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Abstract: The difficulty of producing sufficient quantities of nanocrystalline materials for test speci-
mens has led to an effort to explore alternative means for the mechanical characterization of small
material volumes. In the present work, a numerical model simulating a nanoindentation test was
developed using Abaqus software. In order to implement the model, the principal material properties
were used. The numerical nanoindentation results were converted to stress—strain curves through
an inverse algorithm in order to obtain the macroscopic mechanical properties. For the validation
of the developed model, nanoindentation tests were carried out in accordance with the ISO 14577.
The composition of 75% wt. tungsten and 25% wt. copper was investigated by producing two
batches of specimens with a coarse-grain microstructure with an average grain size of 150 nm and
a nanocrystalline microstructure with a grain diameter of 100 nm, respectively. The porosity of
both batches was derived to range between 9% and 10% based on X-ray diffraction analyses. The
experimental nanoidentation results in terms of load—displacement curves show a good agreement
with the numerical nanoindentation results. The proposed numerical technique combined with the
inverse algorithm predicts the material properties of a fully dense, nanocrystalline material with very
good accuracy, but it shows an appreciable deviation with the corresponding compression results,
leading to the finding that the porosity effect is a crucial parameter which needs to be taken into
account in the multiscale numerical methodology.

Keywords: nanocrystalline materials; finite element analysis; inverse algorithm

1. Introduction

Notable attempts have been made, in recent years, at the production of materials with
a nanocrystalline microstructure, due to their improved mechanical properties [1,2]. The
enhancement in terms of strength by decreasing the grain size has been described by the
Hall-Petch equation effect [3].

Various manufacturing methods are applied to obtain nanocrystalline alloys (i.e., a
grain size less than 100 nm), including electrodeposition [1,4], powder metallurgy [5,6],
magnetron sputtering [7-10], and inert gas condensation followed by the consolidation of
powders [1] and severe plastic deformation (SPD) [11,12]. The vast majority of nanocrys-
talline materials are produced by the mechanical alloying method or electrodeposition
technique. The electrodeposition technique has some inherent limitations in terms of the
quality of the produced specimens because they show extensive porosity or impurities.
On the other hand, the fabrication technique of mechanical alloying is able to produce
materials with a nanocrystalline microstructure at a high manufacturing speed and with
complete control of the fabrication parameters, so as to obtain defect-free bulk materi-
als [13]. However, the main obstacle of the mechanical alloying method is the production
of specimens without a uniform grain size, which in turn influences the macroscopic
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mechanical response of the materials, especially in a harsh environment. The material
microstructure changes rapidly at elevated temperatures. This is the commonly-known
coarsening effect. The mechanical response of said materials is completely influenced by
their different interphases into the microstructure. This kind of material is the so-called
graded material [14,15].

Taking for granted said facts, all of the proposed production techniques are cost-
effective, but the produced materials are influenced by several imperfections (like flaws and
pores) which drive to the degradation of the material properties. With respect to limitations
in the manufacturing methods of nano-crystalline materials, the mass production of fully
dense, bulk forms with a nanocrystalline microstructure at sufficient quantities has hardly
been achievable up to now, and it has not been industrialized.

With the aforementioned increasing interest in the production of innovative metallic
materials, mechanical testing procedures using small material volumes are more than
necessary nowadays. Moreover, the conventional testing techniques like tensile or compres-
sion testing become noticeably challenging with specimens of small volume. Furthermore,
limited results are shown in journals concerning the correlation between the microstructure
and the resulting material properties. Some of the desirable material properties in the
frame of nanocrystalline materials are the yield stress, the ultimate strength at fracture, the
enhanced wear resistance and the improved plasticity compared to that of their microcrys-
talline counterparts [16-20]. A more detailed and extensive mechanical characterization is
needed so as to obtain more reliable results.

Based on the obstacles of the mechanical characterization utilizing conventional
experimental tests, scientific progress has resulted in the extensive use of nanoindentation
experiments [21-34]. Berkovich indenters allow precise measurements by varying the force
of the nanoindentation (P) in relation to the depth of penetration (/). Observations through
experimental nanoindentation tests were performed on many materials so as to determine
material features such as residual stresses and hardness [23-25,29,33-37].

At the same time, a noticeable effort has been made to use analytical and numerical in-
vestigations in order to determine the deformation mechanisms and the contact mechanics
of the nanoindentation effect. The main purpose is to define the mechanical response to the
applied load of nanoindentation (P) versus penetration depth (k) diagrams acquired from
instrumented nanoindentation [23,25,31,32,36—41]. More specifically, researchers [23,25]
suggested analytical approaches in which the modulus of elasticity and hardness could be
extracted from the Py, and the unloading incline at the starting stages. Additionally, Gian-
nakopoulos and Suresh [40] proposed a procedure in which all of elastoplastic properties
may be extracted through a P-h diagram. Based on [40], Suresh and Giannakopoulos [42]
developed an up-to-date methodology which was able to export the residual stresses.
In terms of numerical methods, several numerical attempts were conducted on the case
studies of thin-film systems [43-45].

To conclude, a methodology was developed by Hill et al. [46] for the case study of
materials with power law plastic behavior under the indentation load of a spherical in-
denter. The calculations of a sharp indenter, such as a Berkovich indenter, for the case
of elastoplastic materials were numerically extracted by Larsson et al. [47] and Gian-
nakopoulos et al. [38]. Moreover, scale factors were carried out so as to investigate bulk
materials [31,32,39] and coated material [45]. To this end, researchers [32] have developed
a comprehensive analytical approach, and several investigations were conducted on the
basis of the dimensional analysis of sharp indentation. The results from the aforementioned
approach showed that Kick’s Law is a constitutive factor of the dimensional analysis of
sharp indentation.

The scope of the present paper is to develop an innovative multiscale finite element
methodology simulating the nanoindentation test which accounts for the different material
phases, as they are described in [48], in order to define the macroscopic mechanical response
of nanocrystalline materials. Through the aforementioned model, the nanoindentation
behavior of nanocrystalline materials was extracted, and the corresponding macroscopic
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mechanical behavior was evaluated via the implementation of an inverse analytical algo-
rithm. By utilizing a homogenized RVE for the last simulation in conjunction with the
inverse algorithm, we are able to predict the macroscopic mechanical response.

2. Modelling
2.1. Analytical Approach

As referred to above, the nanoindentation method is a very attractive testing procedure
to obtain the mechanical properties of such kinds of materials as nanocrystalline metals,
which are difficult to produce in large quantities, leading to the need for the mechanical
characterization of small-volume specimens. The uniqueness of the nanoindentation
technique relies on the extracted results which come from the P-h diagram. More specifically,
the estimation of the contact pressure between the nano-indenter and the target material—
and the resulting hardness—comes from the measurement of the contact area between said
parts in terms of the indentation load and penetration depth. A continuous data acquisition
in the loading phase of a typical indentation test is involved. In the following unloading
part of the P-h diagram, the Young’s modulus and Poisson ratio of the indented material
can be exported at the early stages of the unloading phase because of the strain relaxation
within the material [49,50]. Furthermore, material features like residual stress [46,51],
initial plasticity [51-53], creep [54], and hardening [55] are very important parameters
for property extraction in the nanoindentation testing method. Additionally, the surface
deformation around the plastic deformation induced by the nano-indenter creates sink-in
and pile-up residual strains, which are very important for the mechanical characterization
of the target material [56]. The aforementioned alteration of the surface plays an important
role in determining the contact area, and is also an effective factor for the definition of
material properties like the strain-hardening behavior [57,58].

According to the literature for the indentation testing method, a nanoindentation test
is commonly known for the creation of a non-uniform stress field at the surface of the target
material, which leads to the average calculation of induced stresses [59]. The mean value
of stresses in terms of von Mises stress, according to Meyer’s hardness [49,59], is defined
utilizing the Tabor Relation [59-61]:

H
o= ?’ (1)
P

where H is the resulting hardness, P is the applied force of the nano-indenter on the target
material, and A is the contact area of the Berkovich nanoindenter. The indentation area is
calculated taking into consideration the geometry of the nanoindenter’s tip and the pileup
or sink-in that take place around the tip, as shown in Figure 1.

h
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Figure 1. Indentation geometry showing the pile-up and sink-in.
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The mathematical expressions followed for the calculation of the projected contact
area of the nanoindenter are presented in Equation (3) for the case study of a Berkovich
indenter’s tip [62], and in Equation (4) for the case study of the spherical indenter’s tip:

A = 24512 + Ch,, 3)

A= n(ZRhC - hc2>, )

where . is the penetration depth of the indenter tip into the target specimen, C is a constant
for the case of Berkovich indenters (150 nm) referring to the geometrical features of the
specific indenter [62], and R refers to the curvature of the nanoindenter. The penetration
depth of the indenter’s tip was calculated according to the contact mechanics’ analytical
expressions (Figure 1) [49,59,63]:

hc—h—hs—h—5<P’g”), )
dp

where h is the overall displacement of the nanoindenter; ¢ is a geometric constant parameter
referring to the geometrical characteristics of the indenter’s tip, which is equal to 0.75 for
Berkovich indenters; the variable ks describes the displacement of the target material’s
surface during the nanoindentation load, taking into account the pile-up and sink-in
deformation mechanisms; and S is the stiffness at the unloading phase. At this point, it is
of paramount importance to mention that the stiffness at the unloading step is defined by
the incline of the P-h diagram (an indicative plot is shown in Figure 2).

P

max

h, h

max
Figure 2. Indentation load—penetration depth curve from an indentation test.

It is noteworthy to mention that Equations (2)-(6) were from research papers in
the frame of homogeneous materials. Based on this aspect, extensive work needs to be
carried out so as to verify the effectiveness of the proposed mathematical procedure on
heterogeneous materials like the nanocrystalline tungsten—copper materials produced and
tested in the present paper. The selection of the tungsten—copper alloy was made in the
frame of the European FET-Open project ICARUS [64] due to its inherent thermodynamic
stability for aerospace applications. Moreover, the strain rate of the indentation at the
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surface of the target material is also non-uniform, and it leads to the creation of the
corresponding non-uniform stress field, as referred to above. It is of paramount importance
to define the mean deformation rate as the rate of the complete penetration depth into the
target material over the current total displacement of the indenter [60]:

= %

2.2. Numerical Model

For the purpose of the nanoindentation simulation of a nanostructured material, a
FE-based model was utilized. The recommended numerical methodology is utilized on
RVEs with a nanocrystalline morphology. The numerical methodology is presented in the
flowchart of Figure 3. The methodology begins with the computer tomograph YXLON
FF35 CT (YXLON International GmbH, Hamburg, Germany) and X-ray diffraction images
(Bruker D8 Discover, Bruker Corp., Billerica, MA, USA), and evolves with the image
analysis and the multi-level simulation [48].
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( RVE ] 1% Simulation Level | (" ______ Y
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( b 8340 13390
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Figure 3. Flowchart of the methodology.

As it is commonly known, RVE is the smallest numerical volume for any material
in which a macro-mechanical property can be defined through a multi-scale modelling
approach. Due to the microscopic size of representative-volume elements, the detailed
morphology of the materials” microstructural characteristics can be modelled. The analysis’
objective is focused on the development of a numerical procedure via the parametric
interaction representing the geometrical characteristics of nanostructured metals. The
presumptions and the extensive numerical methodology used in the present work are
described extensively in [48,65], on account of the completeness of the paper. The nanocrys-
talline materials are heterogeneous materials due to their discrete areas showing different
physico-chemical and mechanical properties at the microscale level. Based on this paradox,
the mechanical response, taken by the proposed numerical methodology shown in [48,65],
is the homogenized average medium of the equivalent heterogenous nanocrystalline mate-
rial. More specifically, in [48,65], the presumptions were applied for the investigation of
mechanical behavior of a fully dense, nanocrystalline material under uniaxial compressive
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loading, so as to extract the stress—strain response of an equivalent homogenized material
from the heterogenous RVE (see Figure 4) at the nanoscale level under compression loading.
In the present publication, we follow strictly the above-said numerical methodology by
extending it to the application of a nanoindentation testing method, so as to define the
mechanical response of nanocrystalline metals at the microscale level.

75% Tungsten
25% Copper

Figure 4. The representative volume element of a tungsten—copper nanocrystalline alloy.

The finite element modeling of the nanoindentation test was developed utilizing
Abaqus CAE (Computer Aided Engineering) (Dassault Systemes Simulia Corp., Provi-
dence, RI, USA). The model was developed in three dimensions consisting of 2 objects,
a representative pyramidal-like indenter with the real dimensions of Berkovich indenter
and a cube representing the specimen with dimensions of 5 pum x 5 pym x 3 um (Figure 5).
The indenter was modeled to be rigid. The definition of elastoplastic response of cubic
specimen was achieved by using the innovative nanoscale numerical model which was
described above [48]. The material properties applied to the cubic specimen were extracted
from the RVE as the homogenized average medium. The aforementioned mechanical
properties were achieved by applying a compressive loading on the RVE. Additionally,
a surface-to-surface frictional contact with a coefficient of 0.1 was implemented for the
indentation model. Several numerical investigations have shown that the frictional coeffi-
cient between the indenter and target material is an insignificant parameter regarding the
experimental nanoindentation outcomes. In the present work, the influence of the frictional
contact was taken into account in the numerical model in order to develop numerically the
same experimental conditions, with the ultimate goal of the maximum similarity between
the numerical model and the experiments. Regarding the numerical parameters, the target
material was meshed with 62,000 hexahedral elements of type C3D8R (eight node), with a
dense mesh at the area of the target material directly beneath Berkovich’s tip. Moreover,
the indenter had a constant penetration speed of 5.5 nm/s until it reached the load of
15 mN, in the loading phase, which is a pre-defined setup parameter. After this step, the
indenter was removed from the target material with a constant speed of 16 nm/s in the
unloading phase. At this point, it is important to mention that the ratio of the cube’s height
to the maximum penetration depth is approximately equal to 8 in the current model, so
as to reduce computational time. From the scope of parametric study, higher ratios of
10 and 20 were also investigated, and the results presented an insignificant divergence in
the resulting P-h diagram compared to that of the ratio of 8.
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(c) (d)

Figure 5. Three-dimensional finite element model of the nanoindentation: (a) the dimensions of the target material, (b) the
dimensions of the Berkovich indenter, (c) the meshed model and (d) the meshed Berkovich indenter.

The main advantage of the numerical nanoindentation models is that they are able
to acquire the load-versus-depth curve of a specified reference point by continuous data
acquisition throughout the duration of the simulation, just as during an experiment in situ.
Furthermore, another important aspect that should be mentioned is that the proposed nu-
merical methodology has taken into account the importance of the dimensional definition
of the indented cube. In this way, the boundary effects are eliminated on the nanoinden-
tation model, and the assumption of a continuous medium was validated. During the
setup of the FE parameters, one of the most important boundary conditions applied in this
model is the fixation of the target material’s base so as to ensure an ideal indentation test.
A second important boundary condition applied is the constraint of the nanoindenter in
such a way that the nanoindenter is fixed to allow motion in the vertical direction.

2.3. Inverse Analysis Algorithm

A comprehensive analytical methodology for instrumented indentation was identified
in this paper, which allows us to define the mechanical properties of materials by using a
Berkovich nanoindenter. The current paper is focused on the development of an inverse
analysis algorithm so as to obtain the material properties via nanoindentation tests and
numerical nanoindentation models. Figure 2 shows the P-h curve for a Berkovich indenter.
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Amax
h2max

In the loading phase, it seems that the curve is in consistency with the relation P = Ch?,
where parameter C is responsible for the indentation curvature. This curvature represents
the resistance of the target material to the indentation effect. Additionally, the calculated
pressure of contact, pa = Pyax/ Amax, could be determined with the hardness of the target
material, where P,y is the maximum applied force for the indentation. The P,y provides
the necessary energy to the nanoindenter to penetrate the target material by a depth of
Nyax, by that means creating the Ay, (the maximum projected contact area on the surface
of the target material). Elastoplastic FE models with a Berkovich indenter, conducted on
the present paper utilizing computational analyses comparable with those presented in
reference [38], also show that A
r

hmax

=1-d*s, ®)

where d* = 4.678 for the case of a Berkovich indenter. Equation (8) is in rational accor-
dance with the experimental observations of Breval and MacMillan [66]. Taking into
consideration the true contact area on three-dimensional numerical models and the strain
hardening effects imposed on pile-up and sink-in strains, the subsequent mathematical ex-
pression, which correlates Aqx with hy.x, was obtained for the case study of elastic—plastic
materials [30,38]:

=996 — 1264 % (1 — S) +105.42(1 — S)* — 229.57(1 — S)* +157.67(1 — S)*, with § = P2 ©)

E*
The aforementioned mathematical expression is a polynomial regression to the calcu-

lated values of A/ max. In Equation (9), the resulting Young’s modulus of the Berkovich
nanoindenter—target material system, E¥, is derived as:

1 dP
Ef = ——— = |, 10
c*v Amax (dh ) {10)

where dP/dh is the incline of the P-h diagram at the unloading phase from Py, while the c*
parameter is equal to 1.167 for the case study of the Berkovich nanoindenter. Furthermore,
the ratio of the residual penetration depth &, to the maximum depth of indentation, /4y, is
typical of the magnitude of strain hardening and plastic deformation [41,67,68]:

2
00.29 — 0y hy hy
—= 4 —-1-0.142 —0.957 11

0.29E* hmux (hmﬂx) ( )

In the aforementioned Equation, oy, refers to the yield strength, while ¢ 59 refers on
the indicative plastic strain of 0.29 for the target material in uniaxial loading.

At this point, it is noteworthy to mention that the combination of Equations (8) and (9)
gives an important relationship which correlates Aqx with hy.y. Using the aforementioned
combined mathematical expression, we are able to extract the true contact area from the
P-h diagram without the need of any visual examination. Knowing that

Prax = Chmuxzx (12)

we can calculate the parameter C so as to use it into the following equation, which comes
from 3D numerical simulations of elastic—plastic nanoindentation, in addition to the corre-
sponding experiments [36,38,42,67,68]:

P oy E*
- 1+ 2L In— 1
C i M1(70.29{ + o }{Mz +In % } (13)

The constants in this mathematical expression are M; and M,, where M; is equal to
6.618 and M is equal to —0.875 for the case study of a Berkovich indenter [40].
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With all of the values calculated using the above-said analytical expressions, the strain
hardening exponent can be easily calculated by applying the subsequent equation:

n= ln{(T()‘zg — ln(Uy)}/5 (14)

3. Experimental
3.1. Materials

To begin with, the tungsten—copper alloy system was selected for the present investi-
gation. As mentioned above, the selection of the present alloying element combination was
made in the frame of the European project ICARUS [64], which was focused on the investi-
gation of coarsening-resistant alloys for aerospace applications. The alloy consisted of 75%
tungsten and 25% copper in weight. For this material composition, two different types of
tungsten—copper alloy were produced in terms of the resulting microstructure. Both types
were manufactured using the same powders originating from the same powder batch.

The coarse-grained tungsten—copper specimens (cW-Cu) were fabricated through the
simple mixture of the as-received commercial powders of tungsten and copper elements
without any grain refinement process being involved. Additionally, the well-known
manufacturing approach consisting of cold pressing, hot isostatic pressing (HIP) (University
of Miskolc, Miskolc, Hungary) and heat treatment was implemented so as to obtain the
consolidated specimens. The coarse-grained tungsten—copper specimen has an average
grain size of 150 nm.

On the other hand, the high energy ball milling (HEBM) (MBN Nanomaterialia S.p.A.,
Treviso, Italy) method was utilized in order to mill tungsten and copper powders, achieving a
nanocrystalline morphology with a grain diameter of 100 nm. The nanocrystalline tungsten—
copper powders used for the production of the alloy will be referred in the following
as W-Cu. Following the same consolidation technique of the cW-Cu specimens for the
production of the corresponding W-Cu specimens, the fabrication method of cold pressing,
hot isostatic pressing (HIP) and heat treatment was implemented here again. An extensive
description of the produced materials” microstructures and their resulting imperfections
(pores and impurities) can be found in [48]. The above-mentioned production of the
two types of tungsten—copper alloys was performed by the company MBN Nanomaterialia.

3.2. Nanoindentation Test

Nanoindentation refers to a variety of hardness tests which are applied on a small
scale. Penetration is perhaps the most common way of checking the mechanical properties
of materials facilitated by high-precision instrumentation in the nanometer scale. In 2008,
the ISO/TR 29381 was published, allowing for the evaluation of the tensile properties of
metallic materials by instrumented indentation [69].

A nanoindentation device was developed at the Physical Metallurgy Laboratory, and
is presented in Figures 6 and 7. The device performs testing using a Berkovich, Vickers, or
Knoop diamond, or 0.5-2 mm indenters. The travel distance of the workbench can reach
50 by 140 mm, guided by specially developed computer software. The height of the optics is
measured by means of a laser distance meter coupled with a rotary encoder attached to the
fine adjustment dial of the microscope. The accuracy of the device in the XY direction is in
the order of 1 pm. The applied load can vary from 1 to 1000 mN with a resolution of 0.1 mN,
strictly following the ISO 14577 [70]. The measurement consists of two stages: the loading
phase and the unloading phase. During the loading, force is applied gradually to the
diamond indenter, and as it penetrates the test piece, the depth measurement is recorded.
During the unloading, a residual depth remains due to the plastic deformation of the
sample, which depends on the properties of the material, the size of the applied force, and
the geometry of the indenter. The maximum indentation depth fluctuations measured on
the same sample are mainly induced by different contact conditions between the indenter
tip and the tested surface due to roughness [71]. The roughness effect can be confronted
with the execution of an appreciable number of measurements to attain the stabilization of
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L

the maximum indentation depth’s mean value [71]. The proper preparation of the examined
specimens is a meticulous and time-consuming process that ensures the repeatability and
robustness of the results, while eliminating those parameters that could tamper with
the outcome due to mishandling or human error. The mounted samples were gently,
mechanically ground and polished in several sequential steps employing a BUEHLER
Vanguard™ 2000 (Lake Bluff, IL, USA) automatic sample preparation system [72]. The
mechanical grinding took place in several sequential steps, starting with coarse grinding
discs (60 grit) and ending with finer ones (1600 grit). The polishing was obtained by
employing an aqueous suspension of fine alumina powder with a particle size of 0.3 um
applied on the respective polishing cloths. In this work, 50 nanoindentation tests were
performed on each specimen to eliminate roughness effects.

T

Figure 7. Specimen’s fixation for the nanoindentation test.

The evolution of FEM-based algorithms in the evaluation of nanoindentation results
offers advanced capabilities in the determination of the exact contact between the indenter
and the test piece, thus allowing the accurate calculation of the material’s hardness and
the stress—strain curve. The FEM model simulating the nanoindentation procedure and
the actual indenter tip geometry, introduced in [72], can be applied to calculate the contact
geometry during the loading and the shape of the surface impression after unloading. The
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Load (mN)

“SSCUBONLI"” algorithm employed for the continuous simulation of the nanoindentation
enables the extraction of materials’ stress—strain laws. FEM-supported methods offer
advanced capabilities in the determination of mechanical properties, such as the Young's
modulus, yield and rupture strength. Stress—strain curves of various materials—such as
cemented carbide, ceramics and hardened steels—determined by a FEM-based algorithm of
nanoindentation can be applied in FEM-supported simulations of micro- and macro-scale
indentation procedures to allow the capture of the material response at various scales [73].

4. Results

The indentation force (P)-penetration depth (/) curves obtained using a Berkovich
indenter tip, after a set of 50 measurements that were statistically evaluated to present the
averages for the cW-Cu and the W-Cu type of alloy are presented in Figure 8, as well as
the scatter of the measurement at the maximum indentation depth. As shown in Figure §,
the coarse-grained tungsten—copper alloy (cW-Cu) exhibits a higher penetration of about
400nm depth at an indentation load of 15 mN [73,74] compared to that of nanocrystalline
the tungsten—copper alloy (W-Cu), which presents a penetration depth of about 250 nm at
the applied penetration load of 15 mN, correspondingly. The aforementioned outcomes are
reasonable due to the fact that the Hall-Petch effect governs this type of material, and the
yield stress is increased by decreasing the grain size. Thus, the nanocrystalline specimen
shows a higher “resistance” to the indentation effect and to plastic deformation.

Z cW-cu W-cu
4 X .
AN
- ,-' Min. Depth (nm) 352 224
Lt '
. v - -'
gl ! Aver. Depth (nm) 407 258
: _I - =¢cW-Cu
A L | —wcu
0 100 200 300 400 500 Max. depth (nm) 522 284
Depth (nm)
(a) (b)

Figure 8. (a) The experimental results of c(W-Cu and WCu specimens in accordance with ISO 14577, and (b) the scatter of

the nanoindentation results.

4.1. Validation of the Numerical Nanoindentation Model

Using the numerical multiscale model, the homogenized nanoindentation response of
the fully dense, indented material was calculated for the case of a coarse-grained W-Cu
(cW-Cu) material, and is shown in Figure 9. In this Figure, the computed P-h curves of a
fully dense, nanocrystalline material using two Berkovich indenters—one with a sharp tip
and one with a rounded tip with a roundness of 100 nm—are displayed and compared to
the respective experimental curve. The geometrical features and the material properties
applied on the cubic specimen are described extensively in [48]. The divergence of the
numerical outcomes from the experimental result is negligible because the nanoindentation
model does not take into account any defect (like pores) which might be located in the
microstructure of the specimens. The aforementioned assumption of the absence of defects
on the numerical model leads to the simulation of a fully dense, homogeneous-like material
which may be different from that reality. On the other hand, the existing impurities or
pores are mostly located at the lower layers of specimens, and as a result the nanoindenter
cannot reach it through the nanoindentation test due to the very small indentation depth.
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This phenomenon leads to the prediction of a nanoindentation response of a fully dense
material without microstructure irregularities.
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Figure 9. Comparison of the experimental result of the cW-Cu specimen with the numerical results
utilizing sharp and rounded Berkovich indenters.

Taking for granted the above assumption, the only parameter which plays an im-
portant role on the definition of the nanoindentation response is the sharpness of the
nanoindenter. In terms of the tip sharpness, both the tungsten—copper alloys and their
corresponding numerical results (Figures 9 and 10) present the same tendency. More
specifically, the numerical results of the sharp Berkovich indenter present the higher pen-
etration depth of both materials. This phenomenon is reasonable due to the extensive
stress concentration beneath the Berkovich tip. The sharper the tip, the higher the stress
concentration factor is. On the other hand, the implementation of a rounded tip of the
Berkovich indenter is a more realistic approach due to the unavoidable degeneration of
the nanoindentation apparatus through its extensive usage. The above fact is logical,
and the effect of the indenter’s sharpness on the mechanical response in nanoindentation
experiment was reported in [75]. Taking this aspect for granted, the numerical results of
the rounded Berkovich indenter tend to show the most reliable nanoindentation behavior.

f
/, / / . —— W-Cu Experimental
: FE: Rounded tip
y
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4 ‘/ : e : .
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\\
\

Figure 10. Comparison of the experimental result of a W-Cu specimen with the numerical results of
a fully dense model utilizing sharp and rounded Berkovich indenters.
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To sum up, the experimental P-i curve better reflects the nanoindentation behavior
of a fully dense material than of a material with an extensive porosity like the examined
specimens in this paper. The proposed numerical methodology shows a very good conver-
gence with the nanoindentation test. On the other hand, utilizing the inverse algorithm as
it is shown in Section 4.2, the macroscopic compression behavior obtained by the inverse
algorithm of the numerical nanonindentation results will differ from the experimental
compression tests examined in [48] because it does not take into account the inherent
defects (impurities and pores) of the microstructure.

4.2. Comparison of Nanoindentation Experimental Results Utilizing the SSCUBONI Algorithm

Implementing the SSCUBONI algorithm, the resulting representative von Mises stress—
strain curves of the cW-Cu and W-Cu specimens from the nanoindentation tests are shown
in Figures 11 and 12, respectively. The aforementioned curves are compared to those of the
compression tests for the same batches.
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Figure 11. Comparison of the S-S curves of the experimental compression test with the corresponding
inverse SSCUBONI-based experimental test for the cW-Cu specimens.
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Figure 12. Comparison of the S-S curves of the experimental compression test with the corresponding
inverse SSCUBONI-based experimental test for the W-Cu specimens.
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As can be seen from both Figures, the inverse experimental nanoindentation results
present a remarkable deviation from the compression test of the cW-Cu and W-Cu coun-
terparts. More specifically, in Figure 11, the inverse SSCUBONI nanoindentation curve
exhibits a Young’s modulus of 200 GPa and a yield stress of 1340 MPa, while the corre-
sponding compression curve shows a Young’s modulus of 180 GPa and a yield stress of
450 MPa. Moreover, in the case of W-Cu specimens (Figure 12), the inverse SSCUBONI
curve from the experimental nanoindentation curve shows a Young’s modulus of 250 GPa
and a yield stress of 2.8 GPa, while the respective compression curve for the case of the
W-Cu specimen exhibits a Young’s modulus of 220 GPa and a yield stress of 1150 MPa.

It is evident that the deviation of the inverse experimental nanoindentation outcomes
from the experimental compression results is appreciable but reasonable. The porosity
effect is the main characteristic which relies on the aforementioned deviation. As was
already explained above, the nanoindenter penetrates the target material at a contact area
of a few nanometers for an indentation depth of some nanometers. The contact area of the
nanoindentation is extremely small compared to the volume of the specimen, and as a result
the obtained experimental results reflect a nanoindentation behavior of a homogeneous-like
material excluding all of the present heterogeneities into its microstructure by extracting a
nanoindentation behavior of an ideal material. This procedure leads to unreliable results
in the case of a material with several defects or impurities in its microstructure. The
experimental test is not able to perceive the extensive presence of pores which are located in
the lower layers. In our case, the experimental P-h curve better reflects the nanoindentation
behaviour of a fully dense material than that of a material with an extensive porosity like
the examined specimens of the current project.

4.3. Comparison of Numerical Nanoindentation Results Utilizing the Inverse Algorithm

In an effort to predict the macroscopic material properties via the nanoindentation
testing method, an inverse algorithm was proposed and utilized in this paper. The macro-
scopic mechanical responses of the experimental results and the numerical outcomes of
nanoindentation models were calculated for the case of a cW-Cu material and a W-Cu mate-
rial, and they are shown in Figures 13 and 14, respectively. As can be seen, the experimental
nanoindentation results obtained from the SSCUBONI algorithm show an appreciable
convergence with the corresponding numerical nanoindentation results obtained by the
proposed inverse algorithm.
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Figure 13. Comparison of the S-S curves of the experimental compression test with the corresponding
inverse numerical nanoindentation results and the inverse SSCUBONI-based experimental test for
the c(W-Cu specimens.
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Figure 14. Comparison of the S-S curves of the experimental compression test with the corresponding
inverse numerical nanoindentation results and the inverse SSCUBONI-based experimental test for
the W-Cu specimens.

Both of the inverse analysis algorithms seem to be efficient in converting the pene-
tration load—-indentation depth curve to stress—strain curves, but the proposed multiscale
nanoindentation model in conjunction with the inverse algorithm provides an advantage to
the scientific community because it is able to predict the macroscopic mechanical response
of any nanocrystalline material without executing any experimental test. However, it is
noteworthy to mentioned at this point that the porosity effect is a crucial parameter for
the mechanical behavior. For the aforementioned reason, the numerical multiscale nanoin-
dentation methodology implementing the porosity effect for the case study of porous
nanocrystalline alloys in combination with the proposed inverse analysis algorithm needs
to be developed so as to predict the macroscopic mechanical response more efficiently.

5. Conclusions

Herein, a methodology was developed for the simulation of the nanoindentation
testing of fully dense nanocrystalline materials utilizing a combination of numerical and
analytical approaches. The numerical nanoindentation outcomes correlate very well with
the experimental nanoindentation results, which validates the proposed methodology in
terms of simulating the nanoindentation test. However, in the scope of the prediction
of mechanical properties at the macroscale level, the proposed methodology shows an
appreciable divergence with the experimental compression tests due to the porosity effect.
For the aforementioned reason, it is of paramount importance that the proposed multiscale
numerical methodology be modified so as to take into account the porosity effect. Addi-
tionally, a thorough investigation of the proposed methodology has to be carried out by
applying different indentation loads, through numerical simulations and experimental
tests, and by testing various specimens with different alloying elements, compositions and
grain sizes so as to be validated for any alloy. Considering the above, it can be stated that
the proposed numerical approach in conjunction with the inverse algorithm represents a
preliminary contribution towards the development of a numerical nanoindentation model,
and may serve as the basis for the development of large-scale models to be applied in the
quality control of the mass production systems of the aforementioned promising materials
in the near future.
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