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Highlights

e Indentation imprint mapping was applied to the problem of characteriza-

tion of plastic behavior of materials.

e Image-comparison approach based on supervised nonlinear manifold le

ing.

e The protocol was designed to avoid the usual problems ass

the use of the loadingunloading curve.

e The protocol was applied on three different materidls results ob-

tained were compared with direct tensile testing.
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Abstract

Over the last decade, indentation-based magterial,characterization has shifted
away from contact zone measurements for identifying the work hardening prop-
erties, and has begun to focus on inverse analysis using an experimental and sim-
ulated loading-unloading curve instead. Finite element modeling of the indenter-
specimen system is a complex taskiand the solution to the inverse identification
problem using the force-displagement curve is not necessarily unique. Also, the
precise measurement of theydisplacement of the indenter tip requires the deter-
mination of the imdentér frame compliance and indenter tip deformation. In
this paper, we’revisit the indentation imprint shape, using a novel approach
involving image comparison by manifold learning, and show that it is able to
outperform the conventional approach for a variety of cases. We illustrate our
protocol. using a spherical indenter on specimens of three different materials:
ATSI1095steel and two aluminum alloys EN AW-2017F and EN AW-5754F.
Keywords: Indentation; Characterization; Work hardening; Plasticity;

Supervised manifold learning.
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1. Background and motivation

The development of new materials like plastically graded materials (PGM)
as well as the more recent developments in thin films exposed some of the limi-
tations of conventional testing techniques like uniaxial tensile and compression
tests. In addition, these destructive testing methods are not cost-effective since
they do not allow us to reuse the test specimen. The instrumented indenta-
tion test [1, 2] is a popular non-destructive technique that is fast“becoming an
alternative to the conventional tensile test for providing access to different me-
chanical properties of materials, more importantly, leading- tosthe/knowledge
of their work hardening properties. The test has beenfsuccessfully applied not
just to metals and alloys but also ceramics [3, 4} hydrated nano-composites
such as concrete [5-7], polymers [8, 9], single crystals [10]"and plastically graded
materials[11-17]. The primary advantages of these tests, besides their global
non-destructive nature for the bulk material;include their applicability to low
scale, property gradient, interface and brittle material characterizations.
The instrumented indentation is'similar to a standard hardness test [18], where
the hardness is determined. by forcing a particular indenter into the material
surface by increasing the applied load until a user-defined value is reached, after
which the load is either held eonstant for a short duration before removal or im-
mediately removed. The difference, compared with a hardness test, being that
we continuously record the indentation load P and the indenter displacement A
during both'the loading as well as the unloading phases, generating what we call
the P=h eurve.” More recently, after complete unloading, we can measure, ana-
lyze and post-process the residual surface of the indented zone, or indentation
imprint, using a microscope with favorable accuracy. In addition, instrumented
indentation may be performed accurately using depths in the nanoscale as well
as in the micro- and macro- ranges [19].
The interpretation of instrumented indentation data remains a major mechani-
cal issue, since instrumented indentation tests induce a complex state of stress

in the test specimen, both compressive and tensile. For a long time, indentation



test interpretation was essentially based on empirical /semi-empirical formulas
from experimental investigations, typically measurements on the imprint. The
earliest work in this regard was by Tabor [2] who characterized the deformation
of a work hardening material using a representative strain, for Vickers as well
as spherical indentation, which he expressed as a function of the ratio betwéen
the contact radius (of the imprint) and the indenter radius. Herbert et‘al [20]
was among the first to directly compare instrumented indentation résults with
those obtained by direct tensile testing. The application of the.concept of rep-
resentative plastic strain ep was found to significantly simplify the analysis of
the indentation response and was later revisited by several authors [21-25]. The
representative strain was obtained in terms of the indentation-depth A in place
of the contact radius [26-31]. However, most of these works, in fact, all but
the most recent (circa 2013 and later) did notidwellson the physical significance
of the representative strain and were proposed toysimplify the identification of
mechanical properties using spherical{indentation.

These days, the test mostly relies on ‘exploiting the P-h curve [32-37], i.e. the
continuously recorded force-displacement curve for the loading-unloading cycle.
A standard deterministic/identification approach is then used to minimize the
cartesian distance (ustallywL. distance) between the FE simulated and mea-
sured P-h curves 0 obtain, for an assumed material constitutive law, the vector

of material hardening parameters c*:
ct = Argmz'n(Jh(c)),
Jn(c) = dist (hS(c) - h6> (1)

where h collects instantaneous penetration depths of an indenter at time in-
stants ¢ = 1,2,3--- N7 chosen so as to correspond to the same i.e. experimental
and simulated loads on the curve; the superscript ”s” referring to simulation
by the method of Finite Elements (FEM), while the superscript "e¢” denotes
”experimental”. This way of determination is called ”inverse analysis”.

A review of the existing literature indicates that multiple authors have reported

a phenomenon of identical P-h curves [38-42] being obtained for different ma-



terials, termed as ”"mystical materials”, which renders the solution to the in-
verse identification problem in Eq.(1) non-unique. In addition, this approach is
plagued with myriad problems ranging from insufficient accuracy /precision [43—
45], the problem of indentation frame/machine compliance [45, 46] which may,
depend on the load [44, 47] or the material indented [48, 49], elastic deforma-
tion of the indenter tip [50], noisy input data [34, 35], difficulty in determining
the exact starting point of the P-h curve [51, 52|, bending of the specimen in
thin-sheet indentation [53] and mesh-dependence [54].

A more complete and robust methodology would ostensibly involve combining
the P-h indentation curve with mapping the residual deformatien or indentation
imprint, in an attempt to provide more reliable data for the inverse identification
[11, 55-60]. However, instead of limiting ourselves toymeasuring the ”pile-up”
and ”sink-in” (these terms are explained in [32])pweswould need to extract max-
imum information from the imprint shape. Indeed, the imprint shape mainly
depends on the hardness of the material but also depends on the deformation
mode around the imprint, i.e the “sinkiin” and “pile up”, which mainly de-
pend on the hardening exponent, the yield stress and the Young modulus of the

indented material [43]. The cost function in Eq. (1) may then be modified to:

J(c) = Jn(c) + Js(c),
J(c) = dist (us (c) — ue) 2)

where u;,4. = 1,2,3~-- Ny is the component of vector u, denoting the vertical
coordinate of‘a measured point j with the initial surface of specimen as the
reference, plane; N, is the number of sample points chosen from the specimen
surface,/and this value depends on the resolution of the imprint scanning in-
strument as well as the FE mesh used.

This however does not in any way resolve the previously mentioned issues with
the P-h curve, and further compound the problems present, the two sources
of errors Jy(c) and Js(c) are difficult to numerically compare without using a
weighting function [11] which is somewhat ad hoc. All in all, the above present

a solid argument in favor of using the imprint shape in place of the indentation



curve.

Machine learning originally emerged from the fields of pattern recognition and
computational learning theory, plays an increasingly important role in data-
driven prediction and decision-making in this day and age of complex com-
putational algorithms and powerful systems. Machine learning tasks are gen-
erally classified into three categories [61]: supervised, unsupervised and,semi=
supervised. Supervised learning involves attempting to infer a relagionship be<
tween the inputs and outputs of training data rather than simply clustering
data based on their proximity to each other.

The recently introduced shape manifold [62—-66] that has beensapplied success-
fully to a variety of material modeling problems [67, 68] falls<into this category,
and allows for a novel material parameter identification protocol based on ex-
ploiting the indentation imprint. The basicfidearisibuilding a “shape space”
by applying the concept of shape manifeld to deseribe all the imprint shapes
admissible for a postulated constitutive law, combined with machine learning.
This manifold is constructed by_a setiesyof simulated shape imprints, using a
combination of Design of Experintents (DoE), Proper Orthogonal Decomposi-
tion (POD) [69] and manifold learning techniques.

A supervised nonlinedr manifold walking algorithm was then successfully ap-
plied to sphericalstipyindentation tests on three different materials: (a) AISI
1095 steel, (b)EN,AW-2017F and (c) EN AW-5754F aluminum alloys and the
results arefanalyzed and discussed. The tensile curves plotted using the parame-
ters idéntified by imprint mapping are compared to the experimentally obtained

tensile eurves for the three materials.

2. Materials and experimental techniques

2.1. Materials used for test specimens

Three materials were selected for this study: a spheroidized AISI 1095 steel,
an aluminum alloy EN AW-2017F and an aluminum alloy EN AW-5754F. These

materials were selected because of their fine and homogeneous microstructure
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which lead to a good reproducibility of the indentation tests.

The spheroidized AISI 1095 steel is an unalloyed steel approximately 1% carbon
that has been treated in order to transform the pearlite phase into cementite
globules and ferrite, and has a body-centered-cubic (BCC) structure [70]. Th
standard spheroidizing annealing was carried out prior to delivery. The

has the chemical composition shown in table 1. The microstructure of t tee

C S P Mn | Fe
1.03 | <0.05 | <0.04| 05 | 98.8

Table 1: Composition of the AISI1095 steel used in this study givén in ight content

shown in the optical micrograph in figure 1, reveals.ahomogeneous and isotropic

distribution of spheroidized cementite particles in ‘a, ferritic matrix.

Figure 1: Microstructure of AISI1095 steel

he EN -2017F aluminum alloy is the second material with the chemical
¢ ition shown in table 2. For this alloy, fine particles of inter-metallic
phases AloCu compounds oriented toward the rolled direction can be distin-
guished in figure 2.
The third material was the EN AW-5754F aluminum alloy with the chemical
composition shown in table 3. This alloy is frequently used in flooring applica-

tions due to its high weldability and corrosion resistance. The microstructure
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Cu | Mg | Mn Si Fe Al
4.18 | 0.518 | 0.719 | 0.679 | 0.258 | balance

Table 2: Composition of the EN AW-2017F aluminum alloy used in this study given in % of

N
Q’_\

weight content

Figure 2: Microstructure o -2017F alloy

showing the size and the distri the AIM go compounds is given in figure

3.

Mn | Mg Al
4404 | 05 | 3.2 | balance

Table 3: Compositiontof the EN AW-5754F aluminum alloy used in this study given in % of

weight con

.2. Specimen preparation

tensile test and indentation specimens for the Al alloys were carefully
sectioned with a Precision Cut-Off Machine from a laminated hot rolled sheet
of 6 mm thickness, while the steel specimen was cut from a cylindrical bar of
30 mm radius. This was followed by polishing using fine emery papers (up to
1200 grit) and diamond suspensions (6 and 3 um) for the purpose of avoiding

roughness-related uncertainties. Figure 4 shows an example of the roughness
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Figure 3: Microstructure of EN AW-5754£Q%

.
Material root mean square w average of
height of surface the.roughness profile

S, (um) ISO 25178 « (um) ISO 4287

AISI1095 0.0 0.021
EN AW-2017F 0.0 0.045
EN AW-5754F 0.028

>

@ hness measures for the studied samples

root mean sq,
standard
In this tab e values of the arithmetic average of the roughness profile R,

a the ISO 4287 standard are also provided.

rect tensile testing
Tensile tests were performed on the three materials. For the aluminum
alloys, the tensile behavior was studied in three different directions: 0° (Rolling
Direction: RD), 45° (Diagonal Direction: DD) and 90° (Transversal Direction:
TD). The true stress-strain curves obtained until the neck for the three materials

are shown in figure 5. This figure shows that because of the manufacturing

10
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Figure 4: Surface roughness profiles for the three materials
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process, the behavior laws of the aluminum alloy are anisotropic. The elastic

700 - ——— Spheroidized AISI 1095 steel

= &

o

o

E -

< 4004 it

@ —— EN AW-2017, Diagonal Direction (DD)

2 ---- EN AW-2017, Transversal Direction (TD)
"z W~ EN AW-2017, Longitudinal Direction (LD)
2

(=

—— EN AW-5754, Diagonal Direction (DD)
————— EN AW-5754, Transversal Direction (TD)
EN AW-5754, Longitudinal Direction (LD}

e s
000 002 004 006 008 010 012 014 016 048 020 022

True Strain

Figure 5: Tensile curves f &materials

properties and yield strengths (determ: rom the tensile testing) for the three

specimen materials are listed in table

Property AV’I 1095 EN AW-2017F EN AW-5754F
1

Young’s modulus 0 GPa 68 GPa 70 GPa
Poisson’sratio 0.3 0.33 0.31

Yiel ength(o,) 112 MPa 250 MPa 81 MPa
Table 5:/Elasticiproperties and yield strengths for the three specimen materials from tensile

testi

2.4 "Indentation set-up and procedure

Indentation tests were conducted on the three specimen samples using the
setup in figure 6. We have used an industrial indenter set up composed of a
tip bonded to the indenter holder (as opposed to a monoblock indenter which
is a monolithic entity). The displacement was measured with capacitive sensors

which were fixed near the indenter. The distance between the location of the

12
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sensors and the indented surface is about equal to 10 mm. These sensors give
the distance between the indenter and the indented surface of the tested mate-
rial with a resolution of 0.02 um.

The indenter has a spherical tip (figure 7) with radius R = 0.5 mm made o

Tungsten Carbide with ' = 600 GPa and v = 0.23 (elastic properties meas
by ultrasound), but the rest of the apparatus is composed of steel. Thag
m

tage of this type of indenter is that it is easy to produce and is availa r

manufacturers. The disadvantage is that the mounting of the e resents
manufacturing difficulties, which may lead to a nonlinear load-displacement re-
sponse in the assembly, thus is known to not give a ve -h curve on

account of the presence of compound between the, indent d the indenter

holder.
Finally the distance between indents is owv imes the diameter of the

Indenter
holder

Displacement
SeNsors

Location of the
support of the
displacement
SENSOrs

Measured

displacement *+—
10 mm

Sample
Load cell
Slide Spherical v
Table Indenter '
V4

Figure 6: Experimental set up for indentation
imprint, allowing us to neglect the effects of the indents on each other.

2.5. Analyzing the imprint shape

The experimental imprint shape was measured using a metrological machine
Altisurf 500 that works on the optical principle of chromatic confocal imaging

(figure 8). The measurement was performed by using a CL2 Confocal chro-

13
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matic probe and high-precision and motori ifting platforms, which allow
the movement of the sample being measured along the X and Y axes. The axial
and lateral accuracy of the CL2 Con C:%tic probe are 0.08 pym and 1.7

pm respectively. A single imprint sh was obtained after each indentation.

Figure 7: Indenter tip measured by a Scanning Elmro@r scope(SEM)
1 i

This shape was then pixelized us esolution of 200 x 200 by scanning the

other, aft t correcting for planeness. Since in this first work, we assume

isotropic behavior there is no need to consider the 3D imprint in this case. For

ropic material, we would obviously use the entire 3D imprint.

nstitutive model and Finite Element simulation of the indenta-

tion process

The literature surveyed indicates that FEA simulations of the instrumented
indentation test have been conducted using both two-dimensional (2D) models

that take advantage of simplifying factors like reduced geometrical representa-

14
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Image sensor

Confocal pinhole

: EN AW-5754F
Tube lens Frar = 200N

Beam spliter

i
;
i
: Illumination lens
i
i

Objective lens

Specimen to be measured

Figure 8: Confocal laser imaging setup and a typical scanned imprint on an aluminum alloy

EN AW-5754F

o=Fe,e<o,/E

i=<%>n e>0,/E 3)

Ty Oy
where o the uniaxial stress (the flow stress in the 3D case), ¢ is the total strain,
E is the elastic modulus, o, is the yield stress and n is the work hardening

exponent.

15



The equations for the triaxial constitutive law are presented in tensor notation

for the sake of completeness:

o =D, :e, =Kir(e.) + 2Ge., (4)
where K = ﬁ is the shear modulus, G = 2(1731,) the bulk modulus, vthe

Poisson ratio, €, = € — g, is the elastic (reversible) component of the'strain
tensor, €., its deviatoric component.

Eq.(3) is used to describe the flow stress with an isotropic hardening (r) as-
sociated with the von Mises criterion. The yield function f is then  defined

by:
flo,0y,8p) = J(o) = W) = J(o) —fay +7(5)], (5)

where o is the true (Cauchy) stress tensor, 4f(e)==0/3.J5, Jo being the usual
second invariant of the deviatoric component o™and h = (o, + r) is the flow
stress that is assumed to increase menotonically with equivalent plastic strain
(&p):

1 1
Jo(o) = 50” : 0’ where o' =0 — gtr(a)I (6)

The plastic componentrof the strain tensor is calculated using the Prandtl-Reuss

relation (associated flow rule since materials are non-porous):

. of 3.
=90 V270 (7)

Combining these equations allows us to determine the tangent modulus (elasto-
plastic) tensor that is used to calculate the tangent stiffness matrix in the FE

analysis.

D.:f,®f,: D,

Dgp =D, —
EP ¢ fo:De: f,+HE

(®)

where H is the derivative of the flow stress h with respect to the equivalent
plastic strain &, obtained from Eq.(3).

We now consider the numerical FE simulation of an axisymmetric indentation

16



Axis of

I/symmetry
~_ Spherical
/" indenter

Imprint shape

Specimen

(a) (b)
Figure 9: FE simulation model of indentation test and residual displacement of the specimen

test on a specimen using a spherical tip indenter. The typical FE model and
the residual deformation of the specimen are shown in figure 9. The numerical
simulation of the indentation test is‘carried out within the commercial software
ABAQUS [75] by using the FE model in figure 9 under the finite (large) strain
assumption. Four-neded axisymmetric elements (CAX4) were used with 4394
elements for theSpecimen,and 6070 elements for the indenter. The contact in-
terface betweén thejindenter and the specimen was characterized by a Coulomb
friction coefficient of 0.1. There is a possible dependence on the friction coeffi-
cientgwhich wotld increase with increasing maximum depth to ball radius ratio.
The indenter was modeled from the indenter tip until the location where the
displacement sensors were fixed on the experimental bench, and was considered
as a non-rigid material with properties 600 GPa and 0.23 for the elastic modulus

and Poisson’s ratio respectively.

17



4. Material characterization using the P-h curve

Figure 10 shows the experimental indentation curves obtained by using the
spherical indenter described in the previous section, for the three materials with

stress-strain curves obtained by tensile testing (figure 5).

550

s00 J— Spheroidized AISI 1095 steel
450 EN AW-2017F aluminium alloy
400 4+—— EN AW-5754F aluminium alloy

350

Applied load (N)
8
1

j el
150
100
50 /
0+ : P i : ; - | v T T T
0.00 0.02 0.04 0.06 0.08 0.10 012

indenter displacement (mm)

Figure 10: Experimental P<h curves for the three alloys using different maximum loads

The figure shows that fora given applied load, we obtain the highest penetration
depth for the EN. AW-5754 aluminum alloy and the lowest was obtained for the
spheroidized*AISI 1095 steel. That means that the strength of the EN AW-5754
aluminum alloy is the lowest and the strength of the spheroidized AISI 1095
steel is the highest.

As has been mentioned in the introduction, depth-sensing indentation tech-
niquesprovides us with the opportunity to quantify the plastic mechanical prop-
erties of materials, including yield strength o, and strain hardening exponent
n. For quantification of the plastic properties using the various methodologies
proposed, we need information about the variation of the indenter displacement,
i.e. penetration depth of the indenter tip in the indented sample [23-28]. Since

this is simply the distance between a material point of the indenter located near

18



the contact and the original indented surface [15, 36, 73, 74], it was obtained
using sensors, attached to the indenter holder at a distance of 10mm to the
indenter tip (figure 7), giving the distance between the point of attachment and
the original indented surface. For our experimental bench, this corresponds then
to determining the load frame compliance [43].

It is traditionally assumed that the total measured compliance Cr corresponds

to the compliance of two springs in series:
Cr = Cf +Cy (9)

where Cf is the load frame compliance and C; is the samplescompliance. The
total compliance Cr is related to the total stiffness Kp by@Cr = 1/Kr and
corresponds to the slope of the tangent line with relation/to the experimental
unloading curve at the maximum loading point==The sample compliance is
related to the contact stiffness K by Cs =1/K.
The contact stiffness K between a sphiericalindenter and a flat elastic half space
can be obtained by the following relationship [76-78]:
_ 2ErVAc
Aﬁ )

where Ac is the projéetedicontact area in the plane of the indented surface,

K (10)

v is a factor introduced by [79] which depends on the elastic properties of the
contact and the contact area and Er is the reduced modulus, calculated starting
from the elastic properties of the sample FE and v, and of the indenter F; and

v; such that:

1

B T mE BB an
Substituting Eq.(10) into Eq.(9) leads to:
1 1
Cr=0Cr + VT (12)

2 ErywAc
Accordingly to Eq.(12), a linear representation must be obtained between the
total compliance and the inverse of y4/A¢. The intercept at the origin of the

straight line and the slope of this straight line lead to the values of the frame

19



ACCEPTED MANUSCRIPT

1.3010"

= m EN AW-5754F
120107 ——linear fit | y=2 OT4E-5x+5.979E-7 ; R=0.9944

11x10%H A& ENAW2017F

10x10* ——— linear fit : y=1.89E-5x-3. T66E-6 | R=0.9962
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20:10° # Spheroidized AIS| 1095 Steel
1.0x10% - —— linear fit : y=1.115E-5x-3.077E-6 ; R=0.9982

0.0
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((AC)T)

Figure 11: Cr vs 1/4y/Ac for the ied materials

compliance Cy and of the reduced modul spectively.

From the experimental indentation t Cpswas calculated from the procedure

adopted by Oliver and Pharr | contact area Ao was directly measured

using the optical microscopesafter unloading. A linear regression was applied

e 11 shows the plots of the total compliance

to the experimental da %
Cr versus 1/(y ined for the studied materials. From the values of
the slopes of theé strai
contact ca
Q) terial Er EZP Error(%)
AISI1095 169,152 MPa 74,692 MPa -56
EN AW-2017F 68,106 MPa 47,070 MPa -33
EN AW-5654W 69,007 MPa 42,921 MPa -39

nes shown in figure 11, the reduced modulus of the

1
ted.

Table 6: Experimental and theoretical reduced elastic modulii

Table 6 compares the theoretical and experimental reduced modulii (Er and
E7™ respectively). The table shows that big differences between the experi-

mental and theoretical results were obtained. The experimental reduced moduli

20



are much lower than the theoretical ones. In addition, figure 11 also shows that
C', which is the intercept at the origin of the straight line, takes negative values
for the spheroidized Steel and the EN AW-2017F aluminum alloy. However, it
should take a positive value since it represents the compliance of the holder of
the sphere. Previous work showed that C¢ was about equal to 3.2 x 10~ ¢mm/N'
in the case of a similar indenter, which was made of a strongly crimped.¢arbide
ball in a steel holder [43].

These results demonstrate that the model of two springs in series. proposed to
depict the total compliance of an instrumented bench is not walid when using
the spherical indenter setup shown in figures 6 and 7. The reason is certainly
attributable to a bad crimping of the carbide ball in,the holder-and /or presence
of compound between the carbide ball and the hélderiwhich lead to nonlineari-
ties of displacement at the contact zone betweensthisiball and this holder. The
holding system can not be associated with.a lineaz-spring.

Because of these nonlinearities and ghe drastic’reduction in reduced modulus,
the indentation curves can hardly be usedito determine the work hardening laws
of the studied materials from the ‘proposed methods in the literature [15, 26—
31, 36]. That is the reason whyswe propose using the imprint shape in place of

the indentation curvesin the,following sections.

5. Material characterization by shape manifold-based image correla-

tion using the indentation imprint

We, first performed FE simulations of an axisymmetric indentation test on
the three alloys with a spherical tip indenter of 0.5 mm radius, as described in

section’3.

5.1. Imprint shape

The simulated imprint shape obtained using the previously detailed FE
model is represented by a set of vertical displacements of the surface nodes

collected in vector s € RP, where D is the number of surface nodes of the mesh
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in the zone of interest. Due to the axisymmetric property of the model, the
simulated imprint shape was obtained by extracting the vertical displacements
of sample points on half of the imprint. We note that D > 400 for the examples

we have studied.

5.2. Design of Experiments and POD

We need to construct a reduced order basis for 2 main reasons:

1. The large number of nodal displacements needed for an accuraterdescrip-
tion of the imprint shape. Even for a 1D imprint (as in\the case of this
paper) we require over 500 surface nodes.

2. We need to find an appropriate vector space where we can characterize the
discrepancy in imprint shapes as a functionvof the.wvector set of material

hardening parameters.

As explained in the introduction, we use the shape manifold protocol to develop
this reduced basis vector space and performythe identification within. The fun-
damental hypothesis of the shape“manifold approach applied to the imprint
mapping problem is that the.set of Jall possible imprint shapes obtainable by
FE simulation using thé assumed constitutive law (in our case the power law),
forms a smooth manifold. in an m-dimensional space (m < D), where we will
perform the ideatification/
The M numerical experiments for the varying set of ¢4 = 1,2--- M (gen-
erated by Latin Hypercube Sampling (LHS) around c,) yield a set of imprint
shapes, s = s(c(i)) obtained by FE simulation, and these are our imprint
snapshots (figure 12). Singular value decomposition of the matrix of snapshots
[0, 5@ .. .s(M)] yields the basis ®. Each snapshot s(*) can then be accurately
reconstructed by
M
s =5+ da® :§+Za§i)¢j, (13)
j=1
where § is the mean snapshot (constant over the neighborhood) and ozy) is the

projection coefficient for the 3" snapshot on the j** mode ¢, the projection
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coefficients vary with the material parameters.
ay):qbf(s(”—g),j:LzmM. (14)

Figure 12 gives the mean § of all snapshots s(*) as well as the modes scaled by

T T T T T T T T T
S
E
=
Q
)
©
_5 Snapshots
T = = = Mean snapshot | |
% ————— Scaled modes
°
E _0 15 1 1 1 1 1 1 1 1 1

0 005 01 015 02 025 034035\04 045 05
X [mm]

Figure 12: Imprint snapshots for varying material parameters, mean snapshot, and POD

modes scaled by corresponding eigenvalues

the corresponding eigenvalues. The scaled modes demonstrate that, except the
most significant mode (the first mode); other modes mainly contribute to the

pile-up/sink-in zone.

5.3. Manifold M of admissiblé imprint shapes
For the M simulatedsimprint snapshots, the coordinates in a-space are given
by Eq. (14).-By ourifundamental assumption, all imprint shapes admissible with

a given material law lie on a smooth manifold
M(a) =0. (15)
We use/a parametric representation of M
aj(c) =pT(c)a? j=1,2--- M, (16)

with polynomial basis p and the coefficient vectors a¥) approximated for all

(7)
Q;

,¢=1,2.-- M by minimizing the moving least-square error
4 1Y , - 1\ 2
al) — Argmin§ Zw(c(z),c) <pT(c<l))a<J) — ay)) . (17)

i=1
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Figure 13: Identification using correspondencé between design space and a-space

Thus a one-to-one relationship is\built up between the design space and the

shape manifold in a-space:

1. For each point in the design space i.e. set of parameter values, there exists
a correspondingipoing’on the manifold according to Eq.(16).
2. Each point on the ‘manifold corresponds to an imprint snapshot and, thus

a set of parameter values.

On the otherjhand, the experimental imprint is employed without any denoising
preprocessing, and its representation in manifold space o is derived from Eq.
(14). However, it does not necessarily lie exactly on the constructed manifold
due to the presence of measurement error and manifold inaccuracy.

Considering all these, we proposed an identification procedure as illustrated in
figure 13 (only a 3D section of the higher-dimensional space is shown for visual-
ization). The experimental imprint is mapped into the shape space constructed

by a series of simulated imprints, and is projected onto the constrained mani-
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fold to yield an estimate of the parameter set. For saving computing time, local
manifold of lower order should be constructed piece by piece to approximate the

geodetic hyper manifold.

5.4. Manifold Learning algorithms

In [64], the authors have proposed three manifold learning algorithms:{zoom=
ing, panning and the combined panning/zooming. These algorithmsgin partic-
ular the third, have outstanding capacity to guide the iterative comvergence
during the identification procedure. However they do have certain limitations,
i.e., low accuracy, slow convergence and complex programming. Even with the
combined panning/zooming method [64], switching from one approach to the
other is not a trivial issue. Moreover, the glaring limitations of the zooming
algorithm can never be completely avoided, meaning, that we always risk miss-
ing the optimal solution since the search zone is explored using a dichotomizing

strategy.

t =

Co Co Co

Figure 14: Floating search strategy

Therefore, in‘the present work, we propose a modified zooming method, with
which the already-searched space could be searched again in order to make up
for the bad-estimation from the previous step. In this algorithm, first of all,
we'use a user-defined multiplier 8, namely the shrinking ratio of design space
after iteration, that is designed to control the convergence of the identification
procedure. Secondly, and this is more important, each searching window needs
to be centered on c/, which is also the estimate from last iteration ¢*, making it
possible to cover a portion of the design space that has already been searched.

The pseudo time of the identification, i.e., the iteration step number, is indexed
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by t.

The present algorithm has been validated using the three test cases in the present
work, and has proved to be stable regardless of the complexity of the problem
and the desired accuracy. We have named this algorithm a ”Floating search”,
and the search pattern is shown in figure 14. Quite obviously in the figure, ej_;

. ’
is equal to c;_,.

5.5. Results obtained after inverse analysis and discussion:

The methodology proposed in the previous section was applied to an ax-

isymmetric indentation test on (see table 5):

1. AISI1095 steel
2. EN AW-2017F and
3. EN AW-5754F aluminum alloys

using the spherical tip indenter shown in figure®#with a radius of 0.5 mm. The
experimental (real) imprint shape was obtained using the Altisurf 500 machine
described in the previous section.

From Eq. (2) and followingathe convention [81], the Hollomon power law al-
lows us to describe the hardening behavior law of the material using the two
material parameters,to be identified : yield stress o, and strain hardening ex-
ponent n. Evenfif we alteady have a general estimation for the yield stresses of
the above-meéntionedymaterials, the parameters are identified in a large design
space so~as t0.ensure the accuracy during the inverse analysis and allow to test
for robustness.

The numerical simulation of the loading and unloading phases of the indenta-
tionstest is performed with ABAQUS by using the FE model in figure 9. The
maximum values of the indentation force Fj,., are 500N, 360N and 200N,
respectively for the three studied materials. The reason these particular max-
imum loads were chosen has to do with obtaining imprints of similar size for
the 3 materials (Rpqz/R = 0.2). This ratio is very important since it has been

shown that a sufficient accuracy of the obtained results is obtained only for a
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sufficiently high A4, /R ratio (when using the loading-unloading curve). On
the other hand, for extremely high values of this ratio, the results obtained have
a greater sensitivity to the choice of friction coeflicient. The value chosen in this
work presents a good compromise.

A reasonable argument could be made for using the same load across all matéri-
als (i.e. load controlled experiment) in place of our depth controlled experiment
(similar size imprints). The issue of course is that the same load“applied to
different materials (with different yield limits and hardening parameters) may
or may not result in plastic deformation for all the materials (thus yielding
an imprint which is necessary for using our approach).. Alse, while not di-
rectly related to this issue, it has been demonstrated that-the identifiability
of material parameters depends on whether the4manifold As generated using a
load controlled design of experiments (DoE)rardepth /penetration controlled
DoE [82], in other words, the difficulty of.inversevidentification of material pa-
rameters may be at least partly related to/the implementation of indentation
test. [82] states that “depth controlled”yin FE simulation provides us with a
slightly better-conditioned problem\in comparison with “load controlled” ones.
A quadric polynomial basis (2D), containing 6 different terms, was applied for
the construction of thé*smoeth /manifold. 7 snapshots were chosen in each DoE
using Latin Hypercube sampling [83]. As earlier, the SVD was performed with
a full basis of §izey7 without truncation. The parameters were identified in this

mathematical space by using the criterion in Eq. (18):
¢’ = Argmin||(ctexp — a(c))||, a(c) € M. (18)

The convergence patterns of material parameters identified for the three studied
specimens by the proposed floating manifold search algorithm are compared in
figure 15. It is fairly clear that the ”floating search” approach gives a good and
steady convergence of both plastic parameters as well as the criterion in (18).
Other possibilities, including the use of a greater number of snapshots with a
quadratic basis or a lower-order polynomial basis were also validated [64]. The

identified power-law parameters are summarized in table 7.
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Figure 15: Convergence pattes

three studied materials

Material Parameters Floating search
o, (MPa 107.0
111095 y(MP)
n 0.324
oy(MPa)  254.8
EN AW-2017F
n 0.178
oy(MPa)  83.73
EN AW-5754F
n 0.174

he parametric identification of n and oy, and error ¢ for

Table 7: Summary of identified hardening parameters for the three materials, where oy is the

yield strength and n is the strain-hardening exponent.
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In figure 16, EN AW-2017F alloy was chosen so as to demonstrate that local
manifold decrease in size along with the iterations, since a shrinking multiplier
B = 0.8 was chosen for the floating search protocol. Moreover, we also noticed
that the new estimate of each iteration converge towards the origin of the co-
ordinate system simply due to the reason that all the snapshots were centetred
before SVD. Similar results were also obtained for other two materialsy, thus

were omitted here.

St=3
D3

er,,, ||~ 0.0022 [lep = @[ 0.0025

Figure 16: Local manifold convergence for EN AW-2017F

The identified imprint shapes using the supervised manifold learning algorithm
are shown in figure 17 for AISI1095, (along with the imprint snapshots of each

iteration), and in figure 18 for the two aluminum alloys.
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Figure 17: Iterative convergence of imprint shape for AISI1095.

Finally, the stress-strain curves plotted by employing the identified material
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Figure 18: Final converged imprint shapes for EN AW-2017F and EN AW, 4F
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Figure 20: Tensile loading curve using identified power law parameters for EN AW-2017F
alloy
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Figure 21: Tensile loading curve using identified power law parameters.for EN AW-5754F
alloy

properties were compared with those by uniaxialstensilestest in figures 19, 20

and 21.

5.6. Comments and perspectives

Figures 17 and 18 show that_the manifold learning approach is able to it-

eratively reduce the distance between the simulated and experimental imprint
shapes in order to elegantly identify the material hardening parameters, and
that the identified (simulated) imprint correlates very well with the experimen-
tal. Furthermores the/POD-based approach appears to be a ”physics-based”
smoothing operation on’the experimental (noisy) imprint.
That said¢when we use the identified sets of hardening parameters in the afore-
mentioned power-law expression in an attempt to ”recreate” the experimental
tensile hardening curves for the 3 materials previously seen in figure 5, we don’t
always see the same degree of success. From figure 20, we get a good fit between
the two sets of tensile curves indicating that the material appears to follow an
isotropic "power law” hardening, the material is probably isotropic and ho-
mogenous, the yield surface is given by the von Mises criterion, etc, leading to a
single indentation test being able to reproduce the tensile curve with sufficient
precision.

On the other hand, figures 19 and 21 see a gap between the tensile curves despite
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being able to obtain a near perfect correlation between the imprints and a very
good estimation of yield stress o, (table 8). We may be tempted to chalk this
up to the indentation size effect (ISE) and the heterogenity of the specimen but
if we look at the microstructures of the materials characterized and estimate
the size of the heterogeneities (< 10 microns from the figures in section 2.1)
with respect to the radius of the indenter tip (0.5 mm) or even the size'of the
imprints obtained (in the current section), we see that the ratio is"very low;
allowing us to assume an almost homogeneous specimen being indented for the

cases we have identified.

Material AIST1095 EN AW-2017F“ EN AW-5754F
oy (MPa) by indentation 107.0 254.8 83.73

oy (MPa) by tensile 112 250 81
Relative error 4.46%  1.92% 3.37%

Table 8: Comparison of identified yield stresses’o, for the three materials.

In addition, we verify the observation.made in the literature regarding a higher
value of the exponent n corresponding to lower values of the ”pile up” in the
imprint (table 9). Clearly; the obtained sets of results and experimental obser-

vations in the literatureare highly coherent.

Material AISI1I095 EN AW-2017F EN AW-5754F

n 0324  0.178 0.174
hlum) 4.7 10.6 13.7

Table 9: “Correlation between strain hardening exponent and ”pile up” measured on the

experimental imprint.

Basically, we must remember that tensile testing is a more ”global” method
while indentation is a ”local” method. Even if the microstructure appears ho-
mogenous, we could have a non uniform evolution of residual stresses ergo hard-
ening behavior, and indentation at different points will (as is usually the case)

give different results. In addition, the material itself may not necessarily be
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homogenous and isotropic, and may or may not follow an isotropic hardening,
not to mention, there is no guarantee that the power law assumption is valid
for the materials chosen. This means that indentation based identification may
or may not give the same result as tensile testing.

Finally, the phenomenon of the indentation-identified stress-strain curve(s)/in-
tersecting the tensile identified curve around the representative strain‘has al=
ready been shown in the literature [14, 15].

An obvious issue with the imprint only approach is the need for*prior, identifi-
cation of the elastic parameters, for which using the unloading portion of the
P-h curve is necessary, unless prior information about the material is available.
As far as the problem of unicity is involved, using the imprint-alone may or may
not necessarily lead to a unique solution. A statistical analysis using several
different initial estimates for the manifold learning-algorithm could verify the
unicity or lack thereof for the solutions obtained, but has not been performed in
this work. That said, it makes sense that the addition of the loading-unloading
curve to the manifold learning approach.is likely to help us narrow down a
unique solution. In addition, multiple-depth indentations at the same point, as
well as indentations at multiplelocations, using the imprint-based protocol, are
areas currently under/investigation. The next step though will involve using a

more advanced behavior law and the use of a 3D imprint.

6. Conclasions

The last few years have revealed a steady shift away from imprint measure-
ment towards post-processing the loading-unloading curve using inverse analysis
intindentation-based characterization of the plastic parameters of a material, de-
spite the myriad problems associated with using this approach with a spherical
indenter. This is ostensibly due to the difficulties associated with adequate im-
print mapping.

In this paper, the authors proposed a return to the imprint shape for indentation-

based characterization using a complete manifold learning protocol that at-
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tempts to circumvent the usual problems related to the loading-unloading curve
by relying solely on imprint mapping. The traditional approach was replaced by
a nonlinear supervised manifold learning-based image comparison protocol. The
material parameters obtained using the proposed approach were compared with,
the corresponding values identified by direct tensile testing. The traditional
inverse approach using the loading-unloading curve was replaced by this im=
print mapping approach for indentation using a spherical indenter on & variety
of materials. The results indicate that the proposed imprint mapping,protocol
performs favorably and gives comparable results to the direct tensile testing
approach.

A major advantage of using the approach is the ability tounapAmprints in three
dimensions without any real change in the implementation; thus potentially al-
lowing us to characterize anisotropic materialsTusing,. the same exact protocol
with a more complex constitutive law. Aglogical extension of the protocol is to
enrich the imprint information with ghe P-h’curve for even more accurate iden-
tification and potentially resolve the problem of non unicity in the identification

problem.
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