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Abstract 

The effect of geometric confinement is well-known from hardness measurements of thin 

films on stiff substrates and has been modeled both phenomenologically and using e.g. 

Finite Element Analysis. However, these models are mainly focused on a specific experiment 

or a certain material family. In the present work, Finite Element Analysis is used to gain a 

better understanding of the interplay between geometric constraints in various 

microstructures and a wide range of materials properties. It is shown that a very simple 

model can be used to replicate thin film hardness data where the film is softer than the 

substrate as well as how materials properties alter the indentation behavior of materials 

confined in one to three dimensions. It is shown that qualitative agreement with 

nanoindentation of the metallic binder phase in the complex 3D-microstructure of a 

cemented carbide is achieved using an axisymmetric “pill-box” model with classical 

plasticity. It is also shown that the effect of higher-order confinement can be described by 

the Korsunsky thin film hardness model by re-optimizing the fitting parameters.  Keywords: 

Nanoindentation; Hardness; Composite; Finite Element Analysis; Complex microstructure; 

1. Introduction 

The understanding and modeling of the mechanical properties of composite materials is 

often based on the individual properties of the constituent phases and how the phase 

fraction and distribution influences the composite properties [1-3]. The input for the models 

generally consist of the individual phase properties, the phase fractions and some 

parameters for the distribution of and interaction between the phases. Experimental data 

can be used to extract these parameters and the mechanical property models may then be 

used to predict changes in properties due to e.g. variation of the phase fractions. This is very 

useful for optimizing the properties of a well-known system where experimental data is 
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readily available; however, in order to apply these models to alternative systems, extensive 

experimental studies are needed. So, in order to use these models in a more general 

approach it is necessary to understand the origin of the experimentally extracted 

parameters and provide a theoretical framework to be used as basis for calculations. The 

hardness model for WC-Co cemented carbides developed by Engqvist et al. [3] can be taken 

as an example: the composite hardness is described as a function of both the carbide and 

the binder phase hardness as well as an interaction between the phases. The carbide 

hardness is well described with regards to grain size in accordance to the properties of 

polycrystalline WC, while the binder hardness is extracted as an average value from 

nanoindentation hardness of the Co-phase. This value is significantly higher than the 

hardness of a Co-based bulk alloy with similar composition [4]. It was therefore clear that a 

more detailed description of the binder hardness was needed to expand the model to 

alternative binder systems. This was done by Walbrühl et al. [5] through a combination of 

nanoindentation [6], kinetic simulations of the solubilities in the binder [7], a general 

solution strengthening model [8] and finite element simulations of the effect of rigid 

boundaries on the indentation of a binder-like material [9]. In combination with 

experimental data [6,10-11], the simulations indicate that the intrinsic binder hardness is 

very close to that of a bulk alloy with corresponding composition. This approach clearly 

shows the need for a better understanding of the different factors contributing to the 

intrinsic and measured properties of the constituent phases, especially when aiming to use 

them for Integrated Computational Materials Engineering (ICME) [12] and Materials Design 

[20].  

Finite element analysis is often used to imitate experimental setups [12] such as tensile 

testing [13-16] and hardness measurements [17-19]. A significant amount of work has been 

done on the indentation of thin films and a comprehensive bibliography of previous finite 

element analysis studies related to this problem has been compiled by Mackerle [21]. 

Studies related to the indentation of composite materials, e.g. [22-25] are complemented by 

simulations of indentation of thin films on various substrates, often with the aim to replicate 

the results of a given experimental set, e.g. [26] or, in some cases, to investigate the effect of 

a wider range of thin films [27] or substrates [28]. However, many of these papers deal with 

hard coatings on soft substrates. A number of papers are focusing on the indentation of soft 



films on hard substrates, e.g. Refs.[17, 21, 23, 25, 27-33], but to the authors’ knowledge no 

general computational study of a wide range of thin film materials has yet been presented. 

This paper aims to use finite element analysis to explore the influence of materials 

properties, local microstructure and applied approximations for the modeling of substrates 

on the indentation hardness. Starting from indentation of bulk materials and thin films, the 

analysis is then extended to more complex three-dimensional microstructures.  

1.1 Model background 

The present study is inspired by our work on the indentation behavior of the cemented 

carbide binder phase [6] and the correlation to composite microstructure, see figure 1a and 

b ,where hard particles (prismatic WC-grains) are bound together by the soft metallic binder 

phase (generally Co). The indentation behavior of the binder phase [6] is shown in figure 1c.

 

Figure 1 a) Typical microstructure of a WC-Co cemented carbide with dark binder phase (Co) 

and lighter WC-grains. b) A cross-section of a nanoindent, outlined in green, in a NiFe-binder 

Ref.[6] where a WC grain is present approximately 500 nm below the surface. The green 

outline marks the geometry of the indent. c) Schematic Load-Displacement curves for 

nanoindentation in the different constituents in cemented carbides based on Ref.[6].  



Despite this, the general approach is intended to be applicable to any composite system with 

primarily two phases as long as the microstructure and the approximate properties of the 

constituent phases are known. The focus is, however, the confinement of the softer phase 

caused by the hard phase. In order to measure the hardness of the binder in cemented 

carbides, nanoindentation has been applied in several studies [6, 11, 34, 35] and the binder 

hardness is often measured to be significantly higher than that of corresponding bulk alloys. 

With a thorough investigation of the nanoindentation results and the 3D-microstructure, 

figure 1b), of the binder region we have previously shown [6] that many of the high values 

can be attributed to partial indentation of the surrounding carbides. However, even in cases 

where the indenter has no direct contact with the carbides the measured hardness and the 

load-displacement curves, as shown schematically in figure 1c), deviate from that of an 

unconfined binder. This occurs when the indentation volume is relatively large compared to 

the binder region.  

In a work of Saha et al. [31] where the indentation behavior of Al-films on different 

substrates are investigated and the results show negligible plastic deformation of the 

hard/stiff substrates (glass/sapphire), indicating that the substrate may be approximated as 

linear-elastic for indentation depths that do not exceed the film thickness, 𝑡. This 

approximation is adapted in the present work whenever a substrate is included (in this paper 

referred to as “two-phase model”) since the main focus lies on the behavior of the 

embedded soft phase. Note that for the two-phase model the term “film” will be used to 

refer to the embedded soft phase and “substrate” will refer to the second phase which 

imposes the confinement, regardless of whether the investigated system is a film-on-

substrate in the classical sense or a feature in a composite microstructure. However, our 

previous work [9] showed that in the case of Al on glass, the substrate may even be 

approximated as rigid and thereby be replaced by rigid boundaries in the model (in this 

paper referred to as the “single-phase model”), simplifying the model and reducing the 

computational time. The majority of the following results are calculated using the single-

phase model which, as will be shown, does not yield significantly different results than the 

two-phase model for the classical thin film geometry.  



1.2 Model for bulk indentation 

Bulk indentation simulations were performed using a model similar to that described in the 

work of Bhattacharya and Nix [36]. The model is axisymmetric and thereby does not allow 

for the use of complex indenter geometries. Instead of a Berkovich or Vickers indenter, a 

conical indenter with similar area-function (area-to-depth ratio) is used. In order to mimic 

bulk indentation the indentation volume must be very small in comparison to the sample 

volume. This was ensured by making the sample dimensions 50 times larger than the 

maximum indentation depth.  

1.3 Models for confined indentation   

In order to provide an easy-to-use and computationally efficient model, to simulate the 

effect of the geometric constraints on the testing material, the real microstructure of the 

aforementioned cemented carbide system has been simplified. Figure 2 shows step-by-step 

how the present “single-phase” model has been constructed based on the microstructure 

where the phase of interest is the binder phase, dark grey in figure 2a. The 3D geometry of 

the binder in figure 2b is a schematic representation of the real binder volume based on the 

3D-EBSD reconstruction from Borgh et al. [37] and the FIB-SEM investigation by Walbrühl et 

al. [6].  The simplified “pill-box” model shown in figure 2d is used in this work as a first 

approximation of the real system and more complex structures should be investigated in 

future work for cases where the present description is found to be insufficient.    



 

Figure 2 a) A large binder region (marked by the dashed red line) in a cemented carbide 

where nanoindentation is performed (red symbol). b) A model of the set-up showing only the 

binder region and the Berkovich indenter in 3D. c) Simplified model with a radius related to 

the minimum distance between the center of the indenter and surrounding carbide grains 

and a conical indenter instead of a Berkovich tip. d) The model in 2c reduced to an 

axisymmetric 2D model to reduce the computational time and enable a more refined mesh. 

In this model the carbides are excluded and replaced by rigid boundaries. 

In the simplest model (the “single-phase” model) the carbides are excluded and replaced by 

fixed boundaries, [9] as seen in figure 2. This approximation should provide the maximum 

effect of geometry as real materials are not completely rigid but allow for some elastic 

and/or plastic deformation during indentation. This aspect is considered in a more complex 

model, the “two-phase” model, where the substrates are included. The two-phase model is 

similar to the model used by Saha et al. [31] but also incorporates the option to include 

radial confinement of the thin film. The rigid boundary approximation should be acceptable 

in the case where a soft phase is confined by a significantly stiffer/harder phase, as is the 

case in cemented carbides. In cases where the indenter comes in direct or indirect contact 

with the substrates, however, this approximation is not applicable, hence it is necessary to 

use the “two-phase” model. The schematic design and boundary conditions of the single 

phase and two-phase models are shown in figure 3.   



 

Figure 3 Schematic illustrations of the different models and boundary conditions primarily 

used in this study. From left to right the schematics of the axisymmetric bulk indentation, 

single-phase and two-phase models are shown. The single- and two-phase models are both 

used for thin film (𝑟 >> 𝑡) indentation as well as radially confined thin film indentation 

(0.5𝑡 < 𝑟 < 4𝑡) as an approximation of indentation in complex microstructures. 

The indenter tip used in the simulations is conical with a half-angle of 70.3⁰ in order to 

achieve the same area function as a Berkovich tip which is commonly used for 

nanoindentation. Based on the simulation results of Sakharova et al. [38] the consequence 

of using a conical instead of a Berkovich tip is that the measured hardness is slightly lower 

due to the lower area-to-volume ratio of the conical indenter. The indenter tip is assumed to 

be a rigid, perfect cone without any truncation. The exact indenter shape is known to 

influence the final hardness value. However, as the aim of the present work is not to in detail 

replicate one specific experiment, imperfections of the indenter shape would just introduce 

an additional variable to consider when interpreting the results and is therefore not 

considered.  

2. Computational details 

The Finite Element Method, FEM, simulations have been performed in Abaqus/CAE 6.14 

[39]. The elements used are CAX4 elements (axisymmetric stress) with full integration. The 

materials properties used are the pre-implemented elastic and plastic materials properties 

where the required input parameters are Young´s modulus, 𝐸, Poisson’s ratio, 𝑣, and stress-

plastic strain (𝜎 − 𝜀𝑃) data.  



The elastic response of the sample and substrate materials have been modeled using the 

linear elastic approximation and the Hollomon relation [40] is used to model the plastic 

response of the sample, resulting in the stress-strain behavior according to: 

 
𝜎 = {

𝜀𝐸,       𝜎 <  𝜎𝑌

𝐾𝜀𝑛,    𝜎 >  𝜎𝑌
 

(1) 

σ is the true stress, ε the true strain, 𝐸 is the Young´s modulus, 𝜎𝑌 the Yield stress, 𝑛 the 

strain hardening exponent and 𝐾 the strength coefficient of the material. The strength 

coefficient is calculated using the relation  

 
𝐾 = 𝜎𝑌 (

𝐸

𝜎𝑌
)

𝑛

 
(2) 

For simplicity the substrate in the two-phase model has been modeled as linear elastic 

without any plastic behavior. As already mentioned, this has previously been shown to be a 

reasonable approximation for thin film indentation when the substrate is stiffer than the film 

material and does not yield during the indentation [31].  

The analysis is separated in two steps, the loading and the unloading steps. For each step the 

rigid indenter is displaced to a predetermined position, i.e. the indentation is displacement 

controlled. The indenter/sample interaction is defined by isotropic friction, i.e. assuming no 

directional dependence on the friction behavior. The friction coefficient, 𝜇, has an influence 

on the contact area, 𝐴, and is here chosen as 𝜇 = 0.1 based on Ref.[32]. The results from 

Guo et al. [32] show that 𝜇 = 0.1 gives approximately the mean value for 𝐴 for frictionless, 

𝜇 = 0, and high-friction, 𝜇 > 0.3, indentation. As the indenter deforms the sample, it will 

experience a reaction force, 𝐹, that is used to calculate the hardness, 𝐻,  

 
𝐻 =

𝐹

𝐴
 

(3) 

In experimental setups the contact area is often described by an indenter-specific area 

function which is then used to estimate the contact area. However, when there is significant 

sink-in or pile-up of material around the indenter the area-function must be modified for 

each specific material in order to not over over- or underestimate the contact area. As the 

contact area is directly calculated in the model, these problems are avoided but may still 

need to be considered when comparing the results to experimental data.  



In the present work the main interest is the effect of the relative length scales (indentation 

depth, ℎ, and film radius, 𝑟) compared to film thickness, 𝑡. Furthermore, we normalize all 

stresses and hardness values by the material yield stress, 𝜎𝑌, resulting in a reduced hardness 

value, 𝐻/𝜎𝑌, dependent on a number of material and microstructural parameters: 

 𝐻

𝜎𝑌
= 𝑓 (

𝐸

𝜎𝑌
,  𝑛, 𝑣,

ℎ

𝑡
,
 𝑟

𝑡
) 

(4) 

In the present study, the materials parameters that have been investigated are 𝐸/𝜎𝑌 =

[100, 3000], 𝑛 = [0, 0.5], 𝑣 = 0.3, and the microstructural parameters investigated are 

ℎ/𝑡 = [0, 1], 𝑟/𝑡 > 0.5. These material parameters are, in principle, not limited to any 

particular material class but since the focus of our work is on metals and alloys where 

deformation characteristics are dominated by plasticity, it is likely that materials with 

fundamentally different relations between 𝐸 and 𝜎𝑌, i.e. elastically dominated materials, or 

distinct strain-hardening behavior, are not well-represented by these results. Where 

comparisons are made to experimental hardness data, the specific values for the input-

parameters are listed in a table.  It is also important to note that the materials properties 

used in the present simulations are taken from literature data on polycrystalline bulk 

materials. Since the simulations are focused towards nanoindentation, which generally is 

performed within a single grain, this introduces some uncertainty related to single crystal vs. 

polycrystal properties. This means that the indentation usually is performed within a single 

grain and that there may be a discrepancy between the simulations of the confined 

materials and the experimental hardness data depending on the anisotropic properties of 

crystalline materials as well as the influence of grain boundaries.  

3. Results and discussion 

In order to get a better understanding of the general influence of the different materials 

parameters the reduced hardness, 𝐻/𝜎𝑌, is mapped for a wide range of 𝐸/𝜎𝑌 and 𝑛. As seen 

in figure 4a), the strain hardening behavior of the material has a very strong influence on the 

hardness, especially for 𝑛 > 0.15 and 𝐸/𝜎𝑌 > 1000. The commonly accepted approximation 

of 𝐻~2.8𝜎𝑌 for level III (plastically dominated) indentation [41] is well reproduced for non-

strain hardening materials, 𝑛 = 0, and may also be used with reasonable accuracy for 

weakly strain hardening materials, 𝑛 < 0.1. The present results include some rather 

excessive strain hardening as compared to what is usually observed in metals and metallic 



alloys (𝑛~0.1 − 0.3) but shows the potential of significantly increasing the hardness of a 

material if the strain hardening behavior can be increased while maintaining the yield 

strength. The influence of 𝐸/𝜎𝑌 is not a direct result of the modified Young’s modulus but is 

instead a consequence of the modified strength coefficient, 𝐾, as 𝐸/𝜎𝑌 varies. The influence 

of varying Young’s modulus without modifying the plastic response has a negligible effect on 

the simulated hardness value. 

In order to verify the model setup and the results in figure 4a, a number of bulk hardness 

calculations were performed using experimental bulk material properties available in 

literature, listed in table 1, as input. As the simulated hardness cannot be directly compared 

to experimental Vicker’s hardness (𝐻𝑉) due to the tip geometry, a correction factor is 

needed on top of the conversion from 𝐻(𝑀𝑃𝑎) to 𝐻𝑉 (𝐻𝑉 = 𝐻(𝑀𝑃𝑎)/9.807). Based on 

the work of Sakharova et al. [38], the Vicker’s indenter should give approximately 4% higher 

hardness than the conical indenter. The reliability of the bulk indentation simulations is 

shown in Figure 4b). The stress-strain data for the different materials has either been fitted 

directly from experimental curves, or, in the case of Ti and Ti6Al4V alloys, taken from 

reported yield stress [42] and strain hardening exponents [43,44]. The scatter around the 

reference line can, at least partly, be explained by uncertainties in the parameter fitting as 

well as in the experimental data. Other potential sources of uncertainty include the rigid 

approximation of the indenter, indenter geometry effects not captured by the FEM-model, 

grain size effect on hardness measurement, etc.  

 



Figure 4 a) Plot of the reduced bulk hardness, 𝐻/𝜎𝑌, as function 𝐸/𝜎𝑌 and 𝑛. The contour 

lines originate from a fit of the simulated hardness data (circles). b) Comparison between 

calculated hardness based on the results in Figure 4a) and the experimental hardness for 

commercially pure Ti [42,43] as well as 6061-T651 Al [45], Co-W-C [4], Ti6Al4V [42,44] and 

equiatomic fcc (high entropy) alloys [46]. 

Table 1 Input material properties for the bulk alloys in figure 4b. The values for 𝑛 are fitted to 
the experimental stress-strain curves reported in the provided references.  

Material 𝑬 [GPa) 𝝈𝒀 [MPa] 𝒏 

FCC-HEAs 
210, 160, 226, 

163, 217, 199 [46] 

274, 213, 304,  

187, 110, 95 [46] 

0.165, 0.16, 0.17, 

0.175, 0.235, 0.205 [46] 

Co-W-C 209 [42] 

380, 420, 400,  

500, 515, 545,  

535, 525, 580,  

565, 645, 650 [4] 

0.2 [4] 

Ti grade 

1,2,3,4,7 
100 [42] 

240, 340, 450, 590, 

340 [42] 
0.25 [43] 

Ti6Al4V 114 [42] 830, 965, 1100 [42] 0.15, 0.15, 0.10 [44] 

Al 70 [42] 

185, 203, 197,  

261, 275, 300,  

315, 323, 334 [45] 

0.22, 0.17, 0.10,  

0.035, 0.035, 0.035, 

0.035, 0.035, 0.035 [45] 

 

The bulk hardness results will be used as the base-line from which we will evaluate the 

hardness and hardening behavior of confined geometries in the following sections.  

3.1 Indentation of materials confined in one dimension – thin films 

As shown in Ref.[9] and here in figure 5a), the experimental thin film indentation results 

from Saha et al. [31] and Beegan et al. [47] can be reproduced with reasonable accuracy 

using both the single-phase and two-phase thin film models. The input parameters used for 

the film properties are listed in table 2. Overall, the results are very similar for the single-

phase and the two-phase models with the main difference being that the single-phase model 

gives a somewhat higher apparent hardening rate. There are, however, some quantitative 

discrepancies between model results and the experimental data which vary with material 



type and indentation depth. The relative error in H/𝐻0 ranges from a few percent at 

intermediate indentation depths (approximately 0.4<ℎ/𝑡<0.7) up to around 35% at large 

indentation depths (ℎ/𝑡>0.85). These discrepancies could be attributed to a wide range of 

factors, such as experimental scatter and uncertainties related to material pile-up around 

the indents, and model assumptions and uncertainties in input parameters. It is wort to note 

that 𝐸𝑆𝑢𝑏/𝐸𝐹𝑖𝑙𝑚 seems to be of minor importance for the simulated hardness curves for the 

two-phase model, this is supported by the experimental results in Ref. [28]. The 

experimental hardness increase at low relative indentation depth (indentation depth 

normalized to film thickness), ℎ/𝑡, is due to the indentation size effect (ISE), this cannot be 

explicitly captured by the model without introducing strain gradient plasticity and is thereby 

outside the scope of the present study. The important aspect for the present work is that the 

hardness increase due to confinement is captured by the model.  

From a materials design perspective, it is of interest to not only simulate the behavior of 

specific materials properties but instead to map the influence of various property 

combinations. The influence of 𝐸/𝜎𝑌 and 𝑛 on the apparent hardening, H/H0 (where H0 is 

the bulk hardness), of thin films with respect to ℎ/𝑡 is shown in figure 5b). These results can 

be used for a first approximation for the change in indentation behavior for a new or 

modified thin film. For example, the results in figure 5a) can be estimated with good 

accuracy based solely on figure 5b) and a rough knowledge of the elasto-plastic properties. It 

is also possible to use the mapping in the opposite way, based on indentation data it is 

possible to get a rough idea of the films tensile properties. Note that for 𝐸/𝜎𝑌 < 500  is not 

completely within the level III indentation regime and the elastic contribution to the 

hardness may be significant. 



 

Figure 5 a) Comparison between simulated and experimental hardness for an Al-film on glass 

substrate [31] and a Cu-film on Si substrate [47]. Simulations were performed with the single-

phase model and the two-phase model (with linear elastic substrates) without any significant 

difference. The influence of substrate stiffness (𝐸𝑆𝑢𝑏/𝐸𝐹𝑖𝑙𝑚) on the apparent hardening of 

these materials is also negligible. b) Parameter study of the influence of 𝑛 and 𝐸/𝜎𝑌 on the 

apparent hardening,𝐻/𝐻0 , of the film at ℎ/𝑡 = 0.5 (dashed lines) and 0.95 (full lines). 

Table 2 Input material properties for the thin film simulations in figure 4b.   

Material 𝑬 [GPa) 𝝈𝒀 [MPa] 𝒏 

Al 70 [31] 168 [31] 0.05 [31] 

Cu 117 [48] 110 [48] 0.25 [48] 

 

3.2 Indentation in radially confined thin films 

The reasonable agreement between thin film simulations, for the range where they are 

applicable, i.e. above the limit where the ISE becomes significant, and experiments show the 

potential to use a very simple model to simulate the indentation behavior of a confined soft, 

ductile film on a somewhat stiffer but non-yielding, brittle substrate. However, in cases 

where the composite microstructure differs greatly from a near-infinite thin film, this model 

may not be sufficient to capture the experimental indentation behavior. In the case of a 

cemented carbide, the soft phase (binder phase) has a very small mean free path as well as 

rather irregular shapes, see figures 1 and 2. As shown in the work of Walbrühl et al. [6] the 

measured hardness is strongly dependent on the three-dimensional microstructure of the 



investigated binder. Already at ℎ/𝑡 < 0.25 the hardness increase is significant and reaches 

up to 𝐻/𝐻0 = 1.35. This drastic hardening is not captured by the thin film model. For some 

representative properties, i.e. 𝑛 = 0.2 and 𝐸/𝜎𝑌 = 500, for a Ni-based fcc alloy [46,48] 

𝐻/𝐻0 = 1.15 at ℎ/𝑡 = 0.5. It is thereby clear that a more complex model is needed to 

capture the effects of the complex 3D microstructure on the nanohardness. It is therefore of 

interest to expand the analysis to also include the effect of a higher order confinement. Due 

to the axisymmetric nature of the present model it is not possible to simulate two-

dimensional confinement, instead three-dimensional confinement is investigated by 

introducing radial confinement of the axisymmetric thin films using single-phase and two-

phase models, see figure 3.  

As long as 𝑟/𝑡 > 5, no difference compared to indentation in near-infinite thin films was 

observed. At smaller 𝑟/𝑡, however, a change in hardening occurs for large ℎ/𝑡. The influence 

of radius is evident when comparing the results for near-infinite thin films as shown in figure 

5 to the hardness of radially confined thin films with 𝑟/𝑡 = 4 as function of ℎ/𝑡, as shown in 

figure 6. A sharper increase in hardness with indentation depth is apparent for all 

investigated materials but the degree of additional hardening is sensitive to the materials 

properties. The apparent hardness increase can reach up towards twice the value of the 

near-infinite thin films, for small 𝑛. 



 

Figure 6 Parameter study of the influence of 𝑛 and 𝐸/𝜎𝑌 on the apparent hardening,𝐻/𝐻0, of 

radially confined films, with 𝑟/𝑡 = 4, at ℎ/𝑡 = 0.5 (dashed lines) and 0.95 (full lines). The 

influence of radial confinement is obvious when comparing with the thin film results in figure 

5b). 

3.3 Indentation in 3D microstructures – application to cemented carbide binder phase 

The limitations of the single-phase model is that it is not possible to investigate the full range 

of ℎ/𝑡 for 𝑟/𝑡 < 4 due to the shape of the indenter, any further reduction of 𝑟/𝑡 causes the 

indenter to directly touch the fixed outer boundary. Even prior to direct contact with the 

boundary there are convergence issues related to the severe deformation of the mesh. For 

this reason the two-phase model is used to investigate the effect of smaller 𝑟/𝑡. The 

influence of 𝑟/𝑡 = 0.5, 1, 2, ∞ on the simulated binder hardness for a WC-85Ni15Fe 

composite is shown in Figure 7. The materials properties for the film (binder phase) are 

listed in table 3 while the elastic mismatch between film and substrate (carbide) is 

𝐸𝑠𝑢𝑏/𝐸𝑓𝑖𝑙𝑚 = 3.5.  The simulated results (lines) are cut-off where the indenter comes into 

contact with the substrate to allow for direct comparison to the experimental data from 

Ref.[6] (blue triangles) that has been filtered to exclude indents with direct contact with the 

carbides. The results for bulk material properties, 𝑛 = 0.2, are shown using the green 

shading. 



 

Figure 7 Comparison between simulated hardness for 𝐸/𝜎𝑌 = 500, 𝐸𝑠𝑢𝑏/𝐸𝑓𝑖𝑙𝑚 = 3.5, 𝑛 =

0.2 (green shading), 𝑛 = 0.5 (red shading) and experimental NiFe-binder hardness [6] as 

function of indentation depth, ℎ/𝑡, for different ranges of  𝑟/𝑡. The lines mark different 𝑟/𝑡 

values, see legend.   

Table 3 Input material properties for the 3D-confinement simulations in figure 7. The NiFe 
material corresponds to the bulk properties of the NiFe-alloy and NiFe_ISE corresponds to the 
nanoindentation hardness including the indentation size effect of the same alloy. The ISE-
multiplier is the factor by which the nanohardness of the NiFe-alloy is increased at 100nm 
indentation depth compared to macrohardness for the same composition.    

Material 𝑬/𝝈𝒀 𝒏 𝑯/𝑯𝒎𝒂𝒄𝒓𝒐  
ISE-

multiplier 

NiFe 500 0.2 1 
2.8 [6] 

NiFe_ISE 500 0.5 2.7 

 

The effect of decreasing 𝑟/𝑡 is a sharper increase in hardness at lower ℎ/𝑡, this is seen both 

in the simulations and the experimental data that has been divided into two categories 



according to 𝑟/𝑡. However, the simulated hardening is significantly weaker than what is 

experimentally observed. This is likely related to the applied binder properties and, more 

importantly, the classical plasticity formulation which does not include size effects observed 

in experiments [49-51]. According to strain-gradient plasticity (SGP) simulations, e.g. [31], 

small length-scales lead to an increase in strain hardening compared to bulk deformation. 

We propose, as a first approximation of small-scale behavior, that the strain hardening 

exponent of the investigated material is increased using an ISE-multiplier to fit the 

unconfined ISE. For the NiFe-alloy, the ISE-multiplier has been estimated [6] to 2.8 at 100nm 

indentation depth. Based on the results in figure 4a, this value is achieved by increasing 𝑛 

from 0.2 to approximately 0.5. Using these modified film properties give the results shaded 

in red, see figure 7. This approach is likely to overestimate the strain hardening of the alloy 

far from the boundaries but may still underestimate the hardening in proximity to the 

indenter and the phase boundaries. A more rigorous approximation would be to apply 

geometry dependent elasto-plastic properties of the alloy, this should be pursued in future 

work. Nevertheless, the simple increase of 𝑛 causes the simulated results to approach, but 

not fully reach, the experimental data. It is worth to note that the radius and depth of the 

binder regions investigated in [6] refer to dimensions of a semi-ellipsoid, not to a pill-box, as 

approximation for the real microstructure, which could contribute to the discrepancy 

between simulations and experiments. As shown, the full quantitative effects of the complex 

three-dimensional microstructure and small-scale indentation cannot be captured by this 

model. The need for a more realistic model becomes even clearer when considering the 

lower order symmetry of the Berkovich tip used for the experiments compared to the 

conical indenter in the simulations. Lower order symmetry causes stress-concentration at 

the corners of the indenter which will influence the shape and volume of the plastic zone 

[38]. As shown in Ref.[6] there is, in addition to the size of the binder, a strong effect of 

indenter-to-carbide orientation on the measured hardness. 

Nevertheless, the fact that a simplified “pill-box” geometry relying on classical plasticity is 

sufficient to capture the qualitative trends of experimental observations of nanoindentation 

in a complex composite microstructure is promising for future understanding as well as 

applied modelling of similar systems. Furthermore, these results give confidence that more 

realistic 3D-models incorporating SGP should be able to accurately replicate experimental 



results whenever more sophisticated modelling results are needed for validation of concepts 

or for calibration of lower-order models. 

3.4 Interpretation and application of results 

The bulk hardness data may also be used to understand the significance of 𝜎𝑌 on e.g. brittle 

or severely work hardened alloys, where 𝐸, 𝑣 and 𝑛 is not expected to change significantly. 

With increased 𝜎𝑌 the parameter 𝐸/𝜎𝑌 decreases which leads to a lower reduced hardness 

(𝐻/𝜎𝑌), although this effect is rather weak compared to the linear hardness increase with 𝜎𝑌 

(unless the material has a very high 𝑛). The influence of deformation on an undeformed or 

moderately work hardened alloy cannot, however, be treated in this way, since the 

remaining hardenability would be overestimated. In order to fit a new stress-strain curve to 

the deformed material, a reduction in 𝑛 is also necessary. Based on the experimental data 

from Cahoon et al. [52] on a steel and an aluminum alloy, the strain hardening exponent of 

the work hardened alloys seems to follow an approximate power-law relation with the 

normalized yield stress in the form of  

 

𝑛𝑤ℎ = 𝑛0 ∗ (
𝜎𝑌

𝑤ℎ

𝜎𝑌
0 )

3
2

 

(5) 

, where 0 and 𝑤ℎ denotes the undeformed and the work hardened materials, respectively. 

By calculating 𝐸/𝜎𝑌 and 𝑛𝑤ℎ for the work hardened alloys from the experimental 𝜎𝑌(𝜀𝑝𝑟𝑒), 

yield stress as function of pre-strain, the hardness of the alloys may be calculated with 

reasonable agreement, see figure 8.  



 

Figure 8 Correlation between calculated hardness (using the data in Figure 4a) and Eq. 5) and 

the experimental hardness measured for two different work hardened alloys investigated by 

Cahoon et al. [52]. Blue squares symbolizes a 65S Aluminum alloy and red circles a AISI 1040 

Steel. 

As for the results on thin films and radially confined films, these results may be used to 

predict the apparent hardness of soft films on hard substrates, either as presented in this 

paper or used as input for fitting already existing thin film hardness models. One available 

model for hardness of thin film systems proposed by Korsunsky et al. [1], and later modified 

by Tuck et al. [53] to enable the fitting of a wider range of experimental data, has the form: 

 
𝐻 = 𝐻𝑆𝑢𝑏 +

𝐻𝐹𝑖𝑙𝑚 − 𝐻𝑆𝑢𝑏

1 + (𝛽/𝛽0)𝑋
 

(6) 

Where 𝐻 is the measured hardness, 𝐻𝑆𝑢𝑏 and 𝐻𝐹𝑖𝑙𝑚 the intrinsic hardness of the substrate 

and the film, respectively. 𝛽 is the relative indentation depth and 𝛽0 and 𝑋 fitting 

parameters. Using this model, it is possible to fit not only the simulated thin film hardness 

curves but also the results for the radially confined films, see figure 9. The thin film 

properties are given by 𝐸/𝜎𝑌 =  1000, 𝑣 = 0.3 with varying 𝑛. The hardness of the two 



phases are 𝐻𝑆𝑢𝑏 = 100𝜎𝑌  and 𝐻𝐹𝑖𝑙𝑚 = 4.4𝜎𝑌 (𝑛 = 0.1) or 22.9𝜎𝑌 (𝑛 = 0.5). The fitting 

parameters 𝛽0 and 𝑋 are shown in the figure.  

 

Figure 9 Fitting of the Korsunsky model [1,53] to the simulated thin film and radially confined 

thin film (𝑟 = 4𝑡) hardness data for a thin film with 𝐸/𝜎𝑌 = 1000, 𝑣 = 0.3 and 𝑛 = 0.1 (left) 

and 𝑛 = 0.5 (right). 𝐻𝑆𝑢𝑏 = 100𝜎𝑌 and 𝐻𝐹𝑖𝑙𝑚 = 4.4𝜎𝑌 (𝑛 = 0.1) or 22.9𝜎𝑌 (𝑛 = 0.5). 

The application of the Korsunsky model to the radially confined film hardness data shows 

the potential of extending the current thin film model to also incorporate higher order 

constraints. The parametrization of the fitting parameters is outside the scope of the present 

work but once such work is performed it would help further aid the interpretation of 

indentation data from composite materials with complex microstructures. This type of 

extension would not necessarily be limited to the indentation of soft phases as investigated 

in this paper but could also include e.g. indentation of hard inclusions in a softer matrix.  

4. Conclusion and outlook 

The indentation behavior of confined elasto-plastic materials have been investigated by 

FEM-analysis. The indentation behavior has been shown to be highly dependent on material 

properties and geometry of the investigated phase. The elastic mismatch between film and 

substrate has further been shown to be of minor importance as long as the film (Al and Cu) 

undergoes plastic deformation while the substrate (glass or sapphire) does not yield. 

Furthermore, by introducing radial confinement to the thin film, turning the film into a “pill-

box” geometry, the qualitative trend of increasing measured hardness with decreasing 

radius of the metallic binder phase of a cemented carbide was replicated without 



considering small-scale deformation effects. By further introducing a first approximation of 

the small-scale deformation behavior (by increasing the strain hardening exponent of the 

binder phase) a better agreement with experimental data was achieved. The remaining 

discrepancy between simulations and experiments should be reduced by accounting for the 

real microstructure and a more sophisticated description of the local deformation of the 

metallic phase. However, the present results provide a good foundation for further modeling 

and understanding of experimental observations during indentation of composite materials 

using simple model geometries and material parameters. It was also shown that the higher-

order confinement introduced by complex microstructures can be accounted for in an 

empirical thin film hardness model by re-optimizing the fitting parameters, thereby 

extending the application range to a wider range of composite microstructures. The re-

optimization will require additional input data, either using the present computational 

approach or extensive empirical data. Extended empirical or phenomenological composite 

hardness models calibrated to FEM-simulations have the potential to replicate and 

eventually predict the indentation behavior of confined phases in complex microstructures 

that are difficult and expensive to measure experimentally.  
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