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The nanoindentation-induced mechanical deformation response is applied to identify the orthotropic

elastic moduli using the Delafargue & Ulm method as well as to validate the asymmetric orthotropic
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CPBO06 non-linear plasticity model required in simulations of non-uniform macroscopic mechanical
response of the Ti—-6A1-4V alloy. Scanning electron microscope (SEM) technique allows to select
the maximum penetration depth for the indentation in the deformed alpha phase and alpha-beta
interphase; a- and a-/f-, respectively. The apparent macromechanical response could be successfully
derived from seyveraliesidual imprints conducted at micro- and/or submicrometric length scale and
distributed throughout samples of the investigated bulk alloy, as demonstrated by correlation with
finite element simulations based on the orthotropic elastoplastic model. The accurate numerical
response obtained.validates the material model and the Delafargue & Ulm approach, opening a
window for next generation identification methods of macromechanical plasticity models with hybrid

experimental-numerical method based on instrumented indentation and the use of SEM technique.

1. Introduction

The researchinterestiin titanium alloys lies in the fact that their exceptional mechanical properties
make them ideal for specific industrial applications, such as biomedical, aerospace and military
industries.!' Despite its high cost, Ti-6Al-4V alloy is currently the most widely used titanium
alloy, combining good biocompatibility and corrosion resistance,” % high strength, low weight

and ductility. 1L

Several manufacturing processes among the aforementioned applications contemplate the
implementation of material characterization procedures, either on pristine samples of the material or
on previously manufactured parts. The most commonly applied experimental procedures to identify
the macroscopic orthétropic elastoplastic properties of a material include monotonic tensile,l!”-!¥!

n!"2hand shear®!?? tests of material samples obtained from its orthogonal directions.

compressio
The main limitations of these tests are the size of the specimens and their subsequent destruction,
which characterize these types of testing as destructive. Although there are nondestructive techniques

using the vibratory resonance response to characterize the elastic properties of samples, they do not

allow direct identification of orthotropic properties. Some research studies have obtained orthotropic
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constants by computing the vibration response using the finite element (FE) method or semi-
analytical methods.?>2) However, the knowledge of the dynamic response of Ti-6Al-4V provides
directional and tension-compression asymmetrical elastic properties, as reported here and in previous

studies.['316]

The rise of newtechnologies and manufacturing of highly critical components has brought a growing
interest for non-destructive nanomechanical characterization procedures. Some applications requiring
specific knowlédge of nanomechanical behavior of these type of materials include BioMEMS, ]

(29301 Furthermore, correlation

porous implant§,?8and light weight micromechanical components.
between the macroscopic and experimentally determined nanomechanical response for this and other
alloys is substantially supported by recent research.*'=7! Hence, the aim of this research is to

characterize the orthetropic elastoplastic response of Ti-6Al1-4V at the nanometric length scales by

applying a hybrid numerical-experimental method.

The instrumented.indentation technique or depth-sensing nanoindentation technique, classified as a
non-destructive ‘method for characterizing the mechanical response of materials with the highest
resolution,*8) allows load (P) and displacement (h) to be measured at the submicrometric length scale
in order to determinewthe mechanical properties of the constitutive phases, as well as the
micromechanical properties of the composite system. Standardized by ISO 14577-1, the depth range
for nanoindentation is considered to maintain penetration distances below the sub-micrometric scale,
with an averagesmagimum depth of 2 pm.?%! This method allows to determine, in the direction of
indentation, the elastic modulus of the tested sample from the unloading region in the loading-
unloading (alsexknown as loading-displacement or P-h) curve, while the surface hardness can be
computed from the ratio between the maximum applied load (Pnax) and the corresponding projected
contact area (Apm).***!1 This method requires relatively small samples in comparison with other
methods, and allows the mechanical properties of a wide range of materials to be obtained, from thick

solid specimens to thin film coatings of metallic or polymer sheets.[>40:42-481
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Indentation procedures have for long been used for determining the surface hardness of metallic
materials. The acknowledging of an elastic behavior during the return of the indentation procedure
led to the mathematical approach and further development of methods to obtain the elastic moduli of
the indented material. Based on the solution of the classic contact problem through the Hertz
approximation, and the J. R. Willis solution of the contact problem for anisotropic bodies through
Fourier transforms,?! Doerner & Nix[®" interpreted the unloading stage of a nanoindentation as an
isotropic elasticfcontact problem between two bodies with different elastic constants. This method
was lately improved by Oliver & Pharr!*?l. Henceforth, in addition to the Vlassak & Nix[*!! solution
of the contact problem for two half-space surfaces by using Green function to describe the indenter
surface, a solid framework was stablished for the development of a generalized method for identifying
the elastic modulus and surface hardening of isotropic elastic materials through instrumented
indentation tests at the nanometric length scale,'*"3?! considering a wide range of indenter geometries

(i.e. sharp and/or spherical tip indenters).

Although the Oliver & Pharr method*”! is widely used nowadays,*!™4*33-621 jts application requires
the elastic behavier of the indented material to be simplified, considering it as isotropic. Thus, for
materials exhibiting orthotropic elasticity, the resultant elastic moduli are only an approximation. In
view of this shortcoming, a mathematical approach for identifying the elastic moduli of materials
exhibiting orthotropic elasticity from instrumented nanoindentation tests was developed by
Delafargue & UIm:%! The mathematical framework for this method is based on the classical Hertzian
contact problem threughout the simplification of the indenter tip as a rigid half-space surface through
a Green function, describing the analytical relationship between load and indented area for isotropic
materials.[®* Lately, Vlassak et al.°!! extrapolated the solution for materials exhibiting longitudinal
and transversal anisotropy, and furthermore for generalized indenter geometries.l>?! Based on the
former approaches, Delafargue & Ulm!®¥ defined an analytical relation between the explicit elastic

constants of an orthotropic material and the indentation induced mechanical response.
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As shown in previous studies, this research topic continues to be of great interest for the engineering

[34,36,48,55,65-67

and scientific community. I'A classical approach for studying the nanomechanical

behavior of polycrystalline alloys is the nanoindentation modeling with crystal plasticity.[>3¢3-70]
Other research studies inversely identify hardening properties such as hardening exponents by
implementing artificial neural network.’*! In single crystals, the atomistic mechanisms of the
anisotropic plasti€ity induced during nanoindentation tests are studied with molecular dynamics

simulations.”]

In this work, thé' methods proposed by Oliver & Phart'*’! and Delafargue & Ulm!®¥ were both applied
for postprocessing the elastoplastic nanomechanical response of the o-/f- titanium alloy through
numerical simulations of nanoindentation tests using the Lagamine FE software. The complex
elastoplastic behavioriof Ti—6A1-4V, exhibiting tensile-compressive asymmetry in plastic stresses,

12.14.15.55] is considered in further numerical FE simulations

as well as distortional hardening,'
throughout the use”of the CPB06 yield criterion,”!"7*! acknowledging the reported distortional
hardening phenomenon by including several asymmetric yield surfaces with different orthotropic
material constants:"™"] In conjunction with the classical Hooke’s orthotropic law, this leads to high
accuracy on the prediction of the mechanical deformation during nanoindentation. Firstly,
microstructure identification was obtained with scanning electron microscopy (SEM) technique to
select the maximum®penetration depth of the indentation in order to deform the a~phase and alpha-
beta o-/f-interphase,contained in the investigated alloy. Several residual imprints were conducted at
different penetration depths from nano- to micromechanical length scale, in order to determine the
mechanical properties for each constitutive phase as well as for the composite. They were
homogeneously distributed throughout the studied samples of the bulk alloy, defining the apparent
macromechanical behavior which was successfully correlated with the FE simulations. The accurate
numerical response predicted by the orthotropic elastoplastic model validated the material
parameters, and the Delafargue & Ulm method!®*! allowed quantification of the uncertainty errors

[74

between orthotropic Young moduli identification methods.[”*! Within this context, the presented work
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opens opportunities for future inverse identification procedures of mechanical plasticity models at

different length scales by combining instrumented nanoindentation with the SEM imaging technique.

2. CPB06 yield criterion
Large strains elastoplastic behavior of hexagonal closed packed (hcp) materials such as titanium
alloys is complex.! The consideration of an orthotropic material with asymmetry in axial tension-

14,15,71,73,75] In order to

compressionsstressesnleads to a non-symmetric yield surface evolution.!
macroscopically.describe the orthotropic elasticity and asymmetric crystallographic plasticity of Ti—

6A1-4V, the CPB06 yield criterion!”!7?! is chosen.

The equivalent stress'described by CPB06 yield criterion is computed as follows:

Oeq = [(IZ1] = EZDEA (122] — k2% + (|1Z5] — kz3)a]i (1)

where a is the degree of homogeneity of the function, k£ is the asymmetry parameter (variation of
which leads to tension and compression stress asymmetry), and %; (with i=1,2,3) are the eigenvalues

of the transformed deviatoric stress tensor, 1.€.:
=L:S (2)

where S is the déviatoric stress tensor and L is the 4™ order tensor of orthotropic constants, which,
represented in Voigtnotation as:
L11 L12 L13 0 0
Li Ly Lz O 0
Liz Lz L3z, O 0

L =
0 0.0 L, 0 0| 3)

0000L550/
0 0 Ou 0 0 Lg

From the equivalent stress formula shown in Equation 1 the effective stress is computed as follows:

G = MOgq “4)
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where 7 is a constant defined such that the equivalent stress (Geq) is reduced to the yield stress in the
main Longitudinal Direction (LD) of the material. In this direction, is also defined the current yield

stress of the material using the Voce isotropic hardening law.
0y(€7) = Ry + Rs[1 — exp(—Cré?)] ®)

where the parameters Ry, Rs and Cr are, respectively, the initial yield stress, the saturation coefficient,

and the saturation rate, while €P is the equivalent plastic strain.

By subtracting the effective yield stress oy from the effective stress (&) of the material, the actual

CPBO6 yield criterion is obtained ® = ¢ — g,,.

2.1. Material parameters for the CPB06 yield criterion

The CPBO06 yield criterion was used for modeling the mechanical behavior of the studied Ti—6Al-
4V. Two sets-0f €PB06 yield criterion parameters have been found using different identification
techniques. In the"present work, the numerical simulations of nanoindentation are executed using the
two sets of previously identified parameters to understand the effect of the identification in the FE

simulation results.

The parameter k defines‘the asymmetry between tension and compression stresses, but only within
plastic deformations. Recent research!!*!%! has shown that Ti-6Al-4V also exhibits different elastic

moduli in tensile and compressive stresses as summarized in Table 1.

In order to consider this phenomenon, different compliance matrices were defined for tensile and
compressive stresses. The general form of the orthotropic elastic compliance matrix is shown in

Equation 6.
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The stress state of the material during the nanoindentation tests depends on the position of the
analyzed element; however, the dominant stress state is compressive. Considering this fact, the elastic

moduli used for this simulation were determined by compression tests.

To determine the Ry, Rs and Cr parameters of the Voce’s hardening law (Equation 5), two
experimental characterizations were made along the LD direction of the material. The first, presented
in Ref.'¥ considered a maximum logarithmic strain of 0.10 during the experimental tensile test. The
second, presentedin‘Ref.!'>! considered a maximum logarithmic strain of 0.20. They are hereafter

referred to as (IJP),and (MEC) parameters, respectively.

3. Materials andsmethods

3.1. Mechanical properties at the submicrometric length scale

Prior to the micrestriictural and micromechanical properties characterization, the sample surfaces
were grinded and polished using SiC abrasive paper up to 1200 grit and subsequently polished with
1 um grit size diamond paste to reveal the microstructure. The nanoindentation tests were carried out
with the iNano nanoindenter (Nanomechanics Inc., a KLA-Tencor Company, Oak Ridge, TN, USA)
equipped with a Berkovich diamond tip indenter. Prior to the indentation process, the indenter tip was
carefully calibrated using a standard fused silica specimen. The indentation tests were performed
under loading control mode at 50 + (3x10%) mN of maximum applied load in two directions of the
material (LD and Short Transverse Direction (ST) as shown in Figure 1. The distance between
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indentation imprints was held constant and equal to 20 pum in order to avoid any overlapping effect.[”]
For each direction, 16 imprints (4x4) in 5 different samples of the volumetric ingot are enough to
represent the mechanical properties at the micrometric length scale, giving better understanding of
the macroscopic behavior of the investigated alloy (see Figure 2). More information related to the
micromechanicalsresponse of the investigated material under instrumented nanoindentation tests is

available in Ref.*2];

3.2. Nanoindentation post-processing methods for mechanical characterization

The P-h curve resulting from an experimental instrumented or FE simulated nanoindentation is
obtained in the form of a set of points describing the load (P) and axial displacement (h) at a user-
defined period ofstime. While the loading stage of the P-h curve represents a mixed elastoplastic
behavior, the elastiésbehavior is responsible for the unloading stage.®” This combined indenter-
specimen elastic response at the unloading stage of the P-h curve is ruled by the reduced elastic
modulus E, (alsowknown as effective elasti modulus). Following the fundamental Hertz contact
solution,! the{reduced elastic modulus E, can be expressed as a function of the initial unloading

stiffness S and'the projected contact area at maximum load Apm::

E,=— |-~ (7

- ﬁ Apml
where f3 is the géometry correction factor. For a Berkovich indenter geometry, f=1.034.17%!

3.2.1. Oliver & Pharrimethod for isotropic elasticity
Considering the unloading indentation process as an interaction of two elastically isotropic
deformable solidsy E, can be expressed as a function of the elastic moduli and Poisson’s ratios of both

the indenter and the indented materials, as follows:

~ (8)

This article is protected by copyright. All rights reserved



where E and v are the elastic modulus and Poisson’s ratio of the indented material, while E; and v; are

the elastic constants of the indenter.

The Oliver & Pharr™”) method is widely used to determine the elastic modulus of indented materials
y
with relatively good results;32:334445:47.5455.60.77.78] however, it simplifies the elastic behavior of the

material, treating it as entirely isotropic which is not suitable for accurate characterization of

orthotropic elastic.materials.

3.2.2. Delafarguesx&Ulm method for orthotropic elasticity

Although the Delafargue & Ulm!%! method was conceived for conical indenters, the A, between
conical and Berkowvich indenter geometries are equivalent, considering an apex cone angle of
70.3°.17°8% Tns6rder to apply this method, E, is denoted hereafter as My, where k stands for the
indentation direction (k=1,2,3) and is related to the orthotropic material directions. Analogous to

Equation 7, M} in'the k direction is computed from the P-h curve data.

vV _ Sk f n
Mk - 2B Apml,k (9)

where Sy and Agmiknare respectively the initial unloading stiffness and projected contact area at

maximum applied load presented in Equation 7, while the superscript V stands for Vlassak approach.

Now, following thé Delafargue & Ulm!®! approach, My is then calculated as a function of the

1 [63.74

components of thestiffness matrix of the indented materia I The stiffness matrix, calculated as

the inverse of the orthotropic compliance matrix (Equation 6), is expressed in Voigt notation as

follows:
Ci; Cip Cy3 0 0 0
Cy; Cyy Gy 0 0 0
, C C C 0 0 0
Ce — C — 31 32 33 10
inv(C*) 0O 0 0 Cu 0 0 (10)
0 0 0 0 Css O
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The stiffness matrix is symmetric, so that Ci=C;j;. Then, for orthotropic materials, the tensor contains

9 different constants: Cii, Ci2, Ci3, C22, C23, C33, Ca4, Css and Cee.

Then, the reduced elastic modulus for indentations along the three orthogonal directions of the

investigated alloy, i.e., 1 (LD), 2 Transverse Direction (TD) and 3 (ST), are:

Mf = \/M12M13
Mé) = \/M21M23 (11)
M?? = \/M31M32

where the conistants"Mj; are functions of the orthotropic stiffness matrix components.

C2,—C25 (o1 2 \1 c
My, =2 |22 (_+ ) ; My = My, | ==
C11 Ceentl C211C12 C22
c3-C%4 (1 2 \1 C11
M3z, =2 —+ ; Mz = M3y |— (12)
C11 Css  C31+C13 C33
C3=C33 (uk 2 -1 C22
M3, =2 — T ; M3z = M3, |—=
C22 Cgop,, C321C23 C33

Although the stiffnessimatrix presented in Equation 10 is symmetric, while working in Voigt notation
the application of thisymethod implies the redefinition of the components Ca1, C31 and Cs» as follows:
€21 =/ C11Cay

C§1 =4/ C11C33 (13)
C3p = vV C22C53

This method has proven to be very accurate in calculating the orthotropic elastic moduli of materials
from monotonicunstrumented nanoindentation techniques and for nanomechanical characterization
of thin film coatings.!*%¥] In this work, an algorithm initially proposed in Ref.’¥ is applied in order
to find the orthotropic elastic constants of the material. It consists of finding the three main

independent elastic moduli of the material (E;;, E22 and E33) and the Poisson’s ratios, assuming that
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the corresponding shear moduli (G4, Gss and Gss) can be written as functions of the elastic

coefficients mentioned above, i.e.:

_ Enx
{612 - 2(1+vy2)
_ Es3
613 - 2(1+vq3) (14)
. Ex
G23 - 2(1+Vz3)

The reduced elastic modulus for each orthogonal direction of the material are obtained directly from
the application_of the Vlassak!®l method by solving Equation 9 for every unloading curve.
Meanwhile, the orthogonal elastic moduli of the indented material are calculated by applying the
Delafargue & Ulm!®Lmethod presented in Equation 11. As the indenter is considered to be a rigid
body, the reduced elastic moduli and the indented material’s elastic moduli are considered to be
equivalent for each orthogonal direction. The resultant equivalency is presented in Equation 15,
where M} and MpP are respectively the reduced elastic modulus in the & direction (k = 1,2,3)

calculated by the Vlassakl>!! and the Delafargue & Ulm!®¥! methods.

(S T
i Tomin M{ = M? = M;Ms5
S T _ v

< i Apml2 - Mg . Mz - M21M23 (15)
S T 4

kﬁ Apmis = Mé/ = M3 =/ M3 M3,

In order to solye the equation system presented in Equation 15, the values of the reduced elastic

modulus computed.-by the Vlassak!>!! method are written as functions of the elastic constants of the
material, i.e.: MP"=yf; (Eii,vl- j). Then the values of the elastic constants are adjusted using a non-

linear regression method to minimize the root mean square percentile error (RMSPE) between the

methods for calculating the reduced and material elastic moduli:

1 fr—-MY 2
RMSPE = ng,i_l ("M—ng X 100) (16)
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4. Numerical Procedure

4.1. Mesh

FE modeling of the Berkovich indenter tip and the material sample was performed using the GMSH
software,!®! and.the subsequent FE simulation was executed in Lagamine, a research FE software.[>-
841 In order to optimize the software computation time, a symmetry along the Z=0 plane is imposed

on the geometri€s of the indenter and the material sample.

The dimensions of the modeled material specimen in the order of Cartesian directions (X, Y, Z) are
20 um length, 20 ym width, and 10 ym height. To obtain accurate numerical results, a fine mesh was

generated withinsthe localized plastic deformation zone with elements of aspect ratio close to 1.

The geometry of the Berkovich indenter tip is known and standardized; however, various studies
using SEM or Atomic Force Microscopy (AFM) imaging techniques have shown the presence of

round edges, alsoknown as tip defects.!”

I This is considered to be the main source of uncertainty
in nanoindentation tests.3>%¢! By means of AFM, Zong et al.l” measured 12 different tip and edge
radii in diamond Berkovich indenters. Their results show that the average tip radius is 52.2 nm, while
the average edgeradiustis 49.7 nm. For the sake of simplicity, the FE modelling of the Berkovich
indenter tip carried out in this research considers a tip and edge fillet radius of p=50 nm . Because of

this fillet radius; the values of the angles o and v in the tip geometry presented in Figure 3 are 65.35°

and 76.9° respectively.

The Ti-6A1-4V spe€imen is meshed using volumetric elements with 8 nodes, one point of integration
and 24 degrees of freedom (DOF). In order to achieve contact between the indenter and the titanium
alloy, 2D contact elements!®? with 4 points of integration were added all over the contact surface.
The contact was achieved by means of a Penalty algorithm Coulomb friction constitutive law.®* The
optimal values found for the contact pressure coefficient &, and frictional stress coefficient £,

necessary for achieving convergence in the FE simulations with the penalty algorithm of the contact
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constitutive law, are k,=k=3.7x10". A sensitivity analysis was performed subsequently to address the
effect of the Coulomb friction coefficient 4 on the modeling of frictional contact. This analysis
showed a negligible effect of the friction coefficient on the maximum load reached, which is
consistent with the available literature.”?788 As a result, further FE simulations considered a

Coulomb frictionseoefficient 4=0.08 according to previous experimental results.[*!

In these Berkovich depth-sensing indentation tests, the 4, post processing error related to the tip
and edge radius has less effect on the results than in other indenter geometries, such as Vickers or
conical.””! In"the"present work, with further consideration that the average fillet radius (50 nm) is
approximately 7% of the maximum penetration depth, this error is considered to be negligible for the
computation of 4gmr. However, using an accurate model for the indenter geometry reduces the error
of the local deformatien field and the load predictions used for further comparison with the results

obtained experimentally.

4.2. Boundary conditions

The boundary cenditions of the indented specimen are displacement limitations along Cartesian
directions, imposed.on specific transverse planes. To simulate the instrumented nanoindentation test,
a uniform monotonic'displacement is imposed at a master node of the indenter geometry along the Y
axis, until a maximum applied load of 50 mN is reached. The maximum penetration depth reached is
around 7% of the total height of the modeled specimen, while the maximum penetration distance

between both rigid and contact elements is around 50 nm.

4.3. Constitutive law parameters
The constitutive yield criterion selected for the volumetric elements composing the Ti—6Al1-4V
specimen is the CPB06,!"! while the current effective yield stress is computed with the Voce isotropic

hardening law.

The evolution of the yield surface along large strains on an hcp material shows irregular behavior,
not only in its shape, but along the orthogonal material directions. Mathematically, besides the
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presence of the asymmetry parameter k£ and the orthotropic constants matrix, the CPB06 yield
criterion implemented in the Lagamine FE software considers different yield surfaces at specific

12,14-

plastic work levels.! 16] The resultant yield surface parameters are found by generating a linear

interpolation between each plastic work level (Wp(i) < WP(Current) < WP(HI)) at each time step,

where the plastic work is defined as a function dependent on the equivalent plastic strain, and is

computed as follows:

Wp(P) = [ 5, (EP)deP = (Ry + Ry)EP — =1 — exp(—C,&P)] (17)
Y Cr

The orthotropies@lastic constants for the elastic compliance matrix C¢, and the components of the
orthotropic constants tensor L describing the five yield surfaces at different plastic work levels, both

in Voigt notationy-areshown in Table 2.

The Voce isotropicshardening law coefficients, asymmetry parameters k for both (IJP)['*! and
(MEC)** identifications and, in the case of , for each of the defined yield surfaces are summarized

in Table 3.

The simulations_ exeeuted in this work are intended to retrieve results for identifying the orthotropic
elastic constants 0f'the material in its three orthogonal directions LD, TD and ST. These results
depend on the parameters used to describe the elastoplastic behavior of the material; in order to
compare the prediction capabilities of the two (IJP and MEC) sets of parameters shown in Tables 2
and 3, two simulations for each orthogonal direction of the material are executed, one for each set of
parameters. The diréetions of the material according to the orthogonal Cartesian axes for each

simulation are shown in Figure 4.

4.4. Sensitivity Analysis
In order to optimize the computational efficiency of further simulations, a mesh sensitivity analysis

was executed initially. The variable chosen was the load at maximum penetration depth achieved in
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the simulation (700 nm). Six different meshes were assessed, with increasing numbers of elements
but conserving the proportion between the edges of the elements. From the results of the sensitivity
analysis (Figure 5), it can be concluded that the mesh marked with * containing 25088 elements
provides enough accuracy for the purpose of analyzing the prediction ability of both IJP and MEC

sets of parametersyrand the Oliver & Pharr!*” and Delafargue & Ulm!®¥ methods.

4.5. Prediction.ability for IJP and MEC parameters.

Two sets of parameters for the CPB06 yield criterion were identified for predicting the elastoplastic
behavior of Ti—-6A1-4V. The first set of parameters (IJP) has been identified with pre-necking input
data, while the MEC parameters are an extension of IJP, taking into account the deformation behavior
of the alloy for pesf-necking true strain values of 20%." In order to compare the actual prediction
capabilities of both"sets of parameters (IJP and MEC), and to verify the input data that can be
identified from the elastoplastic behavior induced by instrumented nanoindentation, two simulations
were executed along the direction 1 (LD) of the material. In Figure 6, the results of the simulated
indentation loading stage are compared with the experimental results obtained from the instrumented

nanoindentation tests in the same direction.

From these resultsyit'istobserved that the load response and absolute error at the beginning of the P-
h curves is very similar for both IJP and MEC sets of parameters. However, for indentation depths
beyond 150 nmj the prediction absolute error for the model obtained with the MEC set of parameters
shows a more deereasing trend than the predictions of the model with the IJP set of parameters. As
the penetration depth increases, so does the material strain, and therefore, a hardening law identified
at high or post=necking strains is more suitable for predicting the stress states of the material. From
this it is concluded that the MEC set of parameters gives a more accurate representation of the
elastoplastic behavior of the material at large strains. Accordingly, the FE simulations executed

hereafter will only consider the MEC set of parameters.
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5. Numerical simulations results

5.1. Nanoindentation stress and strain states

The CPBO06 yield criterion has proven to be adequate for describing the elastoplastic behavior of the
Ti-6A1-4V alloy.['>!*16] According to the analysis presented in Section 4.5, the numerical results
obtained using MEGC, parameters are processed using the FE software LS-Prepost® (Livermore
Software Technology Corporation, USA). The effective stress and equivalent plastic strain in the
indented specimen at'maximum depth computed with the optimum set of parameters (MEC) are

presented in Table 4.

The reaction forces measured during the loading stage of an indentation test are mostly affected by
the zones undergoing the highest stress states. By comparing the effective stresses and corresponding
equivalent plastic strains for each direction summarized in Table 4, it is seen that the zone exhibiting
plastic deformations:(i.c., €P > 0) is in fact concentrating the highest stress states. In order to present
a more accurate depiction of the ongoing stress states at maximum depth, the five most representative
elements of the'simulated specimen in the direction 1 (LD) were selected for analyzing the principal

stresses along with their corresponding orthogonal vectors. This analysis is presented in Figure 7.

The maximum principalstress in absolute magnitude is 63, with its unitary vector pointing outwards
from the indenter tip surface. Furthermore, the principal stresses in elements D and E are very similar,
with a clear dominance of o3 and close values for o1 and o>. The equivalent stress value of element E
is lower than that of element D due to diffusion of the stress in the indented material. Although the
dominant principal stresses of the investigated alloy undergoing a Berkovich nanoindentation are in
fact compressivegand fairly similar in magnitude among the five representative elements, there is a

clear presence of compressive triaxial stress states.

5.2. Strain rate analysis
All the nanoindentation simulations were executed following the experimental method explained in

Section 3.1, considering a loading time of 30 s and an approximate return time of 90 s. The parameters
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of the Voce hardening law for describing the effective yield stress of Ti—-6Al—4V in the direction LD
were identified with a tensile test at a constant strain rate of 1x107 s™.. As seen in Figure 8a, the
resultant average strain rate is 3x107 s"'. However, the strain rate field during the nanoindentation is
not uniform (Figure 8b). Furthermore, the presence of high triaxiality in the indented specimen
causes higher equivalent stress values compared to uniaxial loading. The difference between the strain
rate selected foridentifying the isotropic hardening law and that present in the nanoindentation
simulation and/expetimental tests, produces small variations in the stresses and overall plastic

material responge.[%!316:91.92]

5.3. Orthogonal load-displacement curves

The P-h curves.and respective fitted unloading stiffness curves, unloading stiffness slope (S),
maximum depth (/.4%), penetration depth (/4,) and projected area at maximum applied load (4pm) for
the three FE simulations are shown in Table 5. To adjust the initial unloading stiffness line, the slope
of which is needed:to determine the reduced elastic moduli, a linear fitting procedure was performed
considering the first 4 points of the initial unloading stage of the P-h curve. The intersection of this

linear fit with"the P="0 axis is equal to /.

5.4. Computation-of orthotropic elastic moduli

The reduced elastic moduli are computed by solving Equation 7 for the three nanoindentation
simulations, usifig the)data presented in Table 5 and following the Vlassak & Nix[*!! method. These
results are presenteduin Table 6, and include the standard deviation of the CPB06 numerical model
associated to the MEC set of parameters for the CPB06 yield criterion. The error associated to the
load and shapesprediction for this set of parameters are, respectively, 2.16% and 1.26%.!'5 These
results are used below to calculate the macroscopic Ti-6Al-4V elastic moduli using both the Oliver

& Pharr!*®! and Delafargue & UIm!®! methods.
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5.4.1. Isotropic approach

Due to the fact that only rigid elements were used to mesh the geometry of the Berkovich indenter
tip, Equation 8 is now redefined as a function that depends only on the elastic constants of the indented
material, where E.x and Ey are respectively the relative and elastic modulus in the ™ orthogonal

direction of the material (4=1,2,3), while v is the Poisson ratio.

5= oBe=Ep(1- v?) (18)

Then, the three orthogonal elastic moduli of the material Ej are calculated using the Delafargue &

Ulm!®* method by'selving Equation 18.

5.4.2. Orthotropic.approach
The application of the Delafargue & Ulm!® method is reduced to the resolution of the equation
system presented in Equation 15 through the optimization algorithm proposed in Equation 16,

resulting in the computation of the orthogonal elastic constants of the material.

6. Results and discussion

The experimental compressive orthotropic elastic moduli of Ti—-6Al-4V in conjunction with the
obtained orthotropic elastic moduli calculated using the isotropic Oliver & Pharr!*” and the
orthotropic Delafargue & Ulm!® methods, including their respective standard deviations, are
presented in Table 7.'A posterior analysis of these results show that the average associated relative
error for the Oliver & Pharr'*°! method is of 20.8%, while for the Delafargue & Ulm method it is of -
3.7%. This shows a significant improvement in the calculation of the orthotropic elastic moduli of
the material. "Nevertheless, in order to demonstrate this fact and the actual capabilities of the
Delafargue & Ulm!®! method, it is mandatory to perform a more extensive experimental campaign,
considering a wide range of materials exhibiting orthotropic elasticity, enabling the execution of a

conclusive statistical analysis, such as ANOVA.
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The CPB06!7! yield criterion has proven to be accurate for modeling the nanomechanical behavior
of this material. However, in order to perform cyclic loading simulations and acknowledge the
observed creep during nanoindentations,**! it is mandatory to use more complex models, considering

hardening and fatigue hardening components.’!

7. Conclusions

The elastoplastic'méchanical behavior of Ti—6A1-4V bulk specimen at micro- and submicrometric
length scaleswexhibits orthotropic elasticity, distortional hardening and tension-compression stress
asymmetry in plastic stress states. Accurate mechanical prediction of Ti—6Al-4V behavior along
large strainsfis achieved using the CPB06 yield criterion in conjunction with an improved set of
parameters, obtaining a negligible difference between numerical and experimental P-h curves during
nanoindentation FE simulations. The effective stress and equivalent plastic strain scalar field show
high magnitudes.along the imprint zone. Subsequent tensorial analysis of the principal stresses across
the indentation zone shows the presence of high-magnitude triaxial compressive stresses. Combined
with the fact thatsthe Ti—6A1-4V alloy has proven to exhibit asymmetry in tension-compression
elastic moduli ‘and plastic stress states, this demonstrates that simplification of the material as
isotropic and symmetric has a detrimental impact on the indentation analysis and further computation
of material constants. In this sense, in order to be able to conduct accurate nanoindentation FE
simulations it is‘mandatory to characterize the material considering a variety of phenomena, such as:
orthotropy, asymmetry, and hardening at large deformations; as well as considering an adequate

plasticity model'such as CPB06, which is capable of predicting these phenomena.

The use of Delafargue & Ulm method for determining the orthotropic elastic constants of materials
exhibiting orthotropic elasticity through post-processing of nanoindentation P-h curves has proven to
be far more accurate in comparison with the Oliver & Pharr method. This reveals that the isotropic

simplification of the elastic behavior of the material along with the use of Oliver & Pharr method
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does not retrieve reliable results when materials exhibit orthotropic elasticity and triaxial stress states

during nanoindentation tests.
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Table 1. Experimental elastic modulus of Ti-6Al-4V alloy at a strain rate of 10~ [s™].

Test Direction Young Modulus, E [GPa] / St. Dev.
LD 111+1
Tension TD 1154
ST 117+1
LD 122+1
Compression TD 12843
ST 12343

Table 2. Elastic and elastoplastic orthotropic constants for CPB06 yield criterion for modeling the
mechanical behavior of Ti—-6A1-4V alloy.

Orthotropic elastic constants

En Ex» Es; G G G VI2=V13=V23
122 128 123 42.629 44.23 45.0 0.30
Components of the orthotropic constants tensor L
Surface WF En Liz Lis L Lo Lss L4s=Lss=L¢s

1 1.857 1 -2373 2364  -1.838 1.196 -2.444 -3.607
2 9.377 1 -2495 2928  -2.283 1.284 -2.446 4.015
3 48.66 1 -2428  -2.920 1.652 -2.236 1.003 -3.996
4 100.2 1 -2.573  -2.875 1.388 -2.385 0.882 -3.926
5 206.6 1 -2.973  -2.927 0.534 -2.963 0.436 -3.883

Table 3. Asymmetry parameters and Voce hardening law (Equation 5) coefficients for (1JP) and
(MEC) identifications.
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Surface 1 2 3 4 5
k (1IP) -0.136 -0.136 -0.165 -0.164 -0.180
k (MEC) -0.136 —0.135 -0.125 -0.114 -0.110
LD Tension (1JP) Ry=921.0 (MPa) Rs=160.0 (MPa) Cr=15.48
LD Tension (MEC) Ry=918.0 (MPa) R=290.0 (MPa) Cr=5.80

Table 4:CPB06 effective stress and equivalent plastic strain fields in nanoindentation FE
simulation using MEC parameters.

CPBO06 effective stress
Direction 1 (LDY Direction 2 (TD) Direction 3 {5T) [MPa]
W luil
i.1e
1.04 ]
8% =
0.74 =
{160 —

Equivalent plastic strain

Direction 1Y(LD) Direction 2 (TD) Direction 3 (5T)
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Table 5. P-h curves from three orthogonal nanoindentation simulations.

Direction | (LI} Direction 2 (TD) Direction 3 (8T)
3| o4
i‘f & 4 f = n.='cﬁ j = ‘ 2 H
= & 1 E = ¥ ,‘_E'.- E r 4
3 4 = r 2 Py
§ ry - P = e
: L s .f-wf ~pes
Di:.ipli:Auumcm (nmj . : . " i.;i.‘iplul.;c:-]-'mn1“[]1l;‘;|] - . . .D-i.!i]'ll'.l.l:..'l.'l1ll.‘[l| th!n.:;
Direction Amax [nm] Sk [Nm™] hy, [nm] Apmi [M?]
1 (LD) 729.5 6.13x10° 651.1 1.041x10 "
2 (TD) 722.8 6.26x10° 646.2 1.026x101!
3 (ST) 729.5 6.21x10° 651.6 1.043x101!

Table 6. Reduced elastic moduli for the three nanoindentation FE simulations following Vlassak &
Nix method.

Reduced Elastic Moduli [GPa] / St. Dev.
Direction 1 (LD) 162.8+4.07
Direction 2 (TD) 167.6+4.20
Direction 3 (ST) 164.8+4.12

Table 7. Experimental and numerically obtained Elastic moduli (GPa) of Ti-6Al-4V, following
Oliver & Pharr and Delafargue & Ulm methods.

Direction | Orthotropic elastic moduli of Ti—-6Al-4V indented specimen [GPa] / St. Dev.
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Experimental Oliver & Pharr method Delafargue & Ulm method
1 (LD) 12241 148+3.7 117+2.9
2 (TD) 128+3 15343.8 12343.1
3(ST) 1233 150+3.8 120+3.0
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The novel numerical-experimental approach for characterizing orthotropic and asymmetric alloys by
combining nanoindentation, scanning electron microscopy and finite element modeling enables
accurate and non-destructive testing with reduced amount of sampling material. The validated CPB06
model with enhance capabilities allows predicting elastoplastic deformation response of titanium

alloys for biomedical and aerospace applications.
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