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Abstract

A new procedure for identifying the mechanical behavior of individual phases within a bi-
material (matrix-particles) is presented. The case of AISi10Mg (large globularized Si-rich
particles surrounded by an a-Al phase) processed by additive manufacturing and post-treated
is taken as a typical example. Grids of nano-indentation tests are performed at different
locations on the nanocomposite using a Berkovich indenter and show an impact of the hard
inclusions on the experimental curves. The elastoplastic properties of the matrix are identified
based on the lowest load—-indentation depth curves. Several representative finite element (FE)
models demonstrate the influence of the particles on the nano-indentation response. The
capacity of the FE model to predict the indentation curve of a cube corner indenter
experiment and the Berkovich grid result scattering was checked. A representative volume
element (RVE) based on a scanning electron microscope (SEM) image is defined. The
identified material parameters of the a-Al phase and Si phase, it allows the prediction of the

stress-strain curve of a macroscopic experimental tensile test.
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+ ldentification of matrix and inclusion behaviors based on nano-indentation grids

* A new set of material parameters for the a-Al matrix

« Data validation by the scattering of Berkovich curves and a cube corner experiment
* Model of post-processed laser powder bed fusion microstructure

+ Validation of an RVE model by the simulation of an experimental tensile test



1. Introduction

In mechanical finite element (FE) simulations, the design of a representative volume element
(RVE) of a material requires many choices: 2D or 3D model, its size, how the real
microstructure is expressed within the mesh (phase distribution, interface behavior,
mechanical properties of each phase). This article defines a methodology to determine an
accurate RVE for a material microstructure consisting of a soft matrix and hard globular
particles. The case of AISi10Mg samples manufactured by a laser powder bed fusion (LPBF)
process and post treated by friction stir processing (FSP) is selected as an application of the
method. The research is part of the Longlife AM Walloon Region project whose objective is
the numerical identification of the ideal microstructure with improved fatigue properties.
This long term objective already requires the design of an RVE able to provide accurate
predictions of the local stress and strain fields for a static case. The methodology to identify

a simple 2D RVE model is described in this paper.

The multiscale finite element method (MSFEM) and more specifically the RVE approach
[1-4] have proven to be highly effective in predicting the behavior of materials with complex
microstructures. Usually, computational homogenization is used to estimate the material
behavior at the macroscale level. The RVE associated with a ‘representative’ microstructure
is loaded and generates a response able to predict the macroscopic behavior within concurrent
simulations or sequential approaches [1]. These results show that the mechanical properties
of particle reinforced metals (hereafter called composites, as they consist of a matrix and
globular particles), i.e., ductility, fatigue resistance, and wear, depend on the microstructure
parameters such as particle size, volume fraction, and distribution, as well as on the particle

and matrix behaviors [2—4].

The target application, a LPBF AISilOMg sample after FSP, was experimentally
characterized by Zhao et al. [5], who compared its microstructure with the one of a LPBF
sample heat treated at 300 °C for 2 h. These authors observed that a higher ductility could be
achieved by the particle distribution generated by the FSP post-treatment (smaller hard
particles and more homogeneous arrangement) compared to a thermal post-treated
microstructure. Kim et al. [6] reported that the Si-rich phase controls the damage behavior,

as strain localization and incompatibility occur at the Al/Si phase interface. The cracks
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mainly occur and propagate in the soft Al matrix. These experimental studies confirm that

this material provides an interesting case to apply MSFEM, as the microstructure has a clear
impact already on static loading. However, outside the particle size and distribution, an RVE
cannot be defined without an accurate procedure to identify the behavior of each phase of the
microstructure. The different methods usually used to reach this objective are outlined

hereafter.

Classic macroscopic mechanical experiments such as uniaxial or biaxial tensile,
compression, shear tests with standardized dimensions provide the average behavior, while
indentation tests are recommended to identify more local properties. The indentation
technique has attracted the attention of many researchers in recent years [7-9]. For example,
automated ball indentation [7,8] and spherical indentation [9-11] provide reasonable
indications on the elasto-plastic properties of materials at the macroscale level (millimeter
size). However, they do not focus on the elastoplasticity of the individual phases, whereas
the nano-indentation test using various indenter shapes has become one of the most common
techniques to evaluate the mechanical characteristics of thin films, small bulk samples, and
graded materials. It has the advantage of mechanically testing microscale volumes of
materials with high accuracy [12-42]. In a composite material, studies [34,36] have proven
that experimental data combined with statistical analysis allow for the extraction of the
hardness and elastic modulus of each phase. However, the plastic properties of these
materials were not considered. For this purpose, a method often used in the literature is the
“dimensional analysis”, which directly links indentation measurement data to elasto-plastic
characteristics. Atkin and Tabor [43-45] first introduced the concept of a representative
plastic strain for each indenter shape to interpret cone hardness. From a mathematical
viewpoint, they defined complex dimensionless functions that link representative strain and
material properties. These non-linear functions are independent of the material strain
hardening evolution and must be solved to obtain the elasto-plastic properties. Early studies
on “dimensional analysis” were conducted by Cheng and Cheng [46], Dao et al. [47],
Ogasawara et al. [48], Bucaille et al. [49], and Tho et al. [50]. The dimensionless functions
were calibrated using 2D FE analyses. However, the uniqueness of the solution of plastic
flow is only obtained if at least two indenter types are used [51]. Bucaille et al. [41] conducted
nano-indentation tests using Berkovich and Cube Corner pyramids on a composite metallic
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material consisting of a continuous alumina fiber-reinforced matrix. The stress-strain curves

of the matrix were deduced using a reverse procedure. The authors found a good agreement
between the flow stress estimated by nano-indentation and uniaxial tests for the material in
the cold-worked state, but the discrepancy was large for soft annealed metals. The
preliminary work performed by the authors of the present paper using the dimensional
analysis on the studied AlSi10Mg alloy confirms this difficulty [23]. Therefore, the inverse
modeling method based on FE simulations of the nano-indentation process has been selected
as an alternative method [17,22,52-55]. In addition to the identification of the material
parameter of each phase, FE simulations of nano-indentation can reveal the local influence
of inclusions, while the above dimensional method were limited to the average set of material
parameters. However, most numerical studies on nano-indentation have focused on the
single-phase or average properties of bulk composites or thin-film behavior. In the present
article, the inverse modelling of nano-indentation is applied to the multiphase microstructure
of the LPBF AISi10Mg post-treated by FSP. As pointed out by the literature review hereafter,
the parameter identification by nano-indentation of multi-phase materials needs some care,

which explains why different model validations were applied in this work.

Recently, Cheng et al. [32] developed an inverse method based on statistical hardness data
to identify the elastoplastic parameters of each phase in partitioning and quenching steel.
However, the validation of the results with the measured properties obtained by in-situ X-ray
diffraction tests was not fully satisfactory. Shen et al. [56,57] studied the correlation between
the tensile properties and the hardness of an Al-Cu-Mg alloy reinforced with SiC particles
using 2D FE numerical simulations. According to the authors, hardness tests can
considerably overestimate the overall tensile and yield strengths of composites with large
reinforcing particles. Ekici et al. [58] pointed out that a random small particle distribution
and high volume fractions affect the deformed surface profiles, peak indentation force, and
local residual stress. Pohl et al. [59] quantified the influence of the matrix properties on the
indentation curve and Young's modulus of an M7Cz carbide particle embedded in an
X210Cr12 steel matrix using a 2D FE-model. Durst et al. [60] performed 3D FE simulations
of nano-indentation to investigate the influence of particles on nickel-based superalloys.
Elastic particles embedded in a perfectly plastic matrix were employed to model the particle-
matrix composites. They noticed a transitional indentation behavior between the particle and
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the matrix, which was also experimentally observed. Duan et al. [61] studied the influence

of the distance between the nanoindenter and the fiber on the indentation response of a
fiber/matrix composite using a 3D FE simulation. The results revealed that the nano-
indentation response strongly depends on the indenter geometry, fiber orientation, and
relative distance when the distance is relatively small. Furthermore, the calculated apparent
modulus depends on the penetration depth. However, the authors presented only the
numerical results without experimental validation, while validated 3D FE simulations of
Berkovich nano-indentations carried out on different materials (dental nanocomposites) by
Karimzadeh et al. [15] and Heidari et al. [16] confirmed the strong effect of the particle
location versus the indenter position. Indeed, when the particle and indenter are close, it
generates a stress localization phenomenon that modifies the force-displacement response of
the indenter. This literature review demonstrates the need for a careful analysis of the impact
of the particle on the nano-indentation results. The described identification methodology of
the present article address the distribution and size of the particles as well as the yield stress
ratio between the matrix and the particle.

In the literature, two types of constitutive laws are employed in FE simulations of nano-
indentation: models based on crystal plasticity [19-21,39,40,52,53,62—64] and macroscopic
models [14-18,29-32,54,65-69]. The first approach based on the evolution of the
crystallographic texture and dislocation density is widely used to predict the plastic response
of polycrystalline materials. However, this approach comes with high experimental
uncertainty and requires high computational costs. The second approach, which deals with
macroscopic phenomenological models, saves computation time and shows satisfactory
accuracy of the results [14,15,17,18,68,70]. Another advantage is to limit the number of

parameters to be identified when simple but still reliable phenomenological laws are chosen.

This notion of reliability directly points to the validation method of the predictions of the
RVE and of the nano-indentation simulations. The present article gives special care to this
validation step, as three comparisons of the measured and computed results are provided: the
dispersion ranges of the Berkovich nano-indentation curves, the nano-indentation curve of

the matrix deformed by a cube-corner indenter, and a macroscopic tensile test.



2. Experiments

The AISi10Mg studied material manufactured by LPBF and post-processed by FSP was
described by Zhao et al. [5] and Santos Macias et al. [71]. The microstructure showed
significant changes between the as-built condition (Fig. 1, a) and after FSP (Fig. 1, b). The
FSP significantly improves the material behavior by reducing the LPBF defects, such as
porosity and inhomogeneity. The Si particle size after FSP ranged from 10 nm to 690 nm. A
more thorough description of the reinforcement particle morphology, size, and distribution

can be found in the literature [5,71].

Fig. 1: Scanning electron microscope (SEM) image of the AISi10Mg material in the as-
built state (a) and after FSP post-treatment (b) [5].

The specimen extracted from the FSP zone was polished to a mirror finish. An oxide
polishing suspension (OP-S) step was performed for 20 min to reduce the residual stress due
to mechanical polishing. The nano-indentation experiment was conducted using a Triboscope
Ti950 nanoindenter (Hysitron Inc., USA). A penetration depth of 150 nm was chosen for the
Berkovich tip, and the increase and decrease in load were controlled by displacement. The
load was increased in 5 s, followed by 5 s holding and 5 s to decrease the load. The indented
zone was randomly chosen within the FSP treated zone. A grid of 10 x 10 indentations,
separated by 5 um, was performed. The dispersion of the obtained results was analyzed to
reveal the influence of Si nanoparticles. Fig. 2a shows the load-displacement curves of the
nano-indentation grid and Fig. 2d shows 3D view of one imprint while Fig. 2b, ¢ enhance the
presence of Si particles.
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These experimental data show a high dispersion of the loading curves obtained from the

indentation grid. It is assumed that the indentation of fine Si particles or of a matrix material
involving fine Si particles produces low loading curves, whereas high curves are generated
by the indentation involving large Si particles. Section 4 will further confirm this hypothesis

through FE simulations.
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Fig. 2: a) Loading curves of the Berkovich indentation in FSP zones obtained from the grid
of nano-indentations of an LPBF - FSP AISi10Mg sample (from [23]), b) A view of the
sample before polishing generated by the scanning mode of the nanoindenter and showing
the presence of Si particles, ¢) a zoom of a part of the 100 nano-indentation grid of the
polished sample, d) 3D view of one indent print of the Berkovich indenter in the a-Al

matrix of the polished sample.
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3. Identification of the mechanical behavior of the Si particle and a-Al
matrix

3.1. Si and o-Al elastic parameters
The classical method used to identify the Young’s modulus in a single phase material (or
neglecting the presence of different phases in the material experimental data post processing)
is reminded in this section. The Si data were extracted from one sample where Si particles
were larger than in a typical FSP microstructure shown in Fig. 2. The experiments performed

in the a-Al matrix within the FSP zone provide the matrix elastic behavior.

The unloading part of the curve of force F versus indentation depth h (F, h) is assumed to be
fully elastic, providing the required information to evaluate the elastic parameters. Sneddon
[72] established a link between the slope S at the beginning of this curve, the contact area A

projected onto the initial surface of the material, and the reduced modulus E* (Eq. 1).

s-— 9 _Z EJA €

dhh:hm \/;

The reduced modulus E* is defined by Eq. 2, where E, v and E;, vi represent the Young's
modulus and Poisson's ratio of the tested material and the diamond used for the indenter,

respectively.

= +— @)

Based on the data available for the related Triboscope system, the diamond values of vi and
Ei in Eq. (2) are equal to 0.07 and 1140 GPa.

The projection of the contact surface A is defined by Eqg. 3:

A=C,h?+Ch +C,h%? +C,h* +C,h"® + .. 3)

where CO:B.\/§.tan2a, a 1S the centerline-to-face angle, and Ci, Cy, C3, Cs, ... are

coefficients that consider small tip defects.
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From Eq. 1, the reduced modulus E* is calculated according to the measured unloading slope

S, as follows:

E=2, % @)

From Eq. 2, the Young's modulus E of the tested material is obtained if its Poisson's ratio is

known:

E =(1—v2).(El* —1_Evi ) )

Based on [58,59], the Poisson’s ratio of Si particles is assumed to be v = 0.3, and only the
Young's modulus (Es;) is interesting because the elastic limit (approximately 5000 to 9000
MPa) is higher than the local values in the indentation and tensile load case. Esi identification
relies on indentations carried out with the Berkovich indenter within the thermo-
mechanically affected zone (TMAZ) of the specimens post-processed by FSP. This zone
appears at the boundary of the FSP zone (see Fig. 3b and c). The heat generated within the
FSP zone affects the TMAZ, which presents no particle cut by the FSP process but a particle
growth. These large Si particles are easily indented (average size of 3 um). For example, the
force-displacement curve on such a selected Si particle within the TMAZ is shown in Fig.
3a. The large Si particle size within the TMAZ reduces the influence of the matrix on the Si
measurement, as proved by Pohl et al. [59]. The value obtained by applying the procedure

described in hereabove is E = 167 GPa, which is consistent with the literature [73].
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Fig. 3: a) Loading-unloading curve of a Berkovich indentation of a selected Si particle within
the thermo-mechanically affected zone (TMAZ) of an LPBF- FSP AISi1l0Mg sample, b)
scheme of the applied Friction Stir Processing (FSP) post treatment of the plate surface, c)

visualization of the FSP post treated zone in the thickness and its surrounding TMAZ.

For the a-Al matrix, the Young's modulus used within this research was obtained based on
an initial Berkovich grid indentation campaign [23] performed in 2021 on the post-processed
samples (5mm thick) of the AISi10Mg-FSP material provided by Catholic University of
Louvain [5]. This result was compared with the value deduced from the indentation made
with the Cube Corner and the value obtained from a macroscopic tensile test. The Young’s
modulus of the micro elasticity (E = 79.8 GPa) evaluated by the indentations does not
fundamentally differ from the one based on the macroscopic tensile test of the composite (E
= 71.5 GPa). Note that the results of the FE tensile simulations of a material composed of an
elasto-plastic a-Al matrix and elastic Si particles described in section 5.2 also confirm that
the Si particles only slightly influence the elastic modulus of the composite. As in [58,59],

the Poisson’s ratio of the a-Al matrix is assumed to be v=0.3.

3.2. Calibration of a-Al Voce hardening parameters with nano-indentation
For the matrix, the relationship between the plastic strain and flow stress is described by the
classical isotropic hardening model of the VVoce-type as follows:
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o, =0, +K(l—exp(-n.e™)) (6)

where &is the plastic strain, o is the stress, oo is the yield strength (associated with 0.2%
of plastic strain), n is the strain hardening exponent, and K is the material parameter
controlling the hardening saturation. In this model, the hardening behavior of the material

depends on three unknown constants, K, n, and .

After the FSP process, the inclusions are randomly distributed Fig. 1b). As a result, the
indenter has an arbitrary position in relation to the inclusions when studying the mechanical
behavior of the a-Al matrix using an indentation grid. This issue underlines the need for FE
simulations to study the effects of the relative position between the particles and the indenter.
For simplification purposes, only one inclusion with a spherical shape is discussed hereafter
and in the sensitivity analysis of section 4.2.

3D FE simulations of the Berkovich indenter were performed using the Lagamine software
developed by the ArGEnCo Department of the University of Liege [20,74]. Taking advantage
of the symmetry of the indenter, a half 3D FE model was used to minimize the calculation
time. Fig. 4a shows the model size and FE mesh for a representative simulation. The height
(6 pum), width (10 pm), and length (5 pum) of the modeled material specimen were sufficiently
large compared to the maximum penetration depth of 150 nm to prevent any boundary effect.

The smallest element size within the contact area is 25 nm.

The nano-indentation model was meshed using BLZ3D mechanical solid hexahedral
elements with a mixed formulation adapted to large displacements and large strains. It
employs an hourglass control mechanism and a reduced integration scheme (only one
integration point) [75]. Mechanical contact elements [76,77] with four nodes and four
integration points were added to model the contact between the specimen and the indenter.
The contact was simulated using a penalty algorithm and the Coulomb friction law. A fine
mesh was created within the contact region to obtain reliable numerical results. For achieving
convergence, the optimal values of the contact penalty coefficient in pressure k, and the
frictional penalty coefficient k; are ko, = ki = 3.7 x 107 (N/mmq). Because the Berkovich

indenter was significantly stiffer than the specimen, it was modeled as a rigid body.
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In these simulations, a typical experimental vertical indenter displacement history was

applied at the master node of the indenter along the Y-axis. The maximum displacement (150
nm) was 2.5% of the specimen height. A fixed displacement condition was imposed at the
bottom of the FE model, and the horizontal displacement was fixed on the symmetric
boundary plane (XY plane). A sensitivity analysis of the friction effect was conducted. It was
demonstrated that the effect of the coefficient of friction on the simulation result is negligible,
which is consistent with the literature [20,22,61,67,78]. In all simulations, the adopted

Coulomb friction value was 0.3.

The results of the nano-indentation experiments were used to calibrate the hardening law of
the a-Al matrix of the nanocomposite. The dispersed values of the loading curves associated
with the 100 indents of the grid were measured. They reflect the local behavior of the
composite instead of the matrix properties, and each curve depends on the relative position

of the indenter and the Si precipitates.

Analysis using the scan mode of the nanoindenter (Fig. 2c) and previous numerical studies
[15,61] suggest that indentation pressing only on the matrix material yields the lowest force-
displacement curve. The target experimental results to identify the a-Al matrix were chosen
based on this criterion. The Voce elasto-plastic law parameters were calibrated by manual
inverse modeling (minimizing the error between the experimental and predicted force-
displacement curve) to obtain numerical indentation results close to the corresponding
experimental results. The obtained parameters are shown in Table 1, and the calibrated force-

displacement curve shape is physically acceptable Fig. 4b).

Table 1: Calibrated parameters for the a-Al matrix of AISi1l0Mg after the FSP

E (GPa) Young’s v Poisson’s K(MPa) a0 (MPa) n

modulus ratio Yield limit

79.8 0.3 180 180 17
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Fig. 4: a) Geometry and FE mesh for the a-Al matrix with one Si-rich inclusion, b)
Numerical simulations with the initial and calibrated final data set for the a-Al matrix of a
Berkovich nano-indentation and the experimental result of the indentation of the a-Al
matrix of an LPBF-FSP AlSi10Mg sample (lower curve of the set of experiments). c, d, e,
f) Sensitivity of the computed nano-indentation curves to the parameters of the hardening

law of the a-Al matrix compared with the calibrated parameters.
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Note that compared to the VVoce hardening law results, the Swift hardening model does not

provide a better agreement between the predictions and experiments. Perturbing separately,
each of the three parameters of the Voce law with the same relative amount of +10% from
their identified values demonstrates their impact on the curve (Fig. 4c, d, e, ). The difference
between the reference and sensitivity curves was relatively low until 60 nm but increased
with the imposed displacement. A more pronounced effect on the indentation curve is
generated by the disturbance of the yield limit oo and parameter K than the function exponent
n. It was observed that a £10% change in oo, K, and n leads to a variation of more than +
5.5%, + 2.45%, and + 0.95%, respectively, in the indentation response at an indentation depth
of 150 nm. Consequently, to identify the parameters of the hardening law by the Berkovich
nanoindenter, the applied displacement should be greater than 60 nm. Multiple solutions
could be reached; however, the data set of Table 1 provided a minimal error between the
model prediction and the experiment. In section 4, the calibrated set of parameters is used to

examine the effect of nanoparticles on the loading response.

4. Impact of particles within indentation results

In section 4.1, FE simulations allow the influence of different inclusion sizes and the relative
locations between the inclusion and indentation to be investigated, while section 4.2 analyses
the perturbation brought by the Si particle within the local strain field and the plastic volume

affected by the indentation.

4.1. Sensitivity analysis related to the inclusion size and the indenter position
Any inclusion is assumed to be perfectly bonded with the matrix, and the largest measured
inclusion diameter is D = 690 nm, which defines the limit to explore. The sensitivity result

analysis is presented hereafter.

Fig. 5 shows the three representative configurations studied. Note that D, the diameter of the
inclusion, varies from 100 nm to 690 nm; h and L are the horizontal and vertical distances
between the inclusion and the indentation point, respectively. The ratio h/D is between 0 and

1.5, and L/D evolves between 0 and 1.

Fig. 5a shows the force-displacement curves corresponding to 4 different inclusion

diameters. The blue curve shows the response to the matrix material without any inclusion



17
(Reference case). At the same indentation depth, the influence of the inclusion increases with

an increase in its size. For example, when the inclusion size is 690 nm, the force is 50%
higher than that without the inclusion when the displacement reaches 150 nm. However, the
effect rapidly decreases when the inclusion diameter is smaller than 350 nm, and its influence

is negligible when the inclusion diameter is less than 200 nm.

D = 100-690nm
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Fig. 5: Simulated nano-indentation cases with an inclusion embedded in the a-Al matrix
with different sizes of Si inclusion and different positions between the indenter and
inclusion. a) Force-displacement curves for a Berkovich indentation directly applied above
half of the inclusion, b) applied with different distances between the inclusion and the

indenter (D =690 nm), c) directly applied above the inclusion (D = 690 nm).

The force-displacement curves in Fig. 5b show the response when indentation occurs in the
matrix region. Because of the continuity assumption between the matrix and precipitate, both
the Si precipitate and aluminium matrix properties contribute to the result when the interface
between the inclusion and the matrix is indented (case B - h/D = 0.5 ). When the h/D ratio is
equal to 0.6 and 0.8, the effect of the inclusion is only clear when the imposed indenter depth
reaches approximately 70 nm and 100 nm, respectively. When the ratio was increased to 1,
the influence of the inclusion was not observable before 150 nm. This observation implies
that for the largest precipitates present in the material, the deformation zone was limited to a
distance of less than 345 nm (690/2 nm).

For the vertical inclusion model (Fig. 5¢), while L/D is equal to 0, the inclusion is tangent to
the surface. For this case, at 150 nm of indentation, the force is 85% higher than the reference
case without the inclusion and 22% higher than the case of h/D equal to 0 (half of the
inclusion defines the surface). Indeed, the inclusion volume significantly influences the
maximum force when the indenter directly touches the inclusion. This influence is negligible

if the inclusion diameter is less than 200 nm. As the L/D ratio is increased, the indenter is



19
placed in the matrix. As shown in Fig. 5¢, the inclusion effect decreases when L/D increases.

When L/D = 1, the influence of the inclusion is insignificant, indicating that once the
displacement is less than a critical distance, the matrix response dominates.

o, matrix

In summary, for this material with a ratio of 0.036 and Si particle sizes ranging

o, inclusion
from 100 nm to 690 nm, the 3D FE simulation results show that the force-displacement curve
of the Berkovich nanoindenter is not affected if the particle size is smaller than 200 nm. An
additional conclusion is that the matrix behavior can be identified by an indent that stays at

a distance of 345 nm from the largest inclusions.

4.2.  Analysis of equivalent plastic strain and stress fields near the indenter

The von Mises strain contours are plotted to show the strain distribution to further analyze
the local behavior beneath the indenter. Fig. 6b, ¢, and d show the equivalent strain fields
associated with an indentation depth of 100 nm and the largest inclusions (690 nm diameter)
with an identical maximum scale of 0.06 strain. The plastic volume fraction Vpiastic is highly
dependent on the relative position between the inclusion and the indenter. The maximum
Vpiastic COrresponds to the reference case without any inclusion Fig. 6a. In addition, the
influence of rigid inclusions on the distribution of the plastic strain is observed. When the
indenter directly touches the center of the inclusion Fig. 6b, the plastic strain is much lower
within the matrix than in the reference case, and it is relatively uniformly distributed. Once
the indenter pressed the matrix Fig. 6¢ and d, the plastic deformation zone rapidly increases,

but the presence of inclusions modified the plastic strain distribution.

Fig. 7 presents the contours of the von Mises stress in the a-Al matrix and Si particle at a
displacement of 100 nm. It is observed that the materials within the matrix of the four models
have stress levels ranging from 200 to 300 MPa. However, Fig. 7b-c shows that the stress in
the Si particle is higher than 400 MPa. Thus, particle size and location have a significant
effect on the stress distribution. This phenomenon explains the increase in the load-

displacement curve of these nano-indentation tests.
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imposed displacement of 100 nm (a) without inclusion, b) with inclusion h/D =0, (c) h/D =
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Fig. 7: von Mises stress fields calculated by FE with the Berkovich indenter with an

imposed displacement of 100 nm (a) without inclusion, b) with inclusion h/D =0, (c) h/D =
0.6, (d) L/D = 0.14.
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The above analysis proves that force-displacement dispersion as obtained, for instance, in

Fig. 2 can be related to the size of the inclusion and its relative position to the indent.
Therefore, selecting the representative force-displacement curve is essential for extracting
the mechanical properties of each phase in the composite. Matrix identification requires grid
measurements to provide multiple curves in case of a matrix and particle microstructure. In
this study, 100 curves were obtained and only the lowest ones were used to identify the a-Al
behavior.

5. Validations

The identified material data set of Table 1 is checked by the comparisons of the experimental
and numerical ranges of the Berkovich indentations of the biphasic material (section 5.1). A
second validation is also presented in section 5.1 for the case of the Cube Corner indentation,

while an experimental tensile curve and its RVE simulation are described in section 5.2.

5.1. Validation of nano-indentation experiments

Some FE simulation results compared with the force-displacement data measured by the
automatic grid indentation tests are shown in Fig. 8a. The variation ranges of the computed
force-displacement curves of the composite associated with the values of h/D and L/D
defined by the conclusion given in of section 4.1 predict, with an acceptable accuracy, the
deviation of the experimental curves (= 0.5 mN). This agreement provides the first validation
of the FE rheological model. Furthermore, it illustrates the accuracy of the identified plastic

curve (both the yield limit and hardening model).

A nano-indentation grid of 10 x 10 indents using a Cube Corner indenter was performed to
provide a second validation of the calibrated set of parameters determined by the Berkovich
experiments. A penetration depth of 430 nm was chosen to obtain the same contact area as
with the Berkovich indenter, and the lowest curve of the grid indentation was selected. Fig.
8b shows a good agreement between the FE simulation and the experiment, confirming the

identified set of parameters for the VVoce law (Table 1).
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simulations with various sizes and positions of the Si particles and results of experiments

obtained from the nano-indentation grid; (b) Numerical simulation of nano-indentation of

Cube Corner indenter inside the a-Al phase without Si particles with the calibrated

parameter set in Table 1 and the lowest result of the Cube Corner grid experiments within

LPBF-FSP AlSi10Mg sample.
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5.2. RVE application for tensile curve prediction

A third validation of the behavior of each phase and of the selected representative inclusion
sizes, shapes, and their distribution within the RVE can be achieved by comparing its global
behavior with the macroscopic flow stress. Experimentally, a tensile experiment was
performed on AISi10Mg after FSP [5]. First, the initial microstructure was characterized by
SEM observation; then, a surface mechanical polishing and etching step with hydrofluoric
(HF) (0.5% vol) acid was applied, and finally, a uniaxial tensile test was conducted following
the ASTM E8/E8M-15a standard on a Zwick machine with a constant loading rate [5].

From a numerical point of view, a simplified microstructure based on the SEM image in Fig.
9a was used to generate the studied RVE. The image was filtered using ImageJ software, and
the morphological Si particles were derived as ellipses. The size of the Si inclusions present
in the RVE ranged from 100 to 690 nm. The finite element simulation relies on a volume
including 110 Si particles. The large size of the model explains why no periodic conditions
were applied. A single layer of BLZ3D elements with a free lateral surface type boundary
condition was applied (Equations 7). Due to the 3D constitutive law and the large difference
in the strengths of the matrix and inclusion, the mesh size, and boundary conditions, the result
is between the plane strain and plane stress state. Note that thickness variations are generated.
The accuracy of such an assumption is not perfect, but it is far faster than a full 3D RVE.

Note that this simple assumption was also adopted in [79].

U,(0,y,z)=0
U, (Ly.z)=U, (7)

t=on=0 for any lateral faces
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Fig. 9: a) Microstructure of the LPBF-FSP AISi10Mg sample [5] used to define the RVE;
b) Measured true stress-true strain response of the composite under axial tension and
computed by RVE model (RVE mesh with Si particles in red, the a-Al matrix in green,

and boundary conditions).

A comparison between the experimental and simulated true stress-true strain curves
computed with a similar method (6=F/A, e=In(L/Lo)) is shown in Fig. 9b. The blue curve

results from the model without inclusion (hole instead of inclusion), whereas the red curve is
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obtained with elastic inclusions. It can be observed that the effect of the inclusion on the

elastic limit and Young’s modulus is insignificant. According to this simulation, the matrix
properties dominate the elastic behavior of the AlSi10Mg composite after FSP. However, the
results show that the inclusions increase the work hardening effect of the material. The
computed true stress-true strain curve (red curve) is very close to the experimental value up

to 12% macroscopic strain.

The equivalent von Mises strain fields corresponding to two levels of macroscopic
deformation 5% and 12% are presented in Fig. 10a and b, respectively. At a macro strain of
5%, the maximum deformation value was two times higher than the average strain,
quantifying the high heterogeneity within the matrix. For a macroscopic strain of 12%, the
maximum local strain value was three times higher than the average strain with a significant
localized band that crossed the specimen. At this level, a stress drop is observed within the
FE computed curve with the inclusion in Fig. 9b. Thus, the numerical calculation fails to
accurately predict the macroscopic average behavior (stress-strain) in the strain domain
above 12%. This bad prediction could probably be avoided if cohesive elements would be

implemented between the Si particles and the matrix.
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Fig. 10: Distribution of the equivalent local strain at various loading values of macroscopic
strain: a) 5%, b) 12%.

Experimentally, Zhao et al. [5] observed decohesion between the matrix and Si particles for
strains above 9%. Therefore, predicting the average stress drop will be studied, including a
cohesive model in areal 3D RVE [79-82]. Furthermore, an improved RVE smaller but closer
to a real 3D bulk structure due to periodic conditions will be used to better model the material

state in future research.

6. Conclusions

In this study, an effective identification approach based on grid nano-indentation experiments
is developed to extract the elastoplastic behavior of a matrix that contains hard particles.
Applied on AlSi10Mg samples generated by the LPBF process with a FSP post-treatment,
the method is validated by the developed FE models and their predictions. Three different
validations are presented: i) The high dispersion of Berkovich curves due to the presence of
Si nanoparticles is correctly predicted; ii) The FE simulation of the loading curve of a cube
corner (not used in the identification process) matches well with the experiment; iii) The FE
simple RVE based on a SEM image and the identified data set recovers the experimental
curves up to 12% strain. For deformations larger than 12%, the tensile strain generates

damage at the particle-matrix interface. Therefore, a cohesive zone method should be added
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to the FE model. Such an improved approach, as well as the use of real 3D RVE, should

improve the representativeness of the RVE. These extensions are mandatory if one wants to
use the model to predict the correct damage in phenomena strongly linked to local features
like static rupture or fatigue behavior. The authors are working further in this direction,

relying on an ongoing experimental campaign of fatigue tests.

This article has demonstrated through FE simulation results how the indentation location
related to the hard particle position and the particle size, modifies the force-penetration curve.
For the specific case with a soft matrix and high strength particles with a yield limit ratio

G_Ym—atr_'x of 0.036 and an inclusion size ranging from 100 nm to 690 nm, the results show
o, inclusion

that : (i) Particles smaller than 200 nm do not affect the force-displacement curve using a
Berkovich nanoindenter; (ii) The matrix behavior can be measured by an indentation that

stays at a minimum distance of 345 nm from an inclusion.
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