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Fig. 17. Surfanalyzer profile in the· propagation direction of a room 

temperature fracture surface. 

Fig. 18. Interference micrograph (Thallium green light) showing height 

of A type markings. 

Fig. 19. Interference micrograph (Thallium green light) _showing height 

of _B type markings. 

Fig. 20. Interference micrograph (Thallium green light) indicating 

height. of corrugations. 

Fig. 21. Instron load-deflection curves for a x-head speed of .0005 

em/min at three temperatures bracketing the brittle-ductile tran-

sition. 

Fig. 22. Instron load-deflection curves for a x-headspeed of .005 

em/min at three temperatures bracketing the brittle-ductile tran-

sition. 

Fig. 23. Plot of stress intensity at fracture or flow versus temperature 

for five x-head speeds showing the respective brittle-ductile tran-

sition temperatures. 

Fig. 24. X-ray topographs of the crack tip region in specimens whose 

load-:deflection curves are shown in Fig. 21. (a) 699°C (b) 705°C 

(c) 707°C 

Fig. 25. X-ray topographs of the crack tip region in specimens whose 

-load-deflection curves are shown in Fig. 22. (a) 800°C (b) 80l°C 

(c) 805°C 

Fig. 26. Plot of log (x-head speed) versus 1/T . . c 

Fig. 27. Plot o.f :FlSl for each ·dislocation system on the (lll) ·glide 

plane urlder pL.ne s.train conditions • 
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Fig. 28. Plot of F(S) for each dislocation system on the (lll) glide 

plane under plane stress conditions. 

Fig. 29. Plot of F(S) for each dislocation system on the (lll) glide 

plane under plane strain conditions . 

Fig. 30. Plot of F ( 6) for each dislocation system on the ( lll) glide 

plane under plane stress conditions. 

Fig. 31. Plot. of F(S) for each dislocation system on the (lll) glide 

plane under plane strain conditions. 

Fig •. 32. Plot of F(8) for each dislocation syst7m on the (lli) glide 

plane under plane stress conditions. 

Fig. 33. Plot of F(S) for each dislocation system on the (111) glide 

plane under plane strain conditions. 

Fig. 34. Plot of F(S) for each dislocation system on the_ (111) glide 

plane under plane stress conditions. 

Fig. 35. X-ray topograpb of a crack tip region along with a projection 

of the Thompson tetrahedron for g = [lll]. 

Fig. 36. X-ray topograph of a crack tip region along with a projection 

of the Thompson tetrahedron for g = [lll]. 

Fig. 37. X-ray topograph of a crack tip region along with a projection 

of the Thompson tetrahedron for g = [ili]. 

Fig. 38. X-ray topograph of a crack tip region along with a projection 

of' the Th_ompson tetrahedron for g = [ilo]. 

Fig. 39. X-ray. topograph of a crack tip region along with a projection 

of the Thompson tetrahedron for g = [110]. 
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FIGURE CAPTIONS 

Fig. l. Specimen size and geometry along with the theoretical variation 

of' the stress intensity after Srawley and Gross. 

Fig. 2. Orientation between crack and specimen crystallogr~phy. 

Fig. 3. Schematic of' exi?erimental setup f'or introducing cracks at root 

of' machined· notch. 

Fig. 4. 

Fig. 5. 

Fig. 6. 

Schematic of' fracture testing apparatus. 

Schematic of' x~ray projection topograph arrangement. 

X-ray topcigraph of a precracked specimen. 

Fig. 7. 

Fig. 8. 

Photo- micrograph of' pre crack fracture . surface; Nomarski lens. 

Instron load-dJf1.ection cul:-ve without unloading for repetitive 

fracturing at room temperature. 

Fig. 9. Instron load-deflection curve with unloading f'or repetitive 

fracturing at room temperature. 

Fig, 10. (B/P) at crack extension versus (a/W) f'or one specimen at room 

temperature. 

Fig. 11. (B/P) at crack extension versus (a/W) f'or all specimens at ~ 

temperature compared to the theoretical curve after Srawley and 

2 Gross -f'or a y of' 2700 ergs/ em • 

Fig. 12. (B/P) f'or -both crack arrest and extension versus (a/W) f'or all 

specimens at room temperature. 

Fig. 13. Variation of specimen compliance with (a/W) at room temperatu~ 

Fig. 14. Photomicrograph of room temperature fracture surface; Nomarski 

lens. 

Fig. 15. Photomicrograph of A type markings; Nomarski lens. 

Fig. 16. Photomicrograph of B type markings; Nomarski _lens. 
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APPENDIX 

Coordinate Transformation 

The burger's vectors and the glide plane normal vectors may be 

transformed to- the stress tensor coordinate system by the standard pro-

cedure if the direction cosines between the respective systems are 

known. 

(ie) X. = a .. Xj 
1 1J 

aij = direction cosines 

X j = crystallographic coordinates 

x·. .= stress tensor coordinates 
1 

The usual summation convention .is assumed. 

Table ( 6) lists the necessary data for the coordinate transformation .-,.:_;-. 

and Table (7) shows the indices of the cr,tstallographic directions in 

terms of the stress coordinate sys'tem. 
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Table VI 

DIRECTION COSINES BETWEEN THE STRESS 
AND. CRYSTALLOGRAPHIC COORDINATE SYSTEMS 

:X • .X. I Angle (acute)· I Direction Cosine, Aij 
l. J 

xl xl 65.90 I .4083 

xl x2 65.90 I .4083 

xl x3 35.15 I -.8165 

x2 xl I 45.00 I -.7071 

x2 x2 I 45.00 I .7071 

x2 x3 

I 
90.00 I .0000 

x3 xl 54.74 I :5772 

x3 x2 I 54. 74' I .5772 

x3 x3 I 54.74 I .5772 

.... 

:.: 
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IV. CONCLUSIONS 

L The surface energy of the Ull} plane in dislocation-free 

silicon was determined to be about 2700-2800 ergs/cm2 from both stress 

intensity and strain energy release rate analysis.. The cause of the 

large discrepancy between this value and that found by Gilman's limited 

study .was not established. 

The theoretical variation of the stress intensity with crack length 

as calculated by Srawley and Gross via boundary collocation of the 

Williams form of' stress function was verified· experimentally. 

2. The brittle to ductile transition for sha.:rp cracks in silicon 

was found to occur within an extremely narrow temperature range, of the, 

order of several degrees. The transition temperature was rate ·dependent 

over the temperature range studied (700-950°C) and obeyed. a. single 

activation energy of 1.9 eY. The activation energy thus obtained was 

shown to be related to the .rate determining plasticity mechanism in the 

crack tip region and compared favorably with a value of 1.8 eV found in 

another study for kink-pair nucleation and glide. 

No dislocations observable via x..;ray topography were.produced by 

mobile crack tips. 

3. The force acting on each of the twelve glide systems.emanating 

from the crack tip was calculated from isotropic elasticity theory and 

plotted as a function of angle about the crack front. The favored glide 

systems were derived from the force plots and compared to the operative 

glide systems asdetermined by x-ray topography. Good agreement 

between theor,Y and experiment was obtained. 
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and D have disappeared, the lobe at C has weakened, and the lobe at F is. 

unchanged. The operative burger's vector(s) in the F lobe could be 

either or both the [oiiJ or/and the [lOl] while in the C lobe the [Ilo] 

burger's vector is operative. Similarly in Fig. (37), the lobes have 

disappeared .at C and F, weakened at D, and remained unchanged at E. The 

operative burger's vectors are thus [Ioi] or/and [Oll] at E and [Ilo] at 

D. In Fig. (38) lobes C and D weaken considerably which further indicaie3 

that the [110] burger's vector is operative there. The individual dis-

locations in lobes C and D are difficult to resolve because of the 

overlapping (ll1) glide plane systems at A and B. However, in Fig. (39) 

the (lll) systems are weakened and the dislocation segments in lobes C 

and D are resolved. 

Except for the regions close to the crack tip where the multiplicity 

and overlapping of glide prevents analysis, the operative dislocation 

systems agree with those predicted by stress analysis. 

(c) The (111) glide plane 

Figures (33) and (34) show that in both plane strain and plane 

stress conditions the forces acting on all dislocation systems gliding 

in the fracture plane are zero. No dislocation activity is expected 

therefore on this glide plane and none was observed. 

.. 

~ ......... 

~· 

!!<,;..\ 
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Table IV 
;;~ 

EXTINCTION CONDITIONS (PURE SCREW) 

~· lg . lil - b £ £ . . 
·~ 

[lll] [lOl] 2 [llO] [ioi] 

[o!Ij 2 [.o.UJ 

[ITo I 2 liToJ 
00 [Oil] · 0 toil] 
<) r1tol 0 ·r~o1 

:': ;"-;,, [Ibll. 0 [IoiJ 
~) [liT) [Io[) 0 [110] t.ro:o 

"'"" [Oli) 2 ['dii] ..... 
..a· [ITo] 0 [lig.] 

:--') [biTl· 0 ['Oilj 

C) [lie] 2 [liO) 

[ibi] 2 [iol] --~ v 
[Iil] [I6I] 2 

~7_':-

corn 0 
,-~ 

~ ... ,,;jZ 

[Eo] 0 

[Oll) 2 

[lfb] 2 

[lOl) 0 

J.i...:El 
1 

1 

0 

1 

2 

1 

1 

1 

2 

1 

0 

1 
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Table (5). The front lobes are the sections of the cross-over pattern 

pointing in the positive X direction while the back lobes are those 

pointing in the· negative X direction. Similar,. forces act on the two 

glide planes and are therefore grouped together. Plane strain conditions 

exist at the onset of plasticity and Table (5) indicates that in both 

the back and front lobes the [llO] burger's vector is favoured .for both 

glide planes with the [ oiiJ and [Ioi] burger's vectors slightly less 

favoured in the (Ill") and (lll) glide planes respectively. However' in 

the initial stages of flow when the lobes are close to the crack tip, 

the angular variation about which dislocations may glide is not closely 

restricted to the intersect.ion of the glide planes and the specimen sur-
·,·· 

face. Af't.eri considerS,ble"'flo'Jr,has occurred the stress conditions will <be 

better approximated by plane stress and the lobes will. have extended 

such that the angular variation for glide is small. Table (5) indicates 

that under plane stress conditions the [IIo] burger's vector is favoured 

in the front lobeS and the [ oii] and [loi] burger IS VeCtOrS are faVOured 

in the back lobes for the (lll) and (lll) glide planes respectively. 

Therefore, from stress considerations only, one would expect to find 

multiple slip systems operating in all lobes clos.e to the crack· tip due 

to the initial plane strain condition and large angular variations 

available. Further from the crack tip the front .lobes should have pre-

dominantly [ liO] burger's vectors and the back lobes [ oii] and [ Ioi] 

burger's vectors for the (iii) and (lll) glide planes respectively. 

Figure (35) shows the back and front facing lobes where glide 

systems on the (lll) plane operate between C-F and those on the (:lll) 

operate between D-E. The angle between C-F and D-E is ~ predicted 

indicating that no cross-slip has occured. In Fig. (36) the lobes at E 
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extensive plastic flow, because. of overlapping glide systems. However, 

the dislocation identification experiments were somewhat simplified 

because of the tendency for dislocation segments to lie along the PeierJs 

valleys (the< 110 >directions) at the temperatures encountered in this 

study. All topographs are therefore accompanied with a sUi table pro

jection of the Thompson tetrahedron-thereby allowing the direction of 

the dislocation segments to be determined by inspection. Only one 

specimen is examined here but many observations indicate that the same 

slip systems are operative at all the test temperatures. 

(a) The ('[!1) glide plane 

Figures (27) and (28) show similar stress functions for burger's 

vectors [ioi] and [Oil] under plane strain and plane stress conditions 

respectively. The third, multi-lobed, stress function for the burger's 

vector [llO] is considerably less important than the first two functions. 

This difference in magnitude increases while going from plane strain to 

plane stress conditions as the plastic zone increases. The two favoured 

glide systems have their maximum force in advance of the crack tip and 

on opposite sides of the fracture plane. The multi-lobed glide system 

is doubly unfavoured because of the force reversals in adjacent lobes 

which constrain dislocations of a particUlar sign to expand within a 

narrow angular range. 

Figure (35) is an x-ray topograph of the crack tip region with an 

operating g vector equal to [Iii]. Two dislocation systems, both with 

segments in the [011] and [101] directions, are visible ahead of the 

crack at A and B. The simultaneous presence of these two directions in 

any one dislocation system means that the glide plane is (ill). Further, 

only the (Iil) plane which lies at a low angle to the specimen surface 

-28-

could allow slip of such width to occur. Table (4) shows that of the 

burger's vectors present in the (Ill) glide plane, both [Ioi] and[Oll] 

are equally visible while [llO] is invisible for pure screv. Figures 

(36) and (37) are topographs with operating g vectors of [lll] and[Ili] 

respectively.. The glide system at A in Fig. (35) has disappeared in 

Fig. ( 37) while the one at B has remained. Conversely, the system at B 

has disappeared in Fig. (36) while. A remained. Table (4) shows that for_ 

Fig. (37) only dislocations in the (lll) glide plane with a burger's 

vector of (ioi] should be visible while for Fig. (36) only those dis"'" 

locations in the (.[il) plane with a burger's vector of [ o1.1] shoUld be 

visible. It can therefore be concluded that the system at A has a 

burger's vector of [o!I] and the system at B has a burger's vector of 

[Ioi]. The dislocation segments closest to the fracture plane are in 

screw orientation the others are in the 60° orientation. The 60° seg

ments do not obey the g • b bisibility criterion completely because of 

their edge component as seen in Fig. (37). 

The physical situation existing on the (lll) glide plane ,gr.ees 

completely with that predicted by theory. 

(b) The (ill) and {lii} glide planes 

The force functions for the dislocation systems gliding on the (ill) 

and (lll) planes are shown in Figs. (29) to (32). These two planes are 

examined together since they lie symmetrically with respect to the crack 

front and therefore have similar force fields. Both planes make a steep 

angle with the specimen surface and any glide originating from the crack 

tip is restricted to narrow bands that make a characteristic cross-over, 

as shown in Fig. (35). The relative magnitudes of the forces acting on 

each slip system in the direction of the constrained glide are shown in 

~' 

"t', -., 
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Table H 

ANGULAR STRESS FUNCTION 
FOR PLANE .STRESS 

Slip System: 

(lU) [011] 

( lll) [ Io·i] 

(In) CiioJ 

(ill) [ oriJ 

(ill) [liO] 

('ill) [ioiJ 

(lll) [llO] 

{lll) [Oll] 

(ill.) [Ioi] 

(111} [llO] 

{lll-) [lOI] 

· (lll) [Oll) 

F. ( 8) 
1 

[ .lio8A - 3C(l - B)] 

[-1.225A- C(l- 5B)] 

[-1.633A + 2C(l + B)] 

[1.225A- C(l- 5B)) 

[l.633A + 2C(l + B)] 

[-.408A -. 3C(l - B)) 

[-.816A] 

(-.408A + 2C(l + B)] 

[.408A + 2C(l +B)) 

(-2.450A) 

[-1.225A) 

(1.225A] 

where A = Sin 8/2 Cos 8/2 Cos 38/2 

B = Sin 8/2 Sin 38/2 

C = Cos 8/2 
3 
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Table III 

ANGULAR STRESS FUNCTION 
FOR.PLANE STRAIN 

Slip System F. (8) 
1 

(lll) [Oll) f.408 - 3C( .556 - B)) 

(lii) [ioiJ (-1.225A - C( .556 - 5B)) 

(liT) [Ilol [-1.633A + 2C(.556 +B)) 

(Ili) [oii] [l.225A - C( .556 - 5B)) 

Chi) [Uoj [1.633A + 2C(.556 +B)) 

(lll) [lOI] [-.408A -3C(.556- B)) 

0:I1) (liO] [ - .. 816A) 

(Ill) [Oil) [-.408A + 2C( .556 + B·)) 

(Ill) o:oi] [ . 408A + 2C( . 556 + B)) 

(111) [llO) [-2.450A) 

(111) [lOI] [ -1.225A) 

(111) [Oll] [1.225A] 

where A = Sin 8/2 Cos 8/2 Cos 38/2 

B = Sin 8/2 Sin 38/2 

C = Cos8/2 
3 
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2. Dislocation Configurations at the Crack Tip 

The extent and shape of the plastic zone produced from the crack tip · 

is predicated by the crystallographic relationship between the crack and 

the operative slip systems. The spatial. distribution of the force .exerted 

on each of the twelve slip systems may be obtained from the isotropic 

elasticity theory of stress concentrations. The use of isotropic 

elasticity is reasonable since silicon has a .low anisotropic factor. 

Any refinement. obtained throUgh using anisotropic elasticity theory 

would not be ~orth the considerable difficulty involved. 

The force per unit length acting normal to a dislocation with 

burger IS VeCtOr, b, and gliding on a plane With normal, n, under· the 

influence of a stress tensor a is given by; 

F bi • crij • •nj i,j 1, 2, 3 

The usual summation convention is implied. 

or 

The stress tensor applicable ·to this study is given by, 21 

cr 
XX 

cryy 

cr zz 

0 
zz 

oxy 

0 xz 

K 
_I __ Cos 9/2 [1 - Sin 9/2 Sin 39/2] 
/27Tr 
'K . 
_I __ Cos 9/2 [1 + Sin 9/2 Sin 39/2] 
/21rr 

0 (plane stress) 

(a + a ) (plane strain) 
XX yy 

KI ... · 
--.- Sin 9/2 Cos 9/2 Cos 39/2 
l21rr 

oyx 

a = a = cr = o zx yz zy 

The orientation of the (xyz) coordinate system relative to the crack 

:front and the specimen crystallogra:Phy is shown in . Fig. ( 1). Since the 

stress tensor coordinate system and the crystallographic coordinate 

-24-

system do not coinCide the crystallographic system must be redefined in 

terms of the stress,tensor system •. This is done in the Appendix. 

The calculation of the force per unit length for each slip. system 

may mow be carried out directly according to the preceding relationships. 

The resultant force fields all have the same general form, 

Fi 
K 

a __ I __ F. (9) 

16 /21rr 1 
l, 2, .... 12 

..-
i 

a = lattice parameter 

r and 9 are polar coordinates 

Tables ( 2) and ( 3) list the angular functions, F. ( 9), for all twelve slip . . ]. . 

systems under plane stress and.plane strain conditions respectively. 

For any fixed radial distance, r, from the crack tip, the relative 

intensities of the forces exerted on each dislocation type may be com-

pared as a function of angle. The angular functions are shown in polar 

form in Figs. (27) through (34) with the absolute value of the function 

plotted radially from the origin. The positive lobes represent a re-

pulsion of the dislocation, as defined by the sense of the burger's 

vector, from the crack tip; negative lobes being attractive to the crack 

tip. The force plots are grouped according to slip plane and stress 

condition. The projection of the slip planes that make a steep angle 
.~ ..,, 

with the specimen surface on the X-Y plane is.superimposed so as to 

indicate how the dislocations gliding out from the crack tips are con-

strained. 

The following sections are a detailed comparison of the operative 

slip systems as determined experimentally via x-ray topography to those 

slip systems that are theoretically favoured. There was some difficulty 

in resolving the dislocations closest to the crack tip, es.pecially after 



~--.; 

~ 

"0' 

,Q 

~"'~-

. •;')/ 

~-.... 
_ ..... ;. 

-....? 

.~~ .. 

,'::) 

~ 
'~. 

•.:::-!· 

...-:-··,,. 
""~-"•tir" 

-21-

n =constant 

c constant that is weakly temperature dependent compared 

to the exponential term 

G = activation. energy of the rate determining process 

At the. critical temperature, T ; 
c 

o-r, 

dcrmax 
JJL:. 
dt 

-AC~p1/2 + l/2(o - Bp)p-112] crn 
CE p . c 

. A (do) 
+ "+/2 .. dt 

E 

0 

( do) = Be [1 + o/o .] cr.n 
dt 2 . p c 

-G/kTc. 
e 

-G/k.Tc 
e '·. 

If all the pre-exponential terms in the above relation vary rel-

. atively weakly with temperature, then the usual ArrheniUs activation· 

energy plot may be invoked. Figure (26) shows that the critical tem-

perature and the applied x-head speed are related exponentially by a 

single activation energy over the temperature range concerned. The 

activation energy derived from Fig. ( 26) is 1. 9 eV which compares well 

with value of 1.8 eV found by Ka.IJ.nan20 for glide of screw and 60° dis-

locations in silicon at similar temperatures. Theoretically, the 

activation energy for glide in a solid with a large Peierls barrier 

represents the arithmetic mean of the activation energies for kink-pair 

::mcleation. and migration. 

An estimation of whether the "punching-out" of dislocations at the 

crack tip is. rate dependent or not at stresses in the ·vicinity of cr may . c 

be. obtained bY comparing the dislocation line ·energy necessary to create 

a circular loop With the work done on the loop by the crack tip stress 
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field. In the initial stages of plasticity the shear stress field may 

be approximated by the elastic solution, 

KI 
T "'-- f(S) 

hrrr · 

where r is the radial distance from the crack tip.and the angular 

function, f(S), may be set at unity. 

The work done by the shear stress field on expanding a circular 

loop is therefore; 
R 

W = l21f b KIf Rl/2 
dR 

·o 

2/3 l21f KI b R
312 

where, b 
-8 . 

_ burger's vector, 3. 84xlO em 

R :: loop radius 

Note that. the work term varies with the 3/2 power for a crack tip stress 

field as opposed to 2 power for a. constant shear stress . 

The energy .associated with the dislocation line energy is given by1, 

E 1/2 (2 - v) J1 b2 R [ln 4R/R - 2] 
(1 - v) · o 

where ]1:: shear modulus; 6.4 x 1011 dynes/cm2 

R :: dislocation core radius, about equal to b. 
0 

The activation energy for dislocation nucleation at the crack tip 

.is the maximum with respect to the loop radius of the term [~(R) - W(R)]. 

If W(R) is always greater than E(R) then the process is spontaneous and 

not rate dependent. For a Kic of about 108 dynes/cm2 it can easily be 

$~Wii that for stress. intensities greater than about 10 per cent of Kic 

the dislocation nucleation process at the crack tip is not rate depen-

dent. One. would tend to conclude therefore that the rate controlling 

step is dislocation glide rather than nucleation. 
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.a = 2K1 (--l-) 1/2 
YY liT P + 4r 

where K
1 

= stress intensity and is essentially independent of crack 

length for this analysis 

thus ~ AP A is a constant 

p _ craCk tip radius 

r = radial distance ·:f'roll! crack tj:p 

The maximum stress acting on the fracture plane is therefore a function 

only of the applied load and the crack tip radius, 

amax = AP. 
yy 1/2 p . 

where p has a minimum value Of the same order of magnitude as the lattice 

spacing. 

A necessary and sufficient condition for fracture to occur is that 

the maximum normal stres.s exceed some critical value, 

max;;;. a 
ayy c 

where a is a constant property of the material and in this case is 
c 

related to the surface .energy. Therefore, as the specimen loading 

points are displaced at a constant rate, the variation of the ratio of P 

to p1 / 2 will be determined by the amount of plasticity occurring at the 

crack tip. The plasticity is a function of temperature for a rate 

sensitive solid such as silicon. At any temperature below a critical 

temperature, T , the maximum normal stress, amax, will increase with 
c yy 

time for a particular x-head speed until the critical stress is exceeded 

and fracture ensues. The amount of plasticity that takes place before 

fracture will depend .on the temperature difference, (T - T). Above T , c c 

ama:x will experience a maximum value with time that is alwa;ys less than 
yy 
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a c and the specimen will deform plastically 1.;i thout fracturing. The 

conditions, therefore, that determine the critical temperature for a 

particUlar crosshead speed·· are, 

(i) 

(ii) 

~=a 
yy c 

d ·cJ11S:X 
__][][_ = 0 

dt 
when amax = a 

yy c 

Under f'ixed grip conditions, the displacement at the point of loading, 

o, ma;y be expressed in terms of elastic and plastic components, 

where oE CE p 

0 = 0 + 0 E p 

CE = elastic compliance, essentially constant with temperature 

and 0 
p 

Bp 

B ::: a constant relating the displacement at the point of loading 

Therefore; 

and 

where 

due to plastic enlargement of the craCk tip radius, p, to the 

crack tip radius 

d amax 
__n_ 

dt 

ma:x 
a 
yy 

A (o - Bp) 
c 1/2 
E p 

max· 
amax I ~+~ do 

0 dt Clo P dt 
~ 

Clp 

( i) for any x-head speed and a "hard" machine, ( ~~) is a 

constant 
·n 

~ = c [amax] dt yy 
(ii) -G/kT e 

(ie) the crack tip enlargement rate is related to a thermalJy 

activated mechanism with, 

-" 

,., 

0: 

_., .·, 
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C. High Temperature Results 

1. Brittle to Ductile Transition 

The most .important and remarkable feature of the high. temperature 

fracture results was the .extremely narrow brittle to ductile temperature 

range and the dependence of the transition temperature range on strain 

rate. Absolutely no slow crack growth was observed which precluded any 

.attempt to correlate directly the strain energy release rate with plastic . · 

work. However, the absence of. slow crack propagation combined with the 

extremely narrow transition temperature range gave considerable info:r:ma-

~~ tion on the energetics of dislocatiGn formation and/or motion in the 

-,Q crack tip region. 

r··~t,.. Figures (21) and (22) show the load-deflection curves for two strain 

·1 rates and for temperatures that. enc~s their respective brittle to· 

ductile tra.nsi t:ions. It can be seen· that the fracture load increases '"'""'\. 
--..r~" 

·..O 

~·~~ 

l'~'
~~.;,,p 

~~~ 
"' 

:·:? 

(""~ 
'~...,.r<:-" 

rapidly from values typical of room temperature fracture within a tempera-

ture range of several degrees. At a certain critical temperature, frac-

ture does not occur and the applied load appears to increase indefinitely 

with accompanying plastic flow as for example the 707°Csp\=cimen in Fig. 

(21). Slightly above this critical temperature, the applied load goes 

through a maximum value as for example the 805°C specimen in Fig •. (22). 

The results of 29 specimens tested at five strain rates are shown in 

Fig. (23) where the open symbols represent the stress intensity at frac-

ture and the closed symbols represent the maximum stress intensity 

attained during plastic flow. The use of the stress intensity in this 

plot accommodates any variation in specimen thickness or crack length. 

The stress intensity calculations are based on the premise that the crack 

tip is sharp which is not · he case aft.er considerable plastic flow has 

occurred. However, Fig. (23) serves to illustrate the extreme · 
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abruptness of the transition from complete brittleness to complete 

plasticity and the variation of the transition te:rnperature with strain 

rate. 

X-r~ topographs were taken· of most of the high temperature test 

specimens in order to evaluate the extent and form of the plastic flow 

in the crack tip region. Figures (24) and (25) are x-r~ topographs of 

the same specimens whose load-deflection curves are shown in Figs. (21) 

and (22). The. rapid increase in load at fracture is shown to be accom-

panied by a sharp increase in plastic· zone size fro:rn essentially zero in 

Fig. ( 24-a) and Fig. ( 25-a) to substantial in Fig. ( 24-b) and Fig. ( 25-b). 

It can be see.n from the four above-mentioned topogra;phs that no plastic 

flow has occurred during crack propagation. Figure (24-c) and Fig. (25-c) 

show the extensive dislocation activity on the glide planes emanating 

from the crack tip and that essentially all plasticity is associated with 

the crack tip region. 

The strain rate sensitivity of the well-defined brittle to ductile 

transition temperature may be utilized to estimate the energetics of the 

rate controlling plasticity mechanism operating in the crack tip region. 

This mechanism could be either the "punching-out 11 of dislocations from 

the crack tip since the undeformed silicon is dislocation free or the 

subsequent glide of the dislocations thus produced down their respective 

force fields radiating out from the crack tip. 

When considering the conditions that lead to either fracture or 

plasticity one needs only to determine the effect of plasticity on the 

stress normal to the fracture plane adjacent to the crack tip. It can 

be shown that a good approximation for the stress acting on the fracture 

plane close to the crack tip is,19 
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scJ:J:2¥here between the two extreme values for crack extension and crack 

arrest. An exact calculation of the surface energy may be obtained if 

the strain energy release rate is integrated over the length of any par-

ticular crack jump thereby eliminating the need to account for any 

transient kinetic energy term. A simple relationship is developed here 

fer the calculation of the total or integrated strain energy released 

during a crack jump; 

p2 ac G--
a a - 2B 

= au ! 
- aa 

where 

u = elastic strain energy 

Under fixed ·grip conditions and when the applied deflection rate is 

small compared to the crack extension rate, the specimen deflection at 

the point of loading is constant during the crack jump. 'There.f.mr~; 

where o is constant and, 

Therefore; 

Lmi+l 
i 

Pc = o 

au o2 1 ac 
aa = 2B 2 aa 

c 

.~ /Ci+l 

2B 
c .. 

J. 

de 
2 

c 

where o is given by either (P. c..) or (P.+l c.+1 ). The surface ene~·.·· . J. J. J. J. . t.-

is given by, 
lltf +l 

y = __ J. __ 

. 2/::, i+l 
ai 
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Calculations based on the above relationship and in regions where 

the compliance is sufficiently linear give surface energy values that 

lie midway between those for crack start and crack arrest. 

A point that is generally ignored in surface energy studies of 

solids is the variation of surface energy with strain in the bulk. This 

dependency accounts for the difference between surface stress, f, and 

surface energy, y, and whose interrelationship can easily be shown to 

be,l7 

where 

fij 
ay + ~-

oij Y aEij 

oiJ = 1 

0 

if i j 

if i 1 j 

i ,j 

i refers to a plane perpendicular to the surface 

1,2 

j refers to the direction in the surface and perpendicular to 

the i plane. 

The term ~ can be of the same order of magnitude as y and in 
oE.j 

18 . J. 
one study was found to be negative. The fact that the surface energy 

decreased with increasing strain was thought to be the result of the 

compressive state of the surface atoms. This variation of surface ener-

gy with strain could possibly lead to a non-negligible variation of 

surface energy with crack length. 

Gilman's study was carried out at ·-196°C and a variation in the 

surface energy between this temperature and 20°C is conceivable •. A 

substantial change appears. iniprobab].e however .since the surface energy 

determined by this work remained almost constant between 20°C and 950°C. 

.. 

#, 

:; 

.., 
. ' 
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t;.-;:ical overall appearance of the fracture surfaces. Three different 

types of surface markings are visible at A, B, and C. The markings at 

A are well-defined lines extending across the specimen wid:th and are 

~ ... 
perpendicular to the crack propagation direction. An example of this 

marking is shown in greater detail in Fig. (15). A comparison of these 

~~ 
lines and the number of- fracture starts indicated by the Instron recorder 

showed a one to one correspondence. It was therefore assumed that these 

lines marked the static positions of the crack front. The much fainter 

.. ,.,.. lines indicated at B in Fig. (14) are shown in more detail in Fig. (16). 
'~ . 

~~o 

:;..,." 

:":) 

"'""' ~ ,p> 

... o 

. ~··:-:; 

'::') 

__ , 

~::~· 

,.... . ., 
·~."ctr---. 

The third type of lllarkings were faint lines spaced about one micron apart 

running parallel with the crack propagation direction. These markings 

formed a corrugated surface whose amplitude appeared to decrease from 

crack initiation to crack arrest as shown in Fig. (15). 

An examination of the fracture surface profile was conducted since 

the S1JXface energy calculation could be substantially affected if the 

crack path deviates greatly from the plarie of maximum tensile stress, in 

this case the (111), or if the effective surface area is increased by the 

surface corrugations. A surface profile is shown in Fig. (17) with the 

vertical s.cale greatly exaggerated. The profile was made parallel to the 

crack propagation direction and thereby illustrates the difference be-

tween the A and B type markings. The fainter B lines represent steps 

between relatively long lengths of crack surface of different elevation. 

These steps change the surface elev,ation by about 100 to 200 A 0 over a 

horizontal dista.nce of 10 to 15 microns. The well-defined or A type 

markings are basically the same as the faint markings only the elevation 

change· of the former is a.·:;;out Boo to 1000 A0 • The step heights as meas-

ured ~ the.surfanalyser were corroQorated by interference microscopy as 

-14-

shown in Fig. (18) for the well-defined markings and in Fig. (19) fer the 

faint markings. The angular deviation from the fracture plane for both 

types of steps is.of the order of one degree and therefore it must be 

concluded that these temporary deviations during the first 10 microns of 

crack extensl.on are not significant enough to alter the surface energy 

calculation. Slight loading eccentriei ties could be the cause of these 

markings. 

The surface corrugations were too closely spaced to allow a surface 

proftle to be taken, however, interference microscopy indicates that-the 

depth of the corrugation is about 200A0 as shown in Fig. (20). The in-

crease in fracture surface area due to this type of surface marking is 

therefore negligible. 

One can conclude from the examination and analysis of all the sur-

face markings that the apparently high value of the fracture surface 

energy found by this work is not due to the surface morphology . 

4. Other Surface Energy Considerations 

The usual criterion that the. strain energy released must equal the 

surface energy produced (for fixed grips) is certainly a necessary con-

dition but not necessarily a sufficient condition for crack extension in 

the absenc.e of plasticity. There mey exist for example a critical stress 

at the crack tip that must be satisfied to enable crack extension. In 

this case the strain energy release rate may exceed the surface energy 

absorption rate and the excess energy thereby generated would appear in 

the form of kinetic energy. This is apparently the case in this study 

since the crack extension energy release rates are greater by a factor 

of about 15 percent than the respective rates for crack arrest. The 

true values that should be used in any surface energy calculation lie 
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extrapolation and are there~ore considered the most reliable. The values 

marked with brackets are a complete extrapolation while the unmarked 

values involve a partial extrapolation • 

The average o~ sixteen sur~ace energy values obtained by the strain 

energy release rate approach was 2870 ergs/cm2 . This value agrees well 

with_ the value o~ 2700 ergs/cm2 resulting ~rom the. stress intensity 

approach. 

The ~act that the stress intensity and strain energy release rate 

calculations agree provides a basis for confidence in the surface energy 

value obtained from this study. .However, the. value that .is generally 

_quoted in the literature is 1350 ergs/cm2 (when corrected for the Young's 

modulus assumed in this "study) and originates ~rom a study by Gilman15 

who utilized a crystal cleavage technique similar to that o~ this study. 

The two specimens Cleaved in Gilman's experiments had a trouser-leg 

con~iguration o~ constant cross-section and produced just one fracture . 

each. The strain energy release rate was obtained via the standard 

cantilever beam approximation ~or this type o~ specimen configuration. 

As a control, the appropriate data listed by Gilman were applied by this 

student to the pertinent stress intensity relation
16 

and .the resulting 

sur~ ace energy values agreed very closely with those listed by Gilman. 

Gilman's value ~or silicon thus appears to be reasonable and it remains 

to be shown why the sur~ace energy values obtained ~rom this work are 

about twice as large. 

3 . Fracture Surface Morphology 

The ~racture surfaces were examined with the light microscope and 

Nomarski interference-contrast lens since the scanning electron micro-

scope failed to resolve surface detail. Figure (14) illustrates the 
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::.r:. ?ig. (1). The Kic was not found to vary with crack length which 

implies that the stress intensity as a function of crack length is close 

to that predicted by theory for this particular specimen shape. The 

7 . 3/2 average K1 value was found to be 9.37 x 10 dynes/em . The K
1 

may ·be c . . . . c 

related to· the strain energy release rate which in turn is equated to the 

fracture surface energy produced in the case of a completely elastic · 

fracture. 
12 2 

Gic 
= ..l..£.J.l~U ) 

E 

2y 

or 
K

2 
2 

y = 2£_j_l-U ) 
2E 

where Gic :: critical strain energy release rate 

y - fracture ·surface energy 

u :: Poisson's ratio,. 0. 215 

E = Young':s,modulu8, l5.5XJ:o11 dynes/cm2 

The surface free energy associated with the crack extension data is thus 

calculated to be 2700 ergs/cm
2 

with a standard deViation of 150 ergs/cm
2 

A similar analysis may also be applied to the crack arrest data . 

However the load measurements at crack arrest were somewhat less accurate 

than those for crack extension due to the overshooting of the chart 

recorder pen. The cr~ck arrest loads were obtained by extrapolating the 

reload curves back through the vertical sections of the load curve. The 

crack arrest data for all specimens are plotted in Fig: ( 12) along with 

a least squares polynomial curve fit (polynomial of degree three). The 

_least squares polynomial curve fit for the crack extension data is also 

shown in Fig. (12) to illus·crate t_h e lower K
1 

.values associated with 
. ' c 

crack arrest. A calculation similar to that made for the critical strain 

-10-

en~rgy release rate for crack extension was applied to the crack arrest 

data which yielded a surface free energy of 2300 e:rgs/cm
2

. 

The ratio of the .sur.face.free energies for crack arrest and crack 

extension is therefore; 

y crack ar:rest/y crack start 0.85 

2. Strain Energy Release .Rate Approach 

An alternative and equivalent method of evaluating the fracture 

surface ·energy is to det.ermine the strain energy release rate directly 

from the experimental data u;:;ing the well known relationship; 
14 

where 

a :: crack length 

c :: specimen compliance 

P:: ·load at fracture 

B .=:: specillien width 

Gic 
P

2 ac 
2B aa· 

A typical variation of compliance with crack length is _shown in 

Fig. (13). The compliance decreases from the first to the second crack 

position which is clearly spurious since the compliance should always 

increase with crack length. The data points associated with the initial 

or precrack position were therefore ignored for curve fitting purposes. 

Table ( l) shows the pertinent data obtained from Fig. ( 13) and from the 

Instron recorder all!)ng ·with the resultant surface energies as calculated 

from the preceding relationship. The surface energies thus calculated 

increase gradually with crack length which is consistent with the results 

obtained from all the other specimens so analysed. The values in Table 

(1) marked with an asterisk are those that did not involve any 
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III RESULTS AND DISCUSSION 

A. Precracking 

The precracking technique proved to be remarkably effective both in 

stopping cracks at the desired location and in producing reasonably 

uniform crack surfaces. The technique was one hundred percent reliable 

for the series of fifty specimens used in this study. 

The point during loading at which a crack initiated from the madrined 

notch was easily seen from the sudden load drop en the Instron chart 

recorder. The x~bead travel direction could be reversed before any sub-

sequent loading occured due to the slow speeds involved which in turn 

were effectively further reduced by a factor of five because the wedge 

taper. 

The precrack lengths ranged from ~3 mm to 8 mm with an average of 

about 6 mm. Figure ( 6) shows an x-r~cy" topograph of a typical pre cracked_ 

specimen where the (lll) fracture plane is seen at a glancing angle of 

about 6.5 degrees. The deviation of the fracture surface from the de-

sired (111) fracture plane could be estimated from the projected width 

of the crack and usually amounted to several degrees. The deviation 

along the length of the pre crack was of a similar magni i(ude. These 

slight deviations from the theoretical fracture plane were presumed to 

be due to loading eccentricities. Figure (7) is an optical micrograph 

of the fracture surface and shows a typical pre crack morphology. The 

precrack surfaces were always much more irregular than the fracture 

surfaces subsequently produced by the Mode I pin loaded configuration. 

Occasionally the precrack showed twisting and ridge formations which 

acted as secondary stress raisers for dislocation nucleation at high 

temperatures. 

-8-

B. Room Temperature Tests 

The room temperature tests were performed mainly to establish the 

strain energy release rate and stress intensity necessary to initiate 

crack extension under completely elastic conditions. A secondary objec-

tive was to corroborate experimentally the theoretical variation of the 

stress intensity with crack length as predicted by Srawley for the par-

ticular specimen configuration used in this study. 

These tests were carri_ed out at the slowest Instron cross-head 

speed available; 5 miCrons per minute. At this deflection rate the 

specimens. exhibited repet{tive cracking which ranged from 'several to 

eight fractures per spec~men. Figure (8). shows the Instron load-

deflection curve for a specimen with six fracture starts. Several ·-·-

specimens were unloaded after each crack extension so as to-facilitate 

compliance measurements , as show in Fig. ( 9) . 

1. Stress Intensity:Approach 

Figure (10) shows a plot of the fracture initiation data, (B/P) 

versus (a/W), for one specimen. It can be seen_that the curve has the 

same form as that predicted by theory and shown in Fig. (1) except for 

the initial fracture extending from the precrack. This anomaly occurred 

in about one half of the specimens. All the data points for the eight 

specimens are shown in Fig. (11) along with a least squares polynomial 

fit (polynomial of degree three). No trend was found in the data for 

specimens varying either plus or minus fifty percent from the normal 

thickness of 1 mm. This indicates that plane strain conditions m~cy" be 

asSumed to prevail at room temperature. 

Kic as a function of crack length may be derived from a comparison 

of the experlmenta.l ~curve of Fig. (ll) to Brawley's theoretical curve 

0...,;. 
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a:-rested. The crack arest position could be .varied by adjusting the 

applied compressive load~ 

2. Fracture Testing 

The tensile fractiJ.re testing arrangement is shown in Fig. (4). 

Since the testing was done in air, all structural components exposed to 

high temperatures were fabricated from Inconel 600, except for the 

specimen loading pins which were of alumina. The loading arrangement 

was designed to be lowered into a heating device which was for this st~ 

a cylindrical electric resistance furnace that could be closed off to 

air circulation. As shown in Fig. ~ 4) , the specimens were closely 

shielded by two. loading members so as to-promote a uniform temperature 

zone along the fracture path. The temperature control was within 

±0.5°C. 

C. X-rey Topography 

There eXist~ arrangements for·the observation of defects in 

crystalline solids with x-rey topographY. Several comprehensive review 

articles on both theory and experimental procedure have been recently 

made available. 12 •13 This .study makes use of the most commonly used 

technique known as .projection topography. The camera arrangement is 

shown in Fig. (5). After being positioned to a Bragg reflection, g, .the 

specimen and film mey be oscillated synchronously across the impinging 

x-rey beam so that relatively large specimen areas may be examined. 

Since this study utilized primary extinction conditions, screw dis

locations are therefore invisible when g • b i::: 0 while edge disiocations 

are invisible wheri both g • b = 0 and g X n = 0, where g is the operating 

diffraction vector, b is c;he dislocation burger's vector, and n is the 

tangent to the dislocatic~ line. 

-6-

All topographs were taken with a Hilger micro-focus unit operating 

in conjunction with two sets of topography equipment; a Rigaku and 

Jarrell-Ash. The x-rey tube was .operated with a Mo target at 40 KV and 

3.0 MA. 

The topogrl:).phs were recorded on Ilford L-4 nuclear plates with a 

50~ emulsion thickness at exposures of about 1 l/2 hrs per rom of hori-

zontal scan. The plates wore processed at 2°C in order to insure uniform _ 

development throughout the emulsion thickness. The plates were first. 

held in water for 10 . minutes then t. developed in a 2: 1 mixture of water to 

D-19 for 20 minutes followed by 10 minutes in a stop bath. After fix:i,ng 

at roOD! temperatiJ.re for l hr., the plates were washed. in running water 

for -3 hrs. The topographs were subsequently enlarged with an optical 

transmission microscope so that the resulting prints are actually negative 

prints. 

Ttie" resolution of the x-rey topograph method depends on ~ factors. 

·Assuming that the desired K a
1 

peak is separated from the K c:
2 

peak, the 

following factors all influence the horizontal resolution; 

(i) wave length spread of x-ray emission profile 

(ii) intrinsic reflecting range of crystal 

(iii) pecyendi culari ty of emulsion to. diffracted beam • 

The effect of the first two factors on resolution depends on the specimen 

to emulsion distance which must therefore be kept as small as possible. 

The third depends on film alignment. When optimum conditions exist, the 

resolution resulting from these and other factors taken together is of 

the order of several microns. This resolution limit combined with the 

width of the dislocation image mei:!Jls that individual dislocations cannot 

be resolved for densities greater than about 5x105 dislocations per cm2 • 
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IL EXPERIMENTAL 

A. Specimen Characteristics 

1. Material 

All the test specimens used in this study were cut from one single 

crystal which was. 7 1/2 inches long and 1 1/2 inches in diameter as 

supplied by the Monsanto company. The growth direction was { lll). and 

the resulting dislocation density was determined to be essentially zero. 

The crystal was boron doped (P type) which gave a resistivity that 

averaged 43 ohm-em along the growth-direction. 

2. Specimen S:i ze and Shape 

The limited volume of available material coupled with the des ira-

bili ty of having a stress intensity that varied slowly with crack length 

predicated the use of crackline-loaded edge-crack specimen. . Srawley 

and Gross11 have done boundary collocation analyses on this type of 

fracture specimen and the design utilized in this study is based on 

their results. Figure l·shows the specimen shape and size along with 

the variation of-the stress intensity with crack length as tabulated by 

Srawley and Gross. The stress intensity for this specimen design is 

almost constant over a substantial fraction of the crack path. 

The specimen thickness was determined by the optimum transmission 

conditions for primary extinction contrast. For silicon and Mo K ~1 
radiation the optimum thickness is 1 mm. 

3. Crystallographic Orientation 

Figure 2 illustrates the relationship between the crystallographic 

directions and the plane of maximum tensile stress. The stress fracture 

pl.ane thus coincides with a {ill} plane which is the preferred plane 

for fracture in silicon. The remaining three {111} planes are oriented 

-4-

so as to provide a plastic zone at the crack tip which is symmetric with 

respect to the fracture path. 

The accuracy o:f the specimen crystallographic alignment as checked 

by back re:flection Laue~ analysis was always within several degrees of 

the desired orientation. 

4. Machining and Surface Finishing 

The specimens were cut to the desired shape from the single. crystal .. 

and notched with lubricated diamond saws mounted on a goniometer equipped 

cut-of:f machine. The loading-pin holes were diamond drilled. 

The :machining abrasions were removed by chemically polishing away 

at least 251.1 :fro:m the surface. The chemical polish used was as follows; 

A fresh mixture of 65{A and 35% B where (A) is a 3.:1 mixture of HN0
3 

and 48% HF and (B) is 2.5 gm. of iodine in 1100 ml. of glacial acetic 

acid. 

B. Testing Procedures 

1. Precracking 

Mathematically sharp cracks were introduced completely elastically 

into the :fracture specimens at the root of the machined notch and lying 

in the :fracture plane via the following technique. After chemically 

polishing the surface, the notch root was scratched with a tungsten 

_carbide stylus. Subsequently, a 10° alumina wedge was slowly forced into 

the noteh•'wi th the Instron machine while a constant compressive load was 

applied perpendicularly to the fracture plane further down the crack 

path. The compressive loading device is shown in Fig (3). The spring-

loaded arrangement was calibrated so that a known compressive :force could 

be applied. Any crack propagating down the fracture plane would exper-

ience a transition from tensile to compressive loading and thus be 
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I. INTRODUCTION 

The purpose of this study was to examine in detail the plasticity 

and fracture characteristics of sharp cracks in a crystalline material . 

The intent was to ut.ilize the simplest experimental situation possible 

so that a minimum of physical parameters would be involved. In this 

regard the most appropriate material would be single crystalline, defect 

free, reasonably elastically isotropic and with a crystal structure 

whose plasticity characteristics are easily analysed. Further, the 

specimen design would be such that the theories of fracture mechanics, 

especially those associated with mathematically sharp cracks under mode 

I loading conditions, could.be employed in conjunction with the dis-

location theories of plasticity. 

Single crystalline silicon was chosen for this investigation for 

several reasons. From the practical point of view, large defect-free 

single crystals are readily and inexpensively available commercially as 

a result of research in the semiconductor industry. The more scientific 

adyantages are that the diamond cubic crystal structure exhibits dis

location glide systems that are analogous to the face centered cubic 

crystal structure 
1 

as well as being reasonably elastically isotropic~ 1 

THe primary difference between silicon and most FCC metals is that 

plasticity in silicon is strongly rate dependent and occurs in .appre-

ciable quantities only above about 600°c. 2 •3 This latter characteristic 

may be exploited by "freezing-in" at room temperature the dislocation 

configurations obtained at high temperatures·· or, conversely, by pro

ducing dislocation-free cracks at room~emperature for subsequent 

'testing in the range of plasticity. Finally, silicon is particularly 

amenable to examination via x-ray topography 
4 

because of the low mass 

-2-

absorption coeffieient. This allows a specimen thickness that is suit~ 

able for mechanical testing as. well as for non-destructive observation 

with x..;.ray topography. X-ray topography was used extensively in th.is 

study to determine the extent and nature of dislocation configurations 

because of this advantage. 

Previous work associated with the topic of this study has been done 

on Fe-3% Si , 
5 

•
6 

LiF 7 , MgO 
8 

and zn9• It appears however that only one 

cursory study
10 

on Si at elevated temperatures has involved fracture·. 

In all· of the above cases some of the pertinent experimental ~~ters 

such as applied load, deflection rate, stress intensity and initial 

mobile dislocation density were unknown. The studies that most resemble 

the scope of this thesis were performed on .LiF With pinned dislocatiohl3; 

The nature of the plasticity however was determined by etch pit analysis 

which does not verifY the operative burger's vector. This study intended 

to further th.e knowledge of interactions between crack stress fields 

and plasticity.mechanisms in the·case Where· all the dislocations are 

produced by the crack tip. Th'e dislocation configurations thus produced 

were to be characterized explicitly via x-ray topography. 
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THEORETICAL AND EXPERIMENTAL STUDIES OF FLOW AND 
FRACTURE IN MONOCRYSTALLINE SILICON 

Charles Falding St. John 

Inorganic Materials Research Division, Lawrence Berkeley Laboratory and 
Department of Materials .Science and Engineering, College of Engineering; 

University of California, Berkeley, California 

ABSTRACT 

The flow .and fracture associated with sharp cracks under. mode I 

loading in monocrystalline silicon has been studied under varying con-

ditions of loading rate and temperature. Sharp cracks were introduced 

eampletely elastically at room temperature with an apparatus designed 

to position appropriately the crack· plane and tip with the specimen 

morphology and crystallography. The dislocation configurations produced 

f'rom the crack tip in the temperature range of 700-950°C were examined 

in detail with an x-ray topographical technique. Room temperature tests 

were conducted to det.ermine the effective crack surface energy and also 

to verifY the theoretical variation of stress intensity with crack 

length for the particular crackline-loaded edge-crack specimen design 

utilized in this study. 

The brittle to ductile transition temperature range for sharp- · · •· ,.,. 

cracked specimens was .found to be extremely narrow, of the order of 

several degrees centigrade. Further, the rate dependency of the tran-

sition temperature range, obeyed an activation energy of 1.9 eV which 

compares well with the activation energy for dislocation glide in sil,.,. 

icon as established elsewhere from dislocation velocity studies on 

material of similar purity and defect density. A relationship was 

developed that showed that the brittle to ductile transition temperature 

is dependent on the rate of enlargement of the crack tip radius and 

hence related to dislocation motion. 

-vi-

Relationships for the force fields exerted on each of the twelve 

glide systems emanating from the. crack tip were calculated :from the 

continuum mechanical theories for stress fields at sharp cracks and the 

crystallographic relationship between the crack and specimen crystallo-

graphy. The favored glide systems could be thereby predicted for each 

slip plane under conditions of either plane strain or plane stress. A 

detailed study of many crack tip plastic.' regions with x-ra;y topo-

graphy showed that the operative. glide systems were the same. as those 

predicted by theory. 

A room temperature surface energy for silicon of 2700-2800 ergs/cm2 

was obtained from the results of eight specimens, where each specimen 

averaged four to five fractures. The results of crack extension and 

arrest. were analysed from both stress intensity and strain energy 

release rate approaches and. good agreement was obtained between the 

two types of .analyses. No reason was established for the apparently 

high surface energy found in this study as compared to the results of 

another investigation which utilized similar techniques. 

Successive fracturing in the room temperature specimens allowed the 

experimental verification of the theoretical variation of stress inten-

sity with crack length as obtained from boundary collocation. 
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r-----------------LEGALNOTICE------------------~ 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 

~ 



~ 

~"" 
;o:::) 

~" 

TECHNICAL INFORMATION DIVISION 

LAWRENCE BERKELEY LABORATORY 

UNIVERSITY OF CALIFORNIA 

BERKELEY, CALIFORNIA 94720 

~ ~.'! 

'~, 

,r;~ 

r?· 

·5 

It 
J{~ 


