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Abstract

Development of the finite element model of nano-impact tests is the objective of the paper. Although these tests are
performed to determine, among others, the crack resistance of nanocoatings, there is no fracture criterion introduced in the
model at this stage. Research is focused on overcoming various difficulties occurring in finite element simulation of de-
formation of thin hard coating systems. These difficulties arise from layers thickness, necessity of remeshing, multi-
material and multi-impact character of simulation, which has to connect different types of numerical solutions simultane-
ously. The simulations were performed using Forge 2 code adapted to the thin layer conditions. Problems with adaptation
and scaling are described. Selected results of simulations are presented in the paper. Since it is capable to predict realistic
stress and strain fields, the developed model is prepared to implementation of the fracture criterion.
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1. INTRODUCTION

Thin multilayers are manufactured as function-
ally graded materials (FGM) and they have charac-
teristic features. FGMs have innovative properties
and/or functions that cannot be achieved by conven-
tional homogeneous materials (Dao et al.,, 1997;
Kopemik and Pietrzyk, 2006). Due to very small
scale and very contrasting physical properties in
adjacent layers, graded nano materials are challeng-
ing in experiments and in simulations (Beake and
Smith, 2004; Paszynski et al., 2006). Finite element
method (FEM) (Zienkiewicz and Taylor, 2000)
helps to solve designing problems, to control various
processes and to anticipate materials behaviour
(Kopernik and Pietrzyk, 2006).

In order to determine their properties, thin films
and coatings are deformed in nanoindentation tests
under low, constant in time loads. Elastic or elasto-
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plastic deformations are involved depending on the
material. Velocity of moving tool in low load, static
test should not generate a fracture. Since it is not an
aim of the nanoindentation test, there is no fracture
examination of specimens. This experiment gives
rather information about material hardness, which is
calculated on the basis of load measurements. Small
cracks connected with the test conditions, especially
interaction between really very hard coating and
diamond indenter, may occur only in the
die/specimen contact region, but they should be
definitely avoided.

Contrary, the objective of nano-impact tests is
evaluation of material crack resistance and these
tests involve cracks. The material fracture during
impact test is caused by an acceleration of the mov-
ing tool. The tool hits surface of the specimen and
produces effect similar to shock waves, which
propagate in a material. These waves cause high
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values of stress and strain, which are observed in
elastoplastic coatings (plastic part of material model
is responsible for fracture occurrence). Elastic coat-
ings transmit loadings and do not accumulate strain.
Similarly to nanoindentation, the nano-impact tech-
nique is also a low load test, but not a static one. The
total value of mechanical energy (load energy — nJ,
wJ) is the same in both tests, but the method and the
purpose of its use is different. Working conditions of
nano layers are reproduced in the impact test and it
helps to determine time and location of fracture un-
der different exploitation conditions. In conse-
quence, this test is capable of revealing marked dif-
ferences in performance that can be used to optimise
the design of coating systems for improved durabil-
ity. Instead of simply characterizing coatings and
thin films, their actual tribological performance un-
der “in-service” conditions can now be assessed.

Due to very small scale of the experiment and
several disturbances, direct interpretation of the re-
sults of nano-impact tests is difficult. On the other
hand, numerical models can simulate thin films be-
haviour in the experiment and reveal the real state of
strains and stresses. Thus, the finite element (FEM)
simulation of the nano-impact test is the main objec-
tive of the present work The experience gained in
modelling of nanoindentation test, which gave re-
sults comparable to experimental ones (Kopernik
and Pietrzyk, 2007), is used in this work.

The particular objective of the present project is
analysis of stress and strain states in the nano-impact
test and fracture criterion is not introduced at this
stage. The developed model will be further extended
by implementation of fracture criteria in the future.
These criteria are defined as relations with stress and
strains, therefore, information supplied by the pre-
sent model will be an input to those criteria. Devel-
oped model will be also combined with the optimi-
zation techniques and used in the inverse analysis of
the low load nanotests.

2. MATERIALS

2.1. Specimen description

Thin hard coating systems are investigated in
this article and they are commented upon meaning
of designing ability, which is achieved in predicting
material behaviour and properties in nano-impact
test. The main designing rules used in producing
these systems come from tribology and are set into
material in manufacturing process. Such rules are
visible in products, which are analysed in the paper,

because they are tribological coatings of third gen-
eration.

The idea of multilayer system manufacturing
arises from tribological observations coupling elastic
and elastoplastic properties of thin layers on the
substrate what gives expected effects. Selected, im-
portant, practical applications of coatings tribology
are presented in figures 1 and 2 (Holmberg et al.,
1998). It is seen in figure 1 that thin hard coatings on
a soft substrate generate lower stresses in the coating
and at the coating/substrate interface compared with
thick hard coatings with the same deflection. Figure
2 shows the multilayer coating with alternate hard
and soft layers allowing deflection to occur under
load without yielding of the hard layers. They slide
over each other, with shear occurring in the soft
layer. The pattern of shear is illustrated by the line
through the film, which was initially straight in the
unloaded condition. These features and many others
fundamentals of coatings tribology are used in de-
signing of multilayer system.
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Figure 1. Stresses generated at the coating/substrate interface
by thin (4) and thick (B) hard coatings on a soft substrate with
the same deflection.

luHu

H = hard layear

Figure 2. A multilayer coating with alternate hard and soft
layers on a soft deflected substrate.

Hard coating systems are analyzed. They consist
of titanium nitride basis and thin mixed elastoplastic
multilayers, which are deposited on the elastic sub-
strate. Two systems are considered, namely:

— system 1 — MT-CVD (medium temperature
chemical vapour deposition), which is composed
of three, thin material layers on carbide,

— system 2 — PVD (physical vapour deposition),
which is composed of eleven, thin material layers.
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Systems 1 and 2, which are technical materials, bilinear material models (o =0, + Ag) are used
are presented in figures 3 and 4. Each coating shows

. . . for them. The parameters of the model are:
material layer used in material system.

— Coating 1 (Cai and Bangert, 1996), yield strength

coating 1 oy = 5000 MPa, strain hardening 4 = 50 GPa;
conting 2 i — Coating 2 (www.matweb.com), yield strength
op = 3000 MPa.
coating 3 Elastic properties of each layer used in simula-
tions for system 2 are given in table 2.

Additionally, as in system 1: Coating 2 (Cai and
substrate 4 — Bangert, 1996), yield strength oy = 5000 MPa, strain
hardening 4 = 50 GPa.

The FEM model of the specimen is axisymmet-
ric. Thickness of each layer is smaller than its width,
but the details are not revealed by the manufacturer.

Figure 3. System 1 is shown as three different coatings depos

coating 2

2.3. Material models in FEM model

coating 1

coating 2
five . . . .
times coating 1 FEM is commonly used in simulation of ther-
repeated< ating o tmes mal, mechanical and microstructural phenomena in

coating 1 . . . .
. repeated material processing, especially metal forming and

coating 2 coating 2
coating 1 typical metals and alloys manufacturing processes.
. In this paper these solutions are adapted to a new
, objective, which is specified as a prediction of nano-
systems behaviour and state of strains under low
Figure 4. System 2 is shown as two different coatings deposited load (Beake and Smith, 2004), which is here charac-
periodically, respectively coating 1 .is regeated si?c times and terized by high strain rate indentation (indentation
coating 2 is repeated five times. Coating 2 is very thin. under high-strain rate loading). Prediction of small
Table 1. System 1. Elastic properties of layers used in system 1. propagation, location and value of plastic deforma-

tion in the nano-systems

coating 1 coating 2 coating 3 substrate is the objective of the

. . ® simulations.
Material (Caiand | (www.matweb. al(s?g;h;n;:rlletet (FORGE® V.2.4 )

Bangert, 1996) com) ” al. 200 4)g materials database) Thin films create new

N numerical problems.

Elastic modulus, GPa 616 370 535 683 These difficulties arise

Poisson ratio 0.25 0.22 0.25 0.3 from layers thickness,

width of layer, um 22.0 necessity of remeshing,

multi-material and multi-
impact character of simulation, which has to connect
different types of numerical solutions simul-

Table 2. System 2. Elastic properties of layers used in system 2.

Material coating 1 coating 2 ] ; )
(Zoestbergen, 2000) | (Cai and Bangert, 1996) | taneously. Thus, direct jump from experi-

Elastic modulus, GPa 380 616 ment to simulation cannot be made without
Poisson’s ratio 0177 025 some simplifications of the model and as-
widih of layer, pm 26 sumptions, which are pointed out and de-

scribed in the paper.

The Forge 2 program (The Forge V.2.4, 2004) is
designed for forging simulation in various condi-
tions. This FEM based computing code solves nu-
merical problems related to large deformations,
which occur in mesh elements during process. Initial
mesh is being rebuilt, when it is necessary (mesh
elements are too deformed) and it is called remesh-

2.2. Material properties

Elastic properties of each layer used in the
model for system 1 are given in table 1. Coating 1
and coating 2 are characterized by both elastic and
plastic properties, and that is why the elastoplastic
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ing operation. Since considered case needs new
mesh generation in many computing steps, the Forge
2 code is chosen. Some numerical problems arise
and they are related to very small thickness of coat-
ing 2 in system 2. Due to remeshing procedure, more
than one node (minimal number of nodes is three for
good accuracy of calculations) must be generated on
a very small distance (equal to thickness of coating
2). During remeshing procedure new elements are
created and more nodes are required.

The description of the rheology of the material
in Forge 2 is based on the Norton-Hoff flow rule
written in the following form (Chenot and Bellet,
1992):

6=2K(T.7...)(\3E)" ¢ 0

This relation links the deviatoric stress tensor ¢
to the strain rate tensor € through the consistency K
(T, & ,...) and the sensitivity to the strain rate m. The
theoretical behaviour corresponding to the value m =
1 also called Newtonian behaviour, can also be inte-
grated in Forge 2. In this case, the set of equations
describing the problem of mechanical equilibrium is
linear. In equation (1) 7 is absolute temperature, &

is effective strain and Z is effective strain rate.

Elasto-viscoplastic flow rule is used, which is in-
tegrated as an elastoplastic law. The flow stress is
related to strain hardening, strain rate and the tem-
perature following the equation:

o, = \/g(HM)KO (1+ag)exp (é} :9m ()

According to material properties specified above
on the basis of (Cai and Bangert, 1996;
www.matweb.com), values given in table 3 are in-
troduced into equation (2). The remaining material
layers are elastic and only elastic properties given in
Tables 1 and 2 are required in material models.

The dynamic implicit version of Forge2 code is
used for both hot and for cold forging simulations.
As it was mentioned the description of the material
rheological behaviour is based on the elastoplastic
law, which states that the following assumption for
the material is true: at every moment it is possible to
separate the instantaneous deformation in the elastic

reversible part £, and plastic irreversible part €, as

follows:

E=¢,+¢, 3)

Table 3. Values of material parameters used in FORGE 2 simu-
lations

Syste.:m Equation B AK | Ko, MPa m
Coating | parameters
System 1
Coating 1 12.5 0 1154.7 0
Coating 2 16.949 0 1703.18 0
System 2
Coating 2 | 125 [ o | 1547 | o

Elastic behaviour

Part of the material deformation is represented
by a reversible elastic behaviour, which is idealized
through the linear elasticity law (Hook law). For
small strains this is written as:

1+v 3v
Ag=——o0+—pl 4
£ i “)

where I - unit tensor, Ag - the elastic small strains
tensor, @ - the stress tensor. The material parameters
are Young modulus £ and the Poisson ratio v. These
parameters are supposed to be constant and are en-
tered in the data file. Their values for the investi-
gated materials are given in tables 2 and 3.
Hydrostatic pressure is given by the formula:

p= —%trace(c) %)

Plastic behaviour

When the material behaviour is considered as
elastoplastic, the description of the variables related
to the plastic part of the deformation is based on the
Huber-von Mises criterion. A simplified way of
describing this criterion is:

if 0., = oy : plastic deformation occurs

if 0., < oy elastic deformation occurs
where o, is the effective stress and is defined as one
of the stress tensor invariants with the following
expression:

2
eq

Q

=1il(o,-0,) +(0,-0,) +(0,-0,)" ]
(6)

and oy is called the yield stress (limit of the plastic
strain domain).

3. LABORATORY TEST

Detailed information about the impact test, such
as settings and conditions set in numerical model, as
well as data used for validation the model, are taken
from Beake at al. (2004). The pendulum impulse
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impact option of the Nano Test System (Micro Ma-
terials) is applied for the nano-impact testing in this
test. A solenoid connected was used to produce the
probe impacts on the surface, as shown schemati-
cally in figure 5. A blunt (tip radius; 150nm)
Berkovich diamond indenter test probe is acceler-
ated from a distance of 12um from the surface to
produce each impact with a maximum impact force.
Description of the Berkovich probe can be found in
ISO 14577-2:2002 and ISO 14577-1:2002. The ex-
periments were computer controlled so that repeti-
tive impacts occur (at the same position) every 4s.
Twenty repeated tests, each of 300s duration, were
performed at different locations on each sample.
diamond

coil —hh
in contact

limnit — -
. _":l::L with sample
stop
Inrl].n_rn]esﬁ sample
pivot « holder
[
\ diamond

capacitor LA

plates

Solenoid —H

Figure 5. Schematic illustration of the Nano Test System show-
ing the configuration for impact testing (Beake et al., 2004).

holder

4. NUMERICAL TEST

Forge 2 (FEM program) uses dynamic implicit
version of FEM. Numerical nano-impact test condi-
tions are supposed to reproduce those in laboratory
test, but there are some simplifications introduced.
Berkovich rigid probe with sharp tip (tip radius
150nm) was accelerated from a distance s of 12um
from the surface to produce each impact with mini-
mum impact force F' of 100mN. This moving tool
was set as a hummer press in program. Initial condi-
tions of this press are: velocity v, mass of falling m,
kinetic energy Ex and height 4. Knowing force and
die displacement, mass and velocity are calculated
and set into the program. These loading variables are
obtained from following relations:

— for mass:

W =E,=mgh
7
W:Fs:mgh:>m:ﬂ 2
gh
— for velocity:
2
@:@:@
i ®)
mgh:mv = v=4/2gh

In relation (7) work W is equal to potential en-
ergy Ep and mass m is calculated. In relation (8)
potential energy Ep is equal to kinetic energy Ex and
velocity v is obtained.

Applying 2D and axisymmetric numerical model
is justified here and it does not cause loosing impor-
tant information. Due to high computing costs, num-
ber of impacts is fixed to 20 which differs from
laboratory test. In experimental indentation test load-
ing is set in 20 steps and high rate indentation is
made. The number of deformation steps in numeri-
cal impact test is equal to number of deformation
steps in indentation experimental test with
Berkovich indenter. The idea of above numerical
test (high strain rate indentation suggestion) was
given by authors of (Beake and Smith, 2004). Addi-
tionally, but there is no need to set more impacts,
because there is no fatigue and crack criterion in the
present FEM model. Naturally, cracks are detected
in the laboratory test. In this paper plastic deforma-
tion is shown, not fracture mechanism with cracks or
debris. Actually, simulation cannot predict crack
effect, but it is Authors plan of further research to
improve the FEM model by implementing crack
criterion.

Coulomb friction law is used in simulations.
Friction coefficient u in die-specimen contact region
(nodal contact) is equal to 0.12. In experiment fric-
tion is an unwanted parameter, but there is no possi-
bility to get such ideal conditions in deformation
process.

Numerical model is an initial FEM model of
thin, hard coating systems in impact test. In this
paper simulation of impact test shows deformation
pattern and cannot be quantitatively compared to
experimental test. It allows qualitative validation
only. Simulation is rather based on experiment (pre-
cisely on two experiments: nano-impact test and
nanoindentation test) and can be called simulation of
high strain rate indentation (high strain rate deforma-
tion process) in present work.
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4.1. Hard coating system 1

4.1.1. Numerical model and results

The following numerical model for the hard
coating system 1 is set: number of nodes 5854,
number of triangular elements 11258. Multilayer
specimen discretization for FEM analysis is pre-
sented in figure 6. Initial, numerical, axisymmetric
model is used to model the test. The initial mesh is
presented in figure 6A. Four material layers can be
distinguished, as well as Berkovich rigid die with
sharp tip and lower fixed die. Enlargement of the
zone of interest, which is die-specimen contact re-
gion, is shown in figure 6B. Local mesh refinement
in the program leads to fine mesh in the contact re-
gion. Application of remeshing allows simulating
highest stroke of the tool and improves accuracy of
simulation.

(A) (B)

Figure 6. (A) Specimen and dies before deformation; (B) Weakly
deformed contact region between specimen and moving die.

Due to its meaning in the model, specimen-die
contact region is chosen as a zone of interest. In this
zone deformation initiates and spreads out. Distribu-
tions of effective strain and pressure in this zone are
presented in figure 7. Effective stress is defined by
equation (6) and effective strain (equivalent strain)

&,y by:

©)

where: ;';l,/, — strain rate tensor.

The most irreversibly deformed parts are coating
1 and coating 2. They have the highest value of strain,
what is visible in strain zone in figure 7. Looking at
these plots it is obvious that sharp tips of Berkovich
rigid die form sources of plastic deformation waves,
which are shown as distributions of effective stress in
the specimen. Some die surface irregularities occur in
the strain distribution at the end of the test.

A B
Nodal Iso:Equivalent Strain
£\ Max=3.8682e+00  © Min= 0.0000¢+00 = 3.2500¢+00

Nodal bokqivaleot S I 0o oo 27857c+00

- || "

A Max=23595¢400 © Min=0.0000¢+00 1.5500¢+00 2.3214e+00

e 00 18571e+00

1.1500e+00 1.3929¢+00

‘ o 53001 I 555701

7.5000e-01 | 4642901

55000e-01 || h 0.0000e+00

i 3:5000¢-01
C D
Nodal lso:Pressure (vipa) [ Nodal Iso:Pressure (Mpa)

A Max=2.4064e+04 © Min=-1.8018¢+04 -;g’ggfm; w :ig(:gﬁg
21429¢403 17 4‘%3
1.7143e+03 8'51141»{17
1285703 | -MW‘W;
228002

8.5714e402
4.2857e+02
(:0000e+00

4.2857e+02
21429402
0.0000e+00

2 Max=1.8980c+04  C Min=-1.0483c+04

E F

Nodal Iso:Equivalent Stress (Mpa)
| | Nota o ialot Stress (pe) N o0 - _m. 3-02(“‘*03
| L M= 6098904 O Min= 1.5651c02 I 51 gg;g‘i‘:g;
- 4N 142860404 .o
- e a0
85714e403 264200403
SEE 1THe403
2.8571e+03 500000402

0.0000e+00

£ Max=1.3331e+05  © Min= 5.8333¢-02

Figure 7. Calculated distributions of effective strain (top: A, B),
pressure (centre: C, D) and effective stress (bottom: E, F).
Beginning of the impact test (left A, C, E); end of the impact test
(right B, D, F).

Effective stress and pressure distributions have
comparable values in the whole test and reach
maximally tens of GPa. The maximum values are
received in die/specimen contact region. Model pre-
dictive capability can be confirmed by time versus
depth graph (figure 8A), which shows regularity and
repeatability in penetration of a specimen during
tests and proves that it happens gradually. Figure 8B
presents results with a continuation of the time scale
and gives additional explanation that each impact
does not run along straight line, like in elastic mate-
rials. In spite of elastic character of bottom layers,
material behaves as not elastic medium, what is due
to plastic character of thin coating 1 and coating 2.
Remeshing procedure also has a visible effect on
total time increment versus depth curves, because
they are not smooth and have rather jagged charac-
ter. In experiment jagged shape of time versus depth
curve is caused by fracture, because cracks occur
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during high strain rate deformation process. The
shape of time versus depth graph agrees quantita-
tively with the experimental one showed by (Beake
and Smith, 2004). Number of time increments is not
constant in each impact, it changes during comput-
ing process and depends on mesh deformation in
contact region (number of remeshing procedures).

0,6 4

depth, um

0,44
0,24

0,04

section of the specimen). Different shapes of sam-
ples and die and other boundary conditions are not
examined in present paper.

Further application of the numerical model to the
inverse analysis requires sensitivity analysis. It has
already been performed by authors (Kopernik and
Szeliga, 2007). Observed bottom pressure waves
cannot be completely left out
of account, but their influ-
ence on the model is small
and caused by elastic charac-
ter of bottom material layers,
which do not cumulate de-
formation as plastic layers
do. Plastic deformation ap-
pears in maximum pressure
zones, what is related to ma-
terial properties — top layers
are elastoplastic medium.
These distributions are calcu-
lated after unloading, when

-0,2 , . , . , . , . ,

1,6—-
1,4-
1,2-
1,0-
o,s—-

0,6

depth, um

0,4

0,2

0,0

-0,2 T T

they present residual pressure
010 012 zones in material, and before
unloading, when they present
pressure zones under loading.
In figure 9 are presented
selected results for impact
number 1, 5, 10, 15 and 20.
Graph showing plastic
power versus depth of inden-
tation (figurel0) is used to
locate the maximum plastic
response of the hard coating
system 1 (depth is not treated
as a time scale). Plastic power
it is an integral over the all
finite elements of mesh where
plastic strain occurs. The

T T T T T T T T T
-1000 0 1000 2000 3000 4000 5000
total time

(B)

Figure 8. Numerical predictions of depth versus time starting from zero point for each stroke (4),

Depth versus total time (B).

Having information about correctness of computa-
tional model, further results can be considered like
pressure distribution in the whole specimen as in
figure 9, which shows plastic deformation zones.
The most interesting is surface-character of pressure
wave, which occurs also at the bottom of specimen,
but it is rather caused by specimen shape, boundary
conditions and 2D model (2D is interpreted as cross-

T T T
6000 7000 8000

' " maximum value of plastic

power occurs, when the
maximum depth penetration
is equal to 0.9 um (the highest
depth was chosen at the end
of deformation process).
Comparing occurrence of the
maximum plastic power with figure 8b (showing depth
versus time increment), it is obvious that the depth
penetration is equal to 0.9 pm in the third impact, be-
fore quarter of the test. Additionally, according to the
geometry of the system 1, when the penetration depth
reaches 0.9 pm, this value of the penetration depth
corresponds to the thickness level of coating 2.

- 156 -



INFORMATYKA W TECHNOLOGI MATERIALOW

Nodal Iso:Presure (Mpa)
Nodal soPressure (Mpa)

- 1.0000e+01

. 0
857146400 p
s §5714es00
e 71429400
71436+ [y
I s7e400 T3
4 42857640
285716400
2.8571e+00
14286040 L i6es0
00000e+00 s

A Max=2.5034e+4 O Min=-9.7969e402
. i

V"

2 Max=1.3873e+04 O Min=4.0143¢403

Nodal Iso:Pressure (Mpa) Nodal Iso:Pressure (Mpa)

| 1.0000e+01 = 1.0000e+01

[ Fesioet) 8.5714ct0

I ;000400 T30
571430400 57143
4.2857e+00 4.2857c+00
2857400 28571e400
142866400 142860100
00000c+00 0.0000c+00

A Max= 12552404 C Min= -1.2709¢404

ad

NodalIsorPressure (Vpa)

2 Max=19316e+04 - O Min=-3.5589¢+03,

E

Nodal IsoPressure (Mpa)

= 10000401 . 001
85714c400 §5714cH0
7142900 71496400

|__Eyir = 57143640
12857c40 857
i byl
142860400 142860400
00000400 0.00002+00

£ Max=1.39%e+04 O Min=-1.3204c404

G H

A Man= 6.5914e+03 - C Min= -2.1874e+04

Nodal lsoPressure (Mpa) Nodallsoiressure (Mpa)

= 1.0000cs01 = 10000c+01
85714c+00 o 371D
71429800 714290400
v 571430800
B 285740 42857e40
2857160 28571e400
428640 142860400
0000000 (0000400
£ Max=8.3454e+03 O Min=-8.0872¢+( £ Max= 3.1205e+04 - © Min= -4.0419+04,
I J

)r

Nodal Iso:Pressurc (Mpa) Nodal Iso:Pressure (Mpa)

.0 = 1000001
5 e 8571e+00
71429400 ;00400
S71436400 B 5 30000
B cs7es00 B ss7es00
28571300 28571400
142860400 142860:00
1000300 00000600

£ Max=6.7997e+04 O Min=-1.4425e+04

£ Max=33040e+03 O Min=-1.1830c+04

Figure 9. Plots showing distributions of pressure computed
every five impacts, before unloading/first blow (left A, C, E, G,
1) and after unloading/final blow (right B, D, F, H, J).
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Figure 10. Plastic power versus depth of indentation.

4.2. Hard coating system 2

4.2.1. Numerical model and results

The numerical model for the hard coating system
2 is composed of 3395 nodes and 6608 triangular
elements. Multilayer specimen FEM discretization is
presented in figure 11. Axisymmetric, numerical
model is used in the simulation and it is shown as
the initial mesh in figurel 1A. Eleven material layers
can be distinguished, as well as the Berkovich rigid
die with sharp tip and the lower fixed die. Enlarge-
ment of the zone of interest, which is die-specimen
contact region, is shown in figure 11B. Local mesh
refinement in the program leads to fine mesh in con-
tact region. Remeshing is introduced similarly as for
the coating system 1, enabling analysis of larger die
strokes and improving accuracy of the model.

(A) (B)

Figure 11. (4) Specimen and dies during deformation; (B)
Weakly deformed contact region between specimen and moving
die.

Due to its meaning in the model, specimen-die
contact region is chosen as the zone of interest. In
this zone deformation initiates and spreads out. Be-
cause of elastic character of the first deformed layer,
irreversible deformation occurs in plastic zones in
Coating 2, where the highest plastic strain occurs. It
is visible in strain zone in figure 12. Looking at this
plot it is obvious that sharp Berkovich shape rigid tip

- 157 -

wl
O
Z
=
Q
%}
%)
—
<
4
=
<
=
Z
%)
Q
o
T
5
=
4
=
>
o
3
v




l
)
4
=
)
%2
%]
-
<
4
=
<
=
Z
%)
o)
©)
I
&
=
-4
8]
=
o)
[
=
Q
)

INFORMATYKA W TECHNOLOGI MATERIALOW

forms sources of plastic deformation waves, which
are shown as distributions of pressure and effective
stress in the specimen. In sandwich elastoplastic
coupled hard coating system 2 the coating 2 cumu-
lates deformations, while the elastic coating 1
transmits loadings and acts during unloading.

Hard coating system 2 is a sandwich multilayer
system with coupled elastoplastic character and pro-
ceeding analysis is carried out similarly as for the
hard coating system 1. Distributions of computed
values are regular and concentrated in the centre of
the specimen.
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Figure 12. Calculated distributions of effective strains (top: A,
B), pressure (centre: C, D) and effective stresses (bottom: E, F).
Beginning of the impact test/first blow (left A, C, E, G), end of
the impact test/final blow (right B, D, F, H).

Time versus depth graph is presented in figure
13A, which shows regularity and repeatability in
penetration of a specimen during each impact and

depth, um

depth, um

proves that it happens instantaneously. These results
confirm good predictive capability of the model. Fig-
urel3B presents results with a continuation of the
time scale and gives additional explanation that the
maximum value is reached and remains at this level.
This graph also proves that each impact does not run
along straight line, like in elastic materials. In spite of
elastic character of coating 1, material behaves as not
elastic medium, what is due to plastic character of
thin coating 2.
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Figure 13. Depth versus time starting from zero point for each
stroke (A), Depth versus total time (B).

Monitoring of calculated pressure (Figure 14)
shows that plastic deformation appears in maximum
pressure zones, what is related to material proper-
ties: coating 1 is elastic and coating 2 is elastoplastic
medium. Distributions calculated after unloading
present residual pressure zones, which are concen-
trated in zones of elastoplastic material, and they are
smaller than those calculated before unloading. Dis-
tributions computed before unloading present pres-
sure zones under loading and are almost uniformly
spread in the whole specimen.
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Figure 14. Monitoring of calculated distributions — distributions
of pressure computed every five impacts. End of the impact no. 1
(4,B), 5 (C,D), 10 (E,F), 15 (G,H) and 20 (1.J). Before unload-
ing/first blow (left A, C, E, G, 1) and after unloading/final blow
(right B, D, F, H, J).

Graph showing plastic power versus depth (fig-
urel5) can be used to locate the maximum plastic
response of the hard coating system 2. The maxi-
mum value of plastic power occurs, when the maxi-
mum depth penetration is equal to 0.25um. Compar-
ing occurrence of the maximum plastic power with
figure 13B, which shows graph depth versus time

increment, it is obvious that the depth of
penetration is equal to 0.25 pm in the 8-
th impact, before half of the test. Beyond
this, according to geometry of the system
2, when the penetration depth reaches
0.25 pm, this value of the penetration
depth corresponds to the thickness level
of the coating 1.

5. CONCLUSIONS

Numerical simulations were per-
formed for the nano-impact tests for the
two systems. The predictive capability of

0,00E+000 —_—

0,15 0,20 0,25

depth, um

Figure 15. Plastic power versus depth of indentation.

the FEM model has been confirmed and
possibility of its application to the inter-
pretations of the tests was proved. Sev-
eral conclusions can be drawn from the
results of simulations and they are sum-
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marized below.

The same initial impact test conditions for both
cases allowed comparison of the two systems. In the
hard coating system 2 stresses are one order of mag-
nitude greater than in the hard coating system 1. In
the second system distributions are inside specimen
and in the first system they have surface character.
The maximum plastic power in the hard coating
system 2 has multiple value of maximum plastic
power in the hard coating system 1. In the hard coat-
ing system 2 there is a greater contribution of plastic
zones than in hard coating system 1.
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NUMERYCZNA SYMULACJA ODKSZTALCENIA
SPREZYSTOPLASTYCZNEGO Ul,(LAD(')W CIENKICH,
TWARDYCH POWLOK W TESCIE UDARNOSCI

Streszczenie

Celem pracy jest rozw6j modelu na bazie metody ele-
mentow skonczonych (MES) do symulacji testow udarnosci dla
uktadoéw twardych nanopowlok. Wymienione testy sa wykony-
wane, aby okresli¢ odpornos¢ materiatu na pgkanie. Do przed-
stawionego w pracy modelu MES nie wprowadzono kryteriéw
pekania. Pokazano jedynie jak zachowuje si¢ materiat pod wpty-
wem obcigzenia udarowego. Trudno$ci prowadzenia symulacji
wynikaja z matej grubosci powlok, koniecznosci wykonania
aktualizacji siatki elementoéw (remeshingu), wielomateriatowego
i wieloetapowego charakteru modelu MES, ktory musi potaczy¢
roézne rodzaje rozwiazan numerycznych jednoczes$nie. Symu-
lacje wykonano za pomoca kodu FORGE 2, ktéry przystoso-
wano do warunkéw i wymagan istniejacych w uktadach powlok
i w modelowanym matematycznie do§wiadczeniu. W publikacji
zamieszczono wyniki symulacji dla testow udarnoSci opra-
cowanych dla dwoch ukladow nanopowlok. Wykazano, ze
stworzony model potrafi przewidywac rozktady intensywnos$ci
naprezen 1 odksztalcen oraz mozna do niego wprowadzi¢ kryte-
ria pgkania, ktore korzystaja z obliczanych w modelu wartosci
naprezen i odksztalcen.
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