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Abstract

Most instrumented indentation theoretical studies$ models consider bulk sample geometry,
which implies no influence on the indentation resgm In the particular case of thin samples,
our previous studies have shown that the thickiness an influence on the experimental
device behaviour as well as on the sample and rakatesponse. This work is a numerical
and experimental illustration of this particularit$gpherical macroindentation tests are
performed on AISI 1100 steel samples of thicknessaging from 10 to 0.55 mm.
Experimental and numerical results are compareg@gefixental limitations are investigated
and solutions to obtain results which are indepehdéthe sample thickness and curvature
are proposed. We show that the proposed solutibichwis the object of an international
patent, leads to a reliable identification of thatemial mechanical properties of thin and

moderately bent samples.
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[. INTRODUCTION

The spherical indentation test data is obtaineddntinuously measuring the applied
load F and penetration depthof a stiff spherical indenter of radilsin the surface of the
tested material. Concerning metallic alloys, recgntlies have shown that the data from a
single spherical indentation test has the potetaigvaluate a unique solution for the Young
modulus as well as for the two parameters of thloHmn hardening law, especially if
sufficiently deep normalized penetratibfR is achieved in the case of materials which are
difficult to differentiate’? The spherical indentation test has been wideld tsevaluate the
mechanical properties of bulk materfal$ treated surfaces and coatifigsy computer
assisted inverse analysis. Some studies have alssidered anisotropic materials and
proposed to use the geometry of the residual impsredditional informatioh’:*?

The main advantages of the indentation test cordpéoe instance, to the tensile test,
are the local probing of mechanical characteristiod the few restrictions on the sample
shape and size. However, most of the theoreticdl ruimerical models proposed so far
consider infinite sample dimensions compared to itidenter radius, which implies no
influence on the indentation response. The few studn metallic sheets also consider the
thickness to be high enough to have no influéfide.the present study, the influence of the
sample thickness is the focus of attention. Thiskvadms at an increased understanding of
how the indentation test can be applied to thinathetsheets in the automotive industry.

In section IlI, the studied material, samples ancemtaktion device specificities are
described as well as the patefitesblution of the Université de Rennes 1 which csissin
using a spherical anvil instead of a classical 8avil in the case of thin samples which
exhibit a slight curvature. In section lll, the nemecal model and resulting observations are
presented. In section IV, experimental resultspaesented. Section V provides a summary of

the present work as well as prospects for furthankw



II. MATERIAL AND EXPERIMENTAL DEVICE DESCRIPTION
A. Material, sample preparation and characterisatio n

The selected sample for this study is a spheraldi&1 1100 steel. This type of steel
was selected in order to obtain a fine and homagenenicrostructure and thus a good
reproducibility of the indentation tests. Fig. 1{a@presents the microstructure of the AISI
1100 steel and shows a homogeneous distributiospbéroidized cementite particles in a
ferritic matrix.

Tensile tests were performed on samples issued tinensame rod as the indentation

samples. The test led to the stress—strain cuwarsfigure 1(b).
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FIG. 1. (a) Microstructure and (b) stress-stralatienship of the studied AISI 1100 steel

Indentation samples were cut out of the same rodaaand rectified to the thicknesses
10, 1.9, 1.5, 1.0 and 0.55 mm. Then, the specimems carefully polished using fine emery
papers (up to 1200 grit) and diamond suspensiopsn@nd 3 pm) to avoid uncertainties due

to roughness.



B. Indentation device specificities
The indentation tests were conducted with a bulk Wi&nter of approximate radius
0.5 mm, up to a load of 200 N. Indentation loadives controlled such that the loading rate

was held constant at 0.2um/s. The indentation deptieasured by a set of three sensors at a

distance of 10 mm from the indentation axis.
1. Bulk indentation

Indentation tests performed on a bulk 10 mm thAd®l 1100 sample show a very
good reproducibility, as shown in Fig. 2. A calittoa procedure for the indenter was applied
and the Hollomon power law parameters were evaluaseng the model proposed in 2005 by
Lee and Phaft.The results presented in Fig. 1(b) show a goocdergent between the

experimental and the evaluated hardening curve fiflie element method (FEM) results are

discussed in section IlI.
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FIG. 2. Indentation curves on bulk AISI 1100 steel

2. Spherical anvil

It is expected, as will be presented in sectiontlidt reproducibility problems can be
encountered due to the unavoidable curvature ofsamples. Instead of a classical flat anvil,
our proposition is the use a spherical anvil whialius must be smaller than the sample

curvature, but high enough not to influence theemdtion results. For this purpose, a bulk



WC anvil with a rounded tip of high radius is uséulentations were performed on a high
yield stress steel bulk sample and the resultiagtiel contact curve was used to evaluate the
tip radiusR, which is difficult to measure optically. We ustte Hertz contact solutiéh
which provides the relation between the Idadnd the mutual approa¢hof two points far

from the contact zone in two infinite half-spades,
4 *
F= g Econtact \/Eh% (1)
Where E_ . is the reduced elastic modulus of the contact esggr as:

1-v2 -2
*1 — sample +1 Vanil (2)

Using a Young modulus of 210 GPa for steel and®BP@ for tungsten carbide, and a
Poisson ratio of 0.3 for steel and 0.22 for tungsi@rbide, the experimental curve was found
to be representative of the behaviour of a 140 radius sphere, as shown in Fig. 3. This
radius value is thus considered in the presentystudthe spherical anvil. Numerical results

are discussed in section Ill.
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FIG. 3. Indentation curves with the spherical agiéd as an indenter



[Il. NUMERICAL AND THEORETICAL ANALYSIS

The ABAQUS/Standard finite element code was used the simulations, in
axisymmetric mode. The geometries of the three hutksten carbide tools, i.e. the indenter
of approximate radius 0.5 mm, and either the ftatileor the spherical anvil of radius 140
mm, were accurately reproduced. The four sampiiribss values were simulated. All mesh
elements are axisymmetric 4-node fully integratiednents. The element density distribution
was built in order to obtain a compromise betwestueacy in the contact and plastic zones,

and computing time, as shown in Fig. 4.

:

FIG. 4. Detail of the mesh in the contact zone

The sample material was assumed to obey isotrapean elastic behaviour, with a
Young modulus of 210 GPa and a Poisson coefficedn®.3. The plastic behaviour was
assumed isotropic and the chosen yield criterios wan Mises. The isotropic hardening
curve was taken to be the experimental tensileecinom which the elastic deformation is
removed, and the yield stress was determined ubmgtandard 0.2% deformation criterion.
The tungsten carbide Young modulus was set to @8, @nd its Poisson ratio to 0.22.

A penalty contact algorithm was used. Numericaludations were performed on an
infinite half space using friction coefficient vaisi of 0.00, 0.15 and 0.30 in order to assess its
influence. The resulting curves are shown in FigTBe curve resulting from frictionless
contact is slightly softer than those correspondmdriction coefficient values of 0.15 and

0.30, which are very similar. Numerical curves sheery good agreement with the



experimental curves on a bulk sample if a frictialue is taken into account. Thus, the
medium value 0.15 was used in the following simafe. This value is frequently used for
the simulation of indentation between steel and gséten carbide during deep
indentatiom**'® The indentation of an infinite half space by thphevical anvil was also
simulated using a friction coefficient of 0.15, d&ag to the results shown in Fig 3. The results
are in very good agreement with the experimentllteas well as the theoretical result. Note
that the influence of the slight plasticity occogiin the AISI 1100 steel due to this contact is
negligible.

Before analysing the indentation curves, it is twaroticing the particular behaviour
of the sample and the experimental device in tise cdthe lowest thickness, i.e. 0.55 mm. In
Fig. 5, the upper surface of both anvils and theelosurface of the sample are drawn at
maximum load and at the end of unloading, whichvigles the reference geometry of the
tools. In the case of a flat anvil, the sampleushad down on the indentation axis due to the
anvil deformation and its outer region is raisedighest load, which inevitably affects the
penetration measurement done at a distance of 10froimthe axis. After unloading, the
sample keeps an irreversible shape leading to &e@peen its lower surface and the anvil. In
the case of a spherical anvil, the lower surfachefsample fits to the shape of the deformed
anvil and a sample curvature is observed at higbadt After unloading, the global deformed

shape is kept, i.e. a residual imprint and a redidurvature of the sample remain.

Measurement
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(a) (b)
FIG. 5. Lower contact surface profiles at (a) lavd 4b) large scale

Due to the curvature of the sample when a spheairal is used, we decided to apply
a second set of sensors underneath the sampletethisical trick was intended to provide
results which are independent of the sample curgatdowever, the measurement became
dependant on the mutual penetration of the sampietie spherical anvil. This issue is
considered thereatfter.

Another aspect to take into account is the mateespponse in the case of the thinnest
sample. The von Mises stress and equivalent plastin values on the indentation axis at
maximum load are plotted in Fig. 6(a) and Fig. 6i) the cases of bulk indentation and

indentation on a 0.55 mm thick sample on eithdateor a spherical anvil.
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FIG. 6. (a) Von Mises and (b) equivalent plastraist on the indentation axis at maximum
load
The values are quite similar, but a slight deviafiom the bulk reference solution can
be observed close to the lower surface of thegample. This deviation is greater in the case
of a flat anvil then it is in the case of a sphafrianvil. In both cases, von Mises stress and
equivalent plastic strain values near the lowefaser of the thin sample are higher than those

occurring in a bulk sample at an equal distancthéoupper surface. This can be due to the



fact that part of the deformation would have bekasteally accommodated in the case of a
bulk sample, which would have led to lower stras$ @quivalent plastic strain values.

With these observations in mind, i.e. the paréicubehaviour of the experimental
device, sample and material in the case of a tampée, let us now consider the numerical

indentation curves, which are compared to the nigaldoulk indentation curve in Fig. 7.
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FIG. 7. Numerical curves for (a) flat and (b) sptaranvils
In the case of a flat anvil, no strong influencelatkness is noticed until a very low
value, i.e. 0.55 mm, is reached. The correspondumge is softer. Part of this difference can
be due to the deformation of the anvil which, etleyugh stiffer than steel, is in contact with
the specimen over a small area, and the risingh@fneasured point at 10 mm from the
indentation axis. Both sources lead to an overedgitim of the penetration depth into the
sample. Another source can of course be due tontterial which, as presented in Fig. 6,
exhibits more plastic strain, thus a softer reastato indentation when the sample thickness

is low. The unloading curve remains unchanged, g@ethe very end of unloading when the

effect of the gap mentioned through Fig. 5 candsns

In the case of a spherical anvil, all curves exhabsofter response to indentation than
the bulk indentation response. This is mainly du¢he mutual penetration of the spherical

anvil and the sample. Note that all loading curersept the one corresponding to the 0.55



mm thick sample are very similar. Concerning thé&ading curve, it is noticeable that the
initial slope is different from the one observedtive case of bulk indentation, and that it
depends on the sample thickness.

A great advantage of the spherical contact geomsttlge availability of theoretical
solutions. As presented in section Il, the contaehaviour of the spherical anvil can be

modelled by the Hertz contact solution using a d¥0 radius. Therefore, the contact radcaus

a=s o o 3)
4Econtact

And the contribution of the spherical anvil to thetual penetration can be expressed as:

can be expressed as:

Mot = 3i£ 4)

Z anvil a

The particularity of the curve corresponding to thimnest sample may be due to the
fact that the sample cannot be considered as amténhalf space. Therefore, in a first
approach, we propose to use a “truncated” fornhefHertz displacement field on the axis of
indentation by integrating the deformation fieldwaoto the thicknesg of the sample,

assuming that the Hertz stress field is still valid

_ [t -Hertz _31+VmIeF 2 t 2 a
Pin sample = IOEZ “dz —EE—pg(meta‘F(me‘l)a arcta " —Vemid~arcta n
()

'sample
The mutual approach of a point in the spherical lgavifrom the contact and a point

at the original sample surface is then taken asstime of h,;, andh, o This value is

removed from the measured displacement and thés@sa shown in Fig. 8:
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FIG. 8. Corrected curves on the spherical anvil

The corrected loading curves are very similar ®lthlk indentation curve, even for
the case of the thinnest sample. The reason fogtuod correction may be the fact that, once
again according to Hertz's theory, maximum stressti a depth value of 0.d8or this
material, and reaches the value 0.23 mm at maxinoaa, which is far from the sample
thickness. The very slightly lower indentation loaidhighest indentation depths may once
again be linked to the softer response of thin $asngue to higher plastic strain. Concerning
the unloading curves, the correction does not ptne bulk indentation behaviour and the

slope is still dependant on the sample thicknesis ddm be attributed to the residual imprint

on the lower surface of the sample, as shown inFig



IV. EXPERIMENTAL RESULTS

Fig. 9. shows the experimental results obtainedhenflat anvil at various sample
thicknesses compared to the corresponding numesoaltions. Due to the lack of
reproducibility of the experimental curves, theye ditted to the numerical solution at

maximum load.
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FIG. 9. Experimental curves on the flat anvil fomgde thicknesses (a) 1.9 mm, (b) 1.5 mm,
(c) 1.0 mm, (d) 0.55 mm
It is clear that, compared to the reproducibitifthe curves obtained on a bulk sample
presented in Fig. 2, the experimental curves dataafvil exhibit a reproducibility problem,
which is highlighted by the observation of the wdimg curves. The however quite moderate

reproducibility problem may be due to the fact ttied samples were initially rectified with



great care. If this reproducibility problem is dizethe sample curvature, the less pronounced

reproducibility problem in the case of a thin saenplay be due to the lower stiffness of the

sample at equal curvature.

Fig. 10. shows the experimental results obtainedhenspherical anvil at various

sample thicknesses compared to the correspondmgmeal solutions.
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10. Experimental curves on the spherical alavisample thicknesses (a) 1.9 mm, (b)

1.5 mm, (c) 1.0 mm, (d) 0.55 mm

The results show a very good reproducibility aslwsla very good agreement with

the numerical solutions. This observation leadsheodonclusion that the use of a spherical

anvil provides results which are independent ofdhuaple curvature. In order to confirm this

conclusion, a 0.55 mm thick sample was slightlytberorder to present a curvature radius



still higher than 140 mm, defect which is not ne#ible by eye. Indentation tests were

performed on the flat and the spherical anvils. idsellts are presented in Fig. 11 (a).
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FIG. 11. (a) experimental curves on the bent sampte(b) corrected curves using a spherical
anvil

The results show a very clear dependence on thplsamrvature in the case of a flat
anvil. The beginning of the curves is strongly aféelcuntil contact with the anvil on the
indentation axis is established, whereupon thentad®n behaviour is representative of the
material. The unloading curves show the same depemdén the case of a spherical anvil,
the results are in no way affected. These obsenatead to the conclusion that the use of a
spherical anvil is a reliable solution in the casslightly bent samples.

The Hertz transformation proposed in section lpplied to the experimental curves
obtained with the use of a spherical anvil andrdsallts are presented and compared to the
bulk sample curve in Fig. 11(b). Observations & dame as for the numerical study. The
corrected curves are very similar to the bulk saqoirve, although slightly softer at highest
load. The unloading curves show the same differsnpposedly due to the residual imprint
on the lower surface, as shown Fig. 5. Once agh@).ee and Pharr modds applied and

provides the results in Fig.1(b), which, as expcéee very close to the curve evaluated from

the bulk sample curve.



V. CONCLUSION

In this work the influence of sample thickness as@mimple curvature on the
instrumented indentation response was investig&tedISI 1100 steel was characterized by
tensile test. Spherical indentation tests wereoperéd on a bulk 10 mm thick sample with an
indenter of approximate radius 0.5 mm up to a lodd200N in order to confirm the
reproducibility and reliability of the results. Tharoposed spherical anvil radius was
evaluated using theoretical elastic contact satstio

Numerical simulations and experimental tests wendopmed on bulk, 1.9 mm, 1.5
mm, 1.0 mm and 0.55 mm thick samples. Numericallteshow that the sample thickness
has an influence on the indentation device behawasuwell as on the sample and material
response. While no correction theory is availalileadlat anvil, elastic contact solutions are
available in the case of a spherical anvil andlezp largely recover the results obtained on a
bulk sample. Experimental results show the strofigence of a slight sample curvature on
the indentation curves obtained with a flat anvilthe case of a spherical anvil, as long as the
sample curvature radius is higher than the andiusg the indentation curves are not affected.

These observations lead to the conclusion that #e af a spherical anvil and
adequate theoretical corrections are a relevanitisol for the instrumented indentation of
thin samples, especially if a sample curvaturexgeeted, such as in the case of thin metallic

sheets used in the automotive industry.
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