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Cone cracks around Vickers indentations in 
fused silica glass 
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Surface and subsurface deformation and cracking around Vickers identations in fused 
silica have been studied. The indentations were sectioned by making the Vickers indents 
on and near the tip of a pre-existing crack. The characteristic median and lateral cracks 
around the impression and shallow cracks within the surface of the indentation were 
observed on the specimen surface. The subsurface deformation showed compacted or 
densified zones, devoid of any flow line rosettes. The dominant cracks, similar to the 
Hertzian cone cracks observed around purely elastic spherical indentations, occurred 
outside the compacted zones. These cone cracks make angles of 30 to 40 ~ with the 
specimen surface. Multiple cone cracks with shallower angles often formed outside the 
major cone cracks. It has been suggested that the expansion of the boundary of the com- 
pacted zone as the indenter load is increased can cause median cracks during loading 
while the mismatch of strain at this boundary may give rise to lateral cracks during un- 
loading. 

1. I n t r o d u c t i o n  
The fracture mechanics analysis of the median 
crack, one of the crack systems that form around 
Vickers indentations, provides a method of charac- 
terizing the fracture toughness and the state of sur- 
face stress of brittle material (see [1-8]  ). The in- 
creasing use of this technique requires a proper 
understanding of the origins of the median cracks 
and the other system of cracks (radial and lateral 
cracks) that form around pyramidal indentations. 
Underlying such studies is the relevance of the 
median and radial cracks to the strength 
degradation and the lateral cracks to the erosion 
and wear of brittle materials in most contact 
situations. 

Attempts have been made to investigate the 
problem of nucleation of the median, radial and 
lateral cracks around pyramidal indentations. 
Lawn and Evans [9] have analysed the fracture 
mechanics of the initiation of the median crack 
from "fortuitous" flaws at the expanding elastic- 
plastic boundary. More recently, Hagan and 
Swain [10] have examine in detail the cracking 
and deformation beneath Vickers indentations in 
soda-lime glass. The general features of the sur- 
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face and subsurface cracking and deformation are 
illustrated in Fig. 1 which shows the damage 
around a 50N load indentation. The surface 
damage shows the characteristic median crack pp, 
from the corners of the indentation and the 
cracks, cz, within the surface of the indent itself 
(as in Fig. la). The subsurface damage consists of 
the deformed zone, dz, and traces of the median 
and lateral cracks in the bulk. The deformed zone 
is made up of a series of intersecting shear flow 
lines, characteristic of materials undergoing radial 
flow [11]. These shear lines are clearer in the sub- 
surface view of another 50N load indentation 
illustrated in Fig. ld to f. Some of these flow 
lines aa, bb, and cc, in Fig. lc and e appear to de- 
generate into lateral cracks outside the deformed 
zone. These cracks are initiated during loading 
as shear cracks along the flow lines and are pro- 
pagated by the unloading residual stresses. The 
dominant lateral cracks, lc in Fig. lb, from the 
bottom of the deformed zone are also produced 
by the unloading stresses. Only one median 
crack is observed in Fig. lb and it appears at the 
point t of two interacting flow lines. This inter- 
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Figure ] The surface and subsurface damage of 50 N Vickers indentations in soda-lime glass. The subsurface deformed 
zone consists of a network of shear lines aa, bb and cc as in (c) - the point t marks the start of median crack. (d), (e) 
and (f) show the subsurface fractures of another 50 N indentation. 

section is clearer in regions n of Fig. le and f 
which show two well-developed median cracks. 

The formation of the median crack is similar in 
many respects to crack nucleation by the pile up 
of dislocations on two intersecting slip planes. 
Some of the surface cracks, cz, within the surface 
of the indentation,  coincide with points of inter- 
section s of the flow lines with the specimen sur- 

face, as in Fig. le ;  they are probably produced by 

the elastic contact stresses at the specimen 
indenter surface during loading. It is tempting to 

attribute the origins of the median and lateral 
cracks in different materials to the inhomogeneous 
nature of the subsurface deformation irrespective 
of the response of the material to the indenter 
constraints. This paper, however, illustrates the 
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Figure 2 Surface (a) and sub-surface damage (b) to (d) around Vickers indentations in fused silica. The characteristic 
radial (median), lateral and ring cracks are marked rc, lc and c in (a). The subsurface of different Vickers indentations 
show the compacted zones, dz, and traces of median lateral and cone cracks in the bulk. 

differences that can arise in fused silica glass com- 
pared with those in soda-lime glass. 

2. Experimental 
A heavy duty Vickers hardness tester was used to 
make indentations in thin plates of  fused silica 
(typical dimensions 50 m m x  20 mm x 1 mm). The 
indentations were sectioned to allow a study 
of  the subsurface deformation by making the in- 
dentations on and near the tip of  a pre-existing 
crack. Details of the sectioning technique have 
been given elsewhere by Peter [12, 13] and Hagan 
and Swain [10].  

3. Results 
Details of the surface and subsurface deformation 
around 2 N  load Vickers indentations in fused 
silica are illustrated in Fig. 2a. The surface damage, 
consisting of  median and lateral cracks (rc and lc 
respectively) and cracks, cz, within the surface o f  
the indentation, are similar to those in soda-lime 
glass illustrated in Fig. l a. An additional feature, 
however, is a ring crack, c, which forms at or out- 
side the contact area. Fig. 2b to d show the sub- 
surface damage of  other 2 N load indentations, and 
the dominant cracks are significantly different 
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from those under Vickers indentations in soda- 
lime glass. The deformation and cracking are some- 
what similar to those observed around spherical 
indentation in soda-lime glass [10, 14].  The sub- 
surface damage consists o facompac ted  (deformed) 
zone, dz, illustrated in Fig. 2b to d (Fig. 2d is a 
higher magnification o f  Fig. 2c; it shows the crack 
patterns more clearly but "flaring" from the 
cracks makes the extent of the region dz less clear). 
These compacted zones are made visible by the 
pressure-induced changes in the refractive index 
and reflectivity of  the glass. The compacted zones 
are devoid of  any of  the shear lines that occur in 
soda-lime glass. Sometimes median and lateral 
cracks develop from the bot tom of  the compacted 
zone; other lateral cracks arise from the tips of  the 
median cracks as in Fig. 2b and c. 

The surprising feature about the subsurface 
cracking in fused silica is the presence of  dominant 
cone cracks, which are associated with the elastic 
loading of  spheres on brittle solids. The cone 
cracks, cc in Fig. 2b to d, are associated with ring 
cracks, at c in the specimen surface shown in 
Fig. 2a. The cone cracks form at or outside the 
deformed zone and make an angle of  about 30 ~ 
with the specimen surface. In fused silica, how- 



ever, the normal Hertzian cone cracks produced 
with spherical indenters make angles of 25 ~ With the 
specimen surface. Multiple cone cracks making 
shallower angles also occur outside the major 
cone crack (see Fig. 2b and d). In fact, the 
feature arrowed lc in Fig. 2a is the reflection from 
the "skirt" of  the cone crack. Sometimes the 
lateral cracks start from points along the "skirt" 
of  the cone and propagate to the surface [15]. 

4. Discussion 
As observed by Peter [t2, 13], Mackenzie [16] 
and Ernsberger [17] the high hydrostatic and 
shear stresses under the indenter can compact or 
densify the "open" silicate structure; genuine 
flow-like processes occur only in soda-lime glass or 
in glasses containing a minimum of network 
modifiers [13]. This flow is inferred from the 
development of the system of 'rosette' flow lines 
which are similar to the elastic shear stress trajec- 
tories under conical indenters [18] and also the 
logarithmic spiral shear stress trajectories around 
an expanding cylindrical cavity [10, 13]. The use 
of the elastic shear stresses, although inadequate 
for the elastic-plastic indentation, does indicate 
the nature and points of  initiation and extent of 
the deformation for spherical indentations [19]. 
In soda-lime glass, Hagan and Swain [10] have 
suggested that the nucleation of the median and 
lateral cracks is a consequence of the inhomo- 
geneous nature of the deformation. 

In fused silica, apart from the initial compaction, 
the deformation is dominated by the elastic 
stresses; Hirst and Howes [20] have shown that 
for indentations in highly elastic material (for 
example PMMA) the pressure distribution along 
the interface is very similar to the elastic dis- 
tribution. However, the expansion of the 
boundary of the compacted zone with increasing 
indenter load may lead to median crack formation 
during loading as suggested by Lawn and Evans [9]. 
The mismatch of strain at the boundary of the 
compacted zone during unloading can give rise to 
the lateral cracks [17[. The unloading residual 
stresses can also make the tips of the median 
cracks turn and propagate towards the specimen 
surface (see Fig. 2b to d). The dominant cracks, 
the cone cracks, arise from the elastic stresses 
during the indentation. In the elastic loading of 
conical and spherical indenters, the surface dis- 
placements are such that the radial surface 
stresses are tensile at or outside the contact [2, 

21, 22]. Johnson et aL [23] have shown that 
frictional effects from the mismatch of the 
elastic properties of a spherical indenter and 
specimen can influence the magnitude and 
the position of the maximum tensile stresses. At 
high enough stresses the tensile stresses will 
initiate shallow surface flaws, cz, (Figs. la and 2a) 
at the contact area during loading. As the load is 
increased these shallow cracks are absorbed into 
the increased contact area and new cracks formed 
at the new contact. Propagation of these cracks 
into the bulk is inhibited because they run into the 
compacted zone which is under hydrostatic 
pressure. It is only those surface ring cracks 
initiating outside the contact area that develop 
outside this deformed zone and therefore develop 
into the fully grown cone cracks shown in Fig. 2b, 
to d. 

5. Conclusions 
The surface and subsurface deformation and 
cracking around the Vickers indentations in fused 
silica have been studied. Densification (com- 
paction) was observed beneath the indenter, but 
no inhomogeneous shear flow occurred as with 
soda-lime glass. These differences in the irreversible 
deformation apparently modify the elastic stress 
fields around the indentations since significant dif- 
ferences were found in the crack patterns for the 
two materials. The dominant cracks in fused 
silica are the cone cracks which do not form in 
soda-lime glass of similar surface finish. The 
expansion of the boundary of the compacted zone 
in fused silica, can cause median cracks during 
loading, while the mismatch of strain at this 
boundary can lead to lateral crack formation 
during unloading. It is clear that small changes in 
material properties can affect the details of the 
failure processes beneath an indenter. These, in 
turn, will have important effects on the wear, 
abrasion and erosion of these solids. 

Acknowledgements 
This work was supported by the S.R.C. and the 
Ministry of  Defence (Procurement Executive). The 
author acknowledges useful discussions with Drs 
J.E. Field, M.M. Chaudhri and M.V. Swain. 

References 
1. B. R. LAWN and E. R. FULLER, J. Mater. Sci. 10 

(1975) 2016. 
2. B.R. LAWN and M. V. SWAIN, ibid. 10 (1975) 113. 

465 



3. H. E. EXNER, Trans. Met. Soc. AIME 245 (1969) 

677. 
4. S. PALMQV1ST, Jernkontorets Ann. 141 (1957) 

300. 
5. Idem, Arch Eisenhfittenw. 33 (1962) 29. 
6. D. B. MARSHALL and B. R. LAWN, & Amer. 

Ceram. Soc. 60 (1977) 86. 
7. J. T. HAGAN and M. M. CHAUDHRI, J. Mater. Sci. 

12 (1977) 1055. 
8. M.V. SWAIN, J. T. HAGAN and J. E. FIELD, ibid. 

12 (1977) 86. 
9. B. R. LAWN and A. G. EVANS, ibid. 12 (1977) 

2197. 
10. J. T. HAGAN and M. V. SWAIN, J. Phys, D: Appl. 

Phys. 11 (1978) 2091. 
11. A. NADAI, "Plasticity" (McGraw Hill, New York, 

1931). 
12. K.W. PETER, Glastechn. Ber. 37 (1964) 333. 
13. Idem, J. Non-Cryst. Solids 5 (1970) 103. 
14. B. R. LAWN and T. R. WILSHAW, J. Mater. ScL 

10 (1975) 1049. 

15. M. M. CHAUDHR1 and S, M. WALLEY, Phil. Mag. 
37 (1978) 153. 

16. J .D .  MACKENZIE, J. Non. Cryst. Solids 46 (1963) 
461. 

17. F. M. ERNSBERGER, jr Amer. Ceram. Soe. 51 
(1968) 545. 

18. I. N. SNEDDON, "Fourier Transforms" (McGraw 
Hill, New York, 1951). 

19. R.M. DAVIES, Proe. Roy. Soc. A 197 (1949) 416. 
20. W. HIRST and M. G. J. W. HOWES, ibid. A311 

(1969) 429. 

21. H. HERTZ, "Hertz's Miscellaneous Papers" (Mac- 
millan, London, 1896) Ch. 5 and 6. 

22. A. HUBER, Ann. Physik 14 (1944) 153. 
23. K. L. JOHNSON, J. J. O'CONNOR and A. C. 

WOODWARD,Proe. Roy. Soc. A334 (1973) 95. 

Received 17 May and accepted 17 July 1978. 

466 


