
309METALURGIJA 51 (2012) 3, 309-312

M. ZELEŇÁK, J. VALÍČEK, S. HLOCH, D. KOZAK, I. SAMARDŽIĆ, 
M. HARNIČÁROVÁ, J. KLICH, P. HLAVÁČEK, R. CINCIO

COMPARISON OF MECHANICAL PROPERTIES 
OF SURFACE LAYERS WITH USE OF NANOINDENTATION 
AND MICROINDENTATION TESTS

Received - Prispjelo: 2011-08-09
Accepted - Prihvaćeno: 2011-12-20

Preliminary Note – Prethodno priopćenje

ISSN 0543-5846
METABK 51(3) 309-312 (2012)

UDC – UDK 620.17:620.178.1:669.15=111

The objective of the paper is a mutual comparison of diff erent methods for evaluation of mechanical properties of 
surface layers. Mechanical properties were tested with the use of nanoindentation and microindentation tests. Dif-
ferent loads and constant deformation speed were used in both cases. For the evaluation of mechanical properties, 
the AISI 304 type Chromium-Nickel steel commonly used in mechanical engineering industry was tested. Knowl-
edge of relations and diff erences between nano and micromechanical properties is necessary for understanding of 
mechanical processes continuously occurring in surface layers during cutting processes.
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Usporedba mehaničkih svojstava površinskih slojeva pomoću testova nano i mikro utiskivanja. Cilj rada je 
međusobna usporedba različitih metoda za ocjenu mehaničkih svojstava površinskih slojeva. Mehanička svojstva 
su ispitivana pomoću testova nano i mikro utiskivanja. U oba slučaja su korištena različita opterećenja i konstantna 
brzina deformacije. Za ocjenjivanje mehaničkih svojstava je korišten krom nikl čelik (AISI 304 tip) koji se vrlo često 
primjenjuje u strojarstvu. Poznavanje međusobnih odnosa i razlika između nano i mikro mehaničkih svojstava je 
važno za razumijevanje procesa koji se događaju na površinskim slojevima tijekom procesa rezanja materijala.

Ključne riječi: nanotvrdoća, mikrotvrdoća, rezanje vodenim mlazom, krom-nikl čelik

INTRODUCTION

With development of modern measurement methods 
[1-5], there is a growing demand for research on me-
chanical and tribological properties of surface layers of 
materials.

The trend is given by growing requirements for 
quality in engineering applications (fi nal quality of pre-
pared surfaces, tribology, contact loading, wear resist-
ance, corrosion resistance, etc.). Nanoindentation and 
microindentation tests represent an important tool for 
evaluation of mechanical properties of surface layers. 
These measurements techniques are based on the prin-
ciple of immediate load recording during the penetra-
tion of an indentation tip into a material surface (Figure 
1). Based on the known geometry of indentation tip, it 
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Figure 1  Principle of indentation test a) penetration of 
indentation tip into material surface, b) courses of 
loading and unloading curves
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is possible to determine the elasticity modulus and hard-
ness of surface layers.

Berkovich and Vickers indenters are commonly used 
indenters for indentation experiments. The Berkovich in-
denter is a three-sided pyramid with the same depth ratio 
as the four-sided Vickers pyramid. Typical geometry of 
both indenters is shown in Figure 2. The geometric rela-
tionship between the indenters is given in Table 1.

ples because this technology represents cold, precise and 
computer-controlled shape cutting without any thermal 
strain. Minimal heat loading of material to be cut is the 
main advantage of this technology. Surface of samples 
prepared by AWJT was subsequently grinded and pol-
ished using abrasive paper and diamond suspension. The 
measurement accuracy of the mechanical properties of 
surface layers usually depends on the quality of surface 
preparation and wear of an indentation tip [1-5].

EXPERIMENTS

AISI 304 stainless steel was chosen as an initial ma-
terial for the realization of experiments. This material is 
commonly used in various fi elds of industry and it is 
characterized by medium strength, good corrosion re-
sistance, good maintenance and relatively low cost. The 
The chemical composition of the AISI 304 is given in 
Table 2.

Figure 2 Geometry of indenters

Table 1 Geometric relationship of indentors

Indenter type Projected area Angle
Berkovich A= 24,56.hc

2 65,3°
Vickers A= 24,504.hc

2 68°

Oliver and Pharr’s metodology was used for evalua-
tion of indentation hardness and elasticity. The hardness 
can be calculated using following formula for a Berko-
vich indenter [1]:

  , (1)

where Pmax is the maximum load, A is the projected in-
dentation area, hc represents the contact depth which is 
determined according to the Formula

  , (2)

where hmax is the maximum indentation depth and, S is 
the contact stiffness. The elastic modulus E of a mate-
rial is calculated from Er using the reduced modulus of 
an indenter according to the formulas 3 and 4.

  (3)

  (4)

where ν is the Poisson’s ratio for the test material, and 
Ei and νi are the elastic moduli and the Poisson’s ratio of 
the indenter [1,3] .

CURRENT STATE OF PROBLEM

The mechanical preparation of surfaces created by con-
ventional methods of cutting is always accompanied 
by heat load, which can change the mechanical properties in 
surface layers. The subject of our research was a com-
parison of mechanical properties of surface layers by na-
noindentation a microindentation tests. We try to use 
abrasive water jet technology for primary cutting of sam-

Table 2  Chemical composition of AISI 304 
alloy, wt. / %

Element C Mn Si P S Cr Ni

AISI 304 0,08 2 0,75 0,04 0,03 18,0
20,0

8,00
11,00

An AISI sample with a square cross-section of 10 x 
10 mm and height of 5 mm was made by abrasive wa-
terjet cutting technology with the use of a PTV Ltd. 
company device (Figure 3). After cutting, the sample 
was grinded and polished using the Struers Tegra Pol 35 
device (Figure 4). Sandpapers with grain sizes of 320, 
800, 1 000 and 1 200 µm were used for grinding. The 
pressure force was set to 10N and rotation speed of 200 
min-1 was used. Subsenquently the sample was polished 
using polishing diamond suspense with the grain size of 
3µm and 1µm.

Figure 3 PTV CNC WJ2020 device for sample cutting

Figure 4  Struers Tegra Pol 35 device for sample grinding and 
polishing
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Indentation tests were performed on the Hysitron 
Triboindentor TI 950 (Figure 5) and on the CSM micro-
hardness tester instruments (Figure 6).

The nanoindentation tests were realized with a Berk-
ovich tip and microindentation tests with a Vickers tip. 
The nanoindentation testing was performed with differ-
ent forces of 1 000, 1 250, 1 500, 1 750 and 2 000 µN. 
Forces of 1 000, 1 250, 1 500, 1 750 and 2 000 mN were 
used in microindentation tests. Velocities of indenters 
penetration into the material surfaces were 400µN.min-1 

and 40 µN.min-1. The total number of 45 indents in reg-
ular distances of 4 µm were done in 5 areas of testing in 
100 µm distances. A schematic plan of indentation is 
presented in Figure 7.

RESULTS

Calculations of the hardness and elasticity modulus 
were made using formulas (1-4) based on performed in-
dentation tests, measured data and results of calibration. 
The analyses were made automatically in user’s soft-
wares which are parts of measurement devices. The cal-
culation was carried out for selected indents, which 
were not infl uenced signifi cantly by the quality of sur-

face preparation. The resulting indentation curves are 
given in Figure 8 and Figure 9.

Good equality between loading and unloading 
curves by the same forces is illustrated in Figure 8 was 
achieved. Analysis of all forces was made according to 
the matrix consisting of 9 indentation imprints. The in-
dentation depth differs from 58 to 60 nm. The courses 
of microindentation curves in Figure 9 show signifi -
cant differences. They were caused by plastic deforma-
tion and size of applied forces (they were 1 000 x higher 
in comparison with nanoindentation tests). Possible rea-
sons of these differences are various mechanical prop-
erties occuring in the middle and on the border of a 
grain with metallic structure. The indentation depth 
ranges from about 4 000 to 7 000 nm. Figure 10 illus-
trates the scatter plot relating elasticity modulus and 
hardness from both methods of measurements. Similar 
dispersions of the elasticity modulus values are shown 
in the graph. The fi nal value varies statistically from 
165 to 175 GPa.

Figure 11 represents the comparison of mechanical 
properties for selected loading forces. As can be seen in 

Figure 5  Hysitron Triboindenter TI 950 device used for 
measurements of nanomechanical properties

Figure 7  Schematic plan of micro- and nanoindentation on 
surface of tested sample

Figure 6  CSM Microhardness tester device used for 
measurements of micromechanical properties

Figure 8 Courses of nanoindentation curves

Figure 9 Courses of microindentation curves

Figure 10. Ratio between elasticity modulus and hardness
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the graphs, the value of applied loading force does not 
infl uence fi nal values of elasticity modulus and hard-
ness.

A very interesting fact was the presence of two rang-
es of the hardness value in areas of about 2 GPa and 6 
GPa, respectively. Lower hardness values were obtained 
with the use of microindentation tests (see Figure 11 b). 
This result can be infl uenced by higher mechanical de-
formation in nanolayer occurring during interaction of 
abrasive particles with the basic plane. An indentation 
tip penetrates during the microindentation deeper into 
the surface layer witch is not infl uenced by mechanical 
load as the nanolayer. All results obtained from both 
measurements are summarized in Table 3.

CONCLUSION

The paper presents results acquired during the evalu-
ation of mechanical properties of surface layers using the 

AISI 304 type Chromium-Nickel alloy in the nanoinden-
tation and microindentation tests. To eliminate heat load 
during sample preparation, the abrasive water jet technol-
ogy was used to prepare sample. Subsequently, the sam-
ple was grinded and polished. To evaluate the properties, 
different forces were used as described in results. The 
nanonindentation measurement was accompanied by 
creation of elastic deformation, and microindentation 
measurement was accompanied by creation of plastic de-
formations. The results from both measurements are 
given in the Table 3. Comparing the elasticity modulus, 
good equality of both measurements was achieved. Ac-
cording to the Figure 11 b, the values of hardness differ-
ent. The hardness in microindentation tests is more than 
3x lower in comparison with nanohardness. It proves 
higher mechanical hardness in nanolayers. One of possi-
ble applications of these measurement methods is the 
evaluation of mechanical properties of steel layers during 
interaction with pulsed water jet. It would be possible to 
infl uence (control) the quality of mechanical properties 
in surface layers on the basis of known technological pa-
rameters of pulsed water jet.
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Table 3 Results of mechanical properties

F/µN Nano-
hardness SD F/mN Micro-

hardness SD

1 000
1 250
1 500
1 750
2 000

5,55
5,65
5,74
5,73
5,56

0,13
0,08
0,24
0,19
0,16

1 000
1 250
1 500
1 750
2 000

2,10
2,07
2,17
2,12
1,95

0,20
0,07
0,16
0,16
028

F/µN Elasticity 
modulus SD F/mN Elasticity 

modulus SD

1 000
1 250
1 500
1 750
2 000

168,17
175,25
173,22
167,73
167,95

0,27
0,10
0,22
0,15
0,31

1 000
1 250
1 500
1 750
2 000

171,26
168,12
166,36
173,82
172,18

0,35
0,24
0,17
0,37
0,19

Figure 11  Comparison of mechanical properties for selected 
forces a) elasticity modulus b) hardness
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