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An experimental investigation shows that dislocations, encompassing a predictable dislocated 
volume, are produced in MgO single crystals subjected to circular contact pressures due to 
cones of other solids which may be an order of magnitude softer. The mean contact pressure 
necessary to produce localized plastic flow, without fracture, is shown to be directly related to 
the critical resolved shear stress of the MgO. Dislocation etching is used to investigate the 
influence of cone hardness and normal loading on the nature of the deformed zone in the 
harder crystal and the results are discussed in terms of the deformation characteristics of the 
softer cones and the crystal. 

1. Introduction 
The response of contacting surfaces to mutual inden- 
tation and consideration of the deformation of surface 
asperities, with respect to the modelling of both static 
and sliding couples, has been the subject of consider- 
able study in the past [e.g. 1-3]. Usually, when sur- 
faces of markedly differing hardness are considered, 
the harder of the surfaces has been treated as relatively 
undeformable, unless adhesion becomes predominant, 
and well-established criteria exist to predict the hard- 
ness difference necessary to produce macroscopic 
damage when a softer surface is scratched by a harder 
one [4]. However, Brookes and Green [5] have demon- 
strated that harder surfaces can be plastically deformed 
during static indentation and sliding by significantly 
softer materials. Furthermore, Brookes et al. [6] have 
recently shown that the cumulative effects arising 
from repeated deformation of hard surfaces by softer 
lubricated sliders can lead to wear of the harder sur- 
face due to a sequence of dislocation multiplication; 
dislocation interaction and work-hardening, and finally 
ultimate and catastrophic fragmentation. 

This paper concentrates on the extent to which 
MgO crystals may be deformed by contact pressures 
developed beneath cones of significantly softer metals. 
This is approached by using a dislocation etchant [7] 
on single crystal MgO surfaces to reveal the distri- 
bution and density of dislocations produced by initially 
sharp cones of the softer material, which subsequently 
flatten under load to a degree inversely proportional 
to their nominal hardness. Deformation of the harder 
crystal is investigated as a function of cone hardness 
and normal loading. 

2. Experimental  method 
The MgO single crystal surfaces were prepared by 
cleaving in air followed by chemical polishing in 88% 

orthophosphoric acid at 100 ° C. The rate of material 
removal from the {00 1} crystal surface was approxi- 
mately 6 #m rain-i under these conditions. By restric- 
ting the polishing time to 2-rain intervals, smooth 
{0 0 1 } surfaces were obtained and surface dislocations 
accidently introduced during cleavage were removed. 

A Lietz Miniload microhardness tester was used for 
indentation of the {0 0 1} MgO surfaces, using cones 
made from various polycrystalline metals in place of 
the conventional diamond indenter. Deformation was 
introduced by lowering the softer cone, having an 
initial included angle of 136 °, on to the {0 0 1 } surface 
of the MgO at a controlled rate giving a "dwell" time 
of 15 sec on the specimen surface. 

Dislocations were subsequently revealed by etching 
the MgO in a solution of 4 parts NH4C1, 1 part H2SO4 
and 1 part H20 for approximately 4rain (see [7]). 
MgO slips on the {1 1 0} (1 TO) slip system at room 
temperature. Thus, two of the potentially active { 1 1 0} 
slip planes lie at an angle of 90 ° to a given {0 0 1} 
surface and four at 45 °. The 90 ° { 1 1 0} planes intersect 
the {00 1} surface along (1 10) and the 45 ° {110} 
planes in (1 0 0). These planes are hereafter referred 
to as {110}90 and {110}45, respectively. Keh [8] 
demonstrated that, when observed on the {0 0 1 } planes 
of MgO, dislocation etch pits aligned in ( t 1 0) corre- 
spond to edge components of expanding dislocation 
half loops, whilst pits in ( 1 0 0) correspond to screw 
components (see Fig. 1). 

The dislocation patterns produced in the bulk of the 
crystal, beneath the indentations, were studied by 
using the chemical polish outlined above to remove 
layers from the crystal surface and then re-etching to 
reveal dislocations on the newly exposed surfaces. The 
depth to which dislocations had penetrated from the 
original surface was measured by using "reference 
squares" of dislocations previously introduced into 
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ETCH PITS CORRESPONDING 
TO SCREW COMPONENTS 

ETCH P}TS CORRESPONDING 
TO EDGE COMPONENTS 

Figure 1 Schematic illustration of the correspondence of etch pits to 
screw and edge components of expanding dislocation loops, with a 
[OT I] Burger's vector i), moving on a (01 I) plane of MgO. 

the crystal. Dislocation rosette patterns produced by 
Knoop indentations revealed a symmetrical square 
array of etch pits at a range of depths below the 
original surface proportional to the normal load used 
for the indentation. 

The < 1 0 0) edges of the square etch pit pattern were 
formed by dislocation loops lying on the {1 1 0}45 
planes of  the crystal. On subsequent re-polishing and 
etching, the dislocations on these {1 10}45 planes 
formed the perimeter of  a larger dislocation-free 
square, enabling the calculation of the depth of  
material removed by polishing using the change in 
dimensions of the square etch pit pattern (see Fig. 2). 
A number of"reference squares" were introduced into 
the crystal at various points on the original cleaved 
surface and measurements were taken each time a 
layer was removed. 

3. Resu l ts  
3.1.  E f fec t  o f  i n d e n t e r  ma te r ia l  o n  

d i s l o c a t i o n s  p r o d u c t i o n  
Eight different softer cones of varying hardness were 
used to investigate the deformation of MgO. Table I 
lists the materials used with their corresponding hard- 
ness values. The hardness of  the polytetrafluoroethyl- 
ene (PTFE) is an approximate figure due to the dif- 
ficulty in measuring the Knoop indentation produced 

T A B L E  I The Knoop hardness of the cones used both before and 
developed between the blunted cone tip and the MgO (001) surface 
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Figure 2 Schematic illustration of depth measurement by the use of 
"reference squares" of dislocation etch pits. A-A and B-B represent 
cross sections of the newly exposed surfaces revealed by chemical 
polishing, dA and d B represent the plan view of the dimensions of the 
square etch pit patterns produced on the new surfaces. 

in this material. In this particular case the indentation 
was difficult to see and the time-dependent deformation 
and recovery characteristics of  PTFE caused a slow, 
but perceptible, change in indentation dimensions 
during measurement. 

The hardness of  the MgO was determined using 
Knoop indentations, at a normal load of 100g 
(0.98N) on the {001}, with the long axis of  the 
indenter aligned with both (1 0 0 )  and (1 1 0). It can 
be seen that the hardest of the softer cones used has an 
indentation hardness well below that of  the softest 
direction in MgO, as the indenter aligned along 
(1 0 0 )  and (1 1 0) gave Knoop hardness values of 

after loading together with the measured nominal mean pressures 

Cone Initial Knoop Knoop hardness of Nominal mean pressure 
material hardness (GPa)* blunted tip (GPa)* (GPa) f 

PTFE 0.03 0,03 0,02 
Lead 0.05 0,05 0.02 
Cadmium 0.19 0.19 0.17 
Zinc 0.41 0.41 0.29 
Aluminium 0.90 t.27 0.80 
Copper 0.98 1.37 0,80 
70/30 Brass 1.62 2.06 1.27 
EN 33 Steel 2.25 3,33 1,71 

*Normal load 100g (0.98 N) 
t Normal load 500 g (4.9 N) 
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Figure 3 Cross-sectional profile views of a 
136 ° lead cone (a) before and (b) after 
indentation on MgO (001)  using a 500g 
(4.9N) normal load. (Scale bar = 
400 um). 

Figure 4 Blunted tip area as a function of cone hardness for 
the six cones producing dislocations in MgO using a 500 g 
(4.9 N) normal  load. 
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Figure 6 Etch pits produced on (00 I) MgO surface after loading 
using 500 g (4,9 N) normal load. (a) Zinc cone, (b) aluminium cone, 
(c) copper cone, (d) 70/30 brass cone and (e) EN33 steel cone. 

4.70 and 9.65 GPa, respectively. Normal loads of  500 g 
(4.9 N) were used for the indentation experiments with 
the softer cones. Predictably, the effect of normal 
loading on the cones was to cause a blunting of the 
initially sharp 136 ° tip. Comparison of a typical cone 
before and after loading is shown in Fig. 3. The 

nominal mean pressure developed between the cones 
and the MgO was determined by dividing the applied 
load by the measured blunted tip area of the cone. The 
area of the blunted tip was inversely proportional to 
the hardness of the cone material as shown in Fig. 4. 
An increase in the hardness of the cone, associated 
with the flattening of the tip, was observed in those 
materials capable of work-hardening at room tem- 
perature (see Fig. 5). 

The cone materials that showed no change in hard- 
ness included PTFE, lead, cadmium and zinc. In the 
metallic materials, it may be assumed that this was 
because room temperature is high enough on the hom- 
ologous temperature scale to ensure that thermal 
softening effects offset work-hardening processes. 

No dislocations were produced in the MgO by the 
PTFE or the lead cones using applied loads up to 1 kg 
(9.8 N). The cadmium cone produced dislocations in 
only one of five indentations, indicating that the criti- 
cal mean pressure needed for dislocation motion lay in 
the region of that developed by the cadmium cone. 
Table I shows the nominal mean pressures developed 
by the eight metals used at a normal load of 500 g 
(4.9 N). Dislocations were produced in the MgO crys- 
tal consistently by the zinc, aluminium, copper, 70/30 
brass and EN33 steel cones. Fig. 6 shows the etch pit 
patterns produced at the {0 0 1} surface of the harder 
crystal. It can be seen that the dislocations are con- 
fined to a relatively small number of discrete planes 
with no region of high dislocation density being 
evident at or, as was subsequently discovered, below 
the original surface. The EN33 steel cone was the only 
one to produce dislocations on { 1 1 0}90 planes, slip 
was confined to { 1 1 0}45 for all the other cones capable 
of causing plastic deformation. 

The dimensions of the surface etch pit pattern were 
measured by using the diameter of the smallest circle 
capable of enclosing all the dislocations revealed at the 
surface, this will be referred to as the dislocation 
"winglength". It can be seen from Fig. 7 that the 
variation in "winglength" dimensions, with hardness 
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Figure 7 Dislocation surface "winglength" as a function of cone hardness, 500g (4.9 N) normal load, MgO (00 1). 

2730 



T 

' !  

z 
o 
t,.- 
< 

o 
if) 
,=, 

300 

200 

100 

• • 

Zn AI  

70•30 BRASS 

oCU • • 
EN33 STEEL 

DIAMOND 

J I I I ~t I 

1.0 2.0 3+0 /*.0 100 

ULTIMATE HARDNESS OF CONES {BLUNTED TIP) (GPa) 

Figure 8 Depth of penetration of the dislocated zone as a function of ultimate cone hardness, 500g (4.9N) normal load, MgO (00 1). 

o f  the softer  meta l  cone, is relatively small. The  dis- 
locat ions were not  confined to the crystal  surface but  
were found  to penet ra te  into the bulk of  the crystal.  In  
the case o f  the EN33 steel cone, the dislocations on 
{1 1 0}45 were found to penetra te  deeper  than  those 
p roduced  on {1 1 0}90, The  {1 1 0}90 dislocations disap- 
peared at  a depth  of  approx imate ly  50/ tm - this 

compares  with a { 1 1 0}90 dislocation depth o f  approxi -  
mate ly  80/~m tbr  an indentat ion p roduced  by a 136 ° 
d i amond  cone. The  da ta  shown in Fig. 8 confirms that  
the depth o f  dislocations developed beneath  the con- 
tact  area  is only slightly dependent  on the hardness  of  
the cone. 
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Figure 9 Apparent nominal mean pressures, measured from the blunted tips of the six cones producing dislocations in MgO, as a function 
of normal load. 
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Figure ]0 Dislocation surface "winglength '' ( - - - )  and depth ( - - - )  o f  penetration as a function of  normal load, M 8 0  (00 1). 

3.2. Effect of normal loading 
Normal loads between 5 g (0.049 N) and 1 kg (9.8 N) 
were used to investigate the effect of variations in 
loading on the initiation of dislocation movement in 
MgO. The results reflecting the effect of normal load- 
ing on the nominal mean pressures developed by the 
cones are summarized in Fig. 9. 

A decreasing apparent mean pressure associated 
with decreasing normal load is clearly evident for 
loads lower than 100g (0.98 N) in all cases. Further- 
more, there are indications that the maximum nom- 
inal mean pressure for each cone tends to occur in the 
region of 100g (0.98 N) normal load. 

The extent to which dislocation motion is depen- 
dent on normal loading is illustrated in Fig. 10, where 
dislocation depth and surface "winglength" dimen- 
sions are plotted against normal load. It is evident that 
the extent of dislocation motion is generally deter- 
mined by the normal load, rather than the apparent 
nominal mean pressure or the hardness of the cone. 
Fig. 11 illustrates the influence of normal loading on 
the surface etch pit pattern using the EN33 steel cone. 

4. Discussion 
The procedure used to calculate nominal mean 
pressures developed by softer cones was adopted by 
Mallock [9, 10] as the basis of a particular type of 
hardness test, termed the Mallock test (see e.g. [11]). 
Mallock briefly describes a procedure in which small 
conical specimens of heat-treated steels were slowly 
loaded against a sapphire plate. Using loads between 
0.5 and 5 kg (4.9 - 49.0 N), he found that the Mallock 
hardness (mean pressure) was virtually independent of 
load. Further investigations [12-14] using a variety of 
cone angles and load ranges have given rise to similar 
conclusions, although some inconsistency has been 
apparent. More recent work [15] has demonstrated 
that the cone angles used can influence mean pressures 
obtained and also that the behaviour of annealed 
material can differ from work-hardened material in 
that the mean pressure can decrease with increasing 
cone angle in work-hardenable materials. 

The results of the work described here indicate that 
for 136 ° cones at loads between 5g and 1 kg (0.049 
and 9.8N) the apparent mean pressure (Mallock 
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hardness) developed by a variety of  materials is some- 
what dependent on normal load - particularly at 
loads below 100g (0.98N). The measured nominal 
mean pressure decreases at the lower loads. The 
degree of work-hardening and its influence on the 
formation of the blunted tip appears to be greater at 
higher loads, whereas the initially rapid deformation 
taking place at the cone tips due to relatively high 
concentrated stresses is reflected by decreased apparent 
mean pressures. 

Inaccuracies in measurement of features approach- 
ing the dimensions o f  the surface finish would be 
expected to limit the relevance of observations at low 
loads, however Chaudri and Gilbert [15] have reported 
similar effects that were additionally influenced by the 
cone angles used. 

When the deformed MgO surface corresponds to a 
(0 0 1) plane, the resolved shear stress will always be 
equal on the four {1 1 0}45 planes and will be higher 
than that on the two {1 1 0}90 planes. The critical 
threshold contact pressure necessary to produce dislo- 
cations in MgO must be directly related to the critical 
resolved shear stress - which has been observed to lie 
between 0.049 and 0.069 GPa for deformation in uni- 
axial compression at room temperature [16]. A recent 
model, based on the resolution of shear stresses 
beneath a circular contact with uniform stress, 
predicts a maximum resolved shear stress of 0.35 Pm 
(where Pm = the nominal mean pressure developed 
by the softer cone) for a (0 0 1) surface of a crystal with 
{1 10} (1 TO) slip systems [17, 18]. This maximum 
shear stress is situated at approximately 0.33 of the 
diameter of the contact area beneath the surface and 
is therefore load dependent for a given cone. Here the 
softest cone to initiate dislocation movement was cad- 
mium, which developed a mean contact pressure of 
0.17GPa. Assuming this to be the critical threshold 
pressure for MgO, then the model predicts a critical 
resolved shear stress of 0.060 GPa which is in good 
agreement with the value measured using more con- 
ventional methods [16]. 

The symmetry of the dislocated zone did not appear 
to be significantly affected by the differences in nom- 
inal pressure developed by the various metals used for 
the cones. This is exemplified by the ratios of the 
surface winglength dimensions to the dislocation 
depth listed in Table II, for a range of mean pressures 
developed at a normal load of 4.9 N. This ratio was 
reasonably constant at approximately 1.3 and can be 

T A B L E  II The ratios of the surface and depth dimensions of 
the dislocated zones beneath contact areas in MgO (00 l) together 
with the nominal mean pressures developed between the blunted 
cones and the crystal surface,~500 g (4.9 N) normal load 

Cone Ratio of surface Apparent mean 
material "winglength"/dislocation pressure (GPa) 

depth 

Zn 1,3 0,29 
Cu 1.3 0.80 
A1 1.4 0.80 
70/30 brass 1.25 1.27 
EN33 steel 1.25 1.71 
Diamond 1,5 

Figure t l  The effect of normal load on the dimensions of the surface 
etch pit pattern produced on (0 01) MgO surface by an EN33 steel 
cone. 

compared with that for a conical diamond indenter, 
which, in addition to actually penetrating the crystal, 
gave a ratio of 1.5. However, as the contact pressure 
increased with the hardness of the cone above the 
critical threshold level associated with cadmium, the 
dislocation density on intersecting {1 1 0}4 5 planes 
within the deformed zone increased and, presumably, 
this reflected a greater degree of work-hardening. At 
still higher contact pressures, i.e. using the EN33 steel 
cone, dislocation movement on the {1 1 0}90 planes 
was initiated. This behaviour was consistent with the 
observations of Swain and Lawn [19] during a study of  
dislocations produced in LiF by spherical indenters. 
Using a. nylon sphere, they noted that the dislocations 
were confined to { 1 1 0}45 whereas a steel indenter also 
produced slip on {1 1 0}90. Ultimately, as in the case of 
a diamond indenter, dislocations are produced on all 
six { 1 1 0} (1 T 0) systems and, at room temperature, 
cracks are formed on the {1 1 0}90 planes by dislo- 
cation interactions [20]. 
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5. Summary and conclusions 
In summary, it has been shown that considerably 
softer materials are capable of producing permanent 
plastic deformation in relatively hard surfaces during 
static indentation. Given that pressures are developed 
at the contact area that reach those capable of equall- 
ing or exceeding the critical resolved shear stresses 
on the appropriate slip system, a dislocated volume 
results, the dimensions of which are primarily deter- 
mined by the normal load used. 

The density of dislocations within this volume 
increases as the mean pressures developed by the 
softer cone exceeds that capable of attaining the criti- 
cal resolved shear stress in the harder crystal. Using a 
cone angle of 136 °, the nominal mean pressures devel- 
oped by the deforming metal cones are influenced 
by the normal load, decreasing with loads below 
100 g (0.98 N). The measured nominal mean pressures 
capable of producing deformation in the harder crys- 
tal will depend on the specific deformation proper- 
ties of the softer material, and in particular on 
the relationship between the real and apparent con- 
tact area. However, in the experimental geometry 
examined here, cadmium, the Knoop hardness of 
which is an order of magnitude softer than MgO, is on 
the threshold of being able to initiate dislocation 
movement in MgO. These results support the applica- 
tion of a simple and novel method for estimating the 
critical resolved shear stress of ceramic crystals at low 
homologous temperatures. In addition, they reinforce 
models and concepts applied to cumulative effects 
during sliding [6] and suggest that the reality of an 
undeformable surface during contact of solids may be 
a rarer event than is commonly supposed. 

References 
1. F. P. BOWDEN and D. TABOR,  "The Friction and 

Lubrication of Solids" (Clarendon Press, Oxford, 1964). 
2. J. F. A R C H A R D ,  Proc. R. Soc. Lond. A243 (1957) 190. 
3. D. TABOR,  Rev. Phys. Teehnol. 3 (1970) 145. 
4. F. MOHS, Grundriss der Mineralogie (English translation 

by W. Haidinger (1825), Treatise on Mineralogy, Constable, 
Edinburgh). 

5. C. A. BROOKES and P. GREEN,  Nature Lond. 246 
(1972) 119. 

6. C. A. BROOKES,  M. P. SHAW and P. E. TANNER,  
Proc. R. Soc. Lond. A409 (1987) 141. 

7. R. J. STOKES,  T. C. J O H N S T O N  and C. H. LI, Phil. 
Mag. 3 (1958) 718. 

8. A. S. KEH,  J. Appl. Phys. 31 (1960) 9, 1538. 
9. A. MALLOCK,  Nature 117 (1926) 117. 

10. Idem, ibid. I19 (1927) 669. 
11. H. O 'NEILL,  "Hardness  Measurement  of  Metals and 

Alloys" (Chapman and Hall, London,  1966). 
12. v.  STOTT, National Physical Laboratory Collected 

Researches 24 (1938) 1. 
13. A. K E N N F O R D  and H. O 'NEILL,  J. Inst. Metals 55 

(1934) 51. 
14. G. WILLIAMS and H. O 'NEILL,  J. Iron Steel Inst. 182 

(1956) 266. 
15. M. C H A U D R I  and J. E. GILBERT,  Phil. Mag. A52 

(1985) 4 549. 
16. G. W. GROVES and A~ KELLY,  Proc. R. Soc. Lond. 

A275 (I963) 233. 
17. S. G. ROBERTS,  Private communicat ion (1987). 
18. C. A. BROOKES,  V. R. HOWES and A. R. PARRY,  

Nature, Lond. 332 (1988) 139. 
19. M. V. SWAIN and B. R. LAWN, Phys. Status Solidi (a) 

35 (1969) 909. 
20. A. S. KEH,  J. C. M. LI and Y. T. CHOU,  Aeta Metall. 

7 (1959) 694. 

Received 4 May 
and accepted 9 September 1988 

2734 


