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Abstract

Cleavage fracture of steel is governed by microraridal mechanisms, but it is modelled with simpatmuum-
level models. These models are starting to reaelirtiits of their applicability, so there is intetéo look deeper
into micromechanical modelling of fracture proceasde order to model fracture on the microstrudtleeel, a
plasticity model of the grains themselves is neettegrior studies, a method of finding the singtgstal properties
by an inverse engineering approach has been dedclly this method, a single crystal is indented, the material
input to a FE model of the experiment is iteratpvethanged until agreement is achieved. These primlies have
shown that methods like this provide ambiguousltesin this paper, the uniqueness of the solusassessed by
evaluating the difference between experiments andlations for a variety of material input paramstelhe
results show that with a power law hardening refathip, martensite produces two unique minima%£@tand 0.1).
This may represent the Lider’s plateau and theesjutest hardening, respectively. The ferrite matéggtured a
minimum that was flat, but the flatness was oveery short range of hardening exponents.
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1. Introduction

Prevention of cleavage fracture remains a majoceonin most industrial applications of steel stuues. The
relationship between macroscopic loading and natbahavior at the microstructure level is onehef key aspects
necessary to give a better understanding of cleafragture. Steel manufacturers can control certagnostructural
features (e.g. prior austenite grain size), buttdua lack of knowledge about how these featurtectithe fracture
mechanical material behavior, they don't know h@me features of the microstructure should be medlifin order
to obtain better performance against cleavageuraciTherefore, there is an increasing interestitromechanical
modeling of the cleavage fracture process. Thetiplasaterial behavior of individual grains is nedda order to
model microstructural fracture.

Indentation tests have been used to determine miecthaproperties of materials. Many researcherg, e.
Venkatesh et al. (2000), Dao et al. (2001), Bueali al. (2003), Lee et al. (2005), have been usidgntation data
to extract elastic-plastic material properties base inverse engineering. Several studies (e.gn@hal. 2007, Ma
et al. 2012) have shown that it is difficult to aint an unique set of material properties from tradtdisplacement
curve of one single indentation test. Thereforenesaesearchers, e.g. Bucaille et al. (2003), Lub lan (2007),
have investigated dual sharp indentation in ordeddtermine an unique solution. This method uséferdnt
indenter geometries to obtain the load-displacenmmtres. However, the sensitivity and uniquenessthef
determined material properties are still issuede@a with.

In this paper, a method is described to determiastipity data from a single indentation test, lohea the
optimization approach of Kang et al. (2012), in ethia microindentation test is iteratively simulaiadorder to
identify the relevant plasticity parameters. Howewmlike Kang et al. (2012), the current studyeasses the impact
of the plasticity model on the error function irder to gain insight into the uniqueness of the tsmiu

Nomenclature

c stress
€ strain
K hardening coefficient
n hardening exponent

error  area difference between experimental andlation load displacement curve
Fiest force of indentation test at given displacement
Frea force of FE simulation at given displacement

A displacement
Amax displacement at maximum force
Ag displacement when unloading force returns to zero

2. Microindentation experiments

A test sample of a S690 structural grade steelpmasared, and the surface of the sample was pdlighereate
a smooth surface. Indentation measurements wererped on an universal nanomechanical tester (UNAT)
equipped with a Berkovich tip, which is a threeesigpyramidal indenter. The indenter has a tip diulpm, and
an indentation load of 100 mN was used. Scanniagtrein microscope (SEM) images of the microstrectuere
made prior the indentation measurements, and iatlentmeasurements on single grains at ten diffdomations
of the test sample were performed for each phasen Ehe SEM images, the average prior austenite gize was
determined according to ASTM E112-10, and it wamtbto be approximately 20m. Typical raw force versus
displacement result for both phases are shownguar€il.
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Fig. 1. Force displacement curves from indentati@asurements.

3. Analysis

3.1 Finite Element model

Simulations of the microindentation experimentsemeerformed to determine the plasticity properiethe two
main microstructural components, martensite anditéer The finite element analysis of the indentatio
measurements are based on a 2D axisymmetric meihg) Abaqus/CAE 6.12-1. In order to define an axisetric
model of the Berkovich indenter, a rigid conicatfage with half-apex angle of 70.3° and a tip raddfi 1pm was
assumed. Linchini et al. (1998), have verified tihat2D axisymmetric approach can be used to sim@arkovich
indentation experiments. The mesh of the steebpmtimen should be small enough to reduce the at@tipn time
but large enough to minimize the effects of the fatary conditions on the indented region. Thereftie, test
specimen is modelled as a square of 50630 The region of interest is the contact area efitidenter with the
specimen, and that is very small compared to the ef the mesh. High stresses and large defornwmatwa
expected immediately below the indenter tip. Faruaate results, a fine mesh is used near the doatea, and a
gradually coarser mesh is used further away froendintact area, as shown in Figure 2. The regidombthe
indenter tip is taken as a small square of 4rf and meshed with 60x60 four-node axisymmetric gledral

continuum elements (CAX4) of equal size. Reducddgiration elements (CAX4R) are used for the element
outside this small square to reduce the computaltiime.

(a)

(b)

¥
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Fig. 2. (a) Mesh of the finite element model; (lmpked in on region below indenter tip.
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All of the nodes at the bottom of the specimenfixed to prevent them of moving in x and y directid he axis of
symmetry is the y-axis, and the nodes at this eaisonly move in downwards direction. The contaattveen the
tip and the specimen is modelled as a surfaceffa<icontact with the tip taken as the masteraserind the top
surface of the test specimen as the slave surfdeefriction coefficient between the tip and the@men surface is
assumed to be zero. The indentation measuremesimigdated by two steps: loading and unloading. Dyithe

loading step, a displacement in downwards y dioecis imposed at the tip equal to the maximum patieh depth

measured during the indentation experiments. Fheeturns to the initial position during the unloagistep.

3.2 Optimization procedure

The material behavior in the FE simulations is dbsd with a power law strain hardening curve. power law
materials, the stress-strain-£) relationship is assumed to be:

o=Keg" (1)

whereK is the hardening coefficient amdthe hardening exponent. Such a model has beenimsederal studies,
e.g. Dao et al. (2001), Bucaille (2003), Luo and [2007). The material was assumed to be isotrefilt a von
Mises yield surface and associated flow rule. Atomated procedure of several steps for determitiiadnardening
properties of martensite and ferrite is developéthiimw MATLAB. Initial guess values for the parametd& andn
are provided to describe the stress-strain chaisiits of the indented material in the FE moddile Tinite element
simulation of the indentation experiment is perfednand a load displacement curve is extracted fraoutput
file. The FE load versus displacement curve is cameg to an indentation test curve. The area diffezeis
calculated according to the following equation:

Amax A
error = f[) |Frest — FrealdA + fATZaxlFtest — FrgaldA 2)

whereerror is the value used for compariséiyg, is the force of the test at a given displacemiesy, is the force of
the FEA at a given displacemedntis the displacement,,,is the displacement at the maximum force, 45 the
displacement when the unloading force returns tm.z€he parameter& andn are iteratively changed until
Equation (2) is minimized. This iterative procesautomated through the MATLAB fmincon command. Tlbey
chart of this procedure is schematically showniguFe 3.
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Fig. 3. Flow chart of optimization procedure.
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The first approach was to optimize both paramefeasdn simultaneously. The numerical minimizer that wasdi
in MATLAB delivered inconsistent results with theid-parameter optimization. Therefore, a new apgroaas
followed whereby several values ofwere specified, and MATLAB was allowed to optimitee K to find the
lowesterror for each of the specified valuesrofThe number of iterations was minimized by usingratial guess
of theK parameter that delivered the same specific plastgrgy as the first optimized value, which issthated in
the figure below.
12000 -
¢ K optimized for min error
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Fig. 4. Constant specific energy curve.

This is done for a sequencerofalues in the range of 0-0.5. The relative erdafihed as the difference between
the error for a particulan and the minimunerror), is calculated for both martensite and ferritbe Tresults are
presented in Figure 5. It can be seen that matéshas two unique minima=0 andn=0.1. Ferrite has a plateau of
minima betweem=0.415andn=0.417.
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Fig. 5. (a) Relative error for martensite; (b) Zahin on minima; (c) Relative error for ferrite) @omed in on minima.
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A possible explanation for the two unique minimarfd ofn for martensite, is the possible presence of thael’d
band, which can give a flat stress versus straimectollowed by normal hardening. The stress-stairnve of the
material in the Lider's band would have a hardemrgonenin=0. After the Lider’s band, strain hardening will
follow, and thus giving the minimum of=0.1. The error between simulation and experiment g@pmately 2.9%
and 1.5% for martensite and ferrite respectivelyrttiermore, the hardening parameters determinechéstensite
by this optimization approach, are in the same roofi¢he hardening parameters found in literaterg, Al-Abbassi
and Nemes (2003).

4. Conclusion

Indentation measurements are commonly used to amadjastic-plastic material properties where stahda
tension tests are not practical. Finite element atiod is used to extract the plasticity propertigsfitting the
experimental data. An important issue in this apphois the uniqueness of the obtained materialgstigs. The
study presented in this paper shows that, assuanpwwer law hardening relationship, unique hardgparameters
can be estimated from a load displacement curvesuned from one single indentation test. Therefarpractical
procedure based on the optimization approach isodstrated to determine accurate plastic materighgaties of
steel with indentation experiments using a Berkiovitdenter. In order to gain insight into the um@gass of the
solution, the impact of different stress versusaistihardening relationships on the quantitativerefunction is
evaluated. The results show that it is possiblek@in an unique set of hardening parameters vatidgaccuracy
between experiment and simulation. Further rese&ralquired to improve the accuracy and uniquenégbe
hardening parameters. Further research is alsoss&geto confirm that the two minima associatedhvitie
martensite do indeed correspond to Lider’s bandsahsequent hardening.
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