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WORKSHOP OBJECTIVES

The workshop will be a scientific forum where international experts, both from academia and
industry, can discuss about research developments in the field of ceramic science and material
modelling. The aims of the workshop are: (i) to disseminate recent discoveries in the modelling of
ceramics and refractories, (ii) to assess the current technologies used in industrial processes of
refractories and (iii) to propose innovative engineering solutions for the liquid steel technology as
related to the use of ceramic components.
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CONGRESS VENUE

The workshop venue is the Department of Civil, Environmental and Mechanical Engineering of the
University of Trento (via Mesiano, 77). The Department is located on a beautiful hill, 10 minutes
far from Trento’s city center by taking bus N.5 at the train station.
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MODELLING OF REFRACTORY MATERIALS AND CERAMICS,
WITH A VIEW TO TECHNOLOGICAL APPLICATIONS

Program Overview

Friday 22 April 2016

8:15-8:45 Registration

8:45-9:00 Opening
9:00-10:20 Session 1
10:20-10:50 Coffe break + Poster Session
10:50-12:30 Session 2
12:30-13:30 Lunch
13:30-15:30 Hotbricks Session
15:30-16:00 Coffe break + Poster Session

16:00-17:30 Session 4
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8:15 - 8:45 Registration
8:45 - 9:00 Opening (Room R2)
9:00 - 10:20 SESSION 1 (Room R2 - Chair: W. Pabst)

9:00 - 9:20 D. Damjanovic
L1 Modeling of interface motion in ferroelectric ceramics

9:20 - 9:40 M.Huger, D.Ohin, N.Pradeille, T.Chotard, D.André
L2 Aluninum Titanate as a model material to optimize microstructure design of
refractories for thermal shocks

9:40 - 10:00 A. Mazzalai
L3 PZT thin films for MEMS devices: from in-situ sputter deposition to energy
harvesting device

10:00 - 10:20 S. G. Haslinger, R. V. Craster, A.B. Movchan, N.V. Movchan and I. S. Jones
L4 Scattering and localisation of flexural waves by clusters of point defects

10:20 - 10:50 Coffee Break + Poster Session (Room R1)

P1 C. Armanini, F. Dal Corso, D. Misseroni, D. Bigoni
Snap through instability of a soft robot arm

P2 N. Bordignon, A. Piccolroaz, F. Dal Corso, D. Bigoni
Numerical and perturbative approaches for strain localization and shear bands
phenomena

P3 D. Giarola, D. Bigoni, D. Capuani
A boundary integral technique for the dynamics of a shear band

P4 G. Rizzi, F. Dal Corso, D. Veber, D. Bigoni
Strain-gradient effects in the discrete/continuum transition via homogenization

P5 G. Rossetto, D. Bigoni, R. Springhetti
Buckling of thin elastic cylinders

P6 M. Tommasini, D. Bigoni, D. Misseroni
Dynamical instabilities induced by follower forces

P7 A. Vinakurava, A. Skrzat, F. Stachowicz
Biomechanical feauture of the hip implant with ceramic coating
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10:50 - 12:30 SESSION 2 (Room R2 - Chair: D. Damjanovic)

10:50-11:10 W. Pabst, E. Gregorova
L5 Temperature dependence of elastic properties and damping behavior of fine-
grained ceramics and coarse-grained refractories

11:10-11:30 E. Blond, T. Merzouki, N. Schmitt, J. Poirier
L6 Coupling between thermomechanical and thermochemistry applied to the
modelling of the behaviour of refractory used in Waste-To-Energy facilities

11:30-11:50 A. Warchat, D.André, T. Chotard, M. Huger, P. Guillo
L7 Study of the influence of additives (antioxidants) on the thermomechanical
properties of carbon-bonded refractories

11:50-12:10 P.R. Budarapu, J. Reinoso, M. Paggi
L8 A phantom node method for solid shells to simulate multiple cracking in thin
layers made of quasi-brittle materials

12:10-12:30 M. S. Swan, A. Piccolroaz, D. Bigoni
L9 Green Body Density Analysis Using Tomographic Reconstruction

12:30- 13:30 Lunch (Room R1)

13:30 - 15:30 HOTBRICKS SESSION (Room R2 - Chair: M. Huger)

13:30-13:42 P. Godin, S. Romero Baivier
L10 Thermal and mechanical modelling in the improvement and the prediction of
ceramic refractories behavior
13:42 - 13:54 A. Madaschi, A. Gajo
L11 A double yield surfaces, viscoplastic constitutive model for ceramics

13:54 - 14:06 S. Poly, S. Romero Baivier
L12 A shape optimization tool for the design of foundry products

14:06 - 14:18 J.F. Trelcat, S. Romero Baivier, M. Penasa
L13 Identification of input parameters required for Abaqus UMAT subroutines

14:18 - 14:30 M. Penasa, A. Piccolroaz, D. Bigoni
L14 Thermoplastic parameters identification by means of multi-objective
optimization towards modelling refractories
14:30 - 14:40 T. K. Papathanasiou, F. Dal Corso

L15 Thermal shock and high-temperature response FEM simulation of ceramic
refractories with porosity and additives
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14:40 - 14:50 A. Gajo, F. Cecinato
L16 Thermo-mechanical modelling of ceramics subjected to large temperature

14:50 - 15:00 S. Gregoire, S. Romero Baivier
L17 Numerical simulation of a steelmaking process

15:00 - 15:10 M. Leoni
L18 Microstructure from diffraction: modern tools for line profile analysis

15:10 - 15:20 S. Romero Baivier, S. Gregoire, S. Henon, J. Machado, P. Godin. S. Poly
L19 Material testing: key factor for accurate numerical simulations

15:20 - 15:30 D. Bigoni, F. Dal Corso. M. Penasa
L20 Refractories modeled at extreme temperature

15:30- 16:00 Coffee Break + Poster Session (Room R1)

16:00 - 17:30 SESSION 4 (Room R2 - Chair: M. Paggi)

16:00 - 16:20 A. Kallel, S. Romero Baivier
L21 Modelling of refractory powders processing by Discrete Element Method

16:20 - 16:40 V. Buljak, S. Pandey, I. Balac
L22 Comparative assessment of different constitutive models for powder
compations: calibration point of view

16:40 - 17:00 M. Biglar, F. Stachowicz, T. Trzepiecinski
L23 Boundary element analysis of a piezoelectric ceramic with an interfacial crack
subjected to in-plane mechanical and electrical loading

17:00 - 17:30 Final discussion
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Modeling of interface motion in ferroelectric ceramics

Dragan Damjanovic

Ceramics Laboratory, Swiss Federal Institute of Technology in Lausanne-EPFL, Lausanne, Switzerland

Email: dragan.damjanovic@epfl.ch

The dielectric, piezoelectric, and elastic properties of ferroelectric ceramics are strongly influenced by
displacement of interfaces such as boundaries between phases with different crystal structure or
composition, and between regions with homogeneous orientation of polarization and strain. Experiments
and theoretical models show that as much as 70% of the macroscopic anelastic and electrical response in
ferroelectric ceramics may originate from the interface motion. These so-called extrinsic contributions to
the properties are manifested through hysteresis, nonlinear and frequency-dispersive response, which is
problematic for applications but is very helpful to verify predictions of models. In this presentation some
phenomenological approaches used to describe interface motion are presented together with results of
experimental verifications. Results of recent first-principle calculations, which helped confirm earlier
empirical models about the nature of pinning centers which govern motion of the interfaces, are also

presented.



Aluninum Titanate as a model material to optimize microstructure design
of refractories for thermal shocks

M.Huger, D.Ohin, N.Pradeille, T.Chotard, D.André
Université de Limoges, CNRS, ENSCI, SPCTS, UMR 7315, 12 rue Atlantis, 87000 Limoges, France

Email: marc.huger@unilim.fr

Typically, refractory materials exhibit a heterogeneous microstructure consisting in coarse aggregates
surrounded by fine grains that form an aggregate/matrix composite. This heterogeneous microstructure
often leads to a quite complex mechanical behaviour during loading. This paper is devoted to the study of
thermomechanical properties of several industrial and model refractory materials in relation with the
evolution of their microstructure during thermal treatments. The aim is, in particular, to highlight the role
of thermal expansion mismatches existing between the different phases which can induce damage at local
scale. The resulting network of microcracks is well known to improve thermal shock resistance of materials,
since it usually involves a significant decrease in elastic properties. Moreover, this network of microcracks
can strongly affect the thermal expansion at low temperature and the stress-strain behaviour in tension.
Even if these two last tendencies are not very discussed in the literature, they certainly constitute key
points for the improvement of the thermal shock resistance of refractory materials. Evolution of damage
during thermal cycling can be monitored by specific devices at high temperature: Young’s modulus
measurements by ultrasounds and acoustic emission. Beyond its influence on elastic properties, this
damage also allows to decrease the thermal expansion and to improve the non-linear character of the
stress-strain curves determined in tension. These two very important points are here highlighted by
studying aluminium titanate (AT) used as a model material. AT single grains are wellknown to exhibit a high
thermal expansion anisotropy that induces a large number of microcracks at grain boundaries within
polycrystalline materials during cooling step after sintering. By preparing AT samples sintered according to
different heating cycles, the correlations between the applied sintering cycle, the microstructure and the
flexibility have been studied. Three types of AT materials have been processed: non flexible (NF), flexible
(F), and very flexible (VF). Their thermal and mechanical behaviours have been investigated and showed
that NF has a brittle behaviour while F and VF have a nonlinear ductile one. This was found to be due to
grain boundary microcracks network and to the interlocking of grains. VF is more flexible than F because its
microcracks are wider. Flexibility improves the thermal shock resistance: F and VF have a higher thermal
shock resistance than NF. Thus, such approach on a rather simple system demonstrates that the promotion
of a large quantity of small precracks during the cooling stage after sintering (which can occur within many
other refractory materials), can be advantageously applied to enlarge the fracture process zone while
loading in order to decrease of the brittleness of the material which becomes in this case flexible. The large
increase in strain to rupture, which results from this flexibility, is thus of a great interest for the
enhancement of thermal shock resistance.



PZT thin films for MEMS devices:
from in-situ sputter deposition to energy harvesting device

A. Mazzalai'”

Ecole Polytechnique Fédérale de Lausanne, Switzerland
’Metallux SA, Mendrisio, Switzerland

E-mail: andrea.mazzalai@gmail.com

The recent progress in synthesis and integration of highly piezoelectric lead-zirconate-titanate (PZT) thin
films onto silicon substrates are paving the way for new, more efficient and faster devices micro electro-
mechanical systems (MEMS). The high piezoelectric activity of PZT allows indeed to generate large forces
and to convert a high fraction of mechanical energy into electricity. In comparison to competing principles,
piezoMEMS devices need less power and are faster than thermally actuated devices and work with lower
voltage than electrostatic actuators. The first bottleneck to be solved for the industrialization of such
devices is represented by the need of a high-quality, high-throughput PZT thin film deposition route. In this
work, we defined a high-quality high throughput sputtering process, directly on an industrial machine
suitable for large silicon substrates. With an optimized process we measured a transverse effective
piezoelectric coefficient ez s=-23 C/m? on samples showing very low dielectric losses and leakage currents.

Energy harvesting (EH) from ambient vibrations represent a potential technological breakthrough as it
allows self-powering of portable electronic devices for which wiring or battery replacement is either too
costly or unpractical. In this work we report on a microfabricated, PZT-based piezoelectric energy harvester
exploiting the interdigitated electrodes (IDE) configuration. Its advantages with respect to the standard
parallel-plate (PPE) capacitor are experimentally compared with the PPE configuration realized with AIN-
ScN alloys: the interdigitated PZT version realizes a similar high output voltage range, however, with a much
larger electromechanical coupling coefficient, and therefore exhibit higher output power for a given
excitation condition.

Acknowledgements: The author gratefully acknowledges the EU FP7 project “piezoVolume” consortium and
the Swiss Commission for Technology and Innovation.



Scattering and localisation of flexural waves by clusters of point defects

S. G. Haslingerl, R. V. Craster?, A.B. Movchan®, N.V. Movchan® and I. S. Jones®

'Department of Mathematical Sciences, University of Liverpool, Liverpool L69 7ZL, UK
’Department of Mathematics, Imperial College London, London SW7 2AZ, UK
3School of Engineering, Liverpool John Moores University, Liverpool L3 3AF, UK

Email: abm@liverpool.ac.uk

For a ceramic plate, the talk addresses a problem of scattering of plane flexural waves by a semi-infinite

cluster of rigid pins modelling rivets, which constrain the motion of the plate.

Mathematical model is reduced to a functional equation of the Wiener-Hopf type. The localisation near the
interface boundary separating the riveted region from the ambient homogeneous elastic plate. The model

is accompanied by numerical simulations and examples.

The talk is based on the results of the recent paper [1].

Acknowledgements: The support from the EPSRC program grant EP/L024926/1 is gratefully acknowledged.

References:

[1] S. G. Haslinger, R. V. Craster, A.B. Movchan, N.V. Movchan and I. S. Jones (2016). Dynamic interfacial
trapping of flexural waves in structured plates. Proc. R. Soc. A 472: 20150658.
http://dx.doi.org/10.1098/rspa.2015.0658



Temperature dependence of elastic properties and damping behavior
of fine-grained ceramics and coarse-grained refractories

Willi Pabst, Eva Gregorova

Department of Glass and Ceramics, University of Chemistry and Technology, Prague
Technickd 5, 16628 Prague 6, Czech Republic

Email: Willi.Pabst@vscht.cz

Elastic properties are fundamental properties that determine the mechanical behavior of both fine-
grained ceramics and refractories, their coarse-grained counterparts. They determine not only the
mechanical behavior at room and at moderately high temperature, but also represent an important input
information e.g. for the estimation of thermal shock resistance parameters. On the other hand, and in
contrast to common belief, anelastic behavior, which can be described within the framework of
viscoelasticity, can play a role not only at temperatures where certain phases (e.g. disordered grain
boundary phases) exhibit softening, but also at much lower temperatures at which any softening can be
with certainty excluded and other internal friction mechanisms are responsible for a “quasi-viscous”
damping behavior. In this contribution we report examples of impulse excitation measurements of room
temperature elastic constants as well as the temperature dependence of Young’s modulus and damping
(inverse quality factor) for selected fine-grained ceramics (alumina, zirconia, kaolin-based ceramics, mullite-
alumina composite ceramics, cordierite ceramics) and coarse-grained refractories (silica refractories,
fireclay refractories, high-alumina refractories). In particular, we compare the simple temperature
dependence of the Young’s modulus of single-phase oxide ceramics, such as pure alumina and zirconia,
which is primarily determined by the crystalline phase itself, to the highly complex temperature-dependent
elastic and damping behavior of silica refractories, in which phase transitions between the cristobalite and
tridymite subpolymorphs, microstructural details (in particular microcrakcs) give rise to complicated
hysteresis effects (with or without damage accumulation), which usually dominate the overall temperature

dependence.

Acknowledgements: This work is part of the project “Preparation and characterization of oxide and silicate
ceramics with controlled microstructure and modeling of microstructure-property relations” (GA15-
18513S), supported by the Czech Science Foundation (GACR).



Coupling between thermomechanical and thermochemistry applied to the
modelling of the behaviour of refractory used in Waste-To-Energy facilities
E. Blond®, T. Merzouki'?, N. Schmitt?, J. Poirier*

IPRISME, Polytech Orléans - University of Orléans, France
2now at LISV, University of Versailles Saint Quentin en Yveline, France
3LMT Cachan, CNRS - University of Marne la Vallée, France
*CEMHTI, CNRS — Polytech Orléans - University of Orléans, France

Email: eric.blond@univ-orleans.fr

The design of refractory linings is mainly based on thermal computations, thermochemistry analysis and
strong workman know-how. The mechanical design of these linings is too often limited to simple thermo-
elastic computations. For few years now, there is a huge work to refine these computations considering
non-linear mechanical behavior and damage [1]. However, even if corrosion often induces large swelling
and strong evolution of the mechanical behaviour in service, it is usually not take into account in
thermomechanical computations. In the recent past, some works deals with predicting the initial material
behavior (and damage level) after curing for example [2] but the evolution of this behavior link with
corrosion in service was not the subject of deep academic study. The three main difficulties to develop such
models are:

e the thermochemical complexity of the corrosion of refractory (see [3] for WTE case)

e the difficulties to acces to representative experimental data (see [4] for WTE case)

e the necessity to explore both thermochemistry and thermomechanic in the framework of

thermodynamic to build appropriate (pseudo)-potential.

The aim of this talk is to briefly recast the coupling scheme corresponding to the refractory case in the
irreversible thermodynamic framework in order to underline the implications of some basic
thermodynamic concepts in term of refractory behaviour modelling and the possibility that are offer to
accounting for the chemistry impact on the mechanical behaviour. Then, the use of these concepts to
develop a fully 3D finite element simulations accounting simultaneously for thermal, mechanical and
chemistry phenomena will be illustrated on the particular case of SiC-based refractory used in Waste-To-
Energy (WTE) plant. Comparison between a long duration oxidation test at high temperature and model
prediction allows validating the proposed approach [5]. Then, an extension to the industrial case of
refractory lining in Waste-to-Energy plant will be proposed [6].

References:

[1] A. Gajo, F. Cecinato, Thermomechanical modelling of rock-like materials at very high temperature:
Application to ceramic refractories, in press, doi:10.1016/j.jeurceramsoc.2015.12.031
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Study of the influence of additives (antioxidants)
on the thermomechanical properties of carbon-bonded refractories
Andrzej Warchat"?, Damien André’, Thierry Chotard®, Marc Huger", Philippe Guillo*

YUniversité de Limoges, CNRS, ENSCI, SPCTS, UMR 7315, 12 rue Atlantis, 87068 Limoges, France
2Vesuvius France SA, 68 rue Paul Deudon, 59750 Feignies, France

Email: andrzej.warchal@etu.unilim.fr, andrzej.warchal@vesuvius.com

Refractories such as ladle shrouds, monoblock stoppers and submerged entry nozzles are principally made
of isostatically pressed Al,03-C composites (Fig. 1). These products are responsible for the steel flow control
and its protection against oxidation in the continuous casting process. During casting, refractories are
exposed to severe thermal, chemical and mechanical conditions which may have a deleterious impact on
their lifetime. Thus, seeing a need for properties improvement of carbon-bonded refractories, the main
goal of this work was to understand interactions between different constituents (alumina, graphite,
carbonaceous binder, additives) of these materials and to study their influence on the thermomechanical
properties. The particular emphasis was put on the influence of additives (B4C, eutectic Al-Si alloy, borax,
glass frit) which play a key role in the protection of carbon against oxidation, the so-called antioxidants.
Steel flow control refractories are advanced multiphase composites. Their heterogeneity results from
sophisticated formulations involving a huge number of raw materials. This complexity impedes the
comprehension of interactions between different constituents. Thus, in order to facilitate understaning of
mechanisms responsible for the thermomechanical properties evolution, model materials having simplified
compositions compared to industrial ones were prepared [1]. Behavior of both cured (before pyrolysis) and
fired (after pyrolysis) materials was investigated.

It was proved that, in the absence of additives, the major factor responsible for the thermomechanical
properties evolution is the cracks mechanism resulting from the difference in coefficients of thermal
expansion between alumina grains and carbonaceous binder. However, it was found out that that even a
small amount of certain additives can significantly modify the properties of carbon-bonded refractories. For
instance, Al-Si alloy reacted during firing with sourrounding carbon to form aluminum and silicon carbides
which rigidified the material. Similar effect was observed for the material containing borax (Fig. 2).
Nevertheless, in this case, the mechanism of rigidification was different. Liquid phase, obtained during
firing, penetrated open pores and micro-cracks. Thus, this phase was able to cause micro-cracks healing
and to reduce open porosity.
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Fig 1. Steel flow control refractories [2] Fig. 2. Stress-strain behavior of studied materials
References:

[1] D. Dupuy: Compotrement thermomécanique de composites réfractaires oxyde-carbon (in French), PhD
thesis, University of Limoges, 2015.
[2] G. Routschka, H. Wuthnow: Handbook of Refractory Materials: Design — Properties — Testing, 2012.



A phantom node method for solid shells to simulate multiple cracking
in thin layers made of quasi-brittle materials
P.R. Budarapul, J. Reinoso?, M. Paggi1

imT School for Advanced Studies Lucca, Lucca, Italy
2Elast‘icity and Strength of Materials Group, School of Engineering, University of Seville, Seville, Spain

Email: marco.paggi@imtlucca.it

The numerical simulation of complex crack patterns with multiple channel cracks in thin layers
made of quasi-brittle materials subject to bending is very challenging. In this work, a computationally
efficient 8-node solid shell element formulation is proposed to discretize the thin layer. This approach has
the advantage over solid brick element to correctly capture bending deformation patterns with just one
element over the thickness, also for instability analyses. The novelty of the present contribution regards the
coupling of the solid shell element formulation with the Phantom node method to simulate an arbitrary
number of channel cracks through the thin layer. In the phantom node method, when an element is
completely cut by a crack, the displacement field is continuous on each side of the cracked element, but it
is discontinuous across the crack surface. Hence, the crack relative displacements can be computed from
the displacements of the overlapping solid shell elements embedding the crack, see Fig. 1.
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Fig. 1. Schematic representation of a cracked solid shell element using the Phantom node method.

The proposed formulation is herein adopted to compute the crack openings for a complex crack
pattern generated by impact loading in Silicon solar cells embedded into semi-flexible photovoltaic
modules, see Fig. 2. The correlation between localized electric resistances and crack openings will shed light
into the complex phenomenon of crack interactions in the present multi-physics framework.
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Fig. 2. Complex crack pattern in Silicon solar cells and its finite element discretization based on the proposed method.

Acknowledgements: The research leading to these results has received funding from the European
Research Council under the European Union’s Seventh Framework Programme (FP/2007-2013)/ERC Grant
Agreement No. 306622 (ERC Starting Grant “Multi-field and multiscale Computational Approach to Design
and Durability of Photo-Voltaic Modules”—CA2PVM).



Green Body Density Analysis Using Tomographic Reconstruction

M. S. Swan®, A. Piccolroaz?, D. Bigonil

IThe University of Trento, Trento, Italy

Email: matthewscot.swan@unitn.it

Progress in the modeling of the densification of ceramic powders, or porous solids in general, has
historically been limited by the prohibitively high cost of analyzing the sample to extract useful
measurements that could be used to improve the models. Some of the more useful experimental data are:

the force-displacement history, the final geometry, the residual stress field, and the density field.

In this presentation, a destructive method using a CNC mill, an analytical balance, and analysis techniques
from the field of computational tomography to approximate the density field of a solid sample is presented.
The chosen analysis technique is the constrained multiplicative algebraic reconstruction method, presented
by R. Gordon[1]. This method allows for analysis of unsintered green bodies with less cohesion than other

methods require, such as the scratch test method[2].

This method is intended to augment experimental analysis for small laboratories or universities with limited

equipment that are performing research or prototyping.

Acknowledgements: M.S.S. and A.P. gratefully acknowledge financial support from the European Union
Seventh Framework Programme FP7/2007-2013/ under REA grant agreement number PITN-GA-2013-
606878-CERMAT2. D.B. gratefully acknowledges financial support from ERC-2013-ADG-340561-
INSTABILITIES.

References:

[1] R. Gordon. A tutorial on art (algebraic reconstruction techniques). Nuclear Science, IEEE Transactions
on, 21(3):78-93, June 1974

[2] Brian J. Briscoe and Sujeet K. Sinha. Density distributions characteristics of green ceramic compacts
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Thermal and mechanical modelling in the improvement and the prediction of
ceramic refractories behavior

Philippe Godin', Séverine Romero Baivier?

Y2Enabling Technology Department, VESUVIUS SA, Ghlin, BELGIUM

Email: philippe.godin@vesuvius.com

Modelling is a tool more and more used in the industry for the development of new products. This
technology allows a better understanding of the behavior of the product in its conditions of use. Thus the
modelling allows to optimize the product as well as its shape and materials to be used.

The Submerged Entry Nozzle (SEN) is the part wihch delivers molten steel from a tundish into a continuous-
casting mold. The SEN is made of different refractories, and must be preheated properly to prevent
problems such as cracks from thermal shock during initial filling. On this subject, a study performed on
(SEN) is at present realized to highlight the behavior of the product during its use. An accurate simulation of
the use of SEN would be useful to optimize this and similar processes.

In order to optimize this state of stress on the product, a numerical model was calibrated and validated
thanks to laboratory trials. This simulation uses criteria of plasticity and failure with temperature, based on
the Bigoni-Piccolraz yield function [1] (UMAT)

Fig. 1. Submerged entry nozzle in continuous casting Fig. 2. Predicted stress distribution with UMAT inside tube

Acknowledgements:

The authors gratefully acknowledge support from the European Union FP7 project “HOTBRICKS - Mechanics
of refractory materials at high— temperature for advanced industrial technologies” under contract number
PIAPP-GA-2013-609758.
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A double yield surfaces, viscoplastic constitutive model for ceramics

Aldo Madaschi', Alessandro Gajo®

Vesuvius Group, Ghlin, Belgium
’DICAM, University of Trento, Italy

Email: aldo.madaschi@unitn.it

This work describes an innovative multi-axial, elasto-visco-plastic constitutive model based on
theassumption that plastic deformations are induced by two mechanisms [1,2]: a short term, instantaneous
mech-anism, and a long term, viscous mechanism. The need for this approximation has been recently
deduced from experimental compaction of fine grained powders (consisting of clays). This constitutive
approachimplies the need to consider the existence of two vyield surfaces (fig. 1): the first one is a
conventional, rate-independent, elasto-plastic yield surface, whereas the second one is a Perzyna-type
[3,4], visco-plastic yieldsurface. The method for combining the hardening laws of the two, very different
yield surfaces within aconsistent framework is discussed in detail and the numerical algorithms for the
implicit, backward Eulerintegration of the proposed model are fully explained. In the final part of the work,
model simulationsare compared with experimental results [5,6], showing that model simulations are
reliable for both ceramicsand geomaterials.

V3.

Fig. 1. Sketch of the possible trial elastic and visco-plastic states for the integration of the constitutive model
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Over the past decades, due to tougher environmental regulations, metalworking companies have
been constantly improving the energy efficiency of their processes. This encourages their suppliers to help
them by designing innovative products for which, in turn their customers would get direct operational
benefits.

To achieve this goal, suppliers have to address customer’s concerns by designing products which aim
at improving the overall energy efficiency as well as the safety of their processes, and also improving the
productivity by increasing the durability of their products.

On top of that, suppliers also have to comply with their own concerns: design of cost effective parts,
manufacturability and shortenened development time scales.

As a consequence, engineers now have to cope with a challenging specification throughout the
design process of new products, where most of the objectives are linked to each other, which makes the
definition of trade offs difficult and time consuming.

Fortunately, the development of accurate numerical models and also the continuous increase of
computational power combined with stochastic optimization techniques can greatly help to face this
challenge.

In this presentation we propose a design tool which helps engineers to find solutions by suggesting
product shapes that are in accordance with the multiphysics objectives initially set in the product
specification, in a timely and efficient manner. The effectiveness of this tool is shown by the development
of foundry crucibles operating in metal treatment stations.

L ~OSECO

Fig. 1. Foseco’s MTS 1500 Metal Treatment Station Fig. 2. Predicted temperature profile inside a crucible
at the startup stage
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Refractory materials are of great engineering interest since they are employed for many industrial
purposes. Their high melting temperature and their great thermal and chemical stability make them ideal
candidates for high-temperature applications (for instance, molten steel and iron in steel mills).

The development of an accurate constitutive modelling of these materials with a specific consideration of
thermal effects has an immediate impact on the design of elements employed for technologies involving

high temperature.

On that purpose, UMAT subroutines have been developped and implemented in Abaqus Finite Elements
software involving a new thermo-elastoplastic model. This model is based on the Bigoni-Piccolroaz yield
function [1]-[2] and on a nonlinear hardening rule depending on temperature that takes into account both
elastic and plastic contributions.

For a full use of UMAT subroutines, a good identification of material parameters that define the previous
model is essential. As a result, planned experiments (Brazilian and uniaxial crush test both at room and high
temperatures, triaxial compression test at room temperature) are used in a new methodology of numerical
optimization (Mathematica and HyperStudy) to obtain and fit these input parameters.

In the work presented here, this new methodology will be presented and examples will serve to illustrate it.
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Efficient virtual-prototyping of refractory devices involves thermo-mechanical constitutive modelling by
implementation of subroutines to be used in commercial finite element softwares. The creation of such
models imply the use of non-standard failure criteria which require advanced numerical algorithms [1].

A constitutive model combined with strongly non-linear simulations, such as coupled-temperature
displacement, friction and contact analysis, requires great robustness and stability. Furthermore, the
precision of the simulation is strongly dependent on the material parameters tuning the behavior of the
criterion [2]. Usually, an identification of all the material parameters completely based on experimental
results is not possible, expecially in case of materials at high temperature, which require special tests to be
performed under prohibitive conditions.

Therefore, the identification must be completed carrying out inverse analysis for the remaining parameters,
by means of finding iteratively the best possible fitting with the observed mechanical behavior. The
combination of global and local multi-objective optimization methods has shown excellent results, being
able to capture the failure load at different temperatures with average error around 5%.
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Fig. 1. Failure isotropic stress in refractory material at Fig. 2. Convergence of the hybrid optimization
differenent temperatures (simulation/experiment) algorithm
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Refractory ceramics are typically subjected to thermal shock conditions during their operation
phases. Thermal stresses induced by severe variations in the temperature field, during sudden heating or
cooling, are a key quantity for strength analysis [1]. The amorphous, grain dominated, micro-structure of
ceramic materials, along with the existence of micro-cracks, porosity and additives, introduces a high
degree of complexity in simulation.

Extending the results of a previous study on the thermomechanical response of refractory ceramics
[2], the stress state induced by a thermal shock within a refractory brick, in the presence of porous
structure and addititive inclusions, is studied. Equivalent elastic and thermal moduli are introduced (e.g.
through the law of mixtures) and their dependence on temperature is examined.

The governing thermomechanical problem is solved with a special Finite Element procedure
incorporating bilinear Lagrange interpolation for the temperature field and biquadratic Lagrange
interpolation for the displacement field. The nonlinear heat transfer problem is solved first, and the
temperature field is subsequently used in order to determine the stress state inside the refractory brick
during heating or cooling.

The case of exposure to extremely high-temperature conditions introduces further complexity to the
model. The presence of porosity and additives, the latter featuring values of the thermal expansion
coefficient, conductivity and melting point different than that of the ceramic constituent, is characterized
by nonlinear stress-strain response of the refractory in the case of compressive loads. This damage
evolution effects, corresponding to pore collapse and melting of the additives are incorporated in the
model through the use of special yield criteria and hardening effects.

Finally, the proposed numerical simulation methodology includes the effects of radiative heat exchange
between the refractory brick and an external heat source. These effects have been found to be significant
when large temperature variations are expected [2].
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Ceramic refractories are rock-like materials that are subjected, in working conditions, to temperature
changes of the order of 1500 °C. Usually such materials exhibit large elastic moduli, depending upon their
composition, of the order of 10° to 2x10* MPa, while their thermal expansion is non-negligible, implying the
potential for developing significant thermally induced deformation, when they are subjected to the typical
temperature variations involved in steel making processes. This in turn implies the possibility of large
induced stresses, if the straining of the ceramic component at hand is in some way prevented.

On the other hand, even if the ceramic sample’s deformation is freely allowed, the typically large
temperature gradients to which refractories are subject in working conditions may induce significant self-
equilibrated, internal stresses. Hence, consistent simulation of the evolution of thermo-elastic and thermo-
physical properties of refractories under a representative range of thermo-mechanical loading conditions
appears of paramount importance for industrial purposes.

However, trends of thermo-mechanical and thermo-physical properties with temperature are hardly
uniform across different ceramic materials, as they chiefly depend upon composition. For example, the
thermal dependency of elastic moduli of simple materials like alumina consistently exhibits an almost
linear, decreasing trend with increasing temperature, that is fully reversed upon cooling. On the other
hand, the elastic moduli of composite materials exhibit a much more complex and histeretic thermal
dependency.

It is therefore not possible to provide a general constitutive formulation, able to capture the thermo-
elastic response of all refractory material types. Instead, bespoke constitutive models must be developed
that specifically refer to the material composition and forming process at hand. Model calibration will have
then to be carried out based on relevant experimental data.

In this work, we discuss a simple form of thermodynamic potential that can unveil peculiar aspects of
the thermo-mechanical behaviour of geomaterials at very high temperature subject to complex, yet
realistic, loading conditions. Example simulations are compared, whenever possible, to available
experimental data, although a very restricted range of test types is currently available. This could be partly
due to a certain reluctancy of the industry to disclose patent-related data, but especially to the inherent
difficulty in performing experiments under extreme thermal loading conditions. Possible improvements of
experimental testing strategies are discussed.

Acknowledgements: The authors gratefully acknowledge financial support from European Union FP7
project under contract number PIAPP-GA-2013-609758-HOTBRICKS.



Numerical simulation of a steelmaking process

Sébastien Grégoire, Séverine Romero-Baivier

Vesuvius SA, Enabling Technology, Material Modeling and Characterization, Ghlin, Belgium

Email: sebastien.gregoire@vesuvius.com

In these challenging days, the energy saving as well as steel quality represents tracks for the steelmakers to
maintain their competitiveness. In a steel plant, numerous are the places or processes where energy could
be wasted: poor fit of an air/gas proportion in a burner, non-usage of a ladle lid, steel overheat at the
caster... Enhancing the steel quality passes through a better knowledge of the plant processes: improve
stirring, better adjust slag composition, improve regulation at the mold...

In a steel plant, the steelmaking ladle is the place where energy and quality targets meet together. There,
the energetic balance could strongly be unfavorable and a poor engineering could reach to unexpected
steel composition/quality/temperature. To limit the energy wastes and enhance steel quality, the
steelmakers must master the molten steel temperature to reach the lowest temperature variation at the
tundish (or mold).

Steelmakers could be helped reaching their objectives by using a computer tool based on the numerical
simulation of either ladle and steel. The development of this numerical tool is presently discussed.
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The possibility of performing a non-contact and non-destructive detailed microstructure analysis in situ or
operando is of paramount importance for the analysis of refractories in service conditions. The profile of
the powder diffraction lines contains information about the microstructure, but its extraction is not trivial.

The whole 3D microstructure is in fact condensed into a 1D diffraction pattern.

In the last years, full-pattern techniques have been developed to deal with this problem. Detailed and
accurate microstructure data (e.g. size distribution, defects..) can nowadays be obtained from a single
powder diffraction pattern, even of laboratory quality. The Whole Powder Pattern Modelling will be

presented and examples discussed.
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In steel industry, refractory ceramics are in contact with molten metal and slag, and subjected to intensive
thermo-mechanical loads and chemical attacks. Finite element modelling is an interesting tool to predict
the thermo-mechanical response in use and improve the lifetime and reliability of the products. This is

possible only if the material behaviour is well represented.

Constitutive equations, which describe the thermo-mechanical behaviour of material, are closely linked
with the experimental results to be representative. Some results are used to identify parameters of the

constitutive equations and some others are used to validate it.

In the case of refractory ceramics, which are considered as granular like material, it is necessary to take into
account the asymmetric behaviour, dependant on the hydrostatic pressure and on the temperature. To
evaluate the material, it is primordial to perform dedicated test in different stress states.

The present work will deal with the material testing. The Brazilian test shown in Fig.1. is an example of such

testing.

Fig. 1. Brazilian test
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Refractories used in the liquid steel technology are designed to work in an extreme temperature
environment (Fig. 1). Under such thermal conditions, ceramics evidence viscoplastic deformation and a
failure condition which is strongly influenced by the mean stress. Constitutive modeling of refratories is
developed within the framework of visco-elasto-plasticitywith coupled elastic and plastic deformation.
Initial modeling was addressed to generalization of the elastoplastic coupling effect to a fully coupled

thermomechanical setting [1]. Now the constitutive framework is implemented with a viscous deformation

component, in line with the Duvaut and Lions approach [2].

Fig. 1 Subentry nozzle in working conditions at 1500 °C
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Ceramics have interesting thermomechanical properties which makes them good candidate for
various technological applications. Refectories constitute a ceramic subdivision appreciated for its high
temperature resistance and its chemical stability in aggressive environment. Moreover, they are mainly
shaped from granular medium by powder metallurgy root and/or masonry like assembling. These virtues,
makes them cost effective and worthwhile for glass or metal casting processes.

Vesuvius is producing products based on refractories materials for its customers serving essentially the
steel and the foundry industries. In this work, we present a new approach to model the shaping process
and the mechanical characterization of a refractory composite. We used discrete element method (DEM)
simulations to study the densification of the composite during cold compaction [1]. This method explicitly
takes into account the particulate nature of the powder. Each particle is modeled as a discrete entity
interacting with its neighbors through its contacts. The contact law (indentation/force relation) is the aim of
the model. Besides, the friction and adhesion forces are considered in the particles motion when ensuring
the rearrangement of the packing. The studied material is a mixture of alumina particles and a viscous
binder made of amorphous carbon. For sake of simplicity, we assume that the starting powder is a
bimaterial made of hard elastic particles and soft viscoplastic binder. The rheological parameters of the
material have been identified from experiments.

Compaction curves obtained by simulations are compared to experimental results. The effects of the
initial microstructure and the composition are investigated. DEM issued green bodies are numerically
subjected to different loading paths [2]. Building on DEM simulation results, the number of laboratory
experiments necessary to characterize the mechanical behavior of a given mixture is thus reduced.

Fig. 1. Modelling steps: from a gaz of particles to a Brazilian test.
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Powder compaction is a process in which granular material becomes gradually cohesive through
mechanical densification. To simulate this process usually soil constitutive models are employed (see
e.g.[1]). However during compaction phase material passes through wide range of pressure and changes
significantly elastic properties. Such circumstance limits the use of constitutive models with linear elasticity
followed by appropriate hardening law, and a more general framework is required, in which elastic
properties are dependent on plastic deformation.

The use of complex constitutive models that would take into account elasto-plastic coupling, makes the
numerical implementation challenging as the number of parameters to calibrate significantly grows, while
some of them require high pressure experiments, or experimental setups that are inducing complex state
of stress. Such cirmumstance can make the industrial application potentially difficult. Furthermore, from
calibration point of view, the assessment of extended number of constitutive parameters is generally an ill-
posed problem due to the significant compensation between different parameters. This may lead to the
situation in which one experiment is fairly well fitted, but assessed parameters are not extendable for other
applications. A remedy to this situation can be achieved only by a multiple experiments inducing states of
stress which are “activating” all constitutive parameters.

The following study focuses on different approaches of modeling of compaction processes and related
issues of parameter calibration. Two different models were considered: more general constitutive model
with elasto-plastic coupling based on Bigoni-Piccolroaz yield surface [2], and modified Drucker-Prager “cap”
plasticity model which takes into account field dependence of elastic properties. For both of these models a
calibration procedure was designed based on inverse analysis, centered on minimization of discrepancy
function which quantifies the difference between experimentally measured quantities and their computed
counter-part. Considered approaches are comparatively studied as for computational efficiency,
potentialities and limitations of different constitutive models, while related parameter calibration is
guantified through sensitivity analysis with reference to three-axial test, and some ‘ad-hock’ modifications
of it, proposed following the results of preliminary computation.
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In the current article, by using linear piezoelectric theory, the stress and electric field of a finite
piezoelectric biomaterial which contain a crack are addressed. The piezoelectric media exposure to
different in plane mechanical and electrical loads. In order to simulate the stress and strain near crack tips,
the Stroh formulation and boundary element method are applied which would be able to eliminate the
problem of singularity near the crack tip. Two different types of boundary condition for crack are
investigated in this article: impermeable and permeable cracks, and then stress and electric displacement
intensity factors for two different boundary conditions are studied.
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An inextensible cantilever beam undergoing large deflection has the free
end loaded by a concentrated force and the clamped end continuously
rotating, Fig. 1.

The modelling of this system through the Elastica allows for the analytical
solution for the deflection of the beam at varying the clamp angle.

Fig. 1: The analysed elastic
system

To experimentally investigate the critical and post critical
behaviour of the system, a new device, the Elastic Catapult, has
been designed and realized (Fig. 2). Tests performed at different
loads show that the system suffers a snap-through instability
when the applied load is greater than the Euler buckling load.
The observed behaviour is theoretically predicted by the
proposed analytical model, providing the critical angles for
which the snap-through phenomenon occurs.

Fig. 2: The experimental setup as a
realization of the structural system

Acknowledgements: Support from the ERC Advanced Grant "Instabilities and non-local multiscale modeling
of materials" FP7 PEOPLE-IDEAS-ERC-2013-AdG (2014-2019) is gratefully acknowledged.



Numerical and perturbative approaches for strain localization and shear bands
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Strain localization and shear banding are tested with a numerial approach, in which the shear band is
modeled as a zero-thickness nonlinear interface. This model is introduced into Abaqus through an external
UMAT subroutine which takes into account the elasto-plastic behavior of the materials [1]. The simulation
times are improved using an asymptotic technique. This technique permits to model the shear band as a
region in which the yield stress is smaller than the yield stress in the matrix.

The numerical approach is contrasted with the perturbative one [2], in which the behavior of the ductile
material is described according to the J2-deformation theory. In this approach, the shear band emerges as a
perturbation of the homogeneous prestress state.

Both approaches indicate that the shear bands propagation follows a straight line tragectory under shear
loading. This propagation phenomenon is linked to the existence of a strong stress concentration at the tip
of the shear band. These concepts are fundamental for describing the failure mechanisms of ductile
materials.

Perturbative approach: Numerical approach:
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We consider a shear band in an infinite, non-linear elastic and incompressible body, prestressed with an
homogeneous initial deformation. Using a Boundary Integral Formulation (BEM-Boundary Element
Method), we analyze the incremental problem of time-harmonic Green’s functions [1] employed as a
dynamic perturbation. For each element of the discretization of the BEM incremental stresses and
deformations are rapresent by linear shape functions.

Numerical simulations for a J2-deformation theory show for each state of prestress/anisotropy parameters,
a peak in the deformation of the shear band surface for a definite frequencie, that could represent a sort
of resonance. Also for different inclination of the shear band with respect to the orthotropy axes, we find
that for an inclination equal to that of the real propagation of the band, the width of the displacement is

maintained for very high frequencies.

Fig. 1. Displacement field of a shar band with an Fig. 2. Displacement field of a shar band with
inclination equal to that of the real propagation of the an inclination equal to that of the real
band in a static case. propagation of the band in a dynamic case.
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Many materials existing in nature and man-made are characterized by a microstructure that can be
represented through a, more or less, periodic spatially repetition of a unit-cell (RVE) (Fig.1).

In order to model a heterogeneous material through a simple constitutive relation to be exploited in
mechanical, thermal and electromagnetic problems, it is possible to introduce the concept of
homogeneous continuous solid energertically equivalent to the heterogeneous solid. Imposing the
equivalence in terms of the energy stored within the two solids when subjected to the same boundary
conditions leads to the definition of the constituent's properties of the equivalent homogeneous material.
However, an improved description for the equivalent homogeneous material can be achieved when higher-
order constitutive models are considered, due to the additional kinematical degrees taken into account, as
in the case of Mindlin material [1].

The study of a periodic lattice, flat, infinitely extended and composed of hexagonal cells formed by three
orders of bars having different stiffness and linked to each other by relative hinges (Fig. 1) is here
presented. Results from the imposition of linear displacement boundary conditions confirms the local
equivalent properties obtained by [2] with reference to a periodic pattern similar to that considered in a
discretization problem. Our aim is to achieve the higher-constitutive parameters for the equivalent higher-
order homogenous solid extending the boundary conditions to a quadratic displacement field, similarly to

[3].

Fig. 1. (Left) Infinite lattice structure realized as periodic repetition of hexagonal RVE cell. (Right) The
hexagonal RVE cell formed by three orders of bars having different stiffness (K, K, K).
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New results for buckling of thin elastic cylindrical shells are presented. In particular, a better insight

into bifurcation of the primary equilibrium path for a cylinder under axial tension will be presented.

The literature available on instability of thin elastic rods and thin-walled cylinders under axial
compression is quite extensive, see e.g. [1,2], while the same is not true for the case of tension. Revisiting
the work of Bigoni and Gei [3], where buckling under axial compression of a coated cylinder is analysed, we
derived the analytical condition of instability for a hollow cylindrical shell under axial tension according to a
Lagrangian continuum framework. The material has been assumed to be hyperelastic, incompressible and
transversely isotropic about the axis of symmetry, with Mooney-Rivlin and J,-deformation theory

constitutive models.
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The first experimental evidence of dynamical instabilities induced by follower force, as flutter (blowing-up
oscillation) and divergence (exponentially growing motion) in the Ziegler pendulum (Fig. 1a), was shown in

the work of Bigoni and Noselli [1]. The load was provided to that discrete structure via Coloumb friction.

In order to study also continuous system, such as a cantilever subjected to a follower compressive load with
a tip mass at the free end (Pfliger column in Fig 1b) or without it (Beck column), an innovative

experimental set-up was realized.

The dead load is now directly applied to the beam, and the wheel mounted at the free end generates the
friction follower force. The structure is free to move over the tape of a conveyor belt. In this way is very
simple to understand the behavior of different discrete/continuous structures with arbitrary loading

conditions (different tape velocity, mass ratio, degrees of freedom, etc.).

Figure 1a: the Ziegler pendulum. Figure 2b: detail of the tip mass of the Pfliiger colum.

With this new apparatus is also possible to investigate the role of the damping (internal and external) and

how it influences the critical load for which the structures becomes unstable.
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The aim of this study is investigate the biomechanical feature of bone hip transplant with ceramic coating
and comparison it with intact femur bone. Corresponded to clinical studies, hip transplant must ensure
stable functioning for 20 years. However, after hip replacement surgery may occur such complications as
the stress shielding that can reduce for twice time of use. This term refers to the reduction in bone density
(osteopenia) as a result of removal of normal stress from the bone by an implant (for instance, the femoral
component of a hip prosthesis) [1].

Stereolithography (STL) model of the cortical bone and sponge body were obtained on the basis of 55
tomographic images. Solid model of hip transplant was created on the basis of A400 lateralized
specification of hip implants. Transplant stem was installed to the femoral shift opening. Finite element
model (Fig 1, a) of femur with a bone with ceramic coating contained 58 311 elements and 95 320 nodes
with a size of element equal to 3 mm. Magnitude of applied nodal forces corresponded to midstance phase
of walking. Boundary condition corresponded to rigid fixing of the nodes created after transversal cut.

Computations of the femur after hip-replacement surgery are showed that presence of the transplant
significantly affect distribution of stresses (Fig 1, b) in structure in comparison with intact bone (Fig 2) that
can lead to stress shielding and bone resorption that in the future can reduce time of using transplant. It is
worth noting that the firm connection between transplant with ceramic coating and bone leads to more
steady load distribution and can provide more successful adaptation of bone tissues and helps to avoid
such complications.
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Fig. 1. Finite element model of femur bone after hip Fig. 2. Maximum equivalent and normal stresses for
replacement surgery(a) and results of equivalent selected area of femur for different model

stresses in a bone structure (b). configurations.
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