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Abstract. The measurements of conventional indentation hardness (Brinell, Rockwell, Vickers and Knoop) are known and their methods were normalized more than 50 years ago. Their results are numbers that represent the size of the residual impressions on the sample surface after the indentation. Face to scientific and technological demands, noticed in the superficial engineering and more recently in nanotechnology field, different methods were developed for the characterization of hardness and other mechanical material properties in micro and nanometer levels. The method known as "Measurement of Hardness and Materials Parameters for Instrumented Indentation Test” is based on the use of diamond or hard metal indenters to indent the sample surface, with forces and indentation depths measured and presented simultaneously through a graphic. With this technique, is possible to characterize the plastic and elastic behavior of a material in nanometer regions (< 200nm), where it has been frequently the only one which it makes possible the research of nanostructural material, thin film, ceramic material, etc., independently from hardness. This article has the objective to show the state of the art of nanoindentation tests and the today activities of some Brazilian research groups in the characterization of the hardness values of the materials in micro and nanometer level.
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1. HISTORY OF THE HARDNESS MEASUREMENT

Well before the quantitative and reproducible results of hardness be available, philosophers and scientists of the XVII century already discussed about this subject. In that time, the investigations contemplated speculations on the nature of its meaning only (Wilde et al., 2000). In fact, the first methods of hardness measurement studied, just as the scratch method, was convenient and simple, however they involved many variables to provide a meaning to the hardness scientific definition.

Hardness had indication as resistance to the indentation or permanent deformation in the beginning of the XVIII century. In 1722, Reaumur developed a scale for test in metals regards the scratch test with the use of an anvil cleaver as indentation tool in a bar, whose hardness increased from one side to the other. The great importance of this method was the fact that Reaumur was the first to investigate a measurement by indentation. In 1859, Calvert and Johnson showed the first results obtained by a hardness machine considering the force requested to produce an indentation depth of 3,5mm. This depth was measured through a scale equipped with a vernier. The force requested to indent the 3,5mm was called hardness (Wilde et al., 2000).

Based on the criterion for analysis of hardness established by Heinrich Hertz in 1881, where he postulated about the nature of the tension field due to the contact between two elastic bodies, the physical concept of hardness has having different meanings for the different professionals that use this property. The divergent concept depends on the experience of each one when studying the subject. In general, for a metallurgist, hardness means the resistance to the permanent plastic deformation. For a mechanical engineer, hardness is defined as the resistance to the indentation of a hard material in another. For a planner, it is considered a measure base for the knowledge of the mechanical resistance obtained in the thermal or mechanical treatment of a material and of its mechanical resistance to the wear. For a metal machining technician, it provides a measurement of the cutting resistance and, for the mineralogist, it means the measured of the scratch resistance that a material can do in another one (METALS HANDBOOK, 1995).

1.2. History of Conventional Hardness Method 

There are several methods that can aid the understanding of hardness measurement, the three more used and mentioned method in the literature are:

· Indentation resistance (Brinell/Sweden, 1900; Rockwell/USA, 1920; Vickers/United Kingdom, 1925 and Knoop/USA, 1939).

· Shock resistance or energy absorption from dynamic application forces (Shore/USA, 1895).

· Scratch resistance (Mohs/Austria, 1822).

The indentation resistance is the one that represent the major applicability in the engineering research as well as in the process of the industry product.

The technology of indentation hardness emerged as a simple and economic alternative related to the tensile test, as a way to determine for other manner the value of the mechanical resistance of the materials. The Brinell hardness method, created in 1900 for Johan August Brinell (Sweden), appears to attend that need (Dieter, 1988).

The company Wilson Co. (USA) introduced the Rockwell hardness method in 1920. This method objectified optimizer some limits of the Brinell method and, above all, to decrease the time of testing in order to obtain advantages of practical order, turning it, until today, the method more used by the industry (Low, 2001).

The Vickers method, introduced in 1925 by the Vickers Industry Ltd. (England), is strictly related to the Brinell method and it is generally used to measure high hardness when the Brinell method is not applicable.

2. PROPOSAL OF NEW METHOD
The proposal of a new method for hardness and other material property has to offer advances in relation with the other current hardness methods. In comparison to the conventional methods, the new one has to (Polzin, 1997):

· be cheaper, automatic and/or quicker.

· have smaller uncertainties.

· bring additional knowledge.

· be a unique method for the purpose.

· give values which can characterize special materials.

· have a standard or a standardization method established.

As described previously, the methods mostly used for metallic materials are Brinell, Rockwell and Vickers. For Brinell and Vickers, the relevant hardness value is determined after the total test force removal. For Rockwell hardness, the value is determined through the measurement of the indentation depth after the additional force test removal and can be done fully automatically.

For the hardness measuring of thin film, thin layer on compact materials or ceramic, the Rockwell method cannot be used because its high preliminary and total test forces would influence in the hardness results due to the crack formation induced during the indentation.

In the Brinell method, the metal ball indenter can cause differences in the hardness results because it can suffer deformation during the test.

In the Vickers method, all hardness scales are measurable, being a continuous measurement method and, the application of small test forces are estimable and available in standards, facilitating the measured of fine layers. The disadvantage of this method is that it’s submit to the influence of the operator and this influence can affects the resolution power and analysis of the impression, increasing considerably the uncertainty measurements.

The uncertainty measurements of an impression with 5(m residual diagonal given by a Vickers indenter, for example, can be in the order of 20% when used an optic microscope for the reading. This uncertainty can grow as the size of the indentation decreases and it can arrive as high as 100% for impressions with diagonals of 1(m (Fischer-Cripps, 2002).

Better would be to have a method that could use a indenter like the Vickers one, in a wide scale of test force, in consonance with an automatic measurement just like the Rockwell method (Polzin, 1997).

2.2. Historical and Establishment of the Instrumented Indentation Test

In 1993 the German institute of standardisation, Deutsches Institut für Normung (DIN), presented to the technical subcommittee TC 164 SC3 of the International Organisation for Standardisation (ISO), the technical report TR 14577 in which proposed the establishment of a new hardness measurement method, the Universal Hardness (HU).

In 1994 the DIN decided after the local industrial demands that the set of standards sent to ISO by means of the technical report TR 14577 should be published immediately in Germany. Those standards had the following numbers and titles: DIN 50359: Universal hardness testing of metallic materials: “part 1 – Test method”, “part 2 - Verification of testing machines and” “part 3 - Calibration of reference blocks” (Machado, 2005).

This method was based on the use of diamond indenters like the Vickers (pyramid of square base) or Berkovich (pyramid of triangular base) to indent into a sample surface with the test forces and indentation depths measured and presented simultaneously by means of a curved Fxh in the screen of a computer, figure 1. With this new method, it was possible to characterise the plastic and elastic behaviour of a material with minimal operator influence.
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FIGURE 1 - Schematic graphic of the measurement cycle considering the force-indentation depth behaviour (Machado, 2005).

Where A is the application of the test force; B is the removal of the test force; C is the tangent to the curve B at Fmax; F is the test force (mN); Fmax is the maximum test force (mN); h is the indentation depth under applied test force (nm); hmax is the maximum indentation depth at Fmax (nm); hr is the point of intersection of the tangent to the curve B at Fmax with the indentation depth-axis (nm) and hp is the permanent indentation depth after removal of the test force (nm).

The figure 2 shows a cross section of one indentation where is possible to identify the depths monitored during the test.
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FIGURE 2 - Sketch of the cross section of one Vickers impression, considering the measurement cycle with the force-indentation depth behaviour (ISO 14577-1).

Where p is the indenter tip; i is the surface of residual plastic deformation in sample; Sa is the surface of sample at maximum indentation depth and maximum test force; hmax is the maximum indentation depth at Fmax (mm); hp is the permanent indentation depth after removal of the test force (mm) and hc is the depth of the contact of the indenter with the sample at Fmax (mm).

Comparing this method to the classic hardness measurement (Brinell, Rockwell and Vickers) where the size of the impression is measured only after the removal of the total or additional test force, it was noticed how much this new method was more powerful when one wanted to analyse material properties, mainly the localised measurements and small thickness of the materials, remarkably in the micro and nanometer ranges.

Only, in 1997 the technical subcommittee ISO/TC 164/SC 3 decided to work on this item and to develop an International Standard based on the document “ISO/TR 14577 Instrumented Indentation Test for Hardness and other Materials Parameters” with the following parts: “part 1 - Test method”, part 2 - Verification and calibration of testing machines” and part 3 - Calibration of reference blocks. In 2001 it was decided to start a work in the “part 4 - Test method for coatings”.

From the effective beginning of the establishment of this new method, called Instrumented Indentation Test (IIT) to the current days, the technical possibilities of the test force application, the measurements of indentation depth, the registration and storage of data and the graphic representations of the results, has being optimised to better understanding of the equipment, mainly in the meaning of the automated control of its functions, through a computer.

With the automation of the measure, this technique can provide the calculation of several important characteristics of the materials, among them (ISO 14577-1):

· Martens Hardness (HM): defined as the test force F, divided by the contact surface area of the indenter As(h) (up to 2001 it was called Universal Hardness), equation 2. It includes the plastic and elastic deformations of the material (N/mm2).
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· Indentation Hardness (HIT): defined as the maximum test force Fmax, divided by the projected area of contact (cross section) between the indenter and the sample Ap(hc), equation 3. It includes the plastic deformation only (N/mm2).
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· Indentation Modulus (EIT): defined from the slope of the tangent of the force removal curve (N/mm2). It includes characteristics of the indenter and of the sample. In the equation 4, (a is the Poisson’s ratio of the sample; Er is the reduced modulus of the indentation contact; (p is Poisson’s ratio of the indenter and Ep is modulus of the indenter. In the equations 5 and 6, Cs is the compliance of the contact associated to the indentation in the sample, that is the inverse of the contact stiffness S.
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Thus, the IIT has been turned important technique in the development of nanostructural materials, thin films, ceramic materials, etc., for its speed and capacity to determine these mechanical properties independently from hardness. This method is frequently the only one which it makes possible the research of properties in tiny areas of materials (< 200 nm), (Göeken and Kempf, 2001).

2.3. Field of Application 
The application fields of IIT are large and diversified, besides to provide information for the hardness and the elastic modulus, they also provide important information on other properties of the materials. Among them, some of general and current importance in the scientific research can be outstanding, such as (Hysitron Inc., Minneapolis, MN, USA):

· Characterization of nanoscale components.

· Assess of adhesion of bond pads.

· Quantification of wear resistance of wear-resistant coatings.

· Evaluation of interfacial toughness, mechanical properties of individual phases.

· Measurement of viscoelastic properties of polymers.

· Quantification of static and dynamic mechanics of MEMS and NEMS devices.

· Quantification of fracture toughness and interlayer adhesion.

· Wear resistance and multi-layer adhesion of optic cables.

· Characterization of compatibility of proposed bio-replacement materials. 

3. AN OVERVIEW OF THE BRAZILIAN NANOINDENTATION RESEARCH GROUPS

In Brazil, the first research groups that showed the interest in the mechanical properties characterization in micro and nanometer levels where those linked to applied physics area of the universities, remarkably those from surfaces engineering area.

In 1996 was created in the Physics Department of Federal University of Paraná-UFPR, the Nanomechanical Properties Laboratory with the acquisition of the Nanoindenter II equipment (Nano Instruments Inc., USA).

Also in the middle of the nineties, the Surface Phenomenon Laboratory of the Mechanical Engineering Department from the São Paulo University USP-SP, acquired an instrumented indentation test, the Fischerscope H100V (Helmut-Fischer GmbH, Germany).

Later on, in 1998, the Group of Studies of Surfaces and Interfaces Properties of the Physics Faculty of Catholic University of Rio Grande do Sul PUC-RS, also acquired an equipment Fischer H100V.

In 2003, other two groups acquired equipment’s of hardness using the instrumented indentation test technique. A Hysitron Triboindenter (Hysitron Inc., USES) was acquired by the Plasma and Applications Laboratory of Physics and Chemistry Department of the State University from São Paulo UNESP-Guaratinguetá, and a Dynamic Ultra-micro Hardness Shimadzu DUH-W201S (Shimadzu Co., Japan) and a Hysitron Triboscope were acquired by the Technological Metallurgy Section of CETEC-MG. In 2005 was the Laboratory of Tribological Coatings of the Metallurgy and Materials Department of UMFG that acquire a Shimadzu DUH-W201S, similar to the CETEC-MG machine.

Beyond of those research groups, the Tribology and Materials Laboratory of the Physical Sciences Department of the Federal University of Uberlândia-UFU, comes developing in the own laboratory instrumented indenter to determine properties in high temperatures environments (Franco et al., 2001).

It’s important to point out that these research groups come maintaining an interactivity with the groups that investigate the processing of materials, e. g., there is a critical mass in the Country, although incipient, that is capable to caring out instrumented indentation tests with high quality, concentrating efforts to familiarize the necessary language for interpretation and discussion of the results (Pintaúde and Machado, 2003).

3.1. Brazilian demands

3.1.1.  Nanostructural Materials

The Department of Metallurgy and Materials Engineering (DEMET) of the Federal University of Minas Gerais (UFMG) presents a high activity level in the field of mechanical conformation of metallic materials, where the need of determination of the final properties exists after processing that are quite heterogeneous, macro and microscopically. Local hardness measures in nanometer level are special for the evaluation of the deformation heterogeneity allowing studies on the consequences of this phenomenon. Nowadays is relevant the development of materials said nanostructured with very small grain sizes, in the nanometer range, what checks to the material a mechanical resistance much larger than the alloys with conventional microstructure.

The methods of structural processing more adequate for industrial applications are based on the Severe Plastic Deformation (SPD). Among the techniques of SPD, the most promising are the Accumulative Roll Bonding (ARB) and the Equal Angular Channel Pressing (ECAP)" (Costa et al., 2005).

From these methods, very high rates of plastic deformation can be obtained through the accumulative deformation after a convenient number of passes.

In the figures 3a) and 3b) examples of deformations are given by the process ARB in Interstitial Free (IF) steel. The understanding of the processes of structural refinement that take to the formation of nanometer grains size, requests detailed characterization of the nanostructure of the material, what can just be carried out with advanced microscopy techniques, like the Atomic Force Microscope (AFM), and the measurements of nanomechanical properties throughout IIT, that seams to be the only available technique in the study of this structural evolution (Costa et al., 2005).
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a) AFM images, scan size = 5(mx5(m, Z scale = 100nm 
b) AFM images, scan size = 2(mx2(m, Z scale = 150nm 

FIGURE 3 – IF steel: a) 2 passes ARB and b) 32 passes ARB. (Costa et al., 2005)

3.1.2. Trybological films
The DEMET/UFMG has also been investing in the research of surface engineering and, especially, in the study of trybological coatings, because the demand for measures in films with thickness more and more thin in areas mechanically and chemically aggressive has been increasing considerably.

The assessment of the substrate/coating performance depends on the measurement of mechanical properties of such deposited films as hardness, elastic modulus and toughness. The conventional hardness test in the micrometer range allows to determine some properties of the films but, due to the small thickness, lower application test forces are necessaries so that those properties are measure without or with the minimal of substrate influence and this is only possible from the application of the technique of micro and nanohardness by IIT (Batista, 2001).

3.1.3. Decorative films

Interference films deposition is an alternative for the formation of colored protective layers on the surface of stainless steel for decorative applications. The process involves the growth of a chromium oxide films by electrochemical alternating current method on the surface of stainless steel checking to the films different porosity depending on the duration of the current pulses.

Results of researches in progress in the Technological Foundation Center of Minas Gerais (Cetec/MG) for the durability assessment of those colored stainless steels, has been indicating that the morphology of the films can increase the mechanical resistance of those materials. The combination of IIT device in nanometer level with an Atomic Force Microscope (AFM) allows indenting the surface in very shallow depth and imaging the impression with the same tip. Besides, this combination enables to positioning the tip in very local area for nanoindentation test with a high level of accuracy.

The figure 4 shows the topographic images of the gold interference films deposited in an AISI 304 stainless steel sheet with low and high porosity before and after the nanoindentation test with an IIT-AFM Hysitron nanoindenter.

The mechanical properties extracted from the force-displacement curves with Fmax=100µN, applied over a diamond indenter with triangular base (cube-corner), figure 4, are presented in table 1. 
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FIGURE 4 – AFM Images before and after the application of Fmax = 100µN in gold films with high [a.1) and a.2)] and low [b.1) and b.2)] porosity in an AISI 304 stainless steel.

Table 1 - Mechanical properties of gold interference films electrodeposited on AISI 304 stainless steel.

Mechanical property
High porosity film
Low porosity film

HIT (GPa)
2.4
6.9

EIT (GPa)
75.2
101.5

hmax (nm)
71.6
36.2

Ap(hc) (nm2)
37276.1
14233.0

In the figure 5 it is possible to observe that the residual indentations of the film with high porosity are larger than the indentation of the film with low porosity.
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a.1) Before IIT.
a.2) After IIT.
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b.1) Before IIT.
b.2) After IIT.

FIGURE 5 - Force-displacement curves for the high and low porosity in gold interference films on AISI 304 stainless steel.

The combination of Nanoindentation test with an Atomic Force Microscope is frequently the only method that makes possible the characterization of near-surface of nanomechanical properties of materials as small as 50nm. The possibility to have the indentation restricted to a small fraction of coating thickness might be suitable for isolating “coating-only” properties (Junqueira, et al., 2005).

3.2. Other Demands
3.2.1. Localized Measurements with Nanometer Resolution

The application of this new method can also be verified in the work done by Kempf et al. (1998). It was carried out studies in order to determine localized mechanical properties with nanometer resolution of metallic alloys to allow the best understanding of the materials with objectives to the improvement of theirs structural projects. It was used an nanoindenter equipment coupled to a AFM with forces varying of nanonewtons to micronewtons and they captured images with amplifications of 300.000 times to study the matrix and the precipitate (’ of a CMSX-6 superalloy, figure 6 (Machado, 2003).
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FIGURA 6 - Impressions in the CMSX-6 alloy, Fmax = 500mN. The matrix corresponds to the dark area and the precipitate (’ to the clear area.

3.2.2. Residual Dislocations Description and Elastic-plastic Responses
The nanoindentation behavior of various materials at low test forces is also currently used to investigate, with the immediate goal, the determination of the initial stages of material response to elastic-plastic contacts. Results relating to the indentation behavior of {111} Si and {001} MgO at force of 0,1mN to 5mN using a Berkovich indenter is being researched. Plane-section Transmission Electron Microscopy (TEM) observations are used to describe the residual dislocation structures produced in MgO at test forces down to 0,1mN and to describe the elastic-plastic response (i.e., dislocations, phase transformations and fracture) of silicon at test forces down to 0,25mN. The TEM results, figures 7a) e 7b), together with associated Atomic Force Microscopy (AFM) images of indentations and the indenter tip, are directly related to the initiation of plastic deformation in these materials and, more generally, to the elastic-plastic response seen in acquired load-displacement plots, figure 8 (Hockey, Machado and Guin, 2005).
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FIGURE 7 - TEM images, Fmax = 1mN.
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FIGURE 8 - Fxh curves in MgO {001} and in Si {111}, Fmax = 1mN.

4. CONCLUSIONS

As it can be noticed, the main technological consequence in the difference of determination of the conventional hardness test with the hardness and other property for instrumented indentation test is that, since the hardness measurement doesn't depend more on the resolution of an equipment to analyse the produced plastic impression, the hardness and other mechanical properties can be measured in very small indentation depths under application of test forces also in very small scale. With the progress of technologies capable to produce superficial modifications of the materials in nanometer level (nanotechnology, nanoscience), the hardness and other mechanical properties, became dependent of the test force applied and of measurements in very tiny area of the material surface.

Because of that, the research centers and the universities in Brazil are beginning to make efforts in the development of projects in the field of the nanomechanical materials characterisation, because the nanotechnology and nanoscience areas are being shown as a strategic and important demand for the innovation in scientific and technological for the development of the nations, and the know-how of this of the micro and nanoindentation technique comes to support these needs.
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