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The Maximum Fracture Velocity of 
Silicon 
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A "Wa~ lner  L i n e "  e f fec t  on the  f rac tu re  sur face  of  s i l i con  is desc r i bed  and is used to 

d e t e r m i n e  a m a x i m u m  f rac tu re  ve loc i ty  o f  (3800 zE 400) m/s  or  (0.75 zE 0.07) vt. T h e  m i r ro r  
ene rgy  of  s i l i con  is a lso  measured .  T h e  va lues  are c o m p a r e d  w i th  t hose  fo r  g lass 
and o ther  mater ia ls  and are shown  to be cons i s t en t  w i th  a so l id  w h o s e  crack b ranch ing  

ang le  is res t r ic ted to 70 ~ . 

1. Introduction 
Single crystals of  germanium can be made to 
fracture at different bending stresses by varying 
the surface treatment [1]. Stresses of order 
1000 M N / m  2 can be reached after careful 
electropolishing and at these stresses the fracture 
surface lies mostly on {1 1 1 }. When the surface 
i s  etched, areas of  damage are revealed. They 
consist of very small side cracks formed on the 
neighbouring {1 1 1 } planes by a crack branching 
mechanism, and their occurrence depends on the 
direction of crack propagation with a three-fold 
symmetry as explained in fig. I. 

In the course of other work [2], similar damage 
has been observed in silicon. It was noticed that 
in silicon the etched damage, particularly at the 
edge of the damaged area, tends to be distributed 
along distinct lines. These lines always lie at an 
angle between 35 and 55 ~ to the radial cleavage 
steps, are often curved, and do not correspond 
to any particular crystallographic direction. 
There are usually a number of  short lines 
parallel to one another and occasionally two sets 
of  lines cross. As can be seen from fig. 2, near the 
specimen edge the lines have the definite appear- 
ance of Wallner lines. 

Wallner lines in glass consist of  small disturb- 
ances of the fracture surface produced by the 
interation of a shear wave with the crack front 
[3]. Their formation is shown in fig. 3. A crack 
spreads out radially from C with speed vb. At S 
it meets with a disturbance which produces a 
shear wave front velocity yr. Interference 
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Figure f Formation of damage by crack branching in 
silicon and germanium at high speeds. If (111) is the 
fracture plane, with [111] the upwartl normal and [2.l 1] the 
direction of crack propagation, then the (711) plane lies 
below the lower surface at 70 ~ to the propagation direc- 
tion and is th us favourable for crack branching. Above the 
upper surface however, the same plane lies at the cor- 
responding angle of 110 ~ which is less favourable. 
Secondary cracks form therefore more readily on the 
lower surface than on the upper. If the crack propagation 
direction is [ i12] secondary cracks form on the (117) 
plane on the upper surface. This pattern repeats itself 
every t20 ~ and leads to the characteristic threefold 
symmetry of the damage distribution. 

between shear wave and crack front causes a 
disturbance of  the fracture surface along their 
line of intersection. This is called the Wallner 
line. I f  the crack front and the source of the 
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crack front 

shear wave ~ i n e r  line 

Figure 2 Distribution of secondary cracks at the edge of 
the fracture surface in silicon after etching.The lines in the 
direction arrowed appear similar toWallner lines.With the 
exception of the large initial line, the sources cannot be 
identified, although they might be expected to lie at the 
specimen edge. ~ = 106 MN/m 2 (x  70). 

Wallner line are known, the ratio vb/v~ at P, 
which is equal to cos ~b/cos O, can be deduced 
using the geometrical construction shown. 

It is assumed that the lines in silicon are 
formed by a similar mechanism as Wallner lines, 
that is, that the crack branching process itself, 
rather than the orientation of the surface, is 
disturbed by the arrival of  a shear wave. With 
certain limitations described below it is then 

C 
Figure 3 Geometrical construction required to deduce the 
ratio Vb/Vt at the point P. C is the crack origin, S the source 
of the Wallner line. 
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Figure 4 Measurements of crack velocity in the damaged 
region in silicon plotted as ratios of vt with respect to 
crystallographic orientation. The different signs are 
explained in the text. The results are superimposed upon 
the 60 ~ sector between [1~.1] and [~-11], which can be 
mirrored about either of these directions and the resulting 
120 ~ sector repeated three times on the cleavage surface. 
It must be remembered that the sector between [727] and 
[710] faces a sector crystallographically equivalent to that 
between [7-11] and [710], so that any dependence of 
velocity on crystallographic orientation must also be 
symmetric about [710]. The dashed line represents 
VblVt = 0.75. 
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Figure 5 Etched lines on the fracture surface of silicon 
(• 100). The directions of the "Wallner lines" are arrowed 
and the direction of crack propagation between them. 
Yb/Vt = 0.75. 

possible to estimate the crack speed. The 
appearance, curvature and distribution of the 
lines, the narrow range of crack speeds measured 
and their agreement with a rough check based on 
the longitudinal waves reflected from the back 
specimen as well as a theoretical estimate are 
taken to support this assumption. 

2. Experimental 
Chemically polished silicon specimens were 
fractured in bending and the fracture surfaces 
etched with a solution of 10 g CrO~ + 30 cc 
HF + 50cc HzO for 5 min [4]. Germanium 
specimens tested for comparison were etched 
with a solution of 8g  KaFe(CN)6 + 12g 
KOH + 100 cc H20 for 6 rain [5]. The bending 
stresses lay between 150 and 1000 MN/m 2. As in 
[1], the tests were carried out in a viscous oil 
which absorbed some of the reflected waves and 
prevented complete fragmentation of the speci- 
mens. The oil would not be expected to affect the 
maximum fracture velocity as its viscosity would 
prevent it from being present at the crack tip. 

3. Results 
3.1. The Maximum Velocity 
The results of this analysis, taken from twenty- 
two measurements on fifteen different specimens, 
are plotted in fig. 4 according to the direction of 
crack propagation. 
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The measurements made were subject to the 
following limitations: 
(1) The crack was assumed to have run 
perpendicular to the cleavage steps. When two 
sets of  lines crossed, this assumption was not 
necessary and such measurements are marked as 
triangles in fig. 4. In the cases in which it could be 
checked, the maximum error introduced by this 
assumption was 7 ~ .  
(2) The sources of the "Wallner lines" could not 
always be identified. In certain cases the lines 
could, as in glass, be traced back to the crack 
surface. In cases such as that shown in fig. 5 
(marked in fig. 4 as a filled triangle) the "Wallner 
lines" apparently start near large side cracks. 
These side cracks, which represent unsuccessful 
attempts at branching, lie on facets of {1 1 1 } 
planes [1] and are frequently followed by blank 
unetched patches. Unsuccessful branching could 
well be the source of a shear wave, but it is not 
possible in fig. 5 to attribute a particular 
"Wallner line" to any individual side crack. 
Where the source could not be identified a 
minimum value of crack velocity could be 
determined by setting cos0 = 1. Such points are 
shown as " T "  in fig. 4. Other points are shown as 
crosses. In  the cases in which it could be 
measured, however, cos 0 was never greater than 
5Voo. 
(3) In order to detect any deviation, measure- 
ments made near the specimen edge are shown 
smaller in fig. 4. 

The values of Vb/Vt shown in fig. 4 all lie 
between 0.6 and 0.8. It appears that velocities 
measured near the specimen edge are lower than 
average, which may indicate either that damage 
can occur there at lower velocities, or that the 
"Wallner lines" there are more intense. Dragging 
of the crack front at the edge would produce 
artificially high measurements of the velocity, but 
if the crack were to accelerate when it met the 
surface at an acute angle, therefore producing 
increased roughness, the curvature of the crack 
would indeed give rise to artificially low measure- 
ments of the velocity. There was no dependence 
on crystallographic orientation, and further 
checks were made to show that there was no 
identifiable dependence on where the measure- 
ment was made, either with respect to the bend- 
ing axis or to the position of the etched area [2]. 
The maximum velocity is taken to be 

vb = (0.75 ~z 0.07)vt 
= (3800 ~z 400)m/s. 

By measuring the distance travelled by the 
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crack before it meets the longitudinal wave 
reflected from the bulk of the specimen, Johnson 
and Gibbs [1] were able to estimate a value for 
the maximum fracture velocity of germanium of 
0.8 yr. A similar analysis applied to five speci- 
mens of silicon gave a value of (0.71 ~: 0.10)vt 
which is in agreement with the value deduced 
above from the "Wallner lines". 

The "Wallner lines" were not observed in 
germanium. Out of fifteen specimens tested one 
result was obtained, from a line which formed 
the initial boundary of a damaged region. This 
gave a speed of 0.53 vt or 1600 m/s. Higher 
speeds have been measured by a different 
method [2]. 

3.2. Other Effects 
Two further effects were observed in silicon at 
high speeds. Firstly, it was foand that radial 
cleavage steps in the six (211)  directions 
developed into narrow wedge-shaped strips. 
Secondly, when the surface was etched, the 
initial region had a characteristic shape. Assum- 
ing that the expanding crack was semicircular, 
damage first occurred in the favourable [21 1 ], 
[121] and [1 12] directions at a radius of ll, the 
wedge-shaped strips at a higher radius 12 and the 
damage in the least favourable [21 1 ], [121] and 
[i i2]  directions at a radius 13. The ratio 11:12:13 
was found to be independent of stress and for 
seven specimens equal to 

11 q- 12:13 = 1"(1.6 ~- 0.2)'(2.2 ~ 0.7) 

The values of 13 
scatter. 

The size of the 

were subject to considerable 

initial region can be compared 
with that in glass. In glass there is an undamaged, 
semicircular "mirror"  region whose radius can 
be used to give a "mirror energy", Gin, by means 
of the formula for a penny-shaped crack, 

4crer(1 - v z )  
G m -  ~rE 

where r is the radius of the region, cr the local 
tensile stress, E Young's modulus and v Poisson's 
ratio. For glass Gm-= 74 J/m ~ which, with 
critical fracture energy GIc "-~ 10J/m 2, gives 
G m / G I c  N 7 [6, 7] .  The crack branching angle in 
glass is approximately ~ 15 ~ and the best 
comparison with silicon would therefore appear 
to be the damage which occurs by forward crack 
branching, that is at radius l 1 . For  the same seven 
specimens used above 

G~/~ = (5.8 ~ 0.6) x l0 G MN/m 3/2 

giving 

Gm ~ 200 J/m ~ ~ 80 Gic [8] 

An estimate of the corresponding value for 
germanium obtained from five specimens with 
between 120 and 250 MN/m 2 gave ll:L,~ = 1:3 
and 

Gm ~ (70 ~ 30) J/m 2 ~ 35 G~c. 

The narrow wedge-shaped strips do not occur in 
germanium. 

4. Discussion 
The values of mirror energy and maximum 
fracture velocity in silicon are interesting for the 
following reason. In glass, crack branching 
occurs at angles of approximately :k 15 ~ about 
the direction of  crack propagation. In silicon this 
angle is fixed at 70 ~ . Crack branching is corres- 
pondingly more difficult, and therefore occurs at 
a higher relative value of the mirror energy. In 
the same way the maximum fracture velocity lies 
between that for glass ( ~  0.5 vt) and those for 
cubic crystalline materials in which no crack 
branching is observed, such as tungsten at 20~ 
(0.82 vt) [9] or MgO (0.79 v 0 [10]. According to 
present quasistatic calculations, the velocity at 
which the tensile stress on a plane inclined at 70 ~ 
to the fracture direction exceeds that on the 
forward fracture plane lies indeed between 0.7 
and 0.8 vt [11 ]. For  complete forking to occur, 
however, the side crack, once nucleated, must 
be capable of keeping up with the main crack. 
At an angle of 70 ~ this would require a consider- 
able difference in speeds or, since the main crack 
is already travelling at the maximum velocity, a 
large deceleration on its part. It may be signifi- 
cant that in this work no case of total crack 
branching was observed. 
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