
sample
b) Corresponding eristallographic orientation (alpha orlentation, sec
figure 10). DS is the crack tip

.
M o e — - 2.3

e

figure 8 - a) Projection of the plastic zone volume parallely to the diffracred
beam B as recorded on topographs - Beta orientation, g = 202
b) Crystallographic erlentation

e) Corresponding topagraph
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a) g = I11 ~ by = g ~ T1i
Figure 9 - The slip system (111){I01] (upper right part of (a}) is out of con-
trast in (b). At the opposite, (1II}[110] (upper left part of (b) is

out of contrast in (a) and visible in (b} (beta orientation)
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Figure 10 - a) Alpha orientation - Thomson tetrahedron arientation with respectr
to crick position

h) Censtant resolved shear stress curve (CRSSC) for (ill) stip plane
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[11.2.2 - Baeta orientatiog (figure 11)

As foreseen no dislocation are observed on (I11) plane. A more striking
result is. that only a few dislocations (less than ten) are observed in the
plane which contains the crack tip. Thus nearly all the dislocations divide up

into B0 % of dislocations with b parallel to the crack plane (slip systems
(111)[110] and (I11)(101]) and 20 % on slip systems (I11)[101] and (I11)[110].
Dislocations with Burgers vecter a/2 [011] belonging to both (I11) and (T1I)
planes have not been unamblguously characterized.

TiT.2.3 - Gamma orientation (figure 12)

For this totally symetric orientation (figure 12b) no dislocation with
Burgers vector either perpendicular to the crack plane or parallel to the crack
propagation direction have heen detected.

II1.3 - Discussion

The problem to be solved {s the determinaticn of an criterion for
dislocation generation at the crack tip. During single crystal homagencous
deformation, shearing takes place on the glide planes of maximum resolved shear
stress (according ‘to the so-called Schmid factor crliterlon). At crack tips

although the situation is compliicated by the high degree of triaxiality of the
stress field which allows simultaneous activation of several glide systems, a
stress criterion could apply.

However, a widespread opinion, relating stress relaxation to crack tip
blunting, has been used for many years : the Burgers vector of the emltted
dislocation is supposed to have a non zero component perpendicular to the crack
plane (figure 13). This assumption fis proved invalid by our experimental
results (at least for alpha and beta orientatfons). Thus an other mechanism,
called "shielding” has been introduced.

Afterwards, these three possible criteria will be rewieved,
II1.3.1 - Stre:s field
The resolved shear stress r acting on a dislocation line £, with Burgers
vector b, gliading in plane n is given by
r = {2 ) B/ {5)

with a stress tensor derived from the elastic fracture mechanics

K

a. .
n Jinr

& (@ {6)

It is convenient to express r as a function of glide plane polar coordinates &
and R (R is the distance between the conslidered peint and the intersection
point of the glide plane with the crack tip {2,19])) : r = K, H(®)//ZnR . Curves
representing the locus of the points of the glide plane which experience a
constant resolved shear stress can be drawn ; afterwards we shall refere to
CRSS curves. The example displayed in figure 10 will be discussed in detail.
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Figure 11
Beta orientation -
Thomson tetrahedron with
respect to crack position
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Pipare 17 - a4} - Gamma orientation - Thomson Tetrahedron with respect to crack
position - b)Y g~ 111 topograph

The CRSS curves exibit either a single lobe (glide system (111} [011],
figure_lo : the + sign indicates that H(®) is poslicive, thus a dislocatien
a/2[011] is repelled while a dislocation a/2[011] 1is attracted and disappears
into the crack) or several small lobes (positive or negative, which can be seen
in the (T113]101] glide system), When development is restricted to some angular
sector, development itself could be questionable. As a rule of thumb it appears
that the most favoured system 1s the third one, f.e., (I11)[110], because of
its greater extenslon, In fact, experimentally, only the first and the second
systems real!ly develop. That means that a stress criterlon cannot totally
account for uvur observations.

The same situation arises for the beta orientation [19] : the relative
developments of observed glide systems contradict the calculated extensions as
given by the CRSS curves. In particular the few dislocations gliding on the
plane which contains the crack tip (figure 11) experience mnearly the same
stress as the majority of dislocations.

However the observed glide systems of the gamma orentation [18] obey the
stress criterion, Thus In order to understand this discrepancy, a selection
¢riterion based on interactions between different slip systems (annihllation,
farmation of junctions or Lomer Cottrell barriers) has been proposed 119] with
some success, but, this assumption has to be checked experimentally.

[11.1.2 - Effect of dislocation emission on cyack tip geometry

Returning to the alpha orfentation (flgure 10) It appears that development
of a full loop of the (T11)[01T) glide system leads to a Jogging of the crack
tip (figure 14} and the crack remains sharp. A different behaviour is expacted
from (T11)[101] glide system, for & < ¢ (y <0} a a/2[T0I] 1loop develops and
for 4> 0 (y > 0) a a/2{101] loop develops, leading to a localized blunting
(figure 15). Some dislocation rearrangements, by cross-slip, could increase
this blunting effect {45]. However It remains negligible compared ta that
obtained when the giide plane contains the crack tip (figure 13), like in the
beta orientation. Because a few dislocations are then detected, we assume that
blunting is not dominant in the relaxation mechanism,

IT1.3.3 - Shielding

Given a screw dislocation lying parallel to the crack tip of an unloaded
crack. To remove the Fforces on the free surfaces of the crack, a force
distribution has to be applied. In this case it is equivalent to introduce an
image dislocation symetrical with respect to the crack tip [55-56] exerting a
foree on the dislocation -

I A L (N

{p is the shear modulus). From Newton's third law it appears that the crack
must experience an equal and opposite force which can be related to a crack
extension force G. In linear fracture mechanics this force is expressed as a
function of a stress intensity factor aK :

Gpy = AKZ / 24 (®)

{due to the screw character of the dislocation, antiplane shearing {s assumed).
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Figuee Y- Qurigg loading of a crack (a}, edge dislocarjons develup on
inclined planes (b) leading to crack blunting. When the Burgers

vector is perpendicular to the crack plane, blunting is maximum
(<)

Frgure 14 - Crack tip jogging by emission and development of a single dislocat ion
on the glide plane P.

Fagriere 15

Locaiizgd crack tip blunting by emission
loops of opposite signs, on the same glide plane P.

and development o!  two

~-25~

If an external lead, glving rise to a stress intensity K,;, is superimposed,
because stresses can be added, the resulting crack extension force becomes

2 F4
Gopp = Ky 7720 + 8K (520 4 Ky 8K /e 9

Depending on the sign of 4K the dislocatlon can decrease or increase the crack
extension force | therefore when nmnegative the dislocation has a shielding
effect and when positive it has an antishlelding effect [38].

This reasoning also holds for mode 1 as lomg as no blunting occurs
otherwise the K concept falls. In the general mixed mode the shilelding effect
for dislocations paraliel cto the crack tip is related to the Burgers vector
through a matrix relatlon

(1)

whose k|j components can be found in [57] and {58}

- Dislocation selection could be based on a shielding criterion,
dislocations which lead to the highest shielding effect being the mosc likely
to develop. This criterion differs from the usual mninimum free enthalpy
criterion because the crack extenslon force (i.e. the shielding) is related to
the derivative of an energy {((3) of part A). It is not equivalent to a stress
criterion because the latter is directly related to the applied elastic stress
field while the former criterion only depends on the elastic energy of the
loop, i.e¢. on Its shape and Burgers vector,

This criterion is unfortunately difficult to handle because the matrix
components k,. have only been derived from the energy of stralght dislocations
parallel to the crack tip. That means that this treatment cannot account for
dislocation nucleation, mechanism which is assumed to be a dominant parameter
in brittie materials [535]. A 3D calculation 1s required. Exact calculation has
been done for a half loop expanding on a glide plane containing the crack tip
[99]. For general orientatien only a rough estimate can be done [60].

However, eventhough no accurate estimates can be done, shielding

relaxacion at the crack tip must lead to a toughness increase which can be
checked experimencally.

IV - TOUGHNESS INCREASFE

Full relaxation ls assumed during high temperature loading under K when
the effective stress intensity factor K, = K, - |aK(t)| drops under the

L}
thresoid value Kein for dislocation emission :

K - K, - ek, | (1L

myn

After relaxation the plastic zone 1s frozen in by cooling down. The sample is
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then submitted to a tensile test. During crack opening the effective stress
intensity factor is glven by

K, = P f(a/w) - [aK_]| (123

where T is the load and f{a/w) the calibration function as introduced In part

A As long as the crack remalns sharp, fracture will occur for K, = K . under
the load P, where

Kie = B flas) - |ok,| = k" - jax_| (13
Combinlng equation 11 and equation 13 we obtain :
Ko =K, - K., +K (14)

txperimental results {61) as summarlzed figure 16 roughly agree with relation
14y,

1V.2 - Results coherency

- In order to estimate the shielding effect we have [&0] : 1) roughly
eviluated the shielding due to the individual dislocation (atpha orientation),
taking inte account {ts shape, Burgers vector and position ii) made the

summation on the whole plastic zone using the dislocation distribution function
is obtained by etch pit measurements i1i) checked the resulting coherency with
measured touphness increase.

- Our estimates show that 8K,, and 8K;,, shieldings can develop. These
parasitical effects, not expected from the mode 1 opening are related tn
departure of the loadlng symetry from crystallographic symetry. For instance,
in alpha orlentation, the crack propagatien direction is a two fold symerry

axis incompatible with the plane symetry required by pure mode I loading

Furthermore it appears that dislocations developing on either side of
the  crack  plane ([101)(¢(T11) of figure 10) exhibit strong antishielding
components, compared to dislocations which develop all around the crack tip
Ciiliclll) of figure 10). Thils results could explain the higher proportion of
diswlacations of the second kind which were observed,

For samples relaxed under 0.77 MPa/m the shielding effect is estimated
te - 1.7 MPa/m  [60], compared with the experimental results as obtained from
tetatjon 13, ranging from - .75 to - 0.50 MPa/m. Considering the roughness of
the approximations the apgreement 1s not too bad, we may conclude that shielding

#ffects are important enough to account for the toughness increase following
plastic relaxatlon,
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Vv - EQUILI ST
V.1l - Analytical_solution

- This section deals with a theoretical study of dislocation distribution
ahead of a crack tip., The preblem has been solved using the K concept in order
to avold accounting for a specific geometry of the crack and the loading. For
simplicity, mode I11 loading has been choosen. A semi-infinite crack is
assumed. In this case a slip plane runs straight on from the crack plane
(figure 17). Under loading (Kl 1 K.) a set of straight parallel screw
dislocations is emitted in the 511p plane considered above. An equilibrium
distribution is reached when the stress acting on every dislocation is equal to
ZeTro.

- When a continuous dislocation distribution p(X) {s assumed, an
analytical soiution can be derived from the following integral eguation [62]

AZ
b Y (Y) dy
L Vo 22T, o (1)
haX ?x X X - Y 4

A,

The first term corresponds to the external stress acting on a dislocation
located at X from the crack tip (figure 17), the second to the image force
[55-56-63], the third to the interaction with the other distocatlions of the
plastic zone. Tt must be pointed out that the wusual interaction law between
dislocations is modified by the vicinity of free surfaces, as shown by the
conformal mapping method [63] or by the imape dislocation distribution method
[64]. The last term 1is the frictlon stress, a physical characteristic of the
material, Because A1, AZ and p{Y) are unknown, two exXtra relations are
required. The first one is plven by the total number of dislocations forming
the plastic zone

Nb - p(X)y dX (16}

The second ove wlll be derived from a condition on the effective stress
intensity factor K when an equilibrium distribution is reached

A2 (Y)y dy
H ELALEILLE (17)

K —
R -l P

- When applying equation 15 to the first emitted dislocaiton {t appears that a
minimum value X = [2ubr of K is required to overcome the image stress on
this dislecatien. It can be verified than an unstable dislocation positien
A, - ub/ﬂﬂry corresponds to thls value. With the introduction of dimensicnless



parameters ko= KK, a = A/A° and p2 - 1 - A /AZ, equation 15 can be solved X150 T T T ¥ T
abter some integral caleulations {62] :
fa" : 125 ]
ke — E(p) Jfa; + K(p)//a, (18) 3 !
ke = Ko} Jfay + Ep)//a, (19) 1o b .
1
E{p) and E(p) correspond respectively to elliptical integrals of first and .
sccond kind. The variations of the plastic zone characteristics a,, a, and N 79k 28
huve been plotted in the (ko, k) plane, respectively in figures 18 and 19. ':,'_,
a0 a2
-3 a —
of w10
V.2 -_Discussion s = 2l
[L:1]
- Chang and Ohr [65) have studied dislocat{on distribution ahead of the -
two  tips  of an embedded crack modelled by a continuous dislocation : 251 009!
distribution. At the opposite of the so-called BCS model [66] they have allowed ) ° - 2
the existence of dislocation free zones (DFZ). It {s wvalid to compare the . bl - - ~ —
limit case of long cracks for which no Interaction occurs betwcen the two %] LS s0 75 100 125 150
plastic zones and our resules. Chang and Ohr's model exactly matches the . 0 2 " ks
ierlined ¢ ] . irec f i i
lfl‘l(('T‘ ne ermf of equatioli:s 18 and 19. Because the other terms are dlrf_"-tl)’ Figure 18 - Variations of the plastic zene size ay. 3 as 2 function ?f the
related to the image term ub/4xX of equation 15 we conclude thar the image ‘ applied stress intensicy factor k_ and the effective stress inten-
term is not properly takenm inte account when crack dislocation model ] ing appiie .s i k s
techiilques are used as pointed out In [68]. sity factor k,
o
- No assumption has been done concerning K. so far. Intuitively we could x 150 T T T L T
dssume that full  relaxation corresponds to K, - 0. I[n Chang and Ohr's model
this implies that the DFZ vanishes ; the solution than identifies with BtS
solution. However from equation 19 of our calculation it appears that k,  must
be strictly positive as soon as K, overcome Ko. Hence, maximum but incemplete 125 |

ielaxation is achieved for the points of the (ks n ke) plane represented by the
dotted line of figure 18 : in cthese conditions if any dislocation is added to

the plastic zone, ne equilibrium state can be found, ane disiocation must /’/ // /
reenter the crack. 100 + // 7 - -
- ayavi
- It can also be assumed that plastic zone growth is limited by the o P
ability of the material to develop new dislocations. Dislocation activity stops el L o /;(l() Vi
wher the effective stress intensity factor K, drops under the threshold value 7RF /'// S -
E,™7 for source activation. The cholce of efther criteria depends on the -

brittle or ductile character of the material, i.e. the relative importance of

/"
K ip ¢ompared to L ////
//

V.3 -_Application to Silicon

N= /1000 ARl

Assuming r = & MPa it appears that K, = 0.018 MPa/m is much smalier than . N
Koin = 0.25 MPa/m, hence the second criteria should apply. The shielding amount 25
|f\l’°| following maximum relaxation wunder K, at high temperature can he v
cxperimentally obtained through equation 13. The effective stress intensicy s ]
fuctur at the end of the relaxatfon process {s glven by K, = K. - Jak |. The /“_I- rii A R
variations of K versus K_ are plotted figure 20. Experimental scattering is 0
fquite high buc the average’value is not voo far from Kpin value and much higher 0 25 75 100 125 1350
than K . confirming the choice of the second criterfon. ks

Figure 19 - Variations of the number N of dislocations as a function of

k_ and ke

s
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05 15 K

Figure 16 - Koom temperature measured toughness Kc‘ as a fuinction of rhe  high

temperature  relaxarion load level Ks The full Jine corresponds

to relation 14.

Fapare 17 Model of mode II] plastic zone. N dislocations inside the !A1. A?]

wpace are in o equilibrivm under an applied Kiy) stress intensity
Facrar

e N P

- Table 2 summarizes the experimental results obtalned on Flve samples.
From the corresponding K, values the parameters of the plastic zone have been
calculated (table 3).

Sample | K, (MPa/m)| K, A, (nm} [ ¥ (by lobe)
F22 0.55 0.068 1.45 468
Fl4 0.66 0.186 1.45 796
F17 0.66 0.037 2.15 830
Fi6 0.77 0.168 2.75 2 900
?3-& i 0.77 0.300 2.85 3 050
d

Sample K, *{’A; Ay N
e0 | oss |1 | 309 | ees
Ple | 066 | 228 | .66 |1 16
kgi;i - __6 66 - Ab 22 4. 78 1 264
'567" _b}jﬁiﬁlSJ 6.40 1 642
.;;;77 ) 6f;;-.- 75.5 6.23 1 455

Table 3 - Computed data

Despite the roughness of the approximations a satisfying agreement is obtained.
Furthermore, improvements could be achieved by taking care of the confinment of
the plastic zone by the non singular stress field in order to correct the
averestimated value of A2 ; likewise care should be taken of the orientatjon of
slip planes with respect to the crack plane [67] for a true mode 1 loading.
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lf 1.5 Figure 20
Experimental variations of the
é? effective stress intensity
b3 factor X, with the applied K,
A
1+

Ke
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vl - BRITTLE TQ DUCTILE TRANSITION

VI.1 -_Tramsition tempergturg

Uenerally materials can exhibit different mechanical behaviours : the high
brittleness of covalent crystals radically contrasts with the fully ductile
behaviour of  FCC metals, Depending on the ability of the material to emit
dislecations from crack surfaces a brittle or ductile behaviour is expected
195, 69] : such a model, which seems to be accurate for the very britetle, or
very ductile materials, falls when intermediate cases are considered {(c . c.
mwetals for Instance). Furthermore we belleve that the response of a material to
a wechanical sollicitation, i.e. brittle failure or plastic yielding, does nat
depend only on the physical characteristics of the material, but alse on  some

external parameters, such as loading rate. This point will be argued in  the
fullowing.

During plastic relaxation the applied stress intensity factor K is, at
teast partially, counterbalanced by the crack shielding -|AK|. leading to  the
cffective stress intensity factor K,

K (t) = K(t) - |akiny| (20)

Starting trom a zero load under a constant leding rate K the carresponding
varlations with respect to time

B (1) = K(t) - |aK(t)| (21)

must be strictly positive, at least until the threshold value tor dislocation
emicoion Koo {s cxceeded. The shielding rate -|aK(t)| is thermally activated

—'\?3-"

through dislocation velocity. For low temperature, R(t) is the domlnant term in
equation 21, K‘ ls an increasing function of t, therefore brittle failure will
occur for K, - K, (figure 21a). For high temperatures, K(t) can be counter-
balanced or eventually overcome by the shielding term, this means that K, goes
through a maximum value (figure 21b). When smaller than K;¢+ the crack opens in
a fully ductile manner. A critical situation is achieved at temperature T for
which the maximum value exactly equals K;¢ (flgure 21c). This temperature which
limits two different behaviours of the material, quasi brittle for T < T, and

fully ductile for T > T., 1s called brittle-to-ductile transition temperature
(8DTT) .

This transition mechanism is based on crack shielding [70,45] but the same
reasoning applies when crack blunting 1is assumed [1,71,43]. In any case these
models assume that BDT is not an intrinsic property of the material.

V1.2 - Modellization

Given a trest temperature Te. and a loading rate K low encugh for
dislocations tu reach an equilibrium position fer any K values. We assume that
K. 1s constant and equal to the threshold value for dislocation emission Kein
4 steady state characterized by R. = 0 1is achieved. Under these quasi-
equilibrium conditions the decrease in the crack extension force due to N
dislocations is equal to the force exerted by the crack on a superdislocation
of Burgers vecror Nb. The equilibrium condition is satlsfied when this force is
counterbalanced by the friction stress

St o wb oy (22)

R (23)

1t the tensile test 1is then performed under the same loading rate but at a
lower ctemperature T < T,, the decay in dislocation velocity forbids the
establishement of an equilibrium situation. Thus shielding cannot be as
complete as before, the effective stress intensity factor K_ must increase
untll a new steady state is restored. The temperature effect on dislocation
velocity s conterbalanced by a stress level increase, characterized by a limit
value KE {Eigure 22). The condition for constant velocity for simultaneous
stresses and temperature varilations is derived from the general relation

T " Q
v=v | — exp - E; (24)
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whire Vos Tg.» M and Q are constants

(25)

It the stress is supposed to be proportionnal to K ! the later equation can be

integrated, introducing the boundary condition Kele- K ig for T =T,
. Q 1 1
K~ =K .. exp Y T ] (26)

According to thls exponentiat variation with temperature of the K, plateau, we
may reasonably assume that the initial slopes R (t = 0) exhibit a strong
temperature dependence also. Thus if the material fails at T = T, under a very
high K = K " value, fracture at T = T, - AT will occur under a much smaller K *
value (fxgure 22). That means that the brittle-to-ductile transition must be
very shatrp, as it has been checked experimentally (paragraph VI.3). T, is an
approximate temperature above which the plastic zone 1s assumed to develop
under quasi equilibrium conditions (any K increase is exactly counterbalanced
by a shielding increase). Obviously TE must depend on the K choice. Introducing
the fracture conditions, K - K for T = T, in relation 26. this "equilibrium

. N
temperature™ To can be related to the BDTT (itself a function of K)

K K ¢ : ! 7

- im Xp —— - — (77
tc min ©XP ok T
For T, =193 K, a physically acceptable T = 1062 K wvalue is  obtained in

Silicon (m = 1.2, Q0 = 2.2 ev).

The model assumes that dislocation movement 1s the limiting event and nat
the dislocation nucleation rate N, mainly because the stress field decreases
with distance to crack tip. The max[mum rate, as glven by equation 73 holds for
the steady state at any temperature. During the non equilibrium transien
repime this rate must Increase from nearly zero to this maximum value., It
vesults from our model assumptions that the higher the initial slope Kc(LwU),
the lower the nucleation rate N and the temperature. That means that for

temperatures  c¢laose to T.. but smaller than T.. the number of emitted
dislocations can be small, eventhough the applied K overcomes the K, ¢ value
(fipure 22).

0

We cannot turn down the hypothesis that a K_ decrease arises after  some
plastic deformation due to a dislocation multiplication mechanism. [f such a
situation occurs after the steady state i{s achleved the K curve will exhibit a

broad waximum. I[ not. ne equilibrium configurarlon is involved and the
previous caleulations no longer hold.

1R

K K, AK

Figure 21 - Possible cvelution of the effective stress intensity facter versus
time, for different temperatures, T < Tc curve a, T > Tc curve b,
T =T curve ¢. The dashed line corresponds to the applied K

C

variation.

min

993
996 - T,
- 1002
1010
1020 K
1062 -Té

Figure 22 - Evolurion of the effective stress intensity factor X
of temperature accerding to our model
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vE D - Experimental results

Pre-cracked samples are opened at a constant rate §, ranging from 1
pm/miu to 500 um/min. Below the BDTT the 1load-deflection curve Is strictly
Linear. The material toughness K, derived from the load at fracture P, through
the calibration curve is close to K, value (0.93 MPa/m) up te a few K below
[(

The transition takes place in a very narrow range of temperature (2 K =),
On the low temperature side of T . the load deflection curve remains linear wup
to fracture which occurs for a Igh stress Intensity factor K (up to 3K ).
Above T the load deflection curve departs from linearity for P > P, (or X =
K/ ) and could exhibit a maximum when the test {s continued. In this domain a
peneral plastic yielding 1s observed leading to a macroscopic bending of the
arms of the sample, avoiding ductile failure.

The temperature dependence of Kc/ch and Kl/ch for different deflection
tates § of FZ and GZ silicon samples are represented figure 23 and 24
respectively. K values cannot be determined very accurately K is a
deereasing  function of the difference (T-T,} at a given &. The T, values
measured on FZ Si are in close agreement to those obtained by St John for the
same Silicon quality [1]. For a given deflection rate §, the transition occurs
at higher temperatures in CZ sllicon, fer instance T, is raised up to
41 K at 8§ = 5 um/min and 31 K at § = 50 um/min

VI.4 - Discussion

The BDTT, T_, bas been determined for several opening rates §. Because of
the linearity of the load deflection curve at this temperature a relation K(TC)
can be derived. The easiest way Lo compare plastic zone growth under different
dyvamic loading conditions is teo deal with equilibrium configurations, {.e¢.

with the full steady state characterized by K, = K, and T = T, (K} (figure
22). These conditions correspond to a complete shielding (Ke = 0} : as soon as
the first dislocation is emitted, the shielding term -|AK(t)| exactly

counterbalances the applied K. Because the shielding is thermally acrivared
through dislocation mobility, one can write

K o= [aK] = ¢®'% % exp - 2
kTE

ar (783}

Log R - cste —Sw

kTE

But relation 27 shows that the replacing of Te by T, in equation 28 only
vhanges the value of the constant. Actually, such an exponential variation of K
versus T has been observed (Figure 25} : the activation energies thus derived
vorrespond te 2.1 eV for FZ2 Silicon and 2.5 eV for CZ Silicon. The results
agree fairly well wich che value commonly reported in the literature tor FZ
vrystals j52], 2.2 eV. For CZ crystals, the reported activation energy of 2.2
¢V, for stresses higher than 4 MPa can increase markedly for lower stresses
biciause of the dislocation piloning by oxygen atoms [72]. The coherency of our
resilis can thus be achieved only If we assume that at T, . the plastic zone
develaps under a low stress level, probably around the friccion stress L [43].
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Figure 23 - Temperature dependence of K. (full symbols) and Kl (open symbols)
ter different opening rates § (FZ Silicon)
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Pigure 2% - Variation of the brirtle to ductile transition temperature with the
r2

applied Teading rate (kK unit is the gf mm’ s L equal to 110 Payfe s

VI.5 - Dislocation sources

Puring cooling after crysrtal growth, a precipitation of interstitials
cembined with  impuritles occurs leading to & small defect population {some
1% sem?)y which strongly depends on the pulling technique. Wether or not these
defects can act as dislocation sources is not clear so far, especially hecause
of their low density. Conversely, crack surface nucleation is suspected [rom
T E.M. observations eventhough this mechanism is not lkely to occur accarding

to theovetical estimations [59). Thus dislocation origin {s still an unanswered
quest ion

V1.6 - Coneclusions

The  physical basis of the brittle te ductile transition have been

presented. This  transitlon is  controlled by dislocation velocity. Eventhough
this model pives a qualitative physical insipght of this phenomenon, many points
st still obscure and other experiments are needed. In particular, exprriments
under constant loading rates have to be perform in order to avoid intermediate

pirameters such as the crack opening and the sampie compliance. Such rests

are
presently under way at LU R E. .

-4 .
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SYMBOLS USED

a - Crack length

Ay, A, - Plastic zone limits - a, = Ay/A, with A, = pb/hwry

o, By - Studled crystallographic orientations

b - Burpgers vector

B - Sample thickness

C - S5ample compliance

CRSSC - Constant resolved shear stress curve

& - Crack opening (4 crack opening rate)

AK - Crack shielding

E ~ Young’s Modulus

0.7 - Polar coordinates related to the crack plane

4R - Polar coordinates related to a glide plane

G - Crack extension force

£ - Biffraction vector

T - Fracture surface energy

K Stress Intensity factor - k = sK/K, with K, = f2ubr]

K - Stress intensity factor under mode 1 loading

Kimin - Thresaold value of K, for dislecation emission

K e Critlcal stress intensity factor for fracture

K, Effective stress Intens{ty factor

B - Appiled stress intensity factor for high temperature creep relaxation

k" Shielding matrix component

Ji - Shear madulus

n - Direction perpendicular to a glide plan

N - Number of dislocation I{n the plastic zone

v - Polssen ratio .

P - Applied load, P_ critical load for fracture, P ceritical load for
fracture at 20°C of samples relaxed at high temperature

K - Diffracted beam

g5 - 5tress tensor component

T - Temperature

T - Brittle to ductile transition temperature

Te - “Equilibrium" temperature for "stationnary” plastic zone growth

L - Friction stress

Ters - Effective resolved shear stress

L - Applied resolved shear stress due to the singular term of the stress
field expansion

T - Internal resolved shear stress due to plastic zone dislocations

U - Stored elastic energy

v - Mslocation mobility, depending on parameters m and Q

w - Sample length

~d -
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