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Abstract: A three-dimensional finite element method was applied to simulation of 

the microindentation process in AlzO, ceramics. This simulation was based on 
the elastic theory of material deformation. The crushing criterion in numerical 
solution was based on energy value obtained from the stress state. The energy 

value was compared with the work of the indenter. The calculations provided 
distribution and residual equivalent stresses during and after the indentation test, 

c’ 1998 Elsevier Science Limited and Techna S.r.1. All rights reserved 

1 INTRODUCTION The authors of the papers7 used the FEM for 

The computer simulation of physical processes is 
one of the present directions of research and 
development of bodies and structures behaviour. 
The achieved method (experimentally confirmed) 
gives an opportunity to analyse the same problems 
numerically, without experiment, which are often 
expensive. 

calculating the deformation and stress state for 
elastic-plastic materials during the Vickers inden- 
tation test on coated systems. 

Many research groups’,2 apply the numerical 
methods to analyse such problems as: creating and 
the growing of cracks and structure collapse. 

The microindentation test allows measuring the 
amount of force required to push rigid indenter on 
a given distance into a material. Hardness formally 
defined from the quotient force value (action on 
indenter) and depth indentate can be calculated 
from the experiment. 

For the last few years the finite element method 
(FEM)3*4 has often been used to investigate the 
above problems5-‘. For the elastic materials the 
main matrix equation can be written as follows: 

The crack calculation parameters shown allow to 
define the stress intensity factor K,c*,~ There are 
numerous defined formulas of the factor for the 
Vickers indentation test.rO,” 

KU, = P, (1) 

where K is the stiffness matrix, which depends on 
geometry and materials properties, 7Ji is the 
unknown nodal displacements vector and P; is 
force loading vector. 

The authors of this paper consider that the 
equivalent stress state in the ceramic appears due 
to motion of the indenter in numerical simulation. 
The stress state can cause local crushing and 
cracking in the material. It was assumed that the 
ceramics are brittle and elastic.” 

The aim of the paper was to propose the method 
of numerical simulation of the indentation process. 

Solving eqn (1) and calculating Ui vector allows 
to calculate strains and stresses in the given body. 
The advantage of the FEM calculations is the pos- 
sibility of using in the same finite element mesh tor 
different vectors Pi (loading force) and different 
boundary conditions. 

2 EXPERIMENT 

*To whom correspondence should be addressed. 

Experiment was performed by Vickers indentation 
on Al203 ceramic material on ;Zwick testing 
machine. The alumina ceramics in the experiment 
were loaded up to P = 25N. The creation of per- 
manal indentation and cracks in the ceramics are 
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the result of the work executed by the Vickers 
indenter. The microarea of Vickers diamond pyra- 
mid impressions were photographed using scan- 
ning electron microscope with magnification 500 
times (Photo 1) and 1000 times (Photo 2). On both 
photos constant Vickers pyramid can be observed 
with visible edges contours inside of the impression 
and damage zone on the specimen surface along 
with many different size fragments of ceramic and 
radial or Palmquist cracks.i0~i3~i4 

Author15 presents the table allowing to deter- 
mine the degree of brittleness based on the extent 
of disturbance of the surface structure in the area 
of Vickers diamond pyramid impression. In the 
presented case (Plates 1 and 2) degree of brittleness 
is highest and equals 5. 

3 INDENTATION PROCESS 

The indentation process Fig. 1 consists of two 
steps: loading and unloading. The maximum 
indentation load was held constant for a few sec- 
onds before unloading. During the second phase of 
the experiment, the elastic alumina ceramics cause 
a decrease of the impression depth. After this 
process the total measurement depth of the 
impression is caused only by the permanent 

Plate 1. 

indentation. It was created due to the dislocation 
and crush of the grain in the body after the contact 
between the indenter and the material. Figure 2 
presents the curve loading-unloading for the brittle 
materials.16 The area (Ur) of the indentation hys- 
teresis loop is assumed to be equal to the quantity 
of energy consumed by residential deformation 
processes. 

In the case of the ceramics material, the depen- 
dence of the value of the force on the indenter we 
can distinguish three kinds of indentation: (1) for 
the very small load (up to a few NSF-indenter acts 
only on the area of one grain (usually); (2) for the 
average value of the load, indenter acts on a few or 
anywhere from 10 to 20 grains; (3) for the very 
high load we treat the material as isotropic and we 
can measure the macrohardness. 

The measurement of the hardness number in all 
cases gives different resultsi because the work 
executed during the indentation process in the 
monocrystal structure and in the polycrystal will be 
different. The microhardness is dependent on the 
orientation of crystallographic axis.14 This fact 
influences accuracy of measurements for low loads. 

In the general case of elastic-plastic deformation 
of the indenter the work can be written: 

IY-~~~~iilh-j.l.(h-iii)‘dh (2) 

0 h, 

where AH and A, are the constants, which depend 
on indenter size, impression and hardness of mate- 
rial; h is the total depth of the indentation and is h, 
is residual indentation depth (see Fig. 1). 

a) loading 

P max 

-+CJ+?=hr+he 
--m---B--- 

b) unloading 

---- 

Plate 2. 
Fig. 1. The geometry of the indentation contact of a sharp 

indenter. 
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depth 

Fig. 2. The indentation hysteresis. 

The work amount is the area bounded by hys- 
teresis curve (see Fig. 2) which can be written: 

w= M’,C (3) 

where W, is the irreversible energy consumption to 
create a unit volume of indentation impression 
under maximum load P,,,, V is the body volume. 

4 CALCULATION METHODS 

Carrying out the experiment of indentation enables 
hardness determination, but during the experiment, 
crushing of the ceramics in the area of indentation 
takes place. In the experiment the force of pressure 
P(r) executes a work L which is defined by 

h 

where h is the depth of indentation and J’ is the 
direction of force operation. The dependence of the 
force P(J) on the current depth of indentation can 
be found by using the definition of the Vickers 
hardness given by 

H,. =z (5) 

where S(y) is, the actual 
hardness testing. 

The work done is equal 
elastic energy. The specific 
ten as 

area of impression in 

to the critical value of 
energy6 @ can be writ- 

h 

where P’ is the volume of the impression 

Because 

h 

v = J S(p)c$ 

II 
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(6) 

(7) 

eqn (6) can be written: 

This is a known formula that hardening is defined 
by necessary energy consumed to create a unit 

volume impression of indentation at the maximum 
load during elastic-plastic deformation. 

On the other hand the value of the elastic energy 
per unit volume after transformation stress to the 
principal co-ordinates may be expressed as 

where ~1, cq and a3 are principal stresses, respec- 
tively, E is Young’s modulus, \I is Poisson’s ratio. 
The stresses in eqn (9) are obtained during inden- 
tation for the given depth h. 

In the case of predominant normal stress to the 
force direction, the above expression transforms to 
the form of 

(10) 

Because for the brittle and the elastic dense ceramic 
materials, the crushing of material does not occur 
in the indentation test the following condition is 
satisfied: 

In this case response of material is reversible 
and elastic. This condition we can present in 
another form, which will be used for the numerical 
analysis. Using eqns (8) and (lo), eqn (12) takes the 
form: 

a,,, < J2EH, (12) 

The parameter a,,, used in this equation will be 
taken as the parameter which allows to estimate 
the existing state of stress after the indentation in 



362 

the brittle material (ref. AlzOs) or to estimate when 
the limit value was exceeded. 

When the condition is not satisfied, then the 
indenter in the process of the numerical simulation 
moves down to the point where the parameter a,,, 
is satisfied. 

After the larger displacement of the indenter the 
numerical model must be changed, because the 
geometry of the microstructure in the material due 
to motion of the sharp indenter will be changed too. 

For eqn (12) crush can appear in the volume of 
material, and the stress state beyond the compression 
stress limit can be obtained from the uniaxial test. 

For elastic-plastic materials this criterion is 
practically in the process of numerical simulation 
of Vickers indentation on alumina ceramics, 
because the equivalent stress state is estimated 
from the durable indentation. 

The generalisation of the algorithm valid for 
brittle elastic materials at incremental procedure 
can be outlined in the following steps: 

Step 1. 

Step 2. 
Step 3. 
Step 4. 

Load the body by adding force increments 
AP. If the current force is bigger than its 
final value, go to Step 9. 
Calculate the body deformation. 
Calculate the stress state. 
Calculate the elastic specific energy 4. 

~-__-_,L-_-_+_-_____ _---_ 

/ 
I ’ ,’ 

/ ; ‘/ I/ 
/ 

,Azeramic~ t+st sample 
/ I/ 

Fig. 3. The considered rectangular prism for numerical mod- 
elling. 

Fig. 4. Mesh of Model 1. 

Step 5. 

Step 6. 

Step 7. 
Step 8. 
Step 9. 
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Check eqn (6): if a,,, < vm then go to 
step 1; if a,,, 2 vm then go to Step 6. 
Change the numerical model (elements in 
which condition a,,, 2 Jm is satisfied 
are removed from the model during the 
numerical simulation of Vickers indenta- 
tion). 
Determine the load for the new model. 
Go back to Step 1. 
Calculate the residual stress state and the 
indentation parameters. 

5 FINITE ELEMENTS METHOD MODELLING 

A rectangular prism with lower surface constrained 
was chosen for considerations. Influence of the 
loading force on the centre of the upper plane of 
this prism was considered. 

Due to the body symmetry only one-quarter of 
the indented microarea (Fig. 3) was used for the 
calculation. Three numerical models were pro- 
posed due to moving of the indenter. Model 1 
(Fig. 4) which describes the beginning of the test 
has all the elements and the force applied to the 
nodes. The mesh of Model 1 (Fig. 5) has no ele- 
ment under the force. In this case, the depth of the 
indentation is equal to the length of the element on 
the force direction. Increment of force and nodal 
displacements, obtained from the calculation for 

Fig. 5. Mesh of Model 2. 

Fig. 6. Mesh of Model 3. 
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Fig. 7. Stress distribution in contact area for model 3 (x IO? GPa). 

Model 1, are the loads in the model. In Model 3 
(Fig. 6) describing further displacement of the 
indenter, missing elements are appropriated to take 
the position of the indenter. 

The following assumptions are taken to the 
numerical calculation: 

the FEM mesh of the sample was built from 
three-dimensional, 2 l-nodes finite elements, 
they are connected with each other at model 
nodes; 
in the area of trace diamonds pyramid of 
Vickers (apex angle 136”) was modelled; 
nodes on the following models are adjusted; 
the first stage of the load was loading of three 
nodes due to the blunt point (maximum dull- 

ness to 2 pm; 
the load in Model 2 was obtained from dis- 
placements in Model 1 and increment of force 
AP; 
in Model 3 the load was applied as in Model 2. 

6 RESULTS AND CONCLUSIONS 

The results of the calculations are presented as 
stress distribution of stress components in the cho- 
sen sections of models. Figure 7 presents this dis- 
tribution in the area of the body in contact with the 
indenter for Model 3. 

It is shown that the maximum stresses are in the 
upper area of the corner produced by the pyramid 

of Vickers, under the force point and in the middle 
sector of symmetric plane. The stresses cause all 
effects in the alumina ceramics (plasticity crushing, 
creation and propagation cracks, etc.), therefore 
values of these stresses are bigger than real stresses. 

From this stress state can be calculated the resi- 
dual stress state after the indenter removal. if the 
description load-depth is known for the range of 
loading under consideration. 

From the residual stresses can be obtained 
directions of cracks enveloped in the volume body. 

The FEM analysis of the Vickers indentation test 
shows its practical applicability. The presented cri- 
terion and algorithm have proven to be effective. 
The paper presents the first known sludy of Vick- 
ers indentation process by using FEM with crush- 
ing, algorithm. The FEM models were not very 

sophisticated. This should be expected since we 
have used the coarse mesh near the indentation 
region (lower number of degrees of freedom). The 
overall conclusion is that even a moderate number 
of finite elements employed allows to obtain quite 
reliable results but the computational effort must 
be many times bigger than in the presented case. 
The method proposed in the present paper can be 
useful in strength analysis of structures made from 
brittle materials under loading (results from rigid 
body) caused the damage in material volume. The 
authors of the paper will continue their work with 
special consideration of orthotropic effects and the 
influence of crystal lattice on the behaviour of the 
alumina ceramic during Vickers indentation process. 
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