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The conventional procedure of microhardness testing consists in applying a fixed load on an 
indenter and measuring the square of the indent under the microscope. The method of kinetic 
microhardness (registration of the depth of penetration of an indenter as a function of load) 
reveals new features of mechanical characteristics of the surface of brittle materials. The 
investigated sialon-based ceramics demonstrate unrelaxed hardness from 5-13 GPa and elastic 
relaxation up to 60%-63%. Analysis of the surface layers was made in ranks of the Meyer's 
equation. The value of the coefficient, N (Meyer's index), of the best investigated materials was 
found to be 2, varying from 0.92-2.10. 

1. I n t r o d u c t i o n  
The conventional procedure of microhardness testing 
consists in applying a fixed load on a diamond inden- 
ter and measuring, with the help of a microscope, 
the square of the indent on the surface of the tested 
material after unloading. 

The registration of the depth of penetration of the 
indenter in the material as a function of load allows 
determination of the deformation of the material un- 
der an indenter at increasing and fixed load, and the 
relaxation of the material during unloading. The 
kinetic microhardness method has been in use from 
the 60s; a major work was carried out on metals and 
alloys by Bulyichev and Alekhin [1]. 

Microhardness, as a technological characteristic of 
materials, is used universally. Indentation tests to 
measure fracture toughness of materials, following 
Evans and Charles [2] and many other researches 
[3-5] are accepted worldwide. Studies of fracture 
toughness by indentation are continuing. However, 
investigatiort of other characteristics of materials, 
related to hardness, are limited by the precision of 
the equipment used. 

A contact microhardness tester (a device for kinetic 
microhardness measurement) opens a way to investi- 
gate conventional characteristics in more detail, with 
the help of the standard indentation testing procedure. 
It may also advance the research of new character- 
istics of a material, which may be obtained by analysis 
of indentation data. Some work using a device of this 
type has been carried out on MgO and AI20 3 [6]. 

The indenter progressively penetrates the material, 
as the load on the indenter monotonically increases 
up to a maximum load. Then the load on indenter 
gently decreases, and the indenter moves away, as the 
material relaxes. The load and depth of penetration of 
the indenter are registered on an X-Yrecorder .  A typ- 
ical load-depth of penetration of indenter plot is 
shown in Fig. 1, whidh shows the loading curve, OA, 

and the unloading curve, AC. The trace of the penetra- 
tion of the indenter at fixed load (not shown) is a 
horizontal step, beginning from point A. Plots of 
microhardness versus depth of penetration, or micro- 
hardness versus load are easily available from 
load-depth of penetration plots. Other characteristics 
will be discussed in the text. 

2. Experimental procedure 
2.1. Preparation of samples 
The investigated materials were sialon-based ceramics 
of the system Y - S i - A F O - N  (Table I). The starting 
materials were Si3N4, A1N, A1203 and Y/O3. Silicon 
nitride powder, with a specific surface area of 
25-30 m z g-  t, was prepared by plasmochemical syn- 
thesis (chemical composition N > 37.0%, free 
Si < 1.0%, O < 2.0%, A1 < 0.2%, Fe < 0.1%, 
Ca < 0.01%). Oxides and A1N also were prepared by 
plasmochemical synthesis and had specific surface 
areas of 15-18 m 2 g-1. 

The powders were mixed in a planetary mill in 
teflon drums in acetone. After mixing, the powders 
were dried, disintegrated and cold isostatically pressed 
without binders at a pressure of 1000 MPa. The 
samples were sintered according to two-step regime. 
During the first cycle, the samples were sintered at 
1800 ~ and 1.5 MPa for 15 min up to zero accessible 
porosity. During the second cycle, the pressure was 
raised to 70 MPa at 1750 ~ for 1 h. 

2.2. Tes t ing  of  mater ia ls  
The samples were diamond-cut and polished. The 
bending strength of the samples in three-point ben- 
ding was measured, using 4 mm x 4 mm x 35 mm bars 
(Table II). The fracture toughness was measured 
by the indentation technique, using Evans and 
Charles' method [2] at a load of 98.1 N. The micro- 
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Figure 1 The standard plot of load~lepth of penetration of the 
indentor, obtained with the help of the contact microhardness 
tester: OA, loading curve; AC, unloading curve (sample N1). 

structure of the materials was investigated by scanning 
electron microscopy and a petrographical microscope. 
Phase analysis was performed using X-ray diffraction 
analysis (XRDA) and a petrographical microscope. 

The hardness, with the help of a macrohardness 
tester, was measured at 98.1N. 

The principles of the contact microhardness tester 
are shown in Fig. 2. The carriage (4) carries the load- 
ing mechanism, (the rod, 5, with the indentor, 6, hang- 
ing on elastic strings, 8), and mechanism for register- 
ing the load (9) (a mechanotrone dynamometer), and 
moves in the direction of the drive mechanism (1). The 
movement of the carriage (4) is achieved by belt trans- 
mission (2) and a microscrew (3) driven by an electric 
motor (not shown). 

A mechanotrone dynamometer was used to analyse 
elastic deformation in the loading mechanism. The 
mechanotrone sensor transforms mechanical defor- 
mation in the electric signal. The mechanotrone dyna- 
mometer is made'from a mechanotrone in a heatproof 
housing and a mechanism of mechanical balance to 
zero the sensor. The mechanotrone rod with the help 
of the sensor tip, makes contact with the stop plate of 
the loading mechanism. 

The elastic st.rings have two roles: firstly, they are 
the elastic elements, with the help of which the sample 
is loaded; secondly, they provide the directions for 
vertical movement of the rod with the indentor. In 
order to register micromovements, a mechanotrone 
sensor (10) (mechanotrone micrometer) is used. The 
body of the sensor (10) is placed on the stationary base 
of the tester. The measuring bar of the sensor is in 
contact with the rod. 

Before the experiments, there was a clearance be- 
tween the base of the specimen and the indentor. The 
mechanotrone dynamometer and micrometer were 
adjusted so that their output electric signals were zero. 

T A B L E  I Starting powders and compositions of sintered materials 

Specific surface Addition 
area (m 2 g -  1) (wt %) 

Si3N 4 Additions 

Methods of Main phase Additional 
manufacturing phase 

1 25-30 15-18 5% Y203 
2% A1203 
3% A1N 

2 25-30 15-18 3% Y203 
4% A1203 

14% AIN 
3 25-30 15-18 6% Y203 

4% A1203 
10% AlN 

4 25-30 15-18 3% Y203 
4% A120 a 

10% A1N 
5 25-30 15-18 3% Y203 

8% A1203 
8% A1N 

sintering lY-sialon Glassy 
2 MPa N2 + Z = 0.35 phase 
HIP 

~'-sialon Glassy 
phase, 12H 

lY-sialon Glassy 
a'-sialon phase, 12H 
[Y: 0t' = 9:1 
lY-sialon Glassy 
ct'-sialon phase 
[3': ct' = 8:2 
lY-sialon Glassy 

phase 

T A B L E I I Characteristics of sintered materials 

N Apparent porosity Density (g cm 3) Bending strength K l c ( M P a m  1 / 2 )  Hv(98.1N)(GPa) 
(%) (MPa) 

I < 1 3.19 650 + 50 5.5 + 1.3 19.2 +_ 1 
2 < 1 3.22 450 _+ 50 5.1 +_ 1.4 1,8 • 1 
3 < 1 3.24 450 + 50 4.8 _ 1.4 19 5- 2 
4 < 1 3.22 650 + 50 5.2 + 1.5 19 + 2 
5 < 1 3.24 500 + 50 3.7 +__ 1.4 14.4 _ 1 

6552 
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Figure 2 The principal parts of the contact microhardness tester: 1, 
drive direction; 2, belt transmission; 3, microscrew; 4, carriage; 5, 
rod; 6, indentor; 7, specimen; 8, elastic strings; 9, mechanotrone 
dynamometer; 10, mechanotrone sensor. 

The output signal of the dynamometer applies input 
Y of an X - Y  recorde~r (the load). The output signal of 
the micrometer applies input X of the X-Y recorder 
(depth of penetration). 

The electric motor slowly rotates the microscrew 
(3), which transmits the movement by a lever-gear 
drive mechanism to the vertical movement of the 
carriage. As the carriage descends, the clearance di- 
minishes. At this point, there is no load on the rod 
with the indentor, and the output signal of the dyna- 
mometer is zero. The output signal of the micrometer 
isproportional to the movement of the rod. As a re- 
sult, the recorder registers the horizontal line along 
the X coordinate. 

At the moment the indentor contacts the specimen 
with the subsequent movement of the carriage, the 
strings (8) are deflected. This deflection, proportional 
to load, P, is registered by the dynamometer (9). The 
recorder begins to trace the diagram (Fig. 1), begin- 
ning from point O. The electric motor switches off at 
maximum load, PA, which is proportional to the max- 
imum deflection of the strings. The sensor registers the 
maximum depth of penetration, ha. The electric motor 
reverses, and the carriage lifts. As the action of the 
strings diminishes, the load and depth of penetration 
also diminish (elastic recovery). After unloading, the 
carriage returns to its starting point. 

The accuracy with which the depth of penetration of 
the Vickers diamond indentor is recorded, is 0.02 ~tm 
(taking into account time-dependent flow of the elec- 
tric current of the sensor during intrusion of the inden- 
tot). The accuracy of measurement of the load was 
0.05 N. The rate of penetration of the indentor into the 
material was about 0.3 mm s-- t. 

of unrelaxed microhardness, Hv, is The value 
calculated as 

P 
H~ = 0.037847v, (1) 

i t -  

where P is the load (N), and h the unrelaxed depth of 
penetration (~tm). 

The plot of load against depth of penetration is 
easily converted to a plot of microhardness against 
load (Fig. 3a) or microhardness against depth of pen- 
etration (Fig. 3b)i The load~lepth of penetration plot 
may also be converted to a logarithmic plot, 
logP-logh (Fig. 4). 
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Figure 3 Plots of (a) hardness-load and (b) hardness~lepth of 
penetration. 

The indentation cycle was repeated at ten points on 
each specimen with a distance of 0.5 mm from one 
indentation point to another. The individual plots of 
microhardness against load (or depth of penetration), 
are not monotonic and vary from one point of inden- 
tation to another (Fig. 5a, b). The deviation of micro- 
hardness values of the materials is characterized with 
the help of a coefficient of variation 

c = D / m  (2) 

where D is the variance in values of microhardness 
from ten points at fixed load, and m is the average 
value. The coefficient of variation-load (or depth of 
penetration) plots are not monotonic (Fig. 6). 

The square of the curve OABO (Fig. 1) is the work 
of intrusion of the indentor, or the work of deforma- 
tion of the material, and may be calculated from 

A d  = P dh  

= SoA~o (3) 

6 5 5 3  
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Figure 4 Logarithmic plots of load-depth of penetration. 
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Figure 5 Individual plots of hardness-load, obtained from ten 
points on (a) sample N1 and (b) sample N4. 
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Figure 6 Plots of coefficient 
microhardness versus load. 

The work of deformation of the material is the sum of 
the work of plastic deformation 

Apd = SOACO (4) 

and the work of relaxation 

Ar = SCABC (5) 

The ratio of the work of relaxation to the work of 
deformation is the coefficient of relaxation 

o~r = Ar /Ad  (6) 

Plots of the work of deformation, work of plastic 
deformation, work of relaxation, and coefficient of 
relaxation, against load, may be obtained by varying 
the maximum load, as shown in Figs 1 and 6a~l. 

After unloading it is possible to measure the length 
of the indent diagonal under the microscope (a con- 
ventional procedure) and to calculate the relaxed 
microhardness according to 

P 
Hv = 0 4 6 3 6 ~  (7) 

where a is the length of the half-diagonal of the indent. 
The relaxed microhardness, calculated in such a way, 
is always greater than the value of unrelaxed micro- 
hardness. Relaxation of the indented area takes place, 
and the depth of penetration, calculated according to 
geometry from the relaxed half-diagonal of the indent, 
is always lower. This comparison of relaxed and un- 
relaxed microhardness may also be a characteristic of 
the material. 

3. Results and discussion 
3.1. Characterization of the samples 
The materials were dense (porosity < 1%). The struc- 
ture of sample N1 consists of needle-like crystals 
(d = 1-2 ~tm, l = 15-50 gin, sometimes reaching 
70 pro) and isometric grains (Fig. 8a). The needle-like 
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Taking into account the mentioned conventional 
mechanical characteristics, we may suppose that the 
best materials for structural application (especially 
wear application) may be N1 and N4. 

3.2. K i n e t i c  m i c r o h a r d n e s s  c h a r a c t e r i z a t i o n  o f  

m a t e r i a l s  

3.2. 1. Hardness-load and hardness-depth 
of penetration dependences, and 
coefficient of variation 

Kinetic microhardness data show complex depend- 
encies. The ratio of maximum to minimum value of 
unrelaxed microhardness is 1.2 at 1N load, and 1.85 at 
5N load (Fig. 3a). The range of values is wider than the 
range of conventional characteristics. 

Sample N4, the composition with c(:13' = 20:80, has 
hardness values 13.7 GPa at 1N load and 13 GPa at 
5N load. Sample N5 (13' composition) at 1N exhibits 
a hardness of 11 GPa and at 5N, 7 G P a .  
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crystals form a framework inside which round-shaped 
grains occur. The glassy phase forms interlayers 
between the isometric grains. 

According to SEM (Fig. 8b-e), the microstructures 
of samples N2, N3, N4 and N5 are very much 
alike. The grains are isometric or short prismatic 
(d = 1-2 pro, lid = 2). The glassy phase is in form of 
continuous and discontinuous layers between the 
grains and has a refraction index of 1.6. According to 
XRDA samples, N1, N2 and N5 are 13' sialon composi- 
tions (Table I); in sample N3 the 13':c( sialon ratio is 
9:!, in sample N4 it is 8:1. 

The mechanical characteristics of the materials do 
not differ greatly. The maximum bending strength, 
650 MPa, is reached in samples N1 and N4. The same 
materials exhibit the greatest values of relaxed hard- 
ness and considerable fracture toughness. The ratio of 
maximum to minimum value of bending strength, 
hardness and fracture toughness is 1.3-1.5. 
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Figure 7 Plots of (a) work of deformation, (b) work of relaxation, (c) work of plastic deformation and (d) coefficient of relaxation, during 
indentation versus load. 
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Figure 8 Structure of (a) sample N2 and (b) sample N4. 

The accuracy of the equipment provides additional 
information about the spread in values of microhard- 
hess. An individual plot of microhardness against load 
may not be monotonic (Fig. 5a, b), having steps and 
inflection points. Ten dependencies, measured on one 
sample, can be averaged. There are two possible ways 
to depict the spread of microhardness values: with the 
help of a plot of the confidence level of values of 
microhardness versus load, or with the help of the 
coefficient of variation. The plot of confidence level of 
microhardness values (Fig. 9) is more instructive, but 
it is difficult to depict a set of dependencies of this type 
on one figure. The plots of coefficient of variation 
(Fig. 6) are not monotonic and characterize in- 
homogeneity of the materials. The coefficient of vari- 
ation is a "technological" characteristic of a material. 

The best materials from the view point of the coef- 
ficient of variation are N1 and N2. The materials with 
the greatest deviation are N4 and N5. The hardest 
material', N4,. shows the greatest deviation in micro- 
hardness values over all intervals, which is manifested 
in the microstrained structure. 
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Figure 9 The plots of the confidence level of values of 
microhardness versus load of samples N1 and N4. 

3 .2 .2 .  I n d e n t a t i o n  s i z e  e f f e c t  

The hardness should be independent of the size of the 
indent, because the pressure used to produce the in- 
dent of proper size is a measure of hardness (Equa- 
tion 1). Therefore, when the hardness increases, as the 
applied load decreases (Fig. 3a, b), it must be because 
the volume of material used to yield is smaller, and the 
mechanism for yielding is dependent on the volume, 
which becomes more significant as the indent size 
decreases. 

The load dependence of hardness is called the in- 
dentation size effect (ISE). Bulyichev and Alekhin [-1] 
termed this phenomenon the scale indentation effect. 

The load dependence of the diagonal size of the 
indent can be modelled by a power law 

P = KD" (8) 

where P is the load, K a constant and D the length of 
the indent diagonal. Equation 8 can be rewritten in 
the form 

P = ah" (9) 

6 5 5 6  

where a is the transformed constant, and h is the depth 
of penetration of the indentor. 

Equation 8 or 9 is called Meyer's law or the log- 
index relationship. The value of Meyer's index, n, is 
used as a measure of ISE. If the hardness is indepen- 
dent of load, n must equal 2. If the hardness increases 
when the applied load decreases, n < 2. If the hardness 
decreases when the applied load decreases, n > 2. De- 
viations from n = 2 are a measure of ISE and for 
a certain material in a specific case will be a measure of 
microstructural variations, surface layers, mechano- 
chemical effects, etc. 

The coefficient a has a value of load that is required 
to produce an indent at a depth of 1 gm (Equation 9), 
and so this parameter is connected with the strength of 
the material. In addition, the hardness at a depth 1 gm 
(Equation 9), is somehow connected with the theoret- 
ical hardness of the material, and can only be used for 
comparison of materials. 



It is possible to substitute Equation 9 into Equa- 
tion 1 

H 
P 

= 0 .3784~  

ah ~ 
= 0.3784 h~ 

= 0.3784 ah ~-2 

= 0 . 3 7 8 4 a [ ( P / a ) l / ' J  . - 2  

= 0.3784 a ( P / a f f  -2)/~ (10) 

The next modification gives 

H = 0.3784a2/"P ("-2)/" (11) 

indicating that hardness is dependent on load and n in 
all cases if n r 2. 

The general reasons for ISE are that the shallow 
near-surface volume of the deformation zone can be- 
come a significant fraction of the total affected vol- 
ume, when a small load on the indentor is used. Thus, 
the work-hardening layers, surface-compressed layers, 
ion-implanted layers and possibilities for chemical 
reactions between the atmosphere and the surface, 
can dominate the yielding mechanism to produce 
non-standard hardness values. Conversely, these 
phenomena could be studied by measuring ISE. 

In order to make an analysis, Equation 9 may be 
written as 

logP = loga + nlogh (12) 

Thus corresponding values of logP and logh are plot- 
ted and a straight line is fitted to the data obtained, 
from the slope of which n can be found (Fig. 8). 

Equal values of hardness at definite load and differ- 
ent values of n for two materials suggest different 
abilities to deform. If the indent occupies a consider- 
able number of grains, the ability to deform must be 
independent of load and n =~ 2. The explanation as- 
sumes, that n = 2 in an averaged result, which can be 
reached with increasing number of grains. 

Accurate measurements provide data that cannot 
be approximated as a straight line in logP-logh (or 
logd) coordinates. Buckle [7] revealed this fact, work- 
ing with copper and copper-ti tanium alloys~ He sug- 
gested that indentations made at very small loads 
approach the conditions of single-crystal microhard- 
ness, so that corresponding hardness values tends to 
satisfy n = 2. On the other hand, the hardness values 
obtained at high loads, reflect a behaviour of quasi- 
homogeneous structure and tend to satisfy another 
straight line with n = 2. Hence, the hardness curve, 
established in the range of loads, passes from one basic 
form to another, and tends to have a complex form 
(Fig. 10). 

Sargent and Page [8] worked with MgO ceramics, 
having average grain sizes of 12.9, 30.4 and 102.8 gm. 
They obtained reliable but different values of Meyer's 
index from plots of In P-In d in the transition zone 
and values of n = 2 exterior to the transition zone. 

In our research, all plots of logP-logh (Fig. 4) have 
one, tWo, three or four points of inflection. The region 
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Figure 10 Logarithmic plot of load-half diagonal of indent, after 
Buckle [7]. 

between the first and the second inflection points may 
be interpreted as a transition zone. This type of behav- 
iour takes place in sample N4. After the transition 
zone, the values of a and n change. 

The inflection takes place at a depth from 
1.56-3.72 gm, which corresponds for Vickers indentor 
to a diagonal from 10.5-25.9 lam. In the case of sample 
N2, the inflection point is at a depth of 2.34 gm, which 
corresponds to a diagonal of 16.5 gm. The structure of 
sample N2 consists of grains 1-3 ~tm in size. Thus, 
before the first inflection point, a volume of 5-10 
grains has one slope n and value a, but when the 
yielded volume grows a little, the law of deformation 
changes. 

We presume that, although the facts described by 
Buckle, Sargent and Page may take place, the picture 
is more complicated. It is possible to make a more 
accurate determination of coefficients n and a from 
Equation 12. 

d logP = loga + dlogh (13 
2 2 

log = log al + n log hi (14) 

The solution of linear equation gives a set of values of 
n and a. (A plot n versus depth of penetration is shown 
in Fig. 11.) 

There is another approach to determine the coeffic- 
ient n [11]. It is possible to rationalize Equation 12 by 
differentiation, which then provides the ability to find 
coefficient n at any point of a curve. 

d H  = ea(n  - 2)h ' -3dh (15) 

Normalization of hardness allows elimination of coef- 
ficients a and c 

d H  ca (n - 2)h'-  3 dh 

H cah ~-  2 

dH (n - 2)dh 

H h 

(16) 

(17) 
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Figure 11 Values of Meyer's index n, versus depth of penetration of 
the indenter from "dif-log" analysis. 

Equation 14 integrates to the following expression at 
a condition where n = constant 

In(Hi~H2) = (n - 2)ln(hi/h2) (18) 

So, the combination of Meyer's conventional power 
analysis with differentiation gives the expression 

In(Hi /H2)  
n - + 2 (19) 

In(hi~h2) 

It is now possible to see (Fig. 11) that the coefficient 
n is not constant. Equation 12 may be approximated 
as a line in a very narrow interval. 

"Dif-log" analysis is more instructive (it may be 
fulfilled using values of relaxed and unrelaxed hard- 
ness). The inflections on log-log plots coincide with 
inflections on the "dif log" plots. One of the features 
of the n-h plot is extreme. On a plot of sample N1, 
n increases linearly from 1.45 to 2.15. Thus, the ability 
to deform diminishes with increasing load (com- 
pressed grain or layer under indenter). Then n dimin- 
ishes to 1.8 and begins to grow again. The behaviour 
of other samples is similar. 

The inflections at a load of 1.25 N or near this load 
are not so significant, as can be seen from the log-log 
plot. This local extreme really takes place on almost 
all the curves and may be attributed to the border of 
the surface layer. This surface layer depends not only 
or, the manufacturing of material, but also the change 
of method and regime of surface treatment, which may 
change the characteristics of the surface layer. 

All the samples have an ISE effect, the value of 
which differs from sample to sample. Finally, all sam- 
ples reach n ~ 2 (1.8 < n < 2). In materials N1 and 
N5, surface layers differ from the inner part of the 
material (at first the coefficient n is low). The materials 
have weak surface layers, but a good inner structure. 
They require additional surface treatment, which may 
lead to improvement of the surface. 

The difference between the surface and the interior 
material in samples N2, N3 and N4 is low, because 

6 5 5 8  

ISE is very little effective. Their hardness is almost 
independent of load. The materials exhibit good bond- 
ing between grains and perfect inner structure of 
grains. 

3.2.3. Work of deformation and related 
characteristics 

The work of relaxation and the work of plastic defor- 
mation and its balance with the coefficient of relax- 
ation, characterize the elastic and plastic properties of 
the material. It could be compared with the rigidity of 
atomic bonds [12]. The increase in rigidity causes 
an increase in relaxation and a reduction of plastic 
deformation. 

The curves of the coefficient of relaxation are not 
continuous; maxima and minima occur on the curves 
of work of deformation, work of plastic deformation 
and work of relaxation. There are only five points on 
each curve (each point is ten indentations)~ The real 
form of the curves is unknown. We can only suppose 
that the extreme of the plot of coefficient of relaxation 
of sample N1 is situated in the region of 3N. 

The values of work of relaxation for all materials 
except N5 are very close; the work of relaxation of 
sample N5 is much greater, compared with the other 
materials over the entire loading interval. The min- 
imum value of the work of plastic deformation is 
found in the hardest material, N4. The value of the 
work of plastic deformation of the "softest" material, 
N5, is rather high (in comparison with the other sam- 
ples). Therefore, the coeff• of relaxation of sample 
N5 is "moderate". 

Samples N1 and N2 show a tendency for relaxation 
to increase up to 55% at 3N, then the relaxation falls. 
The behaviour of sample N4 (the hardest composition 
with ~':J3' = 20:80) is similar - relaxation increases up 
to 62% at 4N load, but with increasing load, relax- 
ation falls. Sample N3 did not show any clear tend- 
ency and has a relaxation of 52% 57%. Sample N5 
has a maximum relaxation of 63% at 1N load, then 
relaxation falls to 48%-52%. Generally, there is a cor- 
relation between relaxation and hardness. 

3.2.4. General characterization of the 
investigated samples 

Additional characteristics of mechanical properties of 
the surface of sialon-based materials requires accurate 
interpretation, but opens the way to forecast engineer- 
ing applications. 

Material N5 has the lowest value of hardness, the 
greatest depth of indenter penetration and consider- 
able ISE (coefficient n begins from 0.92 and finally 
reaches 1.8). Thus, this material has weak surface 
layers and the sintering process was incomplete. The 
relaxation of sample N5 is medium. The coefficient 
of variation is rather high, showing considerable 
inhomogeneity. 

Materials N1, N2, N3 and N4 are hard and their 
relaxation is considerable. There is a pronounced dif- 
ference in properties of the surface layers in sample 
NI: it requires additional treatment. 

Materials N2, N3 and N4 have little ISE effect and 
would not require additional treatment. Material N4 



is the hardest sample, but it has the greatest coefficient 
of variation. The deviations reach 6 GPa. It cannot be 
recommended for engineering purposes. However, 
accurate modification of the temperature regime of 
sintering may lead to a reduction of its inhomogeneity. 

Therefore, the best materials are N2 and N3. 
Material N1 is also good and may be recommended 
for engineering applications after additional surface 
treatment. 

4. C o n c l u s i o n  
The method of kinetic microhardness reveals addi- 
tional characteristics of investigated samples which 
lead to a deeper understanding of the structure of 
materials. 

Materials can be characterized by the dependence 
of the unrelaxed microhardness on load or depth of 
penetration of the indentor and coefficient, n, in 
Meyer's equation, a measure of the indentation size 
effect. 

Sialon-based ceramics demonstrate unrelaxed hard- 
ness 7 GPa  < Hv(5N) < 13 GPa. In the best mater- 
ials, the coefficient n =~ 2, having the range 0.92 < 
n < 2.10. 

Inhomogeneity of materials can be characterized by 
the coefficient of variation of the microhardness 
values. 

The materials demonstrate elastic relaxation after 
unloading, the best samples having a relaxation of 
60%-63%.  

Appendix 1. Attempts to explain the 
inflections on the plots 
Lawn and Swain 1-12, 13] analysed the nucleation 
stage of median crack formation. Their analysis high- 
lights the fact that no flaw can extend to initiate the 
median crack length unless a critical load is exceeded. 
Therefore, it is possible to estimate critical loads, suffi- 
cient to cause the formation of median cracks in brittle 
solids. 

34.67 K~ 4 
P c r i t -  ~2 (~41_i 3 (At) 

where ~) = I and | = 0.2, K~ is fracture toughness 
and Hv is the Vickers hardness. 

The model is suitable to estimate the critical loads 
only by one order of magnitude. However, it gives 
values of critical loads that correspond to inflection 
points obtained by log-log and "difqog" analysis N1 
and N2 (Table III). 

The ideas of estimating critical load and critical 
work done to initiate cracking, were first proposed by 
Palmqvist [14]. The main problem was the accurate 
experimental determination of critical load. 

We have attempted to interpret the inflections of the 
curves of coefficient of relaxation also as responses 
to the appearance of the median crack under the 
indentor. General considerations give a picture in 
which, after the appearance of a crack, the relaxation 
should diminish (minimum on the coefficient of relax- 
ation curve). Table III gives the range between points, 

T A B L E  I I I  Critical values of load, calculated from Equation AI, 
estimated from plots of work of deformation and "dif-log" analysis 
and fracture toughness, calculated from Equation A1 

N Petit (N) 
from Eq. A1 

P. i ,  (N) Pcrl, (N) Klc (MPa m '/z) 
from k. rel. from "dif-log" from Eq. AI 

analysis 

1 2.8 < 3 2.75-3 5.3 
2 2.3 3 < P < 4 2.4-2.5 5.06 
3 1.97 2 < P < 3 2.8-3 5.18 
4 1.98 < 3 2.1-2.4 5.76 
5 1.36 < 2 1.75 3.92 

where measurements were made. The agreement of the 
data from "dif-log" analysis, analysis data of relax- 
ation and critical load, calculated from the measured 
fracture toughness, does not often occur. 

There is no evidence of the existence of median 
cracks under indentor. Estimations show that crack 
initiation may occur, yet the estimations are not very 
strict, and cannot be proof of cracking. 

If the idea of cracking is incorrect, it is necessary to 
suppose the existence of a strengthened layer at 
a depth of 2-5 gin. 

Appendix 2. Statistical estimations 
All averaged values and deviations were calculated at 
a probability of 95% assuming normal distribution. In 
order to verify this assumption, sample N5 was in- 
dented 100 times up to 5N load. The distributions 
were calculated at loads of 1, 2, 3, 4, and 5 N. Accord- 
ing to the Z2-criterion, the data fit a normal distribu- 
tion over the entire range of loads. The form of the 
distribution changes slightly (skewness at 1N is 0.5298 
and at 4N is - 0.3217, and the kurtosis at 1N is 2.25 
and at 4N is 0.8746). 

The other problem concerns the reliability of 
log-log and "dif-log" analysis. The deviation of values 
of depths of penetration is considerable, and the prob- 
lem exists of whether the inflections on the log P-log h 
plots really occur. The other variant is the approxima- 
tion of the log P- log h plot (Fig. 4) with a linear equa- 
tion. The equation will give single values of coefficients 
n and a. 

The adequacy of the equation may be tested with 
the help of Fisher's criterion 

F 2 2 = Sa~/Ser (A2) 

where S,a2 is the variance of adequacy and Set2 is the 
error mean square variance. 

In our research, the number of experiments (the 
number of indentations on one sample) is the same, 
and equals 10. The variance of adequacy is therefore 

m ~ (y,.~,) 
s,~ - i= 1 (A3) 

n - - l  

where m is the number of experiments, n the number of 
experimental points in one experiment, l the number 
of coefficients in the regression equation (Equation 2), 
37~ the averaged value of logh at fixed log P, .9i the value 
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T A B L E  IV The variance of adequacy, the error mean square 
variance, its ratio and the standardized quartile of Fisher's distribu- 
tion 

2 2 N sa.a s~ s.d/s., F 1 - p 

1 0.074 39 0.002 48 29.9721 2.2 
2 0.123 70 0.001 14 108.3588 2.2 
3 0.111 54 0.001 74 64.0752 2.2 
4 0.154 89 0.005 63 27.5279 2.2 
5 0.008 71 0.003 86 2.2545 2.2 

of loghl from the linear regression equation. 
The error mean square variance is 

~ ( Y i u - -  Yi) 2 

S 2 r  .~. i =  1 u = 1 (A4) 
n(m-  1) 

where yi, is the real value of logh for fixed log P in the 
only experiment. 

Table IV gives the values of variance of adequacy, 
the error mean square variance, its ratio and quartile 
of Fisher's distribution for a significance level 
p 0.05. In all cases, the ratio 2 2 -~- Sad/Ser is greater than 
the value of standardized F l - r  

Equation 14 is not adequate to describe the experi- 
mental data. The inflections occuring on logPdogh 
plots and "dif-log" analysis is significant. 

The only case when the ratio 2 2 Sad/Ser is close to F1-p 
(but not lower) is for sample N5. The deviation of the 
values of depth of penetration is considerable, and the 
change in coefficient n is not great. This plot should be 
approximated with two linear equations. 
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