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Abstract

The work presented in this thesis aims to implentet recent advances in the material
science into the field of structural clay produegsplied to masonry constructions. The
experimental analysis carried out by the authdocsised on the detailed description of the
heterogeneous microstructure of the fired claykyraes a function of its composition and
processing conditions. Multi-field methods of intrgation have been combined, from
standard mechanical tests carried out on bulk mahtem the macro-scale to novel

nanoindentation techniques, which infers the meichaproperties of the solids on the nano-
and micro-scales. Moreover, the complex interplageen the different components of this
heterogeneous solid is traced with Scanning Elactvbicroscopy methods or Mercury

Intrusion Porosimetry. The existing hierarchicatlenng of fired brick microstructure is

framed in the multi-level model, where the buildiplgcks are classified and described with
reference to the type of morphology present andhamr@cal characteristics.

The statistical indentation method, originally dwped for cement based materials is
extended to the field of structural ceramics. Saohexperimental analysis of mechanical
phase properties is carried out with the aid of $3&n Mixture Modeling, which together
with Maximum Likelihood concept and Expectation-Ntakzation algorithm, provides a
robust and efficient deconvolution strategy. Thecahvolution technique is validated on
Ordinary Portland Cement, brass alloy and invesgaéired brick. The relation between the
characteristic scale of depth-sensing measurenmehth& mechanical characteristics inferred
from the bulk of composite material is presenteddifionally, Buckle’s rule-of-thumb is
approached with a probabilistic model of biphasmmposite materials, which represent
idealized microstructures.

The mechanical properties of the ‘glassy’ matrixhe fired brick are investigated in the
depth-sensing experiment. Different regimes ofitlgentation force are considered along the
experimental campaign. The relation between thephwogy of the ‘glassy’ matrix, its
composition and measured indentation modulus,ielasddulus and indentation hardness is
studied. Additionally, the composite ‘polycrysta-amorphous’ nature of the matrix of the
brick is corroborated and documented in detail. W@dcal properties of other mechanically
active phases incorporated within the microstriectoifrthe fired clay brick e.g. quartz, rutile

etc. are assessed and reported.
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Resumo

O trabalho apresentado nesta tese tem como olgeztaplicagcdo dos avancos recentes na
ciéncia dos materiais aos produtos ceramicos astisitusados nas construcdes de alvenaria.
A analise experimental realizada pelo autor estéada na descricdo detalhada da
microestrutura heterogénea do tijolo de barro apziem funcdo da sua composicédo e
condi¢des de processamento. Foram combinados nséedavestigacdo multi-campo, desde
ensaios mecanicos padrdo realizados no materigivabda macro-escala, até novas técnicas
de nano-indentacdo que inferem as propriedadesnimcasédos solidos ao nivel das escalas
nano e micro. Adicionalmente, a complexa interacgidioe as diferentes componentes deste
sélido heterogéneo é caracterizada com recursanatsdos de Microscopia Electronica de
Varrimento ou Porosimetria por Intrusdo de Mercu® ordenamento hierarquico da
microestrutura existente nos tijolos cozidos € adcado num modelo multi-nivel, onde os
elementos sédo classificados e descritos com rafi@ar@&o tipo de morfologia presente e as
caracteristicas mecanicas.

O método de indentacdo estatistica, originalmeesem/olvido para materiais cimenticios, €
alargado ao campo da ceramica estrutural. Estasanékperimental das propriedades
mecanicas da fase é realizada com o auxilio de wdelM de Mistura de Gauss que,
juntamente com o0s conceitos de maxima verosimiban@lgoritmo de Maximizacdo da
Expectativa, fornece uma estratégia de deconvolugBosta e eficiente. Esta técnica de
deconvolucao é validada em Cimento Portland cagreamh liga de latdo e nos tijolos cozidos
investigados. E apresentada a relacéo entre aaasualkcteristica na medicéo da profundidade
e as caracteristicas mecanicas inferidas a padirnthssa de material compadsito.
Adicionalmente, a regra empirica de Buckle é aladzom um modelo probabilistico de
materiais compdsitos bifasicos, que inclui micragstas idealizadas.

As propriedades mecanicas da matriz ‘vitrea’ ddifozido sao investigadas no ensaio com
medicao da profundidade. Consideram-se difereetg@mes da forca de indentagcéo ao longo
da campanha experimental. E estudada a relagde antnorfologia da matriz ‘vitrea’,
composicdo e moédulo de indentacdo medido, modudstieb e dureza de indentacgéo.
Adicionalmente, a natureza do compdésito ‘polictistaamorfo’ da matriz do tijolo é
corroborada e documentada em detalhe. As propesdadecanicas das outras fases
mecanicamente activas incorporados na microes#rdgtutijolo de barro cozido, por exemplo
quartzo e ratilo, séo avaliadas e descritas.
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|. Introduction

[.L1. GENERAL CONTEXT

The development of mankind and growth of civiliaathave been closely tied to man’s
ability to make use of materials. This history begath wood in a distant past continued with
stone, and around 24,000 years ago ceramics weceliced” Since then, mankind had the
ability to transform the plastic mass of clay istcstiff and durable solid. The first ceramic
crafts were simple objects such as figures (22,8@) Moravia, Czech Republic)or
primitive earthenware used in the daily tasks. Hmvethe need of a secure shelter, able to
protect Man against attacks and climate, has drinmento apply fired clay as a construction
material. The oldest fired bricks used for houdaye been found in Knossos (Crete) and
dated back to around 4300 BT he potential of ceramics used as a constructiaternal has
been appreciated ever since remote ages.

Nowadays, fired clay brick is a commonly used makewhich together with cement or
lime mortar makes masonry load bearing walls, gjlanfill panels and so on. Fired brick
possesses several important characteristics, wiaeh made it attractive in the construction
of housing and other structures. Brick can be edafts a durable solid, with high stiffness and
load bearing capacity, and is able to sustain setlermal and environmental conditions,
while providing good sound and heat isolation prbgs, not mentioning the architectural
aesthetics. However, the way in which the brick enat performs is governed by its
composition and internal microstructure.

From this point of view, fired clay ceramics bejoto the group of composite materials,
which possess a high level of heterogeneity withrdrchical ordering of the microstructure.
The most prominent feature of such material sysgethe microstructural disorder, reflected
in the spatial variability of the composition, iiverse properties and geometrical forms of the
incorporated solid phasebas well as in inherently porosity. It is the mitroictural disorder

which ultimately defines the macroscopic properties



Introduction

Such a feature allows the brick to exhibit itgaattive properties, but also leads to a
significant scatter and uncertainty in propertissich as the elasticity modulus, the
compressive strength or the irreversible expans&iructural design rules, as an example,
account for the variability of properties using @weristic values and a partial safety factor.
The recent developments in materials science aim katter understanding of the interplay
between factors like composition of the materiabcpssing of the material and its properties.
Progress in experimental analysis and analyticdbktbas driven material engineers towards a
better representation of the microstructure at ipleliength scale$® Such advances refer to
the direct observation of the material morphologyell as the quantification of mechanical
properties at different length scales. The effdctaterial heterogeneity and the material
constituents on the overall brick performance at tiacro-scale may be traced, what opens
venues in the optimization of the material perfanoea and in tailoring its properties to
special requirements.

This thesis follows this recent approach and douties to the implementation of material
science paradigm into the field of structural magoRecent developments, originally from
the science of cement based materials, are traedféo the field of building ceramics and
applied to study the fundamental blocks of firealydbrick material. The hierarchical ordering
of brick microstructure is described and arranged comprehensive multi-scale model. The
link between composition, processing and properigesnferred and quantified at the
sub-micron scale from nanoindentation experimenik® intrinsic mechanical properties of
the brick constituents are measured and linketieéddcal morphology and composition. The
work presented here also produces advances in siadding statistical indentation
techniques, which represent novel and promisindhat for inferring the mechanical phase

properties in multi-component materials at différdemgth scales.

[.2.  INDUSTRIAL CONTEXT AND RESEARCH MOTIVATION

Next to concrete and steel, clay brick is the nusstd construction material on our planet.
During the last decade the world-wide clay bric&darction per annum has stand at 24 billion
units in Europe, 218 billion in Asia, 9 billion Morth America and 5 billion in Africa, South
America and Oceania (see Figure 1.1(a%8))This ubiquitous presence of masonry brick
comes at a non-negligible price for the environmeetause significant amounts of carbon
dioxide (CO,) are released into the atmosphere at the produdtiage. Approximately
0.25 tons of carbon dioxide is released per eathvtstructural clay products:*°More than
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90 % of this amount originates from combustionaxsil fuels, e.g. natural gas or petroleum
coke, in the kiln during the thermal treatment lué green ware. Obviously, this also means
that only one-tenth of th€O, emission comes from other sub-processes.dbgemission
for clay brick is only a quarter of the emissionHortland cement production, as one ton of
cement produces one ton of carbon dioXidelowever, comparing with concrete, which
incorporates up to 15 % of cement (1 ton of cerreBttons of concrete), the environmental

footprint of fired clay brick is almost the double.

Sweden 20.6

World-Wide, source: UNSD 2006, Estonia 36.0

unit: billions of brick / year

Selected European Countries,

Lawia 1247 source: UNSD 2006, unit: 1000m*

Lithuania |135.3
- EUFO})E Finland [182.0
9 Slovenia [1480.0
Gyprus [1536.0
Bulgaria [689.0
B Asia Slovakia [700.0
Greece [765.0
Denmark [l 923.0
Belarus [l 1006.0
Nort.h Ama"/ca Netherland [l 1684.0

Groatia [N 2255.0
Belgium [ 2426.0
czech Republic [ 2611.0
Hungary [ 2657.0

m Africa, South Portugal [ 3267.0
America and Poland N 3957.0
Ukraine [N 4132.0
Qceanta Gormany N 55:.3

Italy [ 19107.5
spain I, 25742.0

(@) (b)

Figure 1.1 Annual production of fired clay brick) avorld-wide brick production (2004)
(billions of units), b) brick production in seledt&uropean countries (2006), according to
United Nation8 and European Commission statistics

This ecological burden is more pronounced in thesgnt time, when construction
materials must conform to higher requirements wisdisfying a growing world-wide
consumption. In the recent years, the construamolustry worldwide has grown steadily,
while masonry (either structurally or non-structiyaremains a much used material. The
growing requirements of material sustainability,emgy efficiency and recyclability
(Figure I1.2) call for new developments in the fietf brick material science. Such
developments refer to our understanding of the dexnmterplay between the composition,
processing, microstructure and the propertiesefited brick and masonry construction.

The key challenge for the future appears to ber¢dection of the ecological burden of
the brick without compromising its properties, suah strength, durability, solidity, fire
protection and low maintenance.
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Figure 1.2 Schematic representation of the conoéphodern building brick and structural

ceramics as an energy efficient, optimized andaletye construction material.

.3.  PROBLEM STATEMENT AND ADOPTED APPROACH

Structural clay products, like brick, represent@mplex man-made ceramic material
system created upon heating a mixture of clay ralsefiller and flux. For a temperature
above the melting temperature of the clay mineeald the flux component950 [°C] a
viscous fluid develops leading to consolidatiorttef green waré Such a fluid phase may be
a mixture of all elements present in the parenenmls, however its core is build up from the
oxygen, silicon and aluminum. These chemical eléamare the principal components of the
‘liquid bond’, next to alkaline elements like patasm, sodium and other accessories provided
by the feldspar flux or present as impurities i@ taw materials. The multi-component nature
of the melt, together with the heat energy, prozidmvironment and conditions for the
crystallization of new phases with different lagtisystems and geometrical forfhslpon
cooling below the glass transition temperature, theelt solidifies to form a
polycrystalline-amorphous matrix (‘glassy’ phasef) the brick, with high degree of
heterogeneity. The ‘glassy’ phase, which may act@ammore than half of the total mass of
the fired brick®? provides the bond for the coarse and fine aggesgaind together with the
porosity constitute the complex microstructure dire@d clay brick with specific mechanical
and physical properties.

This brief description shows in a qualitative waye ttransformation from the raw
materials, via processing, to the final microstumuetof the fired brick. The composition-
processing-property link is evident (see Figure. lBthough much has been done in the last
decades in the field of ceramics, the conceptuzdrittical and experimental framework for
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modeling the mechanical properties of structurahmacs, such as brick, has not yet been
developed. The lack of such a concept may be at&tibto the complexity of this material, as
well as to the belief that ‘traditional’ ceramicancbe crafted according to generally accepted
empirical rules, with no need for advancement araygess in production. In addition, the
developments in the science of cement based matexral in design rules for concrete
structures effectively replaced masonry as a siratmaterial in many developed countries
and hindered innovative applications in the fieldherefore, this work aims at filling an
existing gap in masonry science and at implemerthiegmaterials science paradigm into the

masonry field.

Composition — Microstructure — Property of Brick

E* 5
¢ |

EX fX EY,f}

Figure 1.3 Implementation of the material scienaagdigm into the masonry field, the

composition-processing-properties link foreseethendevelopment of sustainable masonry.

The adopted approach includes a combination oferxgntal investigations and
theoretical modeling. The approach is targeted lmn detailed description of the brick
microstructure at different length scales of obagon, starting from ‘nano-scale’, the most
basic blocks relevant for brick performance, andhchading at the structural scale of
day-to-day applications, namely ‘meso-scale’. Sdebcription identifies the building blocks
of the structural ceramics, in the framework ofanprehensive ‘multi-scale’ model, and
links the origin of the building blocks to the coasition and processing technology of brick.
Multi-field techniques are applied, from standardllwknow tests in the field of material
characterization to advanced novel methods at dulsm scales, where the bulk is

constrained in much smaller volumes.
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l.4.

RESEARCH OBJECTIVES

The approach presented here studies the effabieatomposition, processing conditions

and microstructural details on the mechanical perémce of fired clay bricks used in

masonry. A series of objectives is set forth ineortb tackle this scientific problem. These

objectives are summarized below:

Objective 1:Develop a hierarchical model of fired clay brickamustructure, which
allows to pin down the effect of composition andcpssing on the macroscopic
performance of brickThe thermal treatment of the raw mixture of clidier and flux
provides the fired brick microstructure with largariety, which affects its overall
performance. Depending on the temperature apptie¢dd firing stage, as well as the
composition and processing, the neo-crystal phasdsporosity appear at different
material levels with characteristic scales spanmwnegr several orders of magnitude.
Therefore, a detailed description of masonry bneithin the framework of the
multi-scale model allows one to trace the originitefmechanical performance, and
relate it with the green and fired ware compositas well as the manufacturing
technology.

Objective 2: Extension and validation of the Statistical Griddémtation (SGI)
technique applied to heterogeneous materials wikranchical ordering of the
microstructure. The current developments in the SGI methods atgirfrom the
implementation of nano-technology into the cemeddad materials science.
SGI provides the experimentalists with the accessthe bulk properties at the
nano-scale, where the ordinary methods of mechiamésiing no longer apply.
However, in order to infer the relevant mechanigmbperties of the phases
stochastically distributed in the bulk volume o€ tmulti-phase material, like fired
clay brick, multiple depth-sensing experiments miostconducted on the material
surface. Therefore, an adequate statistical appreacequired in order to give the
proper interpretation of the acquired records, sbneate the confidence level of the
measured properties and to relate the observationshe local chemical and
mineralogical composition.

Objective 3:Study of the mechanical performance of the ‘glassafrix, the principal
load bearing phase within the microstructure of bnigk. The composite nature of the
‘glassy’ bond existing in the structural ceramisswell known. However, the exact

mechanical properties of the ‘glassy’ matrix, adlae the effect of the composition
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on its performance, are still essentially unkno@uoe to the sub-micron characteristic

scale of its bulk and complex distribution over tmick volume, the stiffness and

strength cannot be assessed with standard methbdmaterial testing. The

nanoindentation method combined with refined diatib tools overcomes this

problem and allows to infan-situ the mechanical characteristics of ‘glassy’ matrix

from direct tests at sub-micron scale.

It is hoped, that the answers to the three oljestabove are a good step forward to the

development of sustainable masonry, with propertiadored to societal needs and

environmental requirements.

[.5.  THESIS OUTLINE

The structure of the thesis consists of six mairs In the first part, Chapter I, a general
introduction is made, including setting forth thesearch motivation and objectives. The
second part of the thesis, Chapter I, deals witheaperimental approach towards the
development of the hierarchical model of the bmgicrostructure. This chapter presents a
variety of advanced techniques of experimental mecs and material characterization
applied to extruded clay brick. The outcome of $wag Electron Microscopy (SEM) coupled
with Energy-dispersive X—ray Spectroscopy (EDX),rtey Intrusion Porosimetry (MIP),
preliminary Instrumented Nanoindentation tests @atroscopic strength and durability tests
are summarized in a comprehensive ‘multi-scale’cdpsBon of the brick at different
observation levels.

The topic of the statistical testing of heterogerseonaterials at multiple scales is
addressed in Chapters Ill and IV. In Chapter He probabilistic formulation is developed to
aid tracing the homogenization effect observed ha experimental grid indentation on
heterogeneous solids. The simplified model micumstmre of polycrystalline and
fiber-reinforced materials are constructed, andinifieence of the characteristic length scale
of the indentation test on the measured matersgaiese is investigated. The focus of Chapter
IV is on statistical phase identification in thafrework of the multivariate Gaussian Mixture
Modeling based on the Maximum Likelihood estimatiand Expectation Maximization
algorithm. The proposed deconvolution approachaisdated on the basis of experimental
results representing a broad spectrum of heteragsm@aterials, from investigated fired clay

brick to ordinary cement paste and naval brasy.allbe inference of the number of phases,
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with the highest probability to occur and compatillith the experimental grid indentation
data, is outlined.

The methodology refined in Chapter IV is then agblin the experimental study of the
mechanical performance of the ‘glassy’ matrix, @added in Chapter V. The detailed
experimental protocol of depth-sensing techniqueresented together with the measured
Young's modulus and hardness of the matrix phabe. domposite nature of the ‘glassy’
bond is corroborated. Finally, the mechanical proge of the accessory phases incorporated
within the brick microstructure are indentified.

The last part, Chapter VI, summarizes the mainifigsl of this study and discusses briefly
future perspectives. Additional information compéating the ideas developed and

discussions held in this work are outlined in Apgigas.
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Chapter I

Il. Multi-Technique Investigation of Extruded

Brick Microstructure

ABSTRACT

Despite the omnipresence of clay brick as constmataterial since thousands of years,
fundamental knowledge about the link between comipas microstructure and mechanical
performance is still scarce. In this chapter, weplem a variety of advanced techniques of
experimental mechanics and material characterizgto extruded clay brick for masonry,
that range from Scanning Electron Microscopy (SEB)pled with Energy-dispersive X-ray
Spectroscopy (EDX), Mercury Intrusion PorosimetryMIR), to Instrumented
Nanoindentation, macroscopic strength and durgtigists. We find that extruded clay brick
possesses a hierarchical microstructure: depermudirige firing temperature, a ‘glassy’ matrix
phase, which manifests itself at sub-micrometetescan form of neo-crystals of mullite,
spinel-type phase and other accessory mineralssferther a granular or a continuum matrix
phase that hosts at sub-millimeter scale the piyroSihis porous composite forms the
backbone for macroscopic material performance dfuded brick, including anisotropic

strength, elasticity and water absorption behavior.
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[I.2. INTRODUCTION

Clay brick, whose origin can be traced back tauad4300BC, still finds wide use in
today’s building industries. Next to concrete ateeg masonry is the most used construction
material on Earth. Infill panels, masonry veneeat bow-rise structural masonry buildings are
common applications of clay briékHowever, in contrast to other construction matgria
(cement-based materials, metallic materials, potyo@sed composites etc.), the
implementation of the engineering science apprdacimasonry has lagged behind, creating
an increasing gap between wide-spread use andrherdal understanding of masonry. With
a focus on linking the mechanical performance aodhlulity of contemporary masonry
materials with basic constituents present at dfiescales, the overall goal of this paper is to
contribute to filling this gap.

In order to reach this goal, we present resutimfan extensive experimental campaign
targeted at the detailed characterization of clagkbover seven orders of magnitude (from
10° [m] to 10? [m]), which includes elemental and phase compasitimicrostructure
investigations, and mechanical property charadgom at nano and macro-scales. The
elemental and phase composition is determined Wi¢éhaid of Energy-dispersive X-ray
Spectroscopy (EDX) and X-ray Diffraction (XRD). Tle&tensive use of Scanning Electron
Microscopy (SEM) on the polished sections of cewmmiallows the capturing of
microstructural features, from a scale of tens ahameters to hundreds of micrometers.
Additionally, Mercury Intrusion Porosimetry (MIPpmbined with Digital Image Analysis
(DIA) of SEM images, proves to be a beneficial meamrharacterize pore size distribution,
void shape and alignment as well as interconnégtiFurthermore, the mechanical properties
of this heterogeneous material are investigate thi¢ aid of instrumented nano-indentation
reinforced with massive grid indentation technigdién addition to conventional uniaxial
compression tests at macro-scale. These resultsyatbesized into a multi-scale model of
brick, which allows one to pin down the effect ofhposition and processing on macroscopic

material performance.
[I.2. MATERIALS

The investigated materials represent two typesotil brick commonly employed in the
construction industry; facing brick (labeled Bl)dageneral use common brick (labeled B2).
The facing brick is manufactured in a fully autoethtashion. It is fired inside a gas fuelled

12
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tunnel kiln for a ~55 [h] firing cycle duration. Maing of the ware is achieved at 1030 [°C]
for about 5.5 [h]. The second type of brick, B2ars example of a building ceramic, which
has been produced with a more traditional technol®ge green ware is dried in semi-open
space above running annular kiln of Hoffman typastauction. The kiln’s chambers are
charged with the dried, green brick, which therfiied to the maximum temperature of
950-980 [°C]. The cycle from cold-to-cold takes[ARwith a maturing time of ~7.5 [h]. Both
types of investigated brick are shaped with softuston technique (B1-along the height or
normal to the bed face, B2-along the length or rabrta the head face) to attain standard
brick dimensions 2411.5x6.5 [cm].

Raw materials for the production of bricks B1 @®#present chemical and mineralogical
similarities, with kaolin K) and muscoviteN]) as the main clay mineral species, together
with K-feldspar microcline Kf) and some traces of plagioclase ser i B1, quartz Q)
and accessory minerals, such as hematijer(tile and calcite@) (<3 [wt%] in sample B1),

see Table 1.1 and Figure II.1.

Table 1.1 Chemical composition [wt%] of the raw terdals measured with Wavelength

Dispersive X-ray Fluorescence (WDXRF).

Sample AlLOs;  SIG TiO, K20 MgO CaO NgO  FeOs LOI

Bl 19.74  60.96 0.96 2.25 0.86 1.49 0.35 5.53 7.65
B2 18.61 65.96 0.88 2.14 0.51 0.16 0.25 5.28 6.04

Components with concentration below 0.1 [wt%] areleded from the table. LOI — loss on ignition.

B2 (63um <)m K

B1 (63pm <)

IKf
B2 (>63um) KU

Kf
B1 (>63um) Pt

I L L
5 10 15 20 25 30 35 40 45 50 55 60 65
20

Figure 1.1 XRD spectra of B1 and B2 raw materiaith phase identification: kaolinKg,

muscovite ), microcline Kf), plagioclase feldspaPf), quartz ), hematite ).
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11.3. METHODS AND RESULTS

11.3.1. Phase Identification

The characteristic feature of structural ceramatanals is their complexity with respect
to the number of incorporated phases as well amitsostructural arrangement. The first
aspect may be quite accurately resolved with thdeo&iXRD, which is well known in the
earth sciences and other fieffsFor this purpose, the samples of investigated riadgeB1
and B2 have been prepared in the form of powdesipgshe standard sieve ASTM No0.230
as well as polished sections of bulk solids. Siwger samples and three polished samples for
each type of brick were investigated in the Bruka8 Discover diffractometer, with
conventional Bragg-Brentano geometry and cuppelatiad CuKo. The spectra has been
collected oved intervals ranging from 5° to 70° degrees, witlp tize 0.05° and time step
3 [s]. The phase matching has been carried ougusi@ standard patterns included in the
database of The International Center for Diffractizata (ICDD).

Both types of investigated brick are composed ommon phasesu-quartz Q),
K-feldspar Kf), hematite 1) and mullite Mu). Mullite seems to be more abundant in the B1
sample, even if its traces are also recorded irBthaample (see Figure 11.2). This result is
due to the higher temperature applied in the firofgthe facing brick, which is above
980 [°C], considered as the point of formationy#l,O3; spinel-type phase5| accompanied
by mullite development from melting kaolinite andisoovite clay minerals®*'°Hence, it is
not surprising that the muscovite mineral is stdisily detected in the B2 sample with the
lower processing temperature. The significant arhaafnthe background signal can be
attributed to the presence of an amorphous phagealeminosilicate glass. The contribution
of this non-crystalline solid to the brick micrastture increases with the temperature and
spans from around 10 % in weight for brick fashom¢ 900 {C] to as much as 40 % for

processing temperature of 110C]. ***2
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Figure 11.2 XRD spectra of B1 and B2 with phaseniifecation: a-quartz Q), K-feldspar
(Kf), hematite ifl) and mullite Mu).

The results of this qualitative analysis are sufgabby the results of EDX elemental
mapping on polished sections of bulk samples. Distion maps of silicon§i), aluminum
(Al) and other incorporated elements were collected,the regions close to the theoretical
composition of quartz (red), feldspar (dark blueyl &nematite (violet) could be identified
(see Figure 11.3). The ‘binding phase’ (green amtloy) is a composite of crystals of mullite
and spinel-type phase embedded in the glass (sddpldHowever, the geometrical forms of
these minerals could not be obtained in this amalysecause of the fine character of the
crystal structures of sub-micron size as well apgiresence of hosting glass. The features of
this size are below the spatial resolution limihieh is rarely much better than inf] in this
type of analysi¥ and is implied by the volume of the material probéth the electron beam

in EDX coupled to conventional SEM microscope.

-
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Figure 1.3 Typical EDX composite map of elementamposition of fired brick obtained
from the tests: quartz (red), feldspar (blue), hmgviolet), aluminosilicate composite

matrix (green), pocket of aluminosilicate matrigtrin alkali oxides (yellow).
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This phase identification analysis reveals, innapge manner, how the brick processing
temperature can affect its mechanical and phypedbrmance. The mechanical strength and
stiffness may be expected to be higher in samplesBite the relatively weak backbone of
the compacted green ware composed of the clay algeas been transformed into a stronger
one made of mullite and spinel crystals mainly e in amorphous glass. In contrast,
sample B2 tends to preserve still the originalrimaé structure, since the phase transformation
process has not been fully accomplished and a l&asion of clay minerals is still
detectable. Coarse particles of quartz and feldsphoth materials tend to be the filler, akin
to gravel aggregates in concrete.

11.3.2. Microstructure

Prior to the investigations of the microstructaeninimum of three samples for each type
of brick were cored (along the shortest edge oflthek) from the central part of the solid
unit, and the polished sections were prepared. Pheparation procedure includes:
impregnation under vacuum with low viscosity epoggin EpoThin Buehler, coarse grinding
on the diamond disc 4mwin] Apex DGD Buehler, and fine polishing with watkased
diamond suspensions grade@nf, 3 [um] and 1 im] applied on perforated pad TexMetP
Buehler. In the last pass a 0.2561] oil based diamond suspension grade, in exchauiiie
colloidal silica, was occasionally used during arskluration. The surfaces oriented along the
length, width and height of the brick were exposgdhicroscopic examination. A minimum
of 12 images for each magnification steql@0=1238<925 [um], x200=619%x463 [um] and
x400=310x231 [um], image resolution 7X284 and 35843301 pixels) was acquired on the
surface at randomly selected locations, with thekBeattered Electron Detector (BSEM).
Qualitative and quantitative analysis of the pordoesnain was carried out on normalized
binary images constructed via the automatic thrielstg procedure proposed by Otstr and
implemented into ImageJ, a non-commercial imagéyaisspackagé®

Additionally, to resolve the nano-crystals of nitelland other phases existing within the
binding matrix of brick B1 and the aggregates ofteroclay structures existing within brick
B2, chemical etching with & hydrofluoric acid HF was carried out for 1 [mim 4 [min]
prior to SEM imaging.

The experimental micrographs expose, at diffedlength scales of observation, the
dominant features of the microstructure of B1 a@dsBmples. Both microstructures converge
to a common pattern at larger length scales. Omtiner hand, the building blocks present at

the lowest level considered herel(Q® [m]) diverge significantly, preserving only the
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chemical similarity. Hence, each material is chimazed by a different type of matrix phase
(see Figure 1l.4(a-b) and Figure 11.5(a-b)), whiabsts larger scale components.

(b)

Figure 11.4 BSE-SEM micrographs of the sample BLmacrostructure in the section with
normal vector oriented along the length of the lbfiotice, the extrusion axis is parallel to
the longer edge of the image), characteristic @wawsds with preferential orientation along
the green body extrusion direction, b) detailedwat the composite of silt particleSH),

polycrystalline-amorphous ‘glassy’ matrigk1) and finer porosity.

(b)

Figure 11.5 BSE-SEM micrographs of the sample BRmacrostructure in the section with

normal vector oriented along the length of the lb(motice, the extrusion axis normal to the
plane of the image), microstructure with dominampydation of finer porosity and rare coarse
voids, b) detailed view at the ‘granular’ microstiture composed of siltS@), remnants of
porous aggregates of clagA), early developed pocket of the ‘glassy’ medM) and

porosity.
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More specifically, the matrix of facing brick B1ascomposite of amorphous glass, crystals of
primary mullite PM) and occasional acicular forms of secondary neu(@M), spinel-type
phase and hematitel) (Figure 11.6(a)). The size of incorporated crystaaries from nano- to
micrometer depending on mineralogy of raw matewmad processing conditions, as revealed
in transmission electron studies (TEM) carried lmubther researchefs:*"*81°

(b)

Figure 1.6 Typical detail of investigated micrasttures exposed after chemical etching in

6 % hydrofluoric acid KIF): a) sample B1 with crystals of mullitdé®M-primary mullite,
SMsecondary mullite) and hematitél)( quartz Q) and epoxy resinH), etching time
1 [min], b) detailed look at the fraction of largggregate of remnants of clay particl€)
existing within the matrix of sample B2, regiorSR+) with apparent formation of new

geometries in nanometers size from clay laths,rgdime 2 [min].
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In contrast, the main matrix components of the #2nple are porous complexes of
dehydroxylated and partially molten clay partic(€sgure 11.6(b)), together with rare local
clusters of glass reinforced by early developedoragstals. The matrix in the B2 sample is
reminiscent of the green ware (Figure 11.5(b)), ha complete new structure has been
developed in sample B1 upon firing (Figure Il.4(ltherwise said, there is a clear structural
difference in matrix for the brick microstructure a consequence of the firing process
(temperature and duration). This observation suggdbat the response of both
microstructures (materials) to prescribed physeradl mechanical loads is expected to be
different, due to the different forms of the mafppesent in the two types of clay brick.

The composite matrix phase discussed before islagrent structural element of the
microstructure at larger scales, 0l <10* [m]. At this level new components of the brick
microstructure become relevant, namely micro-ptyaand aggregates of silt. The difference
in the characteristics of micro-porosity can besdily observed on the SEM micrographs
previously shown (Figure Il.4(a) and 1l.5(a)) ana@ncbe quantified with the aid of DIA
technique, MIP and standard gravimetric and capiaction methods (Table I1.2).

Table 1.2 Average porosity [%] measured with watemersion, MIP and DIA (values in

brackets represent the coefficient of variatiofAj).

Sample water immersion MIpt3 DIA*
B1 21.7(5.6) 22.1(1.6) 23.1(6.1)
B2 23.4(4.9) 23.5(3.5) 22.0(8.6)

1) apparent porosity, 2) ASTM C67-693) ASTM D4404-84(20043: 4) total porosity, size of the observation
window x100=1238x925 [um]. Minimum number of samples per t&t;=6.

The volume occupied by the voids in both sampesomparable with slight increase in
sample B2, but the pore size distributions curvasioed by DIA exhibit different modality
and different location of the modes (see Figur&dl)). The porosity in sample B1 exhibits a
unimodal distribution with the mode locatedda$=18 [um] and a negative skew, where voids
tend to concentrate toward larger equivalent diamsdlog-normal distribution). The voids of
this sample are within an interval of 1 to 1@@n]. In contrast, the porosity domain within the
microstructure of sample B2 exhibits higher vaiiggbiof voids with respect to the assumed
equivalent diameter. In this case, a clear bimbdas encountered, which represents two

families of pores separated by one order of madaitn sizedeq =3 [um] anddeq, =30 [um].
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In addition, the entire pore distribution is ink&d within a significantly larger domain. Pores
with diameters of hundreds of nanometers seem ¢opyca non-negligible fraction of the
total porosity. According to this analysis, samBle represents a coarser and more uniform
porosity distribution, while a more refined struetuwith larger variation is observed for
sample B2.
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based on high resolution micrographs (Bl-black,r&®, b-c) MIP carried out in the single
intrusion-extrusion cycle on the facing brick Bldatommon building brick B2. The solid
lines represent the fit with the univariate mixturedel of two log-normal components
obtained with Matlab. The correction for the compressibility of the teys penetrometer-

mercury-sample not applied.

This significant difference between the microstuue of the investigated bricks at the
intermediate material scale is confirmed by mergénigusion investigation (Figure 11.7(b-c)).
Carried out in low and high pressure regimes withT® PORE IV 9510, Micromeritics, six
specimens of each sample with an average dried afas$ [g] and volume 3.6 [cthwere

studied on the single intrusion-extrusion cycleaphe maximum pressure of 100 [MPa] and
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an equilibration time of 10 [s]. The MIP results amtrusion confirm the difference in
modality for the two samples, as well as the tengeri B1 sample towards a coarser porous
domain than the one incorporated within B2 bricknifar observation is given by the MIP
drainage results, although the bimodality beconess hpparent in this case for brick B2.
Despite the qualitative good agreement of MIP and Bnalysis, there exists an evident
discrepancy between them, due to the differenttimcaf the modes. The peaks obtained on
intrusion cycle, as well as the entire distributicend to shift towards smaller diamet&rs.
Such a bias, which is also referred to as the hokle effect’, occurs when the void to be
filled with intruding mercury encounters narrowdhts, leading to the misrepresentation of
the pore as having the diameter of its throats, Aeell et al*® for a description of this
phenomenon in complex microstructures of cemengdasaterials.

The last feature of the micro-porosity domain &discussed here, at observation scale
10%< I< 10% [m], is the preferential orientation along onedifie direction. This effect has
been observed more pronounced in the Bl samplerutide SEM microscope (see
Figure Il.4(a)) and may be attributed to the tedbgy of brick shaping by extrusion at the
green stage. In this process, the plastic massded through a die that is placed in the end of
the pressure head of the extruder, leading to ¢iveldpment of interlaminar tangent stresses.
These stresses provoke alignment of the irregubatigles along streamlines and the
occurrence of laminations in the green ware (Figug. Simultaneously, the air pockets
present within the plastic body, due to the ingigfit vacuum inside the de-airing chamber,

adopt a scalene ellipsoidal form with dominant atigned with the extrusion direction.

Figure 11.8 Slip-lines and laminations within thiagtic mass during processing in the piston
extruder, adapted from Bartusch and Haf{dketh kind permission of Springer Science &

Business Media.
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The results from water absorption experiments apillary action, carried out
independently for each different direction, cornaie the microstructural signature related to
the extrusion technique (Figures 11.9). In thisupeeach cylindrical corex=2.5 [cm] and
h=5.0 [cm] (six cores for each direction) are brouightontact with water through its bottom

face, and the mass of absorbed water is monitoredtime?®
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Figure 11.9 Capillary water uptake: a) B1, b) BZelTaxes are oriented according to the
width (X), length {Y) and heightZ) directions. Note that the extrusion directions Aafor B1

1/2

and Y for B2. The apparent, small positieéintercept at™“=0 due to unsealed sides of the

specimen$’

The weight change behavior of both samples shosugréficant difference with respect to
the orientation (see Figure 11.9(a-b)): samplessdaalong the direction of extrusion present
the highest sorptivityS/(S,S)=1.5 for B1,S/(S,S)=1.4 for B2) and significantly diverge
from the two other groups, in which the trend int@vabsorption appears to be quite similar
(S/S~=1 for B1,S/S~1 for B2). The movement of water within the systefimicro-voids is
considerably facilitated along the extrusion di@tt Such phenomena may occur if the
microstructure of the material exhibits an aligmpedosity with enhanced interconnectivity or
a laminar microstructure (see Figure Il.4(a) anguFe 11.8). Features of this type effectively

increase the rate of water movement along direaifahe alignment (see Figure 11.10(a-b)).
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ny = ' n;

(a) (b)
Figure 11.10 Simplified 2D scheme of the model miadewith capillary voids and suction of
the water for two different orientation§, & (capillary tube with uniform section model):

a) material with preferential orientation of thads the length of the average path</, the
average number of capillary inletg>n,, b) no alignment, distributional isotropy;=./>,

ni=no.

Finally, at larger scale$,> 10* [m], SEM images confirm features identified prewsty
by other researchef&?’ namely the presence of coarse aggregates assbuwidteinherent
fissures as well as discontinuities at the interfat coarse aggregates and ‘glassy’ matrix,
together with large meso-voids (cracks). The cradahge been attributed to the volume
contraction during phase transformation of quammfits f-form to the more stable at room
temperaturer-form, while the discontinuities at the boundah@se been considered to result
from the mismatch in thermal expansion coefficiehtsween quartz and composite of

‘glassy’ matrix, silt grains and micro-porosity.

[1.3.3. Mechanical Performance

Following the analysis of phase composition androstructural features, the effect of
composition and microstructure on the mechanicafopmance of the investigated brick
samples is addressed using a combination of chlssmacroscopic strength tests and
nanoindentation tests.

Macroscopic compressive strendth and modulus of elasticitfg of both materials in

three directiong=X,Y,Z (see Table 1.3) were obtained by standard conspestests on
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cylindrical samples with a height to diameter ragfotwo (/D=2). A minimum of 12 tests
was carried out in each direction according tophecedure adopted froffi.Note that it is
normal practice to report the macroscopic compvessirength of brick, which is a basic and
much used material property for mechanical charaetgon, even if the values in different
directions are not usually reported.

Table 11.3. Average Young's Modulus and Compressdteength measured at macro-scale.
Note that the extrusion directions atdor B1 andY for B2 (values in brackets represent the

coefficient of variation in [%]).

Sample = Ey* E/' fox %% fo
B1 54(11.6) 6.2(107) 8.0(5.6) 64.2(11.2) 65.3718. 82.8(13.7)
B2 24(7.7)  3.8(3.9) 20(17.5) 44.2(104) 56.2)0. 42.6(8.0)
BR® 10.4(3.6) 12.7(4.4) 51.0(12.0) 56.8(6.4)

1) [GPa], 2) [MPa], 3) Brick reference reported®iveira et al®.

As expected, the results show that facing briggetgample B1 has significantly higher
mechanical properties than the common brick B2 i@a&k3). For instance, the maximum
strength capacity of B2 856 [MPa], compared to a strength capacity=88 [MPa] for B1,
which are values within the expected range fordsdly brick. Due to the high strength, both
materials exhibit rather brittle failure at theestgth limit.

A similar trend is observed for the modulus ofsalaty, although reported values may be
somewhat reduced due to the compliance of the empatal setup. In agreement with results
reported by Oliveira et af the highest strength and modulus are found aloagxis aligned
with the direction of green body extrusion. Thefpenance of both materials in directions
perpendicular to the extrusion direction is quitailar. This suggests that extruded bricks
exhibit at macroscopic level (at least) transvessdropic elastic behavior characterized by
five elastic constant®.

The macro-scale mechanical behavior is inherefitiked to microstructure and
constituent properties at nano- and micro-scaleorgher to quantify this link, the best
experimental technique able to assess mechanicpéqies at the smallest and intermediate
material scales is instrumented indentafbemployed in form of massive grid indentation
technique®® This testing procedure, which originates from thraditional hardness

measurement developed by Brirglis based on the continuous monitoring of the laad
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displacement of the hard probe as it is driven wartddrawn from the material at discrete
locations of a gridlxdy that spans a specific region on a material surfage.,
(Figure Il.11(a-c)). The obtained load-displacemei@grams (Figure Il.11(a)) allow the
determination of the material hardné$sand indentation modul; (Figure 11.11(b)) at each
location (Figure 11.11(c)), based on the contaetaaat maximum load and initial unloading

stiffness3+3®

] " iz
Wit [GPal

Figure 11.11 Assessment of the mechanical properbg instrumented indentation with
massive grid concept: a) indentation curves on fititious biphasic material,
b) deconvolution of experimental data, c) the sahe@hthe experimental grig~, on the

surface of the material.

In case of composite materials, ti& node record of hardness and indentation modulus,
xi=[H;,M;], may belong to ong=1...n of n mechanically active phasd&s, with average
properties(ﬁj;l\ﬁ ;). Hence, the statistical analysis (deconvolutidra) is carried out on the
grid dataset (Figure 11.11(b)) aims at estimating humber of statistically significant phases,
as well as their vectors of mean properties withacance matriceg;=[x;,2j] and associated
fractionsz;. Recent literature reports a variety of deconvofutstrategies applied for this
purpose’?23®\We employ here a multivariate mixture model toniify the number of phases
and phase properties. Based on the Finite GausSMlattare Model (FGMM) (Eg. 1.1 and
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Eq. 11.2)3"3® the estimation of the parameters is carried ogbmting to the Maximum
Likelihood (ML) function, via the Expectation Maxization (EM) algorithn?® with the aid

of non-commercial program called EMMIX developedfsBel and McLachlaif:*°

foGw) =D f(69;) 1.1
=
S =1 720 1.2

The applicability and efficiency of this experimahtapproach and statistical analysis
technique with reference to clay brick is brieflepented next and discussed on the basis of
results (Figure 11.12(a-d)) selected from the expental campaign on facing brick B1.

The porous samples were impregnated with epoxy pgor to indentation testing. This
resin impregnation was employed in order to faatditthe preparation of a smooth surface by
the polishing process, and to be able to identdyopity by contact experiment due to a
significant lower hardness of the solidified eposgsin H=0.3 [GPa]) compared to the
hardness of the ‘glassy’ matrix, quartz and otheoiporated phases. However, this mismatch
in hardness and required prolonged polishing tinag provoke a rounding of edges of hard
phases or their removal, which may entail someadtiditioned measurements. A fine
statistical analysis is required to identify anolase such tests from the overall analysis.

The qualitative picture regarding the phases witthe investigated region in this
particular analysis is given by the BSEM micrograffigure 11.12(a)). Three main
components can be distinguished (confirmed by EDMlysis), namely silt aggregates
(quartz), ‘glassy’ matrix and porosity filled withardened epoxy resin. Each of the
components has distinct mechanical properties. Kewavhile the hardened epoxy resin and
guartz may be considered as homogeneous phadas atale, the ‘glassy’ matrix developed
within facing brick B1 is a composite material, which fine nano-crystals of mullite and
other accessory minerals are incorporated andareeu by aluminosilicate glass™® 44

In the chosen experimental setup the indentatieshnspans a regidnxL,=60x54 [um]
and includedNxM=41x37 indentation points. The indentations with Betikbvdiamond tip
are force controlled, with a maximum force B£2.25 [mN] provoking penetration depths
betweern=130 [nm] for hard grains arel700 [nm] for soft epoxy filling the pores. The CSM
nanoindentation tester equipped with the tempegatnd moisture controlled enclosure has
been used. The statistical deconvolution of thea datthe form ‘as received’ (including
abnormal measurements) is presented in the forma statter diagram in thld-M plane
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together with simultaneous allocation of data instatistically significant groups
(Figure 11.12(d)). Using a Bayesian Information t€rion (BIC)*® it is possible to identify

a minimum value of BIC for seven normal components.
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Figure 11.12 Massive Grid Indentation on sample Bi): BSEM micrograph of local
microstructure with outline of the gridxM = 41x37,l, = |, = 1.5 um], P = 2.25 [mN],
Tioading = Iunloading =9 [MN/min], tawen =5 [S], b) probabilistic map of mechanical phases,

¢) indentation imprints, d) deconvolution with Gaiasis Mixture Modeling.
The first four clusters have mean hardness arehtiation moduli significantly lower than

the rest. Such statistically significant phasesassociated with indentation on pores filled by

epoxy. In contrast, the remaining three clustepsagent indentations on (i) the bulk ‘glassy’
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matrix, Hs=9.9 [GPa] Ms=87.3 [GPa], and (ii) different aggregates of quan=13.4 [GPa)
Ms=88.6 [GPa] andH,=14.5 [GPa] M;=103.4 [GPa]. This hypothesis is validated by the
microstructural phase map shown on BSEM image &nstatistical reproduction based on a
cluster analysis of the indentation data, subjettedirect comparison (Figure 11.12(a-b)).
According to this analysis, the aggregates of quart properly recognized (red and orange)
as well as the group of indents that represenbihéing matrix (yellow). Additionally, it is
noticed that the experimental records allocateth&ofirst four groups are linked to pores
intruded by epoxy. In turn, this group may alsolude some abnormal measurements
(imperfect contact detection, fracture etc.), whiohgeneral fall in the lower range of
measured quantities.

To confirm the initial conclusions, a filtering ekperimental data was carried out with
respect to th@ossible deviations from continuous load-displacenueirvesP/h™** which
typically point to degenerated measurements, sscraature under the indenter, soft-on-hard
behavior or other anomalies (Figure I.13(a-c))eTilitered dataset was then deconvoluted
again using the described cluster algorithm (Figui@3(d-e)). The following main
observations may be drawn: the group of recordh tie lowest hardness and modulus is
enlarged leading to a shift in the vector of meawpeprties H;=0.3-0.4 [GPa] and
M1=17.5-20.0 [GPa], and the familieS, and Gz previously indentified are absent in the
deconvolution of the filtered data set. Hence, tlaa of these two groups establish a
statistically significant set, which was identifiedthe original analysis. Moreover, next to the
rare events on grains of quartz and matrix, theo$etl conditioned indentation events
includes mostly the ones located within the voidndm in close proximity (boundary zone)
of the ‘glassy’ matrix or quartz (see Figures I{ld2and Figure 11.13(d)). The latter groups do
not experience significant alterations in mean progs as well as allocation of the records
upon data filtering.

The experimental indentation modulus of the qualiase obtained from this analysis
appears to be very close to the stiffness valuesrted in the literature for single crystal of
quartz Csz=106 [GPa] andC.:=87 [GPa])** The first of the mean valuedls=87 [GPa]
associated with the quartz phase approa€hesand is around 10 % higher than Young's
modulus in this directioit;;=79 [GPa], while the second,=103 [GPa] is just slightly lover
thanCgss, but becomes equal E33=103 [GPa]. Additionally, the average value of boteans
is in close proximity of the Voight-Reuss-Hill aegeE,,~=99 [GPa]** However, it must be

emphasized at this point that the indentation magiMl for crystal materials is considered to
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represent some average of elastic constants, vadidhionally depends on the orientation of
the indented surface with respect to the matexiab®“® Therefore, it does not correspond

directly to any of the referred stiffness values.
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Figure 11.13 Filtering of experimental data: a,bexamples of abnormal load displacement
curves, d) map of the identified phases with Ilaratiof abnormal measurements

(black phase), e) deconvolution of the grid datéset of degenerated records.

The measured hardness of quartz is consistentligtature hardnesislpoy=13+14 [GPa]**
Estimated mechanical properties of the ‘glassy’rmat;=10 [GPa] M3=85 [GPa], are larger
than values reported for soda-lime-silica gla$s§ [GPa] E=70 [GPa}- M=74 [GPa]}* and
fused silica =8 [GPa] Ex72 [GPal- M=74 [GPa]}*. On the other hand, comparing with the
properties of aluminosilicate glagd&6 [GPa]- H=6.5 [GPa],E=89 [GPal- M=94 [GPa]}*
the hardness of matrix is still significantly highbut its stiffness appears to be lower. These
enhanced mechanical properties may be attributéloetpresence of nano-crystals within the
‘glassy’ matrix as well as to the multi-componehacter of incorporated glass* It is
known that the incorporation of alkali oxides oorir as well as reduction in silica content
within the matrix may alter hardness and modulugla$s, e.g. basaltic gladd~8.6 [GPa],
M=97 [GPa])***

Finally, it is worth mentioning that the resultantientation (see Figure 11.12(c)) depth
h=200 [nm] on the ‘glassy’ matrix phase activatesirgeraction volume of a characteristic
sized=3h-5h=0.6-1.0 im].*® Hence,d appears to be between three and five times langer

the nano-crystals of primary mullite, hematite apinel, for which the maximum size of
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observed crystals in sample B1 seems tdobe200 [nm], up to two times larger than the size
of acicular crystals of secondary mullitg=500 [nm]. The secondary type is occasionally
observed within large pockets of the ‘glassy’ matrich in alkaline impurities, causing
excessive growth of this needle shaped form. Ssudigried out by other researchéfd+?
confirm this observation, and specify the limitisgge of primary mullite derived from
kaolinite and muscovite clay as bet00 [nm], and as beingl [um] for secondary mullite.
Given this size, it is unlikely that nanoindentatiaperated to a deptk200 [nm] will be able

to actually probe ‘pure’ properties of primary ecendary mullite, as well as glass, but rather

a composite response that may include effectsefdcale porosity.

I1.4. DISCUSSION

The complexity of clay brick microstructure reaasrthe use of a multi-technique
approach to identify the link between chemical amderalogical composition, microstructure
and mechanical performance. The results presenttds paper provide new insight into the
multi-level and multi-component morphology of thes#ica and alumina rich ceramic
material systems, which can be associated withndismaterials scales (Figure 11.14), as

detailed next.

11.4.1. Level “0” (<10° [m])

A good starting point for the multi-scale struetwof brick is the ‘glassy’ matrix phase,
which manifests itself at sub-micrometer scalegorm of neo-crystals of mullite)Al,Os
spinel-type phase and other accessory mineralsh Siystals, qualitatively identified with
XRD, may reach hundreds of nanometers in size. s $SEM microscopy study on
chemically etched sections revealed, these cryatalpresent in different geometrical forms,
from cubic structures like in case of primary melland hematite, to acicular forms in the
case of secondary mullite. These crystals are ddsyean amorphous phase and form a
nano-composite with chemical and mechanical siitylato aluminosilicate glass with
addition of alkaline oxides, as revealed by EDXlgsia and instrumented grid indentation.
Such a composite tends to develop upon the applicaf temperatures significantly above
950 PC] and is present in the microstructure of the rfgcbrick type B1l. For lower
temperatures, dehydroxylated muscovite was stdleoled in the diffraction spectra of B2

brick, which suggests that the phase transformatias not completed. Further studies of this
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material based on SEM micrographs confirm this kypsis, exposing significant fraction of

residual, partially molten clay particles assemhblecggregates, next to the initial ‘glassy’

melt. So observed clay aggregates within B2 sartepld to form ‘grains’ defined here as

‘grains type A’, whereas the early developed potgtalline-amorphous matrix in the regions

of high chemical potential are specified as ‘graype B’ (Figure 11.14).
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Figure 11.14 Hierarchical think-model of facing gldbrick B1 (T=1050 PC] (left)) and
common brick B2 microstructuré$=950 [°C] (right)).
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1.4.2. Level “I”: Primary Brick (<10™ [m])

At sub-millimeter scale, matrix and porosity foranporous composite material whose
behavior drives much of the macroscopic performasfoelay brick materials. We therefore
coin this scale as the “Primary Brick” scale. Deaiag on processing temperature and level
“0” morphology, the structure of the “Primary Bricknay possess either a disordered
granular morphology or a continuous matrix morpgglavith pore inclusions: the granular
morphology is characteristic of brick B2, composétevel “0” grains (type A and B) and silt
particles; a continuous matrix morphology is cheeastic of the high-temperature fired
facing brick B1, which possesses a continuous pgdyalline-amorphous binding matrix with
silt and pore inclusions. These two morphologicaifs are inherently related to the porosity
that dominates this scale, and which, accordingesults of MIP, DIA and gravimetric
methods, may occupy up to one-third of the bulkemak

MIP and DIA results indicate that the micro-potpsipans a large range of scales from
hundreds of nanometers to tens of micrometers, mitidles clearly defined. A broad pore
distribution is present in sample B2, which wasdoiced at a temperature close to the melting
temperature. The clear modes in the pore-sizalaisions are indicative of a coarse porosity
development that can be attributed to the proximoftyhe firing temperature and the melting
temperature. On the other hand, a significant ivacof fine voids is also found reminiscent
of an inter-granular porosity incorporated betwdenremnants of clay particles.

Another important feature, which is encounteredhiis morphology, is the preferential
orientation of voids, which are rarely sphericaiisTfeature of the porosity is attributed to the
extrusion technique employed to shape the briciksagjreen stage. In fact, forming of the
material in the extruder tends to align irregulartigles and to alter the form of originally
spherical voids. As a result, the coarse porosiéy builds up on the expense of smaller void
coalescence tends to align along the extrusionctirg which affects physical and
mechanical properties at macro-level. This alterahias been independently demonstrated in
water absorption tests and macro-mechanical testghich the capillary water uptake, the
Young’'s modulus and the strength, measured aloadlifierent material axes, show strong

evidence of a macroscopic anisotropic behavior.

1.4.3. Level “II": Secondary Brick (<107 [m])
The top level of the proposed hierarchical makedascription is defined by the
“Secondary Brick” structure, which is common fortbamaterials B1 and B2. At this

sub-centimeter scale, the “Primary Brick” compogitests fractured grains of coarse sand,
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discontinuous interface and possibly meso-voide discontinuity at the interface of the sand
particles can be attributed to the thermal mismdtetween host matrix and sand (mostly

quartz) grains.

[1.5. CONCLUSIONS

It has been demonstrated, that extruded clay bsick complex ceramic system with a
hierarchical microstructure. The multi-scale natafethis composite can be dissected into
three scalesLevel “0” (<10° [m]), “Primary Brick (<10* [m]) and ‘Secondary Brick
(<10% [m]). Depending on the brick firing temperaturdietlevel “0” represents the
nano-composite of ‘glassy’ matrix or assembly ohytkoxylated, partially molten clay
aggregates and initial melt. The ‘glassy’ matrixide to develop in the brick fired at
temperatures significantly above melting tempemtaf the raw clay minerals. This
temperature assures the formation of the amorphimaing phase, as well as crystallization
of primary and secondary mullites, hematite andkiotcessory minerals in the nanometers
size, as revealed by XRD and SEM micrographs ssudieese crystal phases tend to enhance
the hardness of the ‘glassy’ matrix; but it leatlkee measured elastic properties in close
proximity to that of the aluminosilicate glass, demonstrated by instrumented grid
indentation technique. The structure of “PrimarycBr is defined at sub-millimeter scale,
where matrix, silt and porosity form a porous cosif® whose behavior drives much of the
macroscopic mechanical and physical performanaxwtided brick. Depending on both, the
morphology at level “0” and the processing temperatthe structure of the “Primary Brick”
exhibits either a granular morphology or continumerix morphology with pore inclusions.
The granular morphology with finer micro-porosityepails when the firing temperature
approaches the melting temperature, whereas thénaoans morphology with coarser voids
is inherent to bricks fashioned at significantlgtmer temperatures. Due to shaping technology
of the green brick by extrusion, the micro-porogighibits a preferential orientation along the
extrusion direction. Therefore, the water suctidong this specific path is significantly
enhanced compared to the other two orthogonalttrec A similar trend has been observed
for the modulus of elasticity and strength, andgasgs that extruded brick at macroscopic
level follows (at least) transverse isotropy. Tlup tlevel in the proposed hierarchical
description represents the structure at sub-cetdgimgcale of “Secondary Brick”. The
fractured coarse aggregates of sand, as well gshpeal cracks at the interface of the coarse
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particles and the composite represented by “Prinkmgk” are the main microstructural
features at this material scale.

The results of the multiscale technique thus applio brick shed new light on the
complex interplay at multiple scales between comtjpos processing and macroscopic
performance of masonry materials. This should makessible, in the close future, to fine

tailor this omnipresent construction material fpesific use and performances.
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Ill. Homogenized Material Response and the
Distribution of the Indentation Modulus as
a Geometrical Probability Problem. An
Approach to Buckle’s Rule of Thumb for

Heterogeneous Materials

ABSTRACT

It this work the probabilistic approach is formedtin order to model the homogenization
effect observed in the experimental grid indentatimn heterogeneous solids. For this
purpose, the simplified model microstructures oflyprystalline and fiber-reinforced
materials are considered. Following the probalmlipartitioning of the region occupied by
the bulk, the discrete distributions of the effeetmodulus are constructed. The influence of
the characteristic length scale of the indentait@raction volume on the measured material
response is investigated. The statistical homogéniz and phase separation is discussed on
the basis of results gathered from proposed acalyéipproach and Monte-Carlo simulations.
Finally, the Buckle’s principle for heterogeneouaterials is validated.
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[11.1. INTRODUCTION

Recent developments in theoretical and experirhemdgerial science open new venues in
the engineering and the design of complex matsystems. Rapid advances of the measuring
devices provide experimentalists with the accessh& very refined structures of solids,
whose characteristic scales differ by several aradérmagnitude from the bulk observed at
ordinary scale. Therefore, engineering of new hegh materials, or commonly applied
materials, is no longer restricted to the macr@lebut may be initiated at the smallest
material scales, where the basic chemo-mechanaraponents can be identified. Such a
micro-mechanics based approach becomes efficiedt satable to study heterogeneous
materials (whether man-made, geological or biolalyiwith different application purposes.
Examples include omnipresent clay brick, concreétev@od as well as advanced composites,
such as superconducting wires (Figure l1l1.1) angerfi reinforced ceramic composites
(Figure 111.2).

Figure 1ll.1 Binary metal-matrix metal-flament cpwsite Nb-T/Cu superconducting (SC)
wire used for the fabrication of accelerator magrats in Large Hadron Collider (LHC),

image adopted from Scheuerlein et'al..

The mentioned examples represent a quite broadrapeof materials, even if they have one
feature in common: the hierarchical ordering of mhierostructure. Due to this fact, the bulk
solid may be broken down to the material blocksesenting specific morphologies. Each of

such blocks is associated with a unique lengthes¢alwhich in the mechanical sense

manifests itself by different mechanical performalstiffness and strength). To identify such
material levels and link them to vivo mechanical performance of the bulk, the combimatio
of microscopy techniques and experimental mechaisicequired. For this purpose, the
implementation of the nano-science into materigjiregering science led to the development

of the instrumented indentation method. This expental method provides unprecedented
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access to micro-mechanical properties of small n@tesolumes, which could not be
achieved in conventional tests as the common uwadiarimpression or uniaxial tension tests.
The idea of the instrumented indentation methaslingle: by pushing the hard probe of
the indenter, the volume of the bulk beneath besodeformed in a way governed by the
mechanical properties of the solid. The indentatrmdulus, as well as the material hardness,
are calculated on the basis of tReh (indentation force-indentation depth) experimental
curve? The properties obtained are considered to reprébenaverage quantities from the
volume of the bulk activated by the probe, the alded interaction volume. Therefore, the
properties are valid at the length scale corresipgntb the size of the interaction volume
d=3h-4h® By changing the indentation depth the properties from the different material
levels may be extracted, and all existing blocks lsa properly classified in the mechanical
sense. On the other hand, probing the materialff@reht indentation depths, from macro
toward micro and nano-scale, allows continuous toang of the variation of the considered
material parameters. As a consequence the homagemnizorocess (or upscaling) within the
heterogeneous solids can be observed directlyeinetst. However, in order to fulfill the goal
of identifying the structural blocks and measure ittherent properties at some well defined

material scale, the proper choice of the suitatdiemtation depth is required.

Figure I11.2 Hierarchical microstructure of the t¢omious-fiber ceramic composite, adopted

from Zok?

Heterogeneous material, by definition, represartemplex system, where the features of
diverse origins, forms and size may be incorporatgth different volume fractions.
Therefore, to minimize the interference of the otk&uctural blocks in the measured
parameters, and to be certain that the paramateiglagerent characteristics of the identified
phase, this choice is of crucial importance.

A common approach to this problem is the rule km@s 1/10 or Buckle’s rule of thumb
originally proposed for the system of a thin film a substratg.This principle, extended
further to heterogeneous materials, states thatdar to assess the inherent phase properties,
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the indentation depth should be at most 1/10 of the characteristic sfze microstructure
D.® Above this limit, and when the mismatch in the ggharoperties of the substr&gand of
the film E; is significantEs / E; [J[0.2;5], the interference is likely to occur an@ tomposite
response may prevail. This hypothesis has beenngx&dy used in the instrumented
indentation of multi-scale and multi-component miate providing satisfactory resulifs.
However, to the knowledge of the author, its anedytproof has lacked behind, except in the
case of a thin film on a substr&t2Therefore, the work presented here contributei! tihis
gap and validates the 1/10 principle for the cddgeterogeneous solids, in the framework of
linear elasticity and probability theory. To acleethis goal, the real indentation experiment
on a composite material has been discretized wrra that provides a relatively clear and
simple mathematical description.

Accordingly, the interaction volume is modeledaasubic form with characteristic size
the composite materials represent idealistic hg@reous solids and the effective elastic
modulus follows the law of mixture. Under these uasgtions, the partitioning in the
probabilistic sense is carried out on the domaithefbulk. Each of such subsets represents
the location of the interaction volume of sizefor which the random variabl; takes the
values in the prescribed limits. At transient givewmalue, varying from the size approaching
zero to the scale of the representative Bel{analogy with the observation window), the
discrete distribution of probability masses is olted. The evolution of the discrete
probability distributions with respect to the chaeaistic length of the interaction volume
describes the homogenization effect in the stesistsense and in the framework of the
proposed methodology. Likewise, in the real expentnthe separation of the phases or
convergence towards a unified material response lmeaeproduced. Therefore, the relation
between the characteristic length sdaland the indentation depthpermits to evaluate the
Buckle’s principle applied to model microstructurégfie analytical approach presented next
is strengthened with the results of a Monte-Canhougation, which provides access to the
homogenization (separation) at scales much abaedhle of the Representative Elementary

Volume (REV) for multi-phase materials.

[11.2. MODELS FOR HETEROGENEOUS MATERIALS

The two adopted model microstructures represemnuanly encountered morphologies in

composite materials. The checker-board model (Eiglit3(a)) is an idealization of the
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polycrystalline type solid, while the fiber reiné@d composite material has been approached
with the fiber-board model (Figure 111.3(b)).

It is known that polycrystalline materials, e.getals, by definition are made up of grains
‘stuck’ together by grain boundaries. Grains comediverse shapes and sizes, which are
strongly affected by the processing conditions afemental compositiotf. Due to this
complexity, severe simplifications have been dagarding the size, as well as the shape of
the grains, so that the problem is treatable irctiregext of this work. Therefore, each phase is
considered isotropic, the grains have cubic form #re grains are distributed in a periodic
manner providing equal volume fractions. The seamodel represents a biphasic composite
material with the fibers embedded in the continumagrix. In this fiber-matrix morphology
both constituents are assumed isotropic, and the aaperfect interface bond is considered.
Embedded fibers feature a common circular sectimhtihe same direction of alignment. As a
result of the assumptions made, the randomnedsedfdterogeneities in both morphologies

became suppressed, creating deterministic micicistes.

@)

Figure 111.3 Investigated model microstructures: idgalization of the polycrystalline
morphology represented by a checker board modeiddglization of the fiber reinforced
composite morphology represented by a fiber-boandeh Note that the cell considered has

j times the size of a characteristic lenDth

[11.3. DEFINITION OF THE EXPERIMENTAL PROCEDURE

The virtual indentation experiment is carried ouatthe material model defined on the
fixed region [ = [h+ [, in [ Euclidean space, which may be finite or infinitedais
occupied by a continuously distributed, biphasimposite material (Figure 11l.4(a)). Both

incorporated phases, which occupy and //, respectively, are considered isotropic and
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linear elastic, however with distinct stiffness pedies L;=(3K1,2¢4) and L,=(3K2,2.p),
where the subscriptd and 2 indicate the phases. The symbolic notation fortfeorder
isotropic stiffness tensois (Eq. Ill.1) in terms of bulkK=E/3(1-24) and sheag=E/2(1+V)
moduli has been adoptétiThe division of the body volume among the phasés\is the

conditionc;+c,=1, wherec; stands for the volume fraction isth phase.

L=3K"+24 Y=L (XK,2u) .1

e
=g

(a) (b)
Figure 111.4 Model of a biphasic material (a), dimn of 7/ into discrete sets of the points in

[ Euclidean space (b).

The trial of statistical experimenf includes three stages. In the first stage a rangomt

O(x,y,? is drawn from the regior/y. Next, the fictitious indentation interaction vole is
placed in a way that its center is locate®g@t,y,?. The interaction volume is assumed to be
of cubic form with the characteristic length scdlé-inally, the volume fraction; of Phase 1
bounded within the interaction cube is estimated ased for the calculation of the effective
modulus of elasticity.s according to the Voigt upper bound solution (H§2). These two
random variables are the outcomes of a singledfilie experiment. In order to construct the
relative frequency diagram of the later randomatalg, which is one of the main objectives

of this study, the experimerf? is repeated sufficiently large number of tinNes «, and the

gathered results are sorted into the user specifigthially exclusive intervals, bins. The
adopted procedure tends to mimic the real indemtagkperiment, in which the independent

measurements are taken in the nodal points ofja ladentation grid.

Eqt =GB+ GE 1.2

This strategy has been applied in the virtual inalgon study based on 3D images of an

idealized two-phase material as well as in imaddsaodened cement paste (HCP) acquired
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by focused ion beam nanotomography (FIBYAtHowever, in the present research work,
rather than using a computer code like in the meetl reference, an alternative procedure,
which leads to an analytical solution is proposad & used to study the homogenization
effect in the grid indentation technique.

The procedure to follow relies on the concept aftipon of region//% into the finite

number of subset#, b, ...,4m,, wherem > 3 is a odd natural number (Figure 111.4(b)). Such
a partition ”=[ «,4b,...,4] is considered to be a collection of mutually estla subsets,
meaning that any two arbitrary sets with#f have no common element, and theirs union

equalsl (Eq. 11.3)13
drdpto 4y =00 44 ={0) i2] 1.3
A subset« of %7 includes all elementary events (points O(x,y,z)7//), such that the

experimental realization of the random variaBleJ falls into the corresponding interdabr
is constantC(w=cy, if li={co} wherecy/£0;1) (Figure II.5). In other words, the material that

occupies/y is divided into the regiong/, such that the volume fractian of Phase lwithin
the interaction volume of siz:zwhose cente©(x,y,z) /x4, varies within related intervél or

may be independent from the locationC{f &} //«/) = const.

P{w})

Figure 111.5 Division of the domain of the randorariable C(«)/X0;1) into finite intervals

with boundary values and distribution of probapittasse$ ({d}).
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As a way of illustration of this concept, the gayhing of checkerboard material
(Figure 1Il.6(a)), as well as uniaxial fiber reinéed composite (Figure I11.6(b)), are

presented. In these two working cases the origiederial domaing/y have been discretized
into five subsets %&[ 1, «b, 5,444k . The first «4={O [ Jo|C(«)=0} and the last

5={O [ 7|C(e)=1} sets represent the locations of the interactioturme, which is

composed of purhase 2(c; = 0, white) or purd’hase 1(c; = 1, gray). As a consequence,
the measured effective modulus within each of thhegéons is independent on the position

and receives the valuBes = E; in ) and Ec¢= E; in «. The remaining subsets ot/

correspond to the locations of the interaction csibeh that the volume fractian varies in
the prescribed limits),=(0;1/3, 15=(1/3;2/3 and [,=(2/3;1), respectively. Automatically,
according to the definition of the effective modul(Eq. 111.2) the following intervals for

measured effective moduli have been defined (Ed) Hor «5, «5, 4, Subsets.
UE1515 (B2 2E,+3E) (3E+4E13E+2E) (JE#2E, ) 1.4

At this point, it may be easily seen that in orderconstruct the relative frequency
diagrams of random variables or E.g, i.e. the probability of a random variable being a
element of binl; shall be calculated. According to the classicdiniteon,*® the probability

P(£4) of an event4, such thatO(x,y,z)« or equivalentlyC(c)/1;, is given by the ratio

P(&4)=N_4/ N, whereN is the number of all outcomes of an experimentMads the number

of outcomes that are favorable to the evé€ntObviously, the number of possible outcomes
that favor event4 is infinite, and the volum& can be used as a measure of infinity. This
leads to a probability af?, which is the volume fractiooy[l;, or effective modulEes 7 1iF,
measured within the interaction volume of lendthand whose center is drawn at random
from region//y of biphasic material, given by the rat®g4)=N 4/ N. HereV4 is the volume

occupied by the subsef, andV is the total volume of the composite material.
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Y

(b)
Figure IIl.6 Planar and isometric views of the e scheme of model biphasic materials
(E2 < E3) into five disjoint subsets=5: a) checker-board material, b) uniaxial fibenferced

material. Regions labeled; (Phase 2E«= E), b (Eeffﬂle), 3 (EeﬁU|3E), s (Eefo|4E),

5 (Phase 1Eqq= Ey).

[11.3.1. Cubic Indentation Interaction Volume Assuiption

Another simplification in the present study istttf@e indentation interaction volume is
assumed to take the cubic form. This assumptioriémphat the entire material within the
cubic volume exhibits the same strain field. Hertbe, elastic modulus follows the law of
mixture or Voigt upper bound solution expressedely 11.2. However, it is known from the
solutions of theory of elasticity and contact metbs that the real strain and stress fields,

which arise due to contact of the solid with thggdriprobe, are far more compl&k®®
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As an example, the indentation stress fields émical indentation within the elastic solid
are presented below (Figure 1ll.7(a-c)). Basedhos $olution, it is easily seen that the stress
within the interior diminishes gradually into theilk of the solid and along the radial

direction following spherical trajectories.

r/a r/a
0 1 2 3 4 0 1 2 3 4
04— N=— — 0 T
N —f— MRS
— N — 1 0.006— . ——
;,/é i) oa,o o ;&/ ) |\ 9905
) N9 e \ [,
:;0'0\" )Q‘E’ | \ o5 / \ .
© / | © T —Nl
‘l;li2 il Q 7\\‘_2 Q?-EU \
) 9 T }
31— 7 3 “.
< a
ey
4 4
(©)
(@) (b)

Figure II.7 Elastic stress fields provoked by twnical indentation on a homogeneous and
isotropic solid calculated for Poisson’s ratia= 0.26, an indention angke and an indention
depth 0 a) o1 principal stress trajectories, byz principal stress trajectories and
c) representation of indentation geometry, adofitech Fischer-Cripps? Radial distance
and vertical distanceare normalized to the contact radaisThe stress is expressed in terms

of the mean contact pressyxg

The strain and the strain energy fields follow $&mitrends, suggesting a more realistic
representation of the interaction volume in therfasf a hemisphere. Additionally, due to

variation of the mentioned elastic fields, the matebeneath the indenter probe does not
contribute to the ‘effective’ material responsdhe same way as the material from the lower
levels of the exited volume of the bdfkTherefore, a weighting function would be required
in order to take this effect into account. Beingasavof the nature of the interaction volume
and the possible impact of the adopted simplifazaton the ‘effective’ response, the cubic

form has still been adopted as a first order agpration due to its simplicity.

[1.4. ANALYSIS OF EXPERIMENTAL RESULTS
[11.4.1.Checkerboard Microstructure
The example of the partitioning of the checkerdoauicrostructure into five subsets has

been pictured on Figure 11.6(a). However, a foratign to calculate the discrete probabilities
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P; for arbitrary odd partitions?=[ <4, 45,..., 4], wherem=3,5,7,.., is derived next. Consider

a checkerboard microstructure with checker size such that its total length ifD
(Figure 1l.3(a)). Assuming the number of checkees edge is an even numbethe volume
fraction of each phase is 50 %. Hence, the volumeumied by biphasic material and
available for testing with an interaction cube izl is V(d)=(jD-d)*. The so-called ‘testing

volume’ approaches the total voluie(jD)* of [ in the limiting casev = (!imOV(d).

The volume of each phase incorporated into the enaht model is
V1(d)=V2(d)=0.57(D-d). In the next step, the volume corresponding td ediche sets within

partition .2 and linked to the composite response is calculdatbi$ fraction of the material

may be divided into three structural building blsckigures 111.8(a-c)). The first block relates

to the corner points, which are common for 8 chexké this block the portions of the

volume corresponding to the subsgt,...,.«m1] are enclosed in the cube centered at the

corner point with the length of the eddéFigure 111.8(a)). The division of this cubic vahe
among the influence zones is governed by the bogndiurfacesz=f(x,y) given by
Eq. 1ll.5(a), whose pictorial representation isliogd on Figures I11.9(a-c).

Ly 8
4xy

z= f(x y):(z—a' l1.5(a)

A
a2
3 !
r
+d2

*
a2

(@) (b) (c)

Figure 111.8 Geometrical building blocks of the chker board composite zone partition, with
the examples of the boundary surfazes) corner point element, b) line element, c) face

element.

The symmetry conditions permit to reduce the pnobte one eight of the mentioned cubic
volume, which is the sub-volume within a single dtex. In the reduced problem, the
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function z=f(x,y) is given in the new coordinate systdif1,&, &} by Eq. 11.5(b), with its

origin translated from the corner point by the meatz[%d;—;d;—;d] (see Figure lll.9(a-c)),

leading to:

ad3 _d2(<rl+52) +2d51{2

&=1(6,6)= I11.5(b)

d?-2d(& +&,) + 484,

Figure 111.9 Schematic representation of the swg$aaf the constant volume fractiaaf(x,y),
within the ‘checkers’, seen in different perspeesiv Surfacez=f(x,y) obtained forj=4,
D=32 [um], d=30 [um], m=7. the light blue surface represents the locat®@fxsy,z)for which

¢:=0.2, while dark blue surface corresponds;td).4.

The volumeQ; bounded by thé(&,&|a), and the planess o, 7415 and 753 » IS given by
Eq. lll.6(a), whera=2,3,...,(m-1)/2andM=(m-2).

~ (i -1y d(ad-4)
Q= [[ fG.&)ae0ds o<t 05 £ps =gt 111.6(a)

1162

Based on this integral formula, the composite vasraf this structural block, corresponding

to the given partition scheme, are given as:
V' =8N, (Q - Q) 111.6(b)

whereQ;=0, Q(m+1)/2:(d/2)3 andN,=(-1)* is a multiplication factor, which corresponds he t
total number of corner points shared among eigatlkérs.

The second building block considered is a linenelet (see Figure 111.8(b)), meaning that
it is a sub-volume of the composite zone sharedgaltbe common line of four checkers.
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Similarly, and due to existing symmetry, the cahtians are reduced to the domain of one
checker only. Therefore, the areas of the crossesecof the line element blocks, which
correspond to the sub-s¢is,...,«n.1] are given foi=2,3,...,(m-1)/2as:

d(ad-¢) (i-1)d 1)d
§= j Td 4 0s&s I1.7(a)

Consequently, the related volumes are calculateal @®duct of the area of the section and

the actual length of the line element and read:
Vi =4N, ($- 84)(D- ¢ 11.7(b)

where §,=0, S(W,l),zz(d/Z)2 andN;=3j(j-1)? is a multiplication factor that corresponds to the
total number of edges shared among four checkers.

The last defined component is a face element (Eigl.8(c)). This building block is
situated on the surface common for two adjacentldrs. Due to the symmetry, the single
domain of the checker may be considered. The unknaumes corresponding to the given

partition of the composite Zone are given below:
vl =2N —d (D—d)2 1.8
! M '

whereV" 1.1y,=0.5Ny d(D-dY/M andNy;=3j?(j-1) is a multiplication factor, that corresponds
to the total number of planes shared among twokersc
This last component makes the solution completacé the appropriate final volumes

may be calculated for each discrete set withiredsmed partition by:

Vo= ) 1.9
wherek=2,...,(m-1)/2 V1=0.5;3(D-d)*, Vins+1y=(V meayztV" meayztV" meay2). The symmetry
condition Vi=V 1. is adopted in order to resolve the solution fa émtire 7. Finally, the

desired discrete masses of probability that comedpo[ «4,...,«m.1] are calculated according

to the definitionP(4)=V 4 /V. The discrete distributions may be constructed fmvany size
of the interaction volumé within domain{0,D) given an arbitrary, odd number of discrete

intervalsm (see Figures I1l.10(a-c)).
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«
“

E[GPa] = ™ 1w

ki
£5.0 85
E[GPa] 0% 5 E[GPa] ” 1

(a) (b) (©)
Figure 111.10 Evolution of the discrete probabiliiystribution of elastic modulus with respect
to the interaction volume sizkfor checkerboard model fgr4: a) m=5, b) m=7 and ¢)m=9.
The assumed mechanical properties &&120 [GPa] forPhase land E;=50 [GPa] for

Phase 2equal volume fractiong=c,=0.5.

[11.4.2. Unidirectional Fiber Composite Microstruaire
The illustrative example of the partition schenppleed to the uniaxial fiber reinforced
composite material has been outlined on Figuré(b). In this case, the problem of finding

the probability masses corresponding to discretéitipa .2 is independent of the fiber

direction. As a result, the volume fraction mayréplaced by the surface fraction in the plane

normal to the axis of the alignment and used agqnvalent measure of the probability.

Taking into account this simplification, the suddcaction of each subset corresponding to
the assumed partitio’ is calculated next.
At the local scale of a single cell (Figure lllI(&)) the subsets/ are defined with the aid

of the lociB;.1 ;, wherei =1,...,m with m being the number of discrete subsets. Each, soedief
locus represents the geometrical location of threer®(x,y) of the interaction volumd, for
which the appropriate condition imposed on the blednvolume fractions is satisfied, e.g.
loci Bp1 and B, represent outer and inner sets of configurationgpaints O(x,y) whose
coordinates satisfy conditiai=0, where the subscripindicates that the material is the fiber.
The first mentioned contour is simply the squaréhwhe length of the edgé®—d/2) The
basic unit of the locuB;, is a composite line with three components: thensed[0;d] with
the origin(1/2(Dr+d);0), the segmenid;0] with the origin(0;1/2(Dr+d)) and the segment of
the circular arch with radius; /2 and the center &tl/2;d/2) (Figure I11.11(b)). The symmetry
conditions are employed to complete and closecthisour over the entire domain of the cell.
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Figure 111.11 Schematic representation of the uwithber cell and its partition into the

discrete regions and boundaries (a), the pictdeéihition of boundarie8;, (b) andBys (c).

In the center of th®EV lays the contour lin®,s, which is a set of point®(x,y) where
c=1, meaning that the entire interaction volume isupged by the fiber material only. In this
case, the building block of the segment is a cac@rch of radiud; /2 and center at
(-d/2;-d/2) bounded in the first quarter of the coordinatstey of the unit cell (see
Figure Ill.11(c)). As usual, the conditions of syeiny are used to complete and close this
contour line.

The discretization of the composite material resgodomain into a finite number of
sub-regions is linked to the remaining internal toons, which in this particular case are
defined ad,; andBs, (see Figure 1ll.11(a)). These two contours represe locations of the
interaction volume corresponding to the specifiopartions of incorporated fractions of the
matrix and fiber materials. Therefore, the volunk@reent with a center located at the first
locusBy; fulfills the conditionc=1/3, while theBs, satisfies the conditioa=2/3 (see Figures
[11.12(a-b)).

activation Y boundary B23
volume

boundary B34 activation
/e, =a, volume

(@)

Figure 111.12 Schematic representation of the beuie$B,; andBs,4 corresponding to mixture

response (a) and definition of translation vectithwomponent$, 4,) (b).
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Such a discretization is a particular case thatesponds to the probability mass
distribution withm=5, but in case of more refine division (higher numbfkediscrete values) a
more general condition for each locus may be ddforea;, wherea;//0,1) depends on the
division numbem.

The calculation of this type of contour lines Hasen executed within the Matlab
programming environment, for which the approprietele has been developed. In the first
stage the interaction volume of sidés positioned with its center located at yhaxis and one
of the edges tangents to the locus of the fibee. dfppropriate vector of translati@®4,), and

as a consequen€yx,y),is found by solving the following equation:

A, - S=ay 11110

where S is the area of intersection of the interaction umeé region and the fiber
(see Figure 111.12(b)) andy is the given fraction of the fiber material incorated within
interaction volume. For this purpose, both georoelrifeatures have been defined as
polygonal regions within the Matlab code, and thabfem has been solved with the aid of the
mapping toolbox, which allows to perform set opersg on polygonal regions
(‘polybool’ function). The equation Eq. 111.10 has been solwth build-in numerical solver
(‘fzero’ function). To find additional points of the desired locuse tregion of interaction
volume is translated by a small incremehtalong thex-axis with respect to the last found
point. At this new location the required value bé y-translation4, is found as a root of
Eq. 111.10. Since the problem has also symmetryperties along the axis inclined4 to the
main axes, the process of finding the unknown aami® continued until the centre of the
interaction volume lays on this symmetry axis. Témaining parts of the loci are constructed
using the symmetry conditions.

Having all the necessary boundaries known, theutation of the area and surface

fraction of the appropriate regiong corresponding to the partitio’is executed. The main

results of the implemented strategy are presemado complementary ways. The first one

corresponds to the evolution of the assumed parti¥'with respect to the interaction volume

size d (see Figures lll.13(a-f) and Ill.15(a-c)). The @ed representation focuses on the
distribution of discrete probability mass among thesen intervals of effective modulus as
well as its variation with increasing size of tmeeraction volumel (see Figures lll.14(a-b)
and 11.16(a-b)).
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(d) (e) ()
Figure 111.13 Evolution of the partitionn{=7) within the fiber matrix composite board
obtained forD=25 [um], D¢ei=40 [um] and the number of celld,xN,=3x3, with respect to
the size of the interaction volunte[um]: a) d=0, b) d=5, ¢) d=10, d)d=15, e)d=20 and
f) d=25.
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Figure 111.14 Evolution of the discrete probabildystribution of elastic modulus with respect
to the interaction volume sizkfor fiber reinforced model=25 [um], D¢ei=40 [um], m=7):
a)NexNy=3x3, b)N,, N, — . Influence of the number of the unit ceflswithin the
investigated domain on the discrete probabilityyeal(c). The assumed mechanical properties
are:E;=120 [GPa] for fiber an&,=50 [GPa] for matrix, equal volume fractioais-c,=0.5.
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Two cases of the fiber board configuration are mmred. In both configurations the diameter
of the fiber is kept constam;=25 [um], but the size of the celd. varies from 40|im] to

50 [um]. As a consequence, the resultant volume frastamfiber arec; =0.19 andc; =0.3.
The effect of the increasing number of cells on th&crete distribution of the effective
modulus is also investigated, and the results a&mvs on Figure 1ll.14(c) and Figure
111.16(b).

@ (b) ()

Figure 111.15 Evolution of the partitionnE7) within the fiber matrix composite board
obtained forDs=25 [um], Dc¢ei=50 [um], and the number of celld,xN,=3x3 with respect to
the sized of the interaction volume: @25 [um], b) d=30 [um], ¢)d=35 [um].
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Figure 111.16 Evolution of: a) the discrete probélidistribution of elastic modulus with
respect to the size of the interaction voluohdor fiber reinforced model=25 [um],

Dcei=50 [u], m=7), b) selected probability masses with respecth® number of cells
Nx, Ny - . The assumed mechanical properties Bre120 [GPa] for fiber an&,=50 [GPa]

for matrix, equal volume fractioreg=c,=0.5.
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[11.5. DISCUSSION

[11.5.1.Interaction Volume Size (Indentation Depdhvs. Measured Effective Response

The virtual experimental results gathered withdlteof the applied model give an insight
in the relation between the size of the interactioumed and the effective response of the
material, defined by Eq. 1ll.2. Hence, the resutstained for the two considered model
microstructures follow the same universal pringiphhich the statistical grid indentation
technique applied to the heterogeneous materiiés ren; if the indentation depth(related
to d in the model) is much smaller than the charadterssze of the phasds<D, then the
single grid indentation test gives access to theéen@d properties of eithePhase lor
Phase 2

Therefore, a bimodal distribution of probabilityasses, and as a consequence the
effective material response in the investigatechégic composite microstructures, must be
obtained when the interaction volume sizeends to zero. This principle is independent ef th
type of microstructure probed or the phase progertihe magnitude of the peaks in this
limiting case corresponds to the volume fractiohgaxh individual constituent. In opposition
to this asymptotic state, the excitation of a langgume of the bulk by the probe leads to the
gradual decrease in the volume of the material revkige pure phase properties may be still
attained for an increasirtyvalue.

By continuously increasing the ratiidD, the volume of the bulk with the access to the
mixture response starts to prevail, diminishingéoo the chances of obtainigg~ E; or E.
However, the homogenized modulus of elasticityasattained yet at this point and requires
the indentation activation volume to increase farttand to approach the size of the
Representative Elementary Volume (REV), called e, Whend approachesgey, the
probability mass accumulates within and arounddikerete interval, where the homogenized
modulus is included. Upon further increasedpthe unimodal distribution with the mode at
the center on the mentioned interval dominatesnging ultimately into a single peak and
constant probed values. The increase in homogemzanaterial response is inherently
related to the change of the dispersion of thelte&y; within the obtained experimental
distribution. A good picture of this phenomenongisen by the variation of the range of
experimental distribution of effective modulus witspect to the characteristic scale of the
interaction volumel (see Figures Ill.17(a-b)). This measure of théstteal dispersion is not

affected by the type of the distribution of the esimental data. Therefore, it appears to be a
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suitable measure of phase homogenization (sepayalong different scales as well as for

identification of the material blocks with differemechanical properties.

separation homogenization 20

| *-
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>
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Figure I11.17 Homogenization (separation of scalés) statistical grid indentation on

multi-phase materials. Variation of the rangeegf. a) with characteristic scale of interaction
volume on biphasic material, b) for multiphase matevith double material levels (periodic
microstructure, fiber reinforced composite modd&esults obtained with a Monte-Carlo
simulation in which, for every sizeé of the interaction volumeé\=300 virtual measurements

were made at random locations.

As was stated, the trends hold irrespectively led tmodel microstructure and the
mechanical properties. However, the results indichat the passage, from the bimodality
(d- 0) towards the unimodalityd( drey) With transient discrete distributions, dependghen
type of the microstructure considered (see Figur&0b), Figures lll.14(a-b) and Figure
[11.16(a)). This issue requires further discussion.

Consider the checker board morphology, in whick trolume of the material is
distributed equally among the both constituentf.5 and the two adjacent checkers belong
to different phases. Under these conditions, for iateraction volume of sizd and model

partition . of the mixture response area, the region of thernal associated with the central

interval «(m+1y2 corresponds to the highest probability mass, ekeii«; and <, intervals at

this point. The result is the direct consequenceth® geometrical constrains of this
morphology, for which the volume representing thpecific interval dominates over the
remnants within the composite zone. This trendndependent on the actual size of the

interaction cub&l=(0;D). However, by increasind the probability mass accumulates more in
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the central interval, leading to a monotonic riske tlis peak (homogenization peak;
E.=0.5(E1+E,) above the other discrete values. This observatondependent from the
number of discrete bins within the partition (segufe Ill.10(a-c)). For the size of the
interaction volumed equal to 32 times the size of the checkerthe chances of probing
Phase lor Phase 2are zero. Below this threshold, the experimenisthridution spans over
the entire domain of the effective moduli.

The characteristic feature of the checker boas#® a@as the continuous presence of the
homogenized peak, which could be indentified foy mansient distribution (for any value of
d=(0;D)) due to its predominant character in compositescldoreover, the distribution of
the volume fractions of phases is symmetirec,=0.5, and the characteristic length of the
heterogeneity represented by the checkerBimeequal for both phases.

Different results are obtained in the second itigaged morphology representing uniaxial
fiber-matrix composite. In this case, the way tlenbgenized response peak is complex and
appears to depend not only @ibut also on the division of volume fractions amaoimg matrix
and the fiber within the unit cell. Obviously, tlelume fraction of each phase changes
automatically with the change in the diameter effiberD;, or equivalently with a change in
the size of the ceDD.e; Consequently, the chances of probing pure fibgparse Phase )
or matrix Phase 2 diminish to zero for different sizes of the irgtetion volume, which
depends on the cell parameters. According to tiesfiber properties are no longer accessible
if d approaches the limit value given ds=0.710, while for the matrix the threshold is
dv=Dcei-0.710 . The first threshold represents the maximum sfzée cube inscribed within
the circular fiber. The second threshold correspaiodthe maximum size of the interaction
volume within the domain of the matrix, locatedttad corner point of the basic cell (central
point between four fibers). Additionally, the remiaig discrete values must diminish to zero

in a way governed by their distance from the irdémvhere the homogenized modulus is
located. When the interaction cube reaches thécafi size given asd, :D—Zf\/g whered

stands for the volume fraction corresponding toupper contour of the discrete subset, the

associated mass goes to zero affecting the subsedjgeibutions to follow.

[11.5.2.Sample Size Effect: Asymptotic Analysis
The probabilistic homogenization model formulabedhis work assumes that the region
occupied by the solid is finite, that the matergaperiodic and that the number of the unit

cellsj along the edge is defined. Therefore, the totdime of the sample of material is
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V=(jD)*. However, in order to keep the interaction volumithin the domain of the material,
the actual region of the bulk where the testingecubay be located must be reduced,

providing an actual volum&/(d)=(D-d)?, satisfyingv=(|jim0V(d). This type of boundary

constraint provokes a size effect, in which thecidite probability masses depend on the
population of the unit cells incorporated withinetlvirtual volume exposed to testing

(see Figures 1ll.14(c) and 1l.16(b)). The impadttbe size effect reduces with increasing
number of the cells (heterogeneities) incorporatétin the tested region. Consequently, the
discrete probabilities converge towards asymptotalues, and the size dependency
substantially diminishes. It appears that the tesof the studied idealistic microstructures
may be considered free of size effect, if the mummnumber of the unit cells along the edge
of the model ig=25 for the checker board ane50 for the fiber microstructure. For a size of

the virtual bulk above this limit the obtained riks@approximate the infinite body case.

111.5.3. An Approach to 10 Buckle’s Rule-of-Thumb for Heterogeneous Matelsa

The solution of contact mechanics are derived faminfinite half-space model with
spatially uniform mechanical properties. Therefitve estimations obtained in the indentation
test represent the average quantities taken oeeadtivated volume with the characteristic
length d located beneath the indenter probe. A good estirbatween the sizé and the
indentation depthh, at which the measurements were taken@d48h-4h for Berkovich
indenter’® According to this rough estimation, one would etgghases to be identifiable on
the experimental distribution &t/,;0=3.2 [um] corresponding to the interaction volume size
0d=9.6-12.8 um] for the checker-board microstructure with theater sizeb=32 [um].

The results confirm this expectation (see Figuiléd0(a-c) and 111.18(a)). For the
interaction volume size approaching the mentiormedye, the probability of probinghase 1
andPhase 2s above the significance level of 10 #{P,=22-33 %). In addition, the model
discrete distribution incorporates two additionaldes clearly defined at the locatidasand
E,, next to the homogenization peak. Further decreasiee ratiod/D amplifies both peaks,
lowering significantly the chance to obtain a mnetumaterial response, represented by the
probability mas$1,=1-P1+P,. This implies a clear bimodal distribution.
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Figures 111.18 Discrete probability distributionsreesponding to the limiting values of the
interaction volume sized associated with the 1/10 rule-of-thumb: a) chediaard
microstructurej - o, m=9, b) fiber composite modek = 0.3, c¢) fiber composite model
c=0.10.

In the second working example the choice of thesfs&tory h relates to the two cell
parameters, namely the diameter of the fldeand the size of the cdlle; Or equivalently the
fiber spacing distancke. Hence, the estimation of the 1/10 indentationtllép obtained on
the basis omin{ Dy, L}. Consider the case mib, L}=L valid for all the cell configurations
for which ¢ = 0.2. According to this rule, the indentation degthl.5 [um], which
corresponds to the first of the investigated celbrgetries with D=25 [um], L=15 [um],
giving ¢ =0.3}, should be suitable to correctly depict thiasec properties of both
constituents of the bulk. This depth entails aeriamttion volumed=4.5-6.0 im]. It may be
observed that the size of the interaction voluroenfthis range corresponds to the probability
of probing a fibeP=0.14-0.18, giving exposed between 47 % up to 606f ¥he maximum
intensity P{"®{d - 0)=c of this peak (Figure 111.18(b)). The matrix phasay be identified
much easier, since it is present in the signifigatarger fractionc,=0.7. Both phases are
represented with clearly defined peaks in the bmhalistribution, whose separation and
exposure increases with decreasing parandeter

The separation of the fibers might increase, wkéeping constant the diameter of the
fiber min{Dy, L}=Dy, and this case is represented by a model Bt25 [um] andL=35 [um]
giving ¢=0.13 (Figure 111.18(c)). In such a situation, th&0 rule implies the indentation
depthh=2.5 [um], what entails the interaction volurde7.5-10 um] for the fiber phase to be
identifiable. Because of the low volume fractignthe related peak in the distribution spectra
may be hindered and unidentified if the number loé tiscrete intervals is very small.
However, the satisfactory separation and interssibiethe peaks could be provided with a
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more refined distribution. Alternatively, the indation depth should be reduced to provide
better separation and diminish the fraction of tbeords corresponding to the composite

behavior.

l11.6. CONCLUSIONS

This work represents an approach toward betteenstahding of the link between the
characteristic scale of the measurement in theumsnted statistical indentation and the
effective material properties obtained from theedirexperiment on heterogeneous solids. It
has been shown that the outcomes of the indenteiipariment are scale and microstructure
dependent. Providing that the characteristic soéléhe interaction volume is sufficiently
small when compared with the characteristic sizeéhef incorporated phases, the inherent
properties of the phases may be assessed. Thi$ ti@ds up to the limiting value of the
indentation depth, which is specified by the 1/ti@gple.

The results obtained on simplified polycrystallawed fiber-matrix microstructures prove
the use of Buckle’s rule to approximate the uppegghold for any microstructure. Above this
limit, the volume of the material, where the mixexbponse is assessed, starts to prevail.
Therefore, the modes corresponding to the pureeppesperties diminish significantly and
may become indistinguishable. As a result, the exyantal distribution may adopt different
forms, depending how the microstructure is orderEdis evolution corresponds to the
homogenization effect, which can be captured irdénesloped probabilistic frame.
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V. Assessment of Nanomechanical Phase
Properties of Heterogeneous Materials by
Means of the Maximum Likelihood

Approach and Nanoindentation

ABSTRACT

The statistical grid indentation technique on hmdeneous materials is extended by the
implementation of the bivariate Gaussian Mixtureddband Maximum Likelihood concept
as a primary tool in the deconvolution analysisrréut deconvolution strategies reported in
the literature are shortly reviewed. Next, the tk&oal background for the Maximum
Likelihood based deconvolution in bivariate spaece biriefly outlined. Following this
introduction, the applicability of the proposed deeolution approach is addressed on the
basis of experimental results representing broattspm of materials, from naval brass to
ordinary cement paste and masonry clay brick. Tkehanical properties af-, S-phase of
naval brass, hydration products of ordinary cempaste, as well as polycrystalline-
amorphous ‘glassy’ matrix phase and other additiphases incorporated in clay brick, are
estimated. Clustering of the grid observations wittach of these materials is executed based
on a posteriori probability criterion, in which prabilistic maps of the indented region are
constructed and linked with compositional (atomicmier contrast) backscattered electron
micrograph of indented surface, as well as the amitipnal maps prepared with the
energy-dispersive x-ray spectrometer. As a lag, gtee inference of the number of phases
with the highest probability to occur and compatiith the grid indentation data set is
outlined. Finally, the results obtained in the feaof the proposed bivariate mixture modeling
based on the maximum likelihood estimation are cmexb with the estimations from other

deconvolution strategies reported in the literature
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IV.1. INTRODUCTION

Current conventional methods of material charazdéon, e.g. uniaxial compression and
tension test or indirect tension test (Braziliast}eallow measuring the elastic properties and
strength of the materials at their macro scalehdlgh it is convenient to use this
methodology in the final stage of the macro chamzation of a composite material,
frequently it is desired to know the mechanicalrabteristics of the composite components in
order to predict its macro behavior, to avoid rethmt testing, to better understand the
material and to develop new tailored or eco-effitinaterials. Many composites, such as
cement-based materials or ceramics, follow a nsgltile micromechanical scheme, where the
microstructure and material phases depend on thgthescale of observation. In such
situations it is of interest to find the mechanigedperties of the fundamental building blocks
of the material as well as the material domairtb@intermediate observation scales.

Experimentalists are forced to access materialsghamuch below the ordinary
macro-scale, reaching the nanometers scale andefised experimental techniques, being
one of those the instrumented indentation combwa#d grid indentation analysis. The origin
of this method comes from the traditional hardniess developed by Brinell, in order to
evaluate the quality of produced stééle forced a hard probe to produce a visible impin
the surface of the tested material. The ratio efftrce applied® and the projected area of
contactA. defines the material hardnedsP/A.. It was shown by Tabdthat the hardness or
average pressure under the indenter is correlatdtbtuniaxial yield stressg by a factorC, as
H=Co. This fundamental idea remains in the instrumentetkentation, although recent
developments in material science have called fgmicant modifications of the method in
order to satisfy the growing experimental demarid® combination of the high resolution
recording devices (sensors and actuators) allowireayus monitoring of the loads and
displacements on the indenter as it is driven aitddnawn from a material. Typically, two
material properties are derived from the indentatiorve P-h curve), namely the indentation
hardnes$i and the indentation modult** and the latter is related with the elastic modulus
of the indented solid.

The simplicity of this experimental approach condal with the high accuracy of the
results, as well as good repeatability, made thenigue widely used in the last decades for
the characterization of different materials. Exasspinclude human soft and mineralized
tissue>® coatings to polymers® Most of these studies address instrumented intientan
single phase materials. In addition, if the invgestied material is of composite nature, the
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phases are of sufficient size and exhibit well mtedi boundarie$™° This allows placing the
indenter probe on a specific target and runnintissizally relevant number of measurements
in a common fashion. Obviously, this is not theecks a large group of known multi-scale
composite materials like concrete, shale or firley drick and many others. Such materials
are a class of complex chemo-mechanical materiglsavhigh degree of heterogeneity from
atomistic scales to the macroscopic sc&lé$.Thus, in order to obtain the relevant
mechanical characteristics of the material dom&om the lowest accessible scales, one
must ensure the conditions under which the prolmtdnve of material is representative, the
so-called Representative Elementary Volume (REMVIn addition, existing phases have
unclear boundaries and are randomly distributetliwithe volume. These facts have driven
towards the extension of instrumented indentatioalysis to structurally heterogeneous
materials and the implementation of the statistical indentation techniqué:*>*°

The grid indentation technique consists on thdicoaus probing of the material in the
nodal points of a designed grid, spanned overdpessentative region of material. The large
set of acquired data is analyzed by statistical neeavhat makes the identification of
mechanically relevant phases possible, as wellassato define the phase’s packing density
and morphology. In addition, the relation betweble wolume fractions of incorporated
phases may be estimated. Since the final resuhedfyrid indentation depends on the data
analysis tools, the choice of the proper statibtiggoroach for data processing is of crucial
importance.

This manuscript addresses the problem of the gmdkntation data analysis for
heterogeneous materials. The first part of thigtdrgpresents a detailed state of the art of the
grid indentation and its fundamental assumptiohsal$o includes review of the current
techniques applied in order to analyze the experaleoutcomes in the qualitative and
guantitative way. The subsequent part of the chagéals with the application of the
Maximum-Likelihood Approach for the sake of phasepgrties estimation with regard to the
Gaussian Mixture Model. Afterwards, the estimatainthe number of phases according to
Bayesian Information statistics is considered. dwilhg this approach, the internal data
clustering is presented based on a posteriori pibtya criterion. The classification of
abnormal observations is also discussed. Findllg, groposed method is compared with

current deconvolution strategies reported in ttegdiure.
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IV.2. INSTRUMENTED GRID INDENTATION ON HETEROGENUOU S SOLIDS

The instrumented grid indentation technique pregody Constantinides et 4’
emerged from experimental investigations in centE#ed materials, with the objective to
extract the mechanical and morphological charasttesi of calcium-silicate-hydrat€{S-H
nanocompositeS:**°In order to do this, an experimental protocol teasure the intrinsic
properties on each scale has been proposed. Cthe bfasic assumptions of this strategy is
the existence of &EV, for which the constitutive relation between thieess and strain is
independent of the length scale of analysis reptede by indentation deptf. This
independency is assured by the micromechanics sepbrability condition, which must hold

for the representative volume (Eq. IV.1):

d< L« (h a D) V.1

where(h,a) are the indentation depth and radiDsis a characteristic microstructural length
scale andd is the characteristic size of the (largest) hefeneity included withinREV
(see Figure IV.1). Provided that this relation Ispldn indentation experiment executed to an
indentation depthh gives access to the material properties assocwitdthe characteristic
length scalel. In general, for indentation deptiis<< D the experimentalist assesses the

intrinsic phase properties, while for>> D the composite properties are probed.

20, B ® ®
QQ 5 ®
OQQQ o O

Figure IV.1 General representation of the indeatatwithin multi-phase heterogeneous
material: P - indentation forceh - indentation depthA; - projected area of contaat,and
D - characteristic lengths of the incorporated hefeneitiesL - characteristic length scale of

theREVrepresentative volume.
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Since the indentations are executed on a gridrsgzhover a defined region of a material,
the internal spacing of the indents within the gridst assure the independency of successive
measurements. In other words, the grid spakirig(see Figure 1V.2(a)) should be larger than
the characteristic size of the residual impressfdn.the result, the probability of probing the
specific phase equals its surface fraction. Adddity, if the grid spans over a region of
material that is large enough to be considered aepeesentative, the surface fractions
approach the volume fraction for the random hetemegus materiafS.

At eachi-th point of the grid thé>-h curve is recorded, which is used for calculatibthe
indentation modulus/; and hardneshl;, wherei=1...N with N as total number of executed
indentations in the single grid experiment. Thig p& values is the experimental realization
xi=[Hi, Mj] of the random variablX. A possible outcome of a single indentation trgak;
belonging to one of thg phases present within investigated region (seer€ity/.2(a)).
Hence, the set of all possible outcomesXoflefines the experiment sample sp&n
Eq. IV.224%

S=[x=[M, H]‘XD{ G... %}} V.2
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(a) (b)
Figure 1V.2 Scheme of the grid indentation approsarhmulti-phase materials proposed by
Constantinides (&), the low indentation depthh << D give an access to mechanical
properties of individual phases, for each grid ptie vector of properties is obtained in the

form x;=[H;, Mi]. The final result is a multimodal bivariate dibtrtion (b).

Phases are considered to be material domainsfigpebly distinct pairs of indentation
modulus and hardness values on avergggH;, Mj], j=1...9. The material heterogeneity
together with imperfections of the probed surfacé estruments leads to inherent scatter of

the results in the domain of single ph&3e Thereforex within a phaseG; is distributed
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around its expected value and may be modeled witbreesponding distribution function
fi=f;(X; @), whereg, is a vector of unknown distribution parameterse Tnobability density
function (p.d.f) of an observation vectgrin S can therefore be represented in the finite
mixture form by Eq. IV.3 (Figure IV.2(b)}}

g 9
foaw) =2 mfi0ce;), 2 7 =1, 7 20 V.3
= j

=1

where thers,...,7g are weighting factors of each phase apidlenotes the vector of all
unknown parameterge[1,...,7g,@,...,¢9 associated witly,...,f;. The adopted distribution
function f; considered here is a multivariate normal distrdnt henceg consists of the
elements of the mean vectggsand the distinct elements of the covariance meggdg To the
end of this discussion the outcome of the grid makon is considered to follow a Gaussian
Mixture Model (GMM), and the determination of ariemte y of its vector of parameterg

is one of the main objectives of this work.

IV.3. REVIEW OF STANDARD ESTIMATION METHODS

IV.3.1. Probability Distribution Function (PDF)

One of the first attempts to estimate the vectam&nown parameterg/was the standard
error minimization procedure based on empiricajdiency distributions (histograms)*+*°
In this approach, each component of the vegtis assumed to represent the independent,
uncorrelated random variabteH,M. Following this assumption the model univariatetonie

for each variable may be represented as:

g g
L Oow) =D i fX(xe}), D m =1, 720 V.4
j=1 j=1
where
£ (x0)) === exp et V.5
A N AT '

is the distribution function for indentation modsilar hardness within single phase. Therefore
1 and(s)* stand for the mean value and the variancewafriable within phasg and are the
components of vector of unknown parametgf's Next, the histograms, which represent the

discrete value&;*=H,M of indentation moduli and hardness, are constdufrtam the set of
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the experimental records. The number of the histo¢g intervalsm and their size may be

24,25
)

approximated according to the rule proposed bytSEaf 1V.6) originally developed for

normally distributed random variables:
h, = 3.4867 /N V.6

wherehg is a size of the bing is an estimate of the standard deviation Bhdtands for
number of data points. To find an estimage of ¢=[7,....75.¢".8",....¢84" 851, where

m,..., 75 are weighting factors of each phase gnconsists ofi4* ands”®, one must solve the

problem of minimization of the sum of residual esro the form given by:

m g
min 35 D"~ bliwl's D =1, 2 0 V.7
]:

x=M,H i=1

over all discrete pointis=1...m of* experimental distributions;*=H,M. An application of this
approach is presented below, on the experimental @@ained from the grid indentation on
naval brass (CDA 464) reported by Randall et%Naval brass contains two primary phases,
a and B, whose mechanical properties are known to be tindisishable by standard
microindentation techniques. Therefore, the gridemation was applied in order to extract
mechanical characteristics of mentioned phaseghbatrscron scale. The deconvolution of the
experimental records with the p.d.f technique esté® the vectors of properties to be
H,=2.27 [GPa], M,=134.41 [GPa] and Hs2.83 [GPa], Ms~122.85 [GPa]
(see Figures 1IV.3(a-b)). The corresponding weightach phase i93=0.59 and73=0.41,

respectively.
H_=2.27 [GPa] Ma=134.4l GPa
H=2.83 [GPal M=122.85 GPa

e ) - L
1 L5 2 25 3 35 50 80 110 140 170 200
H [GPa] M [GPa]

(@) (b)

Figure IV.3 Histogram based estimation of distnbatparameters, experimental massive grid

analysis on polished brass (naval brass CDA #B4yrid NxM=20x20, maximum
load 2 [mN],l,=1,=5 [um]: a) histogram distribution dfl and its fit, b) histogram distribution
of M and its fit.
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IVV.3.2. Cumulative Distribution Function (CDF)

The deconvolution technique introduced in the ey section is based on the
construction of the empirical frequency distribuatidt has been widely recognized that the
change in the size of the bin, or the shift in thiial point of the histogram, affects the
probability discrete value€:?®> As a consequence, the estimation of the modehpetes is
also affected, and an alternative approach has peamosed??’ instead of probability
density functions, the cumulative distribution ftions c.d.f has been used. The entire c.d.f
based deconcolution technique begins with the geioer of the experimental cumulative
distribution functions Eq. IV.8 for variabléd andH, which are considered independent and
uncorrelated. LeN be the total number of indentation tests in alsirgyid experiment and
{Hi} and{M;} for i=1...N the sorted values of the measured quantities.N'lpeints of the
empirical c.d.f for modulus and hardness, denoteB®,owherex=H,M, are obtained from the

following definition:
DX(x) = -5, i=1..N V.8

Once the empirical cumulative distributions are starcted the model c.d.fs are specified

holding the assumption of Gaussian type distrilmytfor which the adopted c.d.fs are in the

form of:
X X\ — % —(U—ﬂ}()2
di(%,0]) = STEJ-_WGXDWX’U V.9

and the model c.d.f is given by:

9 [¢]
D (X:w,) = Y md Oie)), Do =1, 71 20 V.10
= i=1
The estimateyy of unknown model parameters vectge[7,...,75,8".¢",....0, " ¢, ] is

determined by the minimization of a least squareblgm, in which the residual is the
difference between empirical cumulative and modehglative distributions:

m 9
min >3 (0 - D, (% :w,)) Zl”i =1, 720 V.11
<

x=M,H i=1

The postulated minimization problem is strengthewét the additional condition given by
Eq. IV.12 and regarding the ‘statistical phase @sit to avoid significant overlap of two
neighboring Gaussian distributions. This conditialso implies the coupling of mean

properties to represent a single phades M;+1 andH; < Hj.1 respectively.
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//i( + S]x < /./J'X+l - §X+1 IV12

As usual, the condition of global minimum must hésfied in order to consider the vectar
as a correct solution of estimation problem. Thgecaf grid indentation carried out on the
Ordinary Portland Cement paste (OPC) is presented (see Figures IV.4(a-b)). The
experimental c.d.fs are fitted with a four compdnerd.f mixture, which represents the
primary hydration products low-density and highslgn calcium-silica-gels phases,
(LD-C-S-H HD C-S-H Hp=0.51 [GPa], M p=16.44 [GPa], andHyp=0.95 [GPa],
Muyp=27.76 [GPa], as well as ultra-high-densityS-H(UHD C-S-H and non-reacted clinker
phasesHyyp=1.71 [GPa]Mynp=42.30 [GPa], antic =4.75 [GPa]Mc =86.47 [GPa].

[] EXPERIMENTAL CDF [[] EXPERIMENTAL CDF
= MODEL CDF = MODEL CDF

S

0.75

D(M)

H,=0.95 GPa

05
H =051 GPa M =16.44 GPa
0.25 1
H,=1.71 GPa M, =42.30 GPa
H,=4.75 GPa M,=86.47 GPa
0 : ; :
0 24 48 72 96 12 0 32 64 96 128 160
H [GPa] M [GPa]

(@) (b)

Figure V.4 Deconvolution of cement paste grid imi@ddéion data, experimental massive grid

M,=27.76 GPa

analysis on polished cement paste/c€0.4): a) c.d.f deconvolution oH, b) c.d.f

deconvolution oM.

IV.4. MAXIMUM LIKELIHOOD APPROACH (MLA)

IV.4.1. Estimation of Parameters via Incomplete a€Concept

The strategies reviewed in the previous paragralyhon the assumption of the univariate
mixture to model the distribution of each of theaswred quantities Eq. IV.4 and Eq. IV.10.
As it has been shown on the experimental data\dliaass and OPC, such an approach may
lead to the estimation of the phase mechanicalgrtigs, which exhibits good agreement with
the literature data obtained with other, indepehdstperimental methods. However, this
assumption does implicate two independent stagisBgperiments, one for each measured
property, with the outcomes being uncorrelated.odding to the definition given in Eq. IV.2,

the sample space of the random variables obtaingdtiae grid indentation experiment are
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the vectors in the fornx;=[Hi, M]]. This means that the hardness of the phase and the
indentation modulus are the outcomes of the simylperiment. As a consequence, the
probability and its density are the bivariate fimms defined in the/7? spaceHxM. To
account for this, the bivariate Gaussians Mixturedif>?*%*is proposed next to model the
grid indentation outcomes. Consequently, the ass#sof nanomechanical phase properties
by means of the Maximum Likelihood (ML) supportedthwExpectation-Maximization
(EM)*® algorithm applied to nanoindentation is introducsl a primary estimation tool.
Additionally, the inference of a number of statiatly relevant components within ML frame,

as well as grid indentation data clustering, isodticed.

The first use of ML based estimation for a mixtaredel has been attributed to RF&D"
who used it for the case of two univariate distiimos with equal variances. Further
developments were carried along the years andoléldetimplementation of the ML and EM
algorithm for different cases of mixtures in a djversity of fields like biology, medicine or
social science®?This technique proved its usefulness not onljhi éstimation of mixture
parameters, but also in the cluster analysis cd dak to its inherent ability to identify the
internal structure of a data set for which no piigiormation is provided regarding the
components properties and their structures. Iniquaat, efficient iterative solutions of the
ML equation via the EM algorithm are well estabéidhand widely adopted to study finite
mixtures of Gaussians components. This methodaloggadily applicable to the analysis of
massive grid indentations results, where the erpartal data exhibit the structured form due
to indentation within a heterogeneous material.

The modeling of grid indentation data with the wasption of mixture of normal
components begins by considering each indentatrente;=[H;, M] to be the realization of
the random vector variabl¢, which defines an appropriate sample space, sedVE2} In
practice,X contains the random variables corresponding4® measurements taken at the
i-th node of the experimental grid. Hene;(X1',...,.X,")" is @ am-tuple of points in7?% with
related realization vector=(x',...,x,")". The corresponding distribution functif; ¢) of a
g component finite mixture is given in the form aefd by Eq. 1V.3, whereas the components

densities take now the form of the following bivde Gaussian distribution:

1

0100 == () 2 exp{ -2 - = 6o} V.13
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iid
The indentations; are assumed to be independent and identicallylaised X,,..., X, ~ F

realizations of random variabf&?®%° The likelihood function for the vector of unknown
parametergy, formed from the grid indentation datais denoted by () and given in log

form as:

logL(w) = logf (x; ) IV.14

j=1

The Maximum Likelihood based estimation of vectgrrequires solving the likelihood

equation given by:
dlogL(y)/dy =0 V.15

The application of the EM algorithm to the problednove requires the introduction of an
additional set of variables, whose realizatioa is given by Eq. IV.16. This serves as a vector
of labels of observations by defining the componenthe mixture model from which the

random vectok is withdrawn, as a type of binary indicator.

0 X; Zi
Zi = V.16

1xj:i

This conceptualization allows to formulate the restion problem as an incomplete-data
problem (unknown data labels, varialdy for which the complete-data log-likelihood

function for ¢ is constructed as:
g n
0gLs(w)=>" " z{log7 +log { & o } V.17
i=1 j=1

The components of the label vectarare treated as missing data. The estimation of
distribution parameters with EM algorithm procedésatively in two steps: expectation (E)
and maximization (M$>*°*3*The E-step handles the additionzdby taking the conditional
expectation of the complete-data log-likeliholodj(L.(¢)) given the observed data and

using the current fityy, for ¢, as:
Eq;(k) (Z; |X) = pEv(k){Z'j :]lx} =7 (% w®) V.18

The current posterior probability(x,-;t//k)) that thej-th member of the indentation sample

belongs to one of the components of the mixtuggvisn by the Bayes Theorem:
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[¢]
1 (¢ ®) = 708 0489 1) A (x5 809) IV.19
h=1

for i=1,...,g andj=1,...,N. The M-step aims at the global maximization of the congle
likelihood function with respect to vectgrover the parameter spack given the expectation
E,Y(Zj|x) calculated in theE-step. The current fitting for the mix proportionsnd the

component means and covariance matrices are daldwdaplicitly as:

% = ZTi (x;:w®)/n IV.20(a)
j=1
k) = Z,”(k)xj | kD IV.20(b)
j=1
2D =3 5004 -4 0p - p* ) T gD IV.20(c)

i=1

The E- andM-steps are alternated repeatedly until the difieean the likelihoods changes by
an arbitrary small amount in the case of convergeariche sequence of likelihood values. As
was shown by Dempstdt,the ML estimate is non-decreasing on each iteratib EM
algorithm and converges in the sequence of likelihealues to a fixed point in the parameter
space. An additional feature of this approach éspfobabilistic clustering of indentation data
into g groups, obtained in terms of the fitted postermobabilities of component
memberships. Allocation of the indentation recosdgo the specific model's group is
achieved by assigning each data point to the meéxtamponent to which it is the highest

estimated posterior probability of belonging, exgsed by the Bayes rule of allocatig(x;):
rg(X;) =i if 7,(x;) 27,(X;) V.21

where rg(x;)=i implies that theg-th record within the indentation grid is assignedthe
i-th statistically and mechanically relevant comporexisting within the investigated region
of the material,i=h=1,....,g andj=1,...,N. The reader is referred to refererf¢é&>°*for
detailed discussions of ML method and EM algorithm.

The applicability of this approach to the grid emtiation data analysis is demonstrated
next on the grid indentation data from ordinarytRod cement paste and masonry clay brick
investigated by the author. The estimation of diatron parameters is carried out with a non-
commercial program for statistical mixture analysiEMMIX, developed by

McLachlan et al®*3®
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IV.4.2. Application to Cement Paste
The first application considers the OPC data joesly deconvoluted with the c.d.f. based
estimation method in Section IV.3.2. The experimergrid indentation data are now

presented in the form of a scatter diagram ortHkil plane (Figure IV.5(a)).

150 | 150 T T T
[JEXPERIMENTAL DATA = ®LDCSH v
o @®HD C-S-H v

o e ° o .UHD v v ¥ ¥
120 ] 120r * CLINKER v

90 v

M [GPa]

0 24 48 72 9.6 12 0 24

(a) (b)
Figure V.5 Maximum Likelihood based deconvolutiohthe grid indentation data on OPC:
a) global plot of the experimental records, witlza@m focus on the domain of hydration
products, b) deconvoluted and clustered experirhéliata with biphasic nature of silica gels

exposedH-indentation hardnesh)-indentation modulus.

It is evident on the global view, that the dataeroa wide range of hardness values (up to
12 [GPa]) and indentation modulus (up to 150 [GPHPwever, the dominant fraction is
concentrated in the subdomain with upper threshaold$d=5 [GPa] andM=60 [GPa],
recognized to give the characteristic domain of eenhydration product€-S-H'®*° The
applied bivariate mixture model to describe the OfGased on the assumption of existence
of four distinguishable, statistically significaobmponentg)=4, similarly to the estimation
based on the c.d.f. function (Figure 1V.4). It issa hypothesized, that among these
components may be measurements that do not reptbsereal mechanical phase but rather
can be classified as a ‘statistical noise’. Thaieswill be addressed in the subsequent part.
Referring to the deconvolution procedure, the aapion of the EM algorithm leads to the
estimation of the mean values of each underlyinmpmnenty, the associated covariance
matrices 5 and finally the weights 7 (Table IV.1). The execution of the
expectation-maximization algorithm from a large ttoem of different, randomly selected
starting values ofy , indicated agf), minimizes the possibility that the obtained siolut

represents only a local minimum.
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Table IV.1 Mechanical phase properties of the OPSessed with the ML based

deconvolution

PHASE H* o vE O M $ Vs
LDC-S-H  0.48 0.13 16.67 3.56 0.65 -1.42 0.22
HDC-S-H  0.97 0.29 28.24 7.03 0.73 -1.75 0.61

UHD 1.98 0.4 47.39 11.47 -0.07 0.15 0.08
CLINKER  5.67 2.84 91.62 32.09 0.80 -4.08 0.09

1-properties estimated in [GPa], 2-the linear (Beay correlation coefficient, y=coH,M)/(g,om), 3-angle of
inclination of the equal probability density ellgstan(2g)=2coWH,M)/((du)?*(aw)?). Clockwise is positive and
values are given in degrees of arc

The graphical representation of the ML estimatamyell as the result of allocation based
on fitted posterior probabilities Eq. V.21 to specmodel groups, are demonstrated on
Figure IV.5(b). According to these results, thehaipic nature of the hydration products is
apparent, given by two independent clusters of exy@antal data. The distributions of records
from both types ofc-S-Hcomponents are characterized by positegH,M). Additionally,
the Pearson’s correlation coefficienty approaches=0.7, what suggests quite strong
positive, linear dependence between hardness asticeimodulus within eac-S-H phase.
The third component, namelyyHD, may be considered as the composite phase which
incorporates portlanditeCH) mineral. Its density distribution and related stkr are
characterized by significant higher dispersion loé data points than the two previously
described hydration products. Moreover, the clasimity of the Pearson’s product to zero
defines a marginal correlation ¢ and M for this phase. The last component is of
experimental noise type, as a material noise, whiatorporates atypical and rare
observations, which fall out of the general tremdl @re spread over a largeM domain.
This set includes rare indentation records on urdtgd components of cement (Albite,
Belite, C3S, C,S etc.), which are recognized to have indentatiordmess in the following
rangesH=7.0:11.5 [GPa]M=100.6-155 [GPaJ-"** and other records that are considered as
single measurements of composite response. Datgarated as inherent phases of cement
based material represented by the three first comts account for more than 90 of the

experimental records, leavimg< 10 % for the fraction of atypical and rare observations
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IV.4.3. Application to Fired Clay Brick

A second example of the ML application is the cak@rid indentation carried out on
masonry clay brick. This ceramic composite matezidiibits a high degree of heterogeneity
on multiple scaled’*®%° Massive grid indentation (Figure IV.6(a)) has beanried over a
selected region of polished ceramic in order taawbthe mechanical characteristics of the
brick constituents. The special focus has beeropuhe ‘glassy’ matrix and its mechanical
properties as a function of indentation depth. Tigentation grid covers the rectangular
region with the approximate dimensions %40 [um] and internal grid spacing
l,=1,=2.0 [um]. Multiple force-controlled measurements wereoexed with equal loading and
unloading rates of 5.0 [mwin]. The dwell time of 5.0 [s] has been chosentlfie maximum
force Pmax=1.125 [mN].

350, . : : : O evEPD
Experimental Data [IMATRIX I
[IMATRIX I
- i i 280+ @ QUARTZ
° s RUTILE

T0f- oo
¥ ?:? 5

b
ﬁwg‘,x‘a 7
v v
Sl aadd
A

ci 8 1'2 1‘6 20 0 4 8 12 16 20
H [GPa] H [GPa]
(a) (b)

(©) (d)

Figure 1V.6 Grid indentation data on the facingchrigrid span 11840 [um], number of grid

pointsixj=21x56, spacindx=l,=2.0 [um]. Sample impregnated with epoxy resin: a) ravadat
set (abnormal observations included), b) deconwmiuand clustering of experimental
records, ¢c) BSEM micrograph of investigated regidnphase distribution reconstructed on

the basis of the results of the cluster analydBDEepoxy impregnated porous domain.
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The adopted Gaussian Mixture Model assumes thébeuof statistical groups equal to
seveng=7. This choice forg is not arbitrary, but obeys the Bayesian InforomatMatrix
(BIC) criterion proposed by Schwatz?° which providesg=7 as the number of phases with
the highest probability to occur. A discussion be influence of the number of phases on the
results will be addressed below.

The deconvolution of the raw data, together whie &llocation of the experimental
records is presented in the form of the scattegrdia onHxM plane (see Figure 1V.6(b)) and
Table 1V.2).

Table IV.2 Mechanical phase properties of the briekrix and quartz assessed with the ML

based deconvolution

PHASE H* Oh m? O FHM ¢ T
MATRIX|  9.37 0.77 94.51 7.24 0.69 -4.23 0.30
MATRIX Il 10.00 2.06 96.57 22.81 0.68 -3.54 0.26
QUARTZ  13.78 1.03 99.08 7.08 0.58 -4.87 0.24

1-properties estimated in [GPa], 2-the linear (Beay correlation coefficient, y=couH,M)/(g,ou), 3-angle of
inclination of the equal probability density ellgstan(2g)=2coH,M)/((au)*(dw)?), unit: degrees of art

The presence of a very stiff and hard phase (witbft oriented grey triangular marker) is
noticed, with the relevant propertieg=14.28 [GPa] and;,=225.86 [GPa], with moderate
dispersion andy v approaching zero. This phase represents the siggjeegate of titanium
oxide based mineral (possibly rutile or anatd5&j,which is clearly seen on the Back
Scattered Electron Microscopy (BSEM) micrograplg{fe 1V.6(c)). This observation is also
supported by the elemental distribution of titani(see EDX map on Figure IV.7(f)), which
exposes definitely its chemical origin. The nextistér with a relatively high value of
hardness represents quartz (circle red mafRéf)A close inspection of EDX maps
(Figures IV.7(a-f)) tends to strengthen this hygsih. The estimated mechanical properties
areHg=13.78 [GPa] an#1s=99.08 [GPa] (Table 1V.2). The obtained values repnt the case
of shallow indent,=1.125 [mN] andh,,=100 [nm]. However, the measured hardness
approaches well the literature data reported fartguof Ho=14.00 [GPa] obtained at higher
depths’ The measured indentation modulus is approachiagethstic stiffness reported for
quartz mineral (B=79 [GPa], E=103 [GPa])!* however these two stiffness measures, M

and E are not directly comparable for crystal maledue to present anisotropy. The variance
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of indentation moduli is very small in comparisorthathe previous phase, indicating higher
homogeneity of this set of observations. The cated value ofyy for this component is
=0.58 andg=-4.87 suggesting quite strong correlatioHadndM in this cluster (Table IV.2).
The binding ‘glassy’ matrix, typical for the miatoucture of the facing clay brick, is
represented in this analysis by two components, sgjgare yellow and orange markers on
Figure 1V.6(b). This duality may be attributed thet variation in the local chemical
composition as well as to the changes in the mdogyoand interaction with other
mechanical phases. The first set of measuremdatsddo the binding matrix (square yellow
marker) is concentrated around the mean hardiks8.37 [GPa] and lower modulus
M=94.51 [GPa]. The indentations with the measuremaifdsated to this group are mostly
located on the large chunk of the ‘glassy’ matrocket, although a minor fraction may be

found outside this region as well (see Figures (&d)).

(b)

(d)

(e) ()
Figure 1V.7 Distribution of elements within invegdted region recorded in EDX
microanalysis: a)Al, b) Si, c) Mg, d) K, e) Ca, f) Ti. Note the visible relatively large
aggregates of quartSi(,), the matrix pocket with characteristic higher cemtration of
alkaline elementsK, Mg, Ca), the external matrix with relative higher concatiobn of
alumina and low concentration of alkaline elemeats] the single grains of titanium based

mineral.
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The continuity of this phase, together with imprdvhomogeneity (at the scale of present
indentation), tends to result in a relatively smadriance ofH, M and a small scatter of
observations within the corresponding cluster. EREX results collected over this particular
region show higher concentration of the alkali edats, e.g. magnesium and potassium, than
in the rest of the investigated area (Figures &d)). The estimated mechanical properties of
the second type (square orange mark>10.00 [GPa] andV;;=96.57 [GPa] are slightly
higher than its previous phase. In this case, #mance in both measured quantities increases
considerably. The slight increaseHnandM could be attributed to the higher concentration of
the aluminum in the region surrounding the pocKeglass (Figure IV.7(a)). Additionally, the
interaction with other mechanical phases of higltegngth and stiffness, as well as possible
higher variation in surface topography, may resuthe larger variance and shift in the mode
position of this component of the mixture model. Moderate correlation between the
hardness and indentation moduli has been foundb&ih groups, withryw=0.69 and
ru.mn=0.68. The assessed mechanical properties of thlknpiphase of facing clay brick fall
in the range of aluminosilicate glass and glasarn@s™*>4¢4’

The last three statistical phases, identified \thiihn ML based deconvolution represent the
indentations executed on the epoxy impregnated usoomain (EIPD) or in its close
neighborhood (Figure IV.6). Therefore, the measems) which were mostly probing the
bulk hardened epoxy resin (star dark blue markarg concentrated around the mode
representing the smallest hardness and indentatiodulus valuesH=0.40 [GPa] and
M=14.80 [GPa]. The two remaining groups include thdents executed in boundary zone
between the resin and stiffer phases (Figure IY)6(tInder these circumstances, the
interaction volume probed by the indenter incorpesdhe fractions of the stiffer phases in a
random fashion. As a consequence, the measuredrisgpbecome enhanced compared with
the properties of the epoxy resin, and they tendxbibit significant scatter. The local
influence of the rounded edges together with chamgehe surface profile at the interfaces
may contribute to this dispersion as well. Note itha@onditioned measurements were found,
e.g. fracture under the indenter and soft-on-hatabior, which do not follow d&/h™
relation and, in general, fall in the lower randereasured quantities. This type of abnormal
observations could be easily identified, and thesmmasurements establish an independent
statistically relevant group (diamond blue mark€&iyure IV.6(b)).

The ML estimated surface fractions of each medamhase (Table IV.3) are compared

with the results obtained by the Digital Image Amséd (DIA) of the micrograph pictured on
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Figure 1V.6(c). In this analysis the surface frantiof porosity represents the sum of the first
three clusters with the lowest hardness valueso@ddgagreement has been found between

both methods, with the maximum divergence approachi% for quartz phase.

Table IV.3 Comparison of the surface fractionsneated with ML approach and the results of
the Digital Image Analysis (DIA) of the BSEM micnmaph of the indented region
(Figure 1V.6(c)).

7esurface fraction

matrix quartz rutile porosity

mL? 0.558 0.240 0.028 0.174

DIA? 0.572 0.225 0.028 0.175
A[%)° 2.450 6.670 0.000 0.570

1-original estimation with included abnormal obseiwas, 2-image resolution: 1pi0.09 jum],
3-A= | TBia= 7Tk |/76|A

IV.4.4. Inference of the Number of Components

In the field of Gaussian Mixture Models, for thefidition of the adequate number of
componentsg is a difficult problem which has not been compieteesolved. Several
penalized log likelihood criteria have been devetb@mnd are commonly reported in the
literature?*?®#*0One of them is Bayesian Information Criterion (B[oposed by Schwarf?,
which has been applied in this work. Accordinglye thumber of components with the
highest probability to occur minimizes the statigfiven by:

logLy (W)~ 5k, logN V.22

whereLy(w ) is the likelihood function for mode, kg is the number of model parameters and
N is the size of the sample. The results of thesseskBIC statistic with respect to the number
of model's componentg are presented below for all three introduced meternaval brass,
cement paste and clay brick (see Figure IV.8(a)).

While in Section 1V.3.1 the deconvolution of nawabss has been carried out under the
assumption of two components, the new results (Eitv.8(a)) require the refinement of the
model into three groups. The new component inclutest of the observations located

outside the3o equal probability density contours of the main gg®a(Figure 1V.8(b)). The

83



Assessment of Nanomechanical Phase Propertiestefdgeneous Materials...

new phase is also characterized by a much highreangg in the measured properties as well
as significantly lower weight. It is hypothesizedat it does not represent a physical phase,
but rather measurements with unrecognized ill doovtked nature or affected by local
phenomena, e.g. chemical composition or surfacdil@roBut it is stressed, that the
incorporation of this so called ‘noise’ componanproves the accuracy in the estimations of

hardness and indentation modulus of two physicalgvant mechanical- andp-phases.
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Figure IV.8 Assessment of the number of model’'s ponents for investigated materials
based on the BIC statistics: a) evident global mum g=3 for naval brasgg=4 for cement
paste andy=7 for clay brick, b) deconvolution of naval brasgperimental data under the

assumption of GMM composed of three components.

The OPC mixture model witthp= 4 components minimizes BIC criterion (Figure NagB(
The successive deconvolution refinement of the cepaste model into three (CP3) and five
(CP5) phases is presented below for the sake ofiséson (Figures 1V.9(a-b)). It is evident,
that for g=3 the general pattern of the data is clearly oetlinwhich incorporates the
hydration product family, the portlandite family cathe set of rare indentation events on
unreacted clinker. Addition of one more componemtimizes BIC and exposes the duality
of C-S-H gel (Figure IV.5(b)). Further refinement with> 4 does not alter the grouping
within C-S-H but splits the last component (Figure 1V.9(bBding to a drastic increase of
the BIC statistic.
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Figure IV.9 Successive deconvolution refinementhaf cement paste grid indentation data:

a) g=3, b)g=5 components.

The GMM with seven normal components minimizes Sithwartz statistic for the clay

brick indentation measurements. Although, the @sttin BIC value from six to eight

components is quite small, visible and significaitanges may be noticed in related

distributions and a posteriori clustering (Figuré$(b) and 1V.10(a-b)).
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Figure 1V.10 Successive deconvolution refinementha clay brick grid indentation data:

a) g=6, b)g=8 components.

The first mixture model recognizes only one clusterresponding to matrix phase and
enlarges the distribution component related togbpexy impregnated domain of voids. This

enlarged cluster spans over large domaifl @hdM and wrongly incorporates indentations
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carried on matrix. Under these circumstances thienated weights deviate drastically from
the results obtained with DIA, e.gf = 33 %, 7horosity = 40 % comparing tog = 57 %,
Thorosit=17 %. The proper estimation of weights, as wellbaster separation of phases,
corresponds to the model with seven componentshwhinimizes BIC criterion. Its physical
notion has been grounded additionally by the EDAlysis as well as direct comparison of
BSEM micrograph (Figure 1V.6(c)) with its probabiic reproduction based on the
corresponding clustering results (Figure IV.6(pally, the construction of a more complex
model leads to exposure of local distributions withlready identified (Figure IV.10(b)).
Such sparse solutions increase the BIC value apédaapn the group of records related with

the epoxy impregnated porosity domain.

IV.5. COMPARISON OF THE METHODS

The introduced maximum likelihood deconvolutiorpagach (MLA) is defined over7?
space, where the model components are representeal tivariate normal distribution
function f(x| & 2) that includes variance-covariance matéixn its complete form. Such an
approach differs fundamentally from the stratedigsfly reviewed at the beginning of this
manuscript, which work with discrete values andvarnate mixture models. Consequently,

the estimated parameters obtained with these metiffdr in the level of accuracy.

Table IV.4 Deconvolution of the indentation data maval brass with different methods of

estimation applied.

a-phase [-phase

H! Oh Mt O T H! Oy Mt O T

2hy 232 0.23 131851445 064 | 295 0.11 125917.33 0.36
PDFF hy 227 022 134.4111.07 0.59| 2.83 0.15 122.858.24 0.41
hoo 225 0.20 135.6611.51 0.55) 281 0.15 123.388.17 0.45

CDF 224 0.20 133.4512.20 0.56 | 2.81 0.15 124.449.03 0.44

MLA® 229 0.29 133.281296 0.64 | 2.84 0.13 122.117.82 0.36

MLA* 230 0.21 134.1510.72 059 | 2.83 0.15 122.798.30 0.41

CV(%) 1.34 15.07 095 11.38 6.44 | 1.86 1195 1.12 6.91 947

1 — properties estimated in [GPa], 2 — differeme 2f the histogram intervals, 3 — two-componentehavhich
does not correspond in(BIC) which is attained fog=3, 4 — estimated values for min(BIC) model wgt3.
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Next, the parameters of naval brass and OPC dstimaith the p.d.f. and c.d.f. based
methods are confronted with the solution obtaingdmnaking use of the proposed strategy
(Tables IV.4 and IV.5). The clay brick grid indetida is excluded from this brief
comparative analysis, even if the MLA seems to @®\walso good results for this material.
The large number of components in clay brick effety complicates the estimation with the
two first methods, whose application tends to Istricted to less enlarged mixture models.
Note also that p.d.f. is not applied to OPC becaidbe known influence of the size of the
histogram interval on the value of estimated patame

Table IV.5 Properties of hydration products estedawith different methods.

LD C-SH HD C-SH

H* OH Mt Om T H! OH Mm? Om T

051 015 1644 3.20 0.23] 095 0.29 27.766.08 0.55
B 051 014 1645284 0.18) 092 0.31 27.666.86 0.60

CDF

MLA® 048 0.13 16.67 3.56 0.22) 097 0.29 28.247.03 0.61

CV(%) 346 7.14 0.79 11.2512.60| 266 3.89 111 7.61 548

1 — properties estimated in [GPa], 2 — with phasetrast condition incorporated (A), with phase casit
condition released (B), 3 — four-component mixtomadel.

It may be seen, that the estimated propertiesshotthsistency regardless the applied
method and with reference to the mean valuedHohnd M (naval brassCVy<2.0 %,
CVu<1.5%, OPC. CVy c-s-u< 3.5%, CVu c-s-u< 1.5%). However, the estimation of standard
deviations and consequently the components weigNgte significantly comparing to the
solution obtained with MLA. The variations in thetseo estimators across the methods are
much greater (naval brasSV,z=7 %, CV;=11 %, OPC. CV\p c-s+F13 %, CVhpc-s+75.5%).

It may be also noticed from the results reporte@able V.4, that the p.d.f. based estimation
for which the bin size equaldy gives the same results as the MIg&2) in terms of standard
deviation and surface fraction. However, in thdHar refinements of the histograim,(ho/)

this approach tends to overestimate fhghase of brass, while underscoring the remaining
a-phase. This observation shows that the changesisitle of the bin or shift in the histogram
initial point automatically changes the probabilitiscrete values and empirical distribution,
leading to no negligible impact on the estimatethpeeters>?° Likewise the bin size, the
phase separation condition incorporated into tdd based deconcolution method may lead

to noticeable distortions of standard deviationgimegors and components weights
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(Table IV.5), in comparison with the MLA solutiohis effect is expected to be more
pronounced in the grid indentation results whee glgnificant mixing of the components
takes place, e.g. weak fulfillment of the phaseasapon condition or unsatisfactory sample
preparation. In such a situation, the correct @aeibf two successive Gaussians may not
follow £§+5" < 14+17-5+1”. From this perspective, it appears reasonableegent the ‘phase
contrast condition’, such as in the example of imdgon grid analysis on ceramic materials
reported by Guicciardi et &, and allow the minimization procedure to be solvedts
general form like in the usual case. Besides, alition like this specifies particular order of
phases within investigated material, namely eads@ltan only have an indentation modulus
and hardness greater than the one before, whlypothesis without physical ground. This
ordering is only one among many possible, which tm@encountered in the indentation on

the heterogeneous materials.
IV.6. CONCLUSIONS

The statistical grid indentation technique on fejeneous materials has been
substantially extended with the implementationhsd mulitvariate Gaussian Mixture Model
and Maximum Likelihood concept as a primary toothia deconvolution analysis. It has been
shown that bivariate modeling and the ML estimaapproach together with the Expectation
Maximization algorithm offers a robust and effidiedeconvolution strategy. This fact has
been demonstrated on the examples of a simplellimetaterial, namely naval brass, as well
as more complex cohesive-frictional materials, ngnoedinary Portland cement paste and
masonry clay brick. Under the assumption of indeeh and identically distributed
realizations of random variables, the maximum ih@bd estimation of phase properties,
theirs covariance matrices and surface fractiong lieen found. The obtained values show
good agreement with the data reported in the tileea While the estimations of mean phase
properties are quite coherent among the reviewetthads and ML approach, a significant
improvement on the estimation of the componentgehas been found. Additionally, the
introduced deconvolution strategy permits to exedata clustering and to expose its internal
structure. Therefore, the allocation of indentattenords to specific components based on a
posteriori probability may be carried. As a restite statistical map of the material in the
investigated region may be drawn on a pure proistibilbasis. This technique has been
demonstrated for the clay brick indentation expentn where the BSEM micrograph and

EDX elemental maps have been compared with thdtsesticluster analysis. In this way,
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each indentation may be directly linked to the ladegemical composition. Besides this, the

abnormal measurements may be pinpointed and ppssbbciated with particular features of

the surface in its location or local compositiomisTgroup includes all observations, which

are loaded with an experimental error of differeature, as well as rare indentation events
which number is too small to establish a statifiticgignificant and homogenous group. The

typical characteristics of this group are the redy large scatter and the tendency to exhibit
a uniform distribution within a specific region HxM plane. In addition, the influence of the

abnormal observations on the estimated parametens e quantified, and appropriate

corrections can be introduced.

In the frame of the proposed strategy, the mostbadrle number of components
compatible with the analyzed grid indentation dai@y be inferred with the BIC estimator.
This fact may be of major importance if no priofoirmation regarding the phase composition
is available, or subgrouping of the phases is emesad, like in the case of ordinary cement
paste. In this material the BIC statistics hasrathits minimum for the model which exposes
duality of the Calcium Silica Gel, being in full gment with the results of other

independent measures and theoretical models.
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Chapter V

V. Probing of the Building Brick
Microstructure by Means of Instrumented
Indentation Method: In-situ Assessment of
Hardness and Elastic Properties of the

'Glassy’ Matrix

ABSTRACT

The main focus of the work presented here is theeemental analysis of the elastic
properties and the hardness of the polycrystalimerphous bond, the main component of
the fired clay brick microstructure. The Young’s atus of this composite, together with the
indentation hardness, is assessed with the aidnstfumented indentation executed at
sub-micron scale. Different force regimes are itigased, and the evolution of both

properties with respect to the depth of indentationnvestigated. The gathered results
corroborate the composite nature of the ‘glassyidpan which the stiffness and hardness
become enhanced due to mutual interplay betweemimdsilicate glass and reinforcing

neo-crystal phases. Additionally, the mechanicalpprties of the accessory phases like

quartz, incorporated within the brick microstruetuare inferred.
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V.1. INTRODUCTION

Ceramic materials have been inherently preserthenhuman culture, being a part of
mankind development process and growth of civikzet. The easy access to abundant
resources of raw materials concentrated in theneartst, the processing simplicity and the
attractive final properties made ceramics suitdbtemany applications in different fields.
Non-surprisingly one of the first applications dietfired-clay solids, where their superior
properties above other available materials haven beeognized, was housing. The oldest
fired bricks applied in the construction of halstéiave been found in Knossos (Crete) and
dated back to around 4300 BOhey effectively replaced the sun dried bricks alhhad
tendency to disintegrate easily under humid atmesgthTherefore, the life-expectancy of
buildings, together with their comfort, was sigo#ntly improved while elevating the status
of inhabitants. The potential of ceramics used esrestruction material has been appreciated
since then.

Naturally, the understanding the processes, walldw building bricks to develop given
physical and mechanical properties, became a dulgécintensive research. This is
particularly true in the last decade, as the denfandustainable and environmental friendly
construction materials is substantially increasiihgs known that, next to concrete or steel,
structural ceramics have a high environmental footpdue to the energy consumption in
manufacturing. The production of one ton of bricgleases around 250 kilogramsQ@®D, to
the atmospherg? This is only a quarter of Portland cement, butaircomparison with
concrete, the emission of carbon dioxide for stmaitceramics is almost the double, per
kilogram of bulk material. Ceramics is one of thestnenergy-intensive building materials.
Hence, a good understanding of the link betweemustithl processes, composition and
microstructure is required in order to reduce epe@ansumption, and tailor the properties of
the material to our needs. In order to reach thad,ghe study of the mechanical performance
of brick microstructure elements with respect tomposition and mechanical loads applied is
relevant to modern masonry as well as to cerancienises in general.

In the brick complex material system one of thampry components is the
polycrystalline-amorphous ‘glassy’ matrix creatadtbe basis of the solidified, viscous melt.
Its volume fraction and phase composition are goeerby the composition of the starting
materials as well as the temperature processirigrizisObviously, apart from other existing
factors, its mechanical performance drives muctnefelastic behavior and strength of brick,
properties known by engineers and applied at tuetsiral level.
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Until recently, the available methods in experitaémechanics could not provide access
to the material bulk at sub-micron scale. Howevle, rapid progress in the experimental
instrumentation brought depth-sensing indentatiechnique tailored for the nano- and
micro-scale mechanical characterization of solidss relatively new and promising method,
combined with advanced statistics, has become & meisatile tool for the non-destructive
characterization of heterogeneous materials agreifit scales. This experimental approach is
especially useful when the bulk of material occapiery small volumes and its spatial
distribution is random. These two attributes apdgl of the brick ‘glassy’ matrix, which is a
load bearing phase that forms complex 3-D scaffolils a characteristic scale in the order of
10* [m] and randomly arranged in space.

The work reported here is focused on the experiahedentification of the mechanical
properties of the ‘glassy’ matrix existing withimet brick by means of multiple depth-sensing
experiments and advanced statistical analysis.tDuke random distribution of the ‘glassy’
matrix bulk, the depth-sensing measurements areuge@ in the nodal points of the grids,
which cover specific regions of material or in randy selected areas. The indentation
moduli, as well as the indentation hardness, atenated for each grid point from the
depth-load curve according to the Oliver-Pharr réthThe mean properties are estimated
with the Maximum Likelihood function applied to aasistical Gaussian Mixture Model
(GMM).® The short description of the investigated briclcnmstructure is presented together
with the chosen experimental approach. Finally, di¢ained results are presented and
supplemented with a detailed discussion.

V.2. MATERIALS

V.2.1. Microstructural Order, Phase Composition amimensional Characteristics

The investigated polycrystalline-amorphous ‘glaseyatrix is one of the principal
components of the facing brick fired in thB5 hour-cycle using a gas fueled industrial kiln
with the peak temperature 105] (Figure V.1(a)). This load bearing material phashich
at the macro-level appears to be homogenous inreyathosts neo formed crystals of
nanometer sizel,<10° [m] (Figure V.1(b-d)) formed in the phase transiations at the

expenses of the parent clay mineral or as a mixtlictay minerals and fluxes.
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Figure V.1 Multi-component microstructure of facingrick (Back-scattered electron
microscopy, BSEM): a) view on the macro scale, tlygystalline nature of the ‘glassy’
bond phase (sample etched with 6 % HydrofluoricdA&lF, for 1 [min] ), c,d) detailed view
on two apparently different morphologies of neostay phases for mullite.

The dominant neo-crystals hosted in the alumirzzdiéi melt are the spinel-type phase and
mullite crystals as well as the precipitated phabks fine grained hematite, rutile, etc.. The
first mentioned crystals are obtained from the ikaahineral after breaking down the
metakaolin at T=925:980 PC]2° or from crystallization of mica minerals at
T=850:-950 PC].1%* This cubic spinel-type structure was consideredalminum silicon
Al-Si spinel? however later studies carried by Sonupdfiak well-crystallized kaolinite with
TiO, impurity showed)-Al,O3; as a bearing component with some residi@b. Its crystal
size strongly depends on the peak temperature aratioh of the heat treatment cycle.
Therefore, the crystalline regions of spinel formrad980 fC] may be as small as a few
nanometers (8 [nm]), as revealed in the beam-induced in-sitatihg TEM studies? On
the other hand, for the same peak temperature Uhgtantially prolonged heat treatment
(1 day), a one order increaselQ0 [nm]) in the spinel crystal size may be obsenrystals

of spinel larger than those originated from kaddinclays are crystallized from the clays
which incorporate mica (illite, muscovite). The regi crystals developed upon heating for
3 [h] at 900 £C] are reported to be in the sizex#0:50 [nm] long and=5 [nm] wide™ to be
oriented, and to be embedded in the silica- andgsaim-rich matrix. Further increase in the

firing temperature leads to the more intense dewvetnt of amorphous matrix as well as
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coarsening of the existing spirel00x10 [nm] and precipitation of the hematite and autil
crystals=200 [nm] (at 1100°C])."

The development of the spinel phase is followedheycrystallization of the mullite in the
exothermic reaction around1050 PC] for pure kaolinit€. For complex mixtures with
muscovite and quartz incorporated, mullite has ktected for temperatue00 PC] and
in significant volume fractions a£1000 PC].}*'® The morphology, stoichiometry and
composition of the developed mullite crystals avenplex functions of the starting materials
and the processing conditions. Therefore, mullitgstals display variou\l to Si ratios
according toAl:2Sb.»010. With x=[0.2;0.9]*® as well as various crystal dimensidh&®*°
Still, the division in primary and secondary mulis usually accepted.

Primary 2:1 mullite is the first to derive frometiclay laths, while secondary 3:2 mullite is
formed from interaction of clay and fluxes. Thenpary mullite derived from the kaolinite
clay relicts takes the form of fine cuboidal crystg100 [nm]). The secondary form, grown
in the regions with impurities from feldspar, takbs form of needle shaped crystals, which
may reach up to 1um] in length***"18192%epending on the initial size of clay particles,
temperature, firing time applied and the local cloaipotential of the melt. The crystals of
acicular morphology are revealed in the back-seadtelectron micrographs (BSEM) of the
investigated material matrix (Figure V.1(c-d)) widm approximate size500 [nm]. Their
exact shape and dimensions are blurred by the @exitypbf 3D microstructural order.

The existing neo-crystals of spinel type cubic gghaas well as the mullite acicular
crystals and hematite, are bound together by muielocking (mechanical bonding), but,
more important, by the solidified aluminosilicatags. This glass phase develops from the
amorphous silicésiO, and clay impurities released during the formatodrthe spinel type
cubic phase as well as the crystallization of nrillEnrichment of the system with silica melt
decreases the eutectic point of the potassium fatdfux?! leading to more pronounced
liquid development rich in alkali elements and fedemina. Upon cooling, the viscous melt
transform to amorphous glass. However, signifiocamtiercooling of the melt may induce
nucleation and growth of new fraction of mulliteystals with a random orientation. These

later crystals have finer structure than those &atmprimary*>*4*’
V.2.2. Surface Preparation Protocol and Areal Paraters

Small volume samples of the bulk were cut from ¢leatral part of the brick using a

diamond drop saw to an approximate size ®1xD.5 [cm]. Subsequently, ultrasonically
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cleaned and oven dried specimens were impregnatederuvacuum (3 cycles
vacuum-to-atmospheric pressure) with a low visgostoxy resin, EpoThin (8) of Buehler.
Prior to the impregnation, the epoxy resin had bearefully warmed up to decrease its
viscosity further. Moreover, in order to amplifyetipenetration of the porous solid by the
viscous filler, pressurization with aix@.6 [bar]) for about 30 [min] was applied at thedli
stage of the impregnation process. Upper and ldaas of the sample were ground using a
diamond disc Apex DGD Buehler with grit size 4%&], with subsequent cleaning in the
ultrasonic water bath and drying prior to mountinghe metal holder with a cyanoacrylate
agent.

Fine polishing has been carried out down to O&][and using 9dm], 3 [um] and
1 [um] diamond abrasive, with the aid of a metal jigdam lapping wheel. A detailed
description of this procedure can be found in Mike al.?* Water based diamond solutions
were sprayed on the hard perforated pads TexMethlBu After each pass, ultrasonic
cleaning was carried out before advancing any &urtSuch a procedure led to a rather clear
‘mirror’ like reflection, which could be observed Wisual inspection. However, the surface
guality was inspected using an atomic force miawpsc(AFM) operating in the contact tip
mode (see Figure V.2), as well as a scanning electricroscope (SEM) (Figure V.3(a-b)).
The surface topographic data were then collectesl geveral spots of approximate size
70x70 [um] and smaller.

The surface roughneSs and the mean-squared roughn&swere estimated over selected
regions of interest (ROI) on the bulk (see Figur@)Vaccording to the 1ISO 25178 stand&rd,
giving the average values of arouw83 [nm] and=44 [nm], respectively. However, as seen
in the image above and the SEM micrographs (FiyuBéa-b)), the effect of relief is present.
The hardened epoxy resin of significantly lowerdmassH=0.3 [GPa], present within the
porous domain (EIPD), is removed in a higher facthan the proper bulk witH=6 [GPa]
and above. Therefore, the surface of the epoxgrfid not leveled with the surface of the
substrate. The difference may reach up to a fewanggiving the impression of ‘empty’
voids or significant surface irregularities. In &duh, local collapse and fracture (F1, F2 on
Figure V.3(a-b)) of the proper bulk or matrix phasay be observed as well as the so called
‘comet tails’ (C1) or single empty pores.
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Figure V.2 Isometric view (MountainsMay) of the surface topography obtained with the aid
of the AFM microscope, after leveling and subtm@ctof waviness component (§ur]).

Please note that the obtained topographic imagdsdea scanning artifacts, and therefore the
most affected region has been excluded from thghoesss analysis. The surface scan was

made after the polishing process.

(a) (b)
Figure V.3 General view on the surface and its ¢opphy observed from different
perspectives under the SEM microscope: a) surfdtc8% [deg], b) surface tilt 50 [deq].
Apparent zones of local collapse of microstructidieand F2 of unidentified origin, ‘comet
tails’ C1 or single empty pores, epoxy impregngietbus domain (EIPD) with relief, global
indentation markings M1 and M2. The micrographs ev¢éaken 15 months after the
experimental analysis and the sample was storedadlosed plastic container under normal

room conditions.
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V.3. EXPERIMENTAL PROCEDURE

The depth-sensing experiments were carried oubh wie CSM nanoindenter tester,
provided with a vibration isolating system and d¢anstemperature and humidity enclosure.
Prior to running the indentation schedule, the lalgpea function of Berkovich diamond
indenter had been calibrated on the polished stdrfdaed silica sample=72 [GPa],1=0.17,
certified and provided by the instrument manufaatuifhe automatic calibration schedule
covering load range from 0.1 [mN] up to 100 [mN]itrwfive measurements at each of
22 load steps, has been applied. The complianddeoindenter load frame is fixed with
Ci=0.1 [um/N]. The polished brick sample had been fixed witlanoacrylate glue to the
metal base, cleaned using cotton-wool moistenedh wabpropanol, and, finally, firmly
mounted into the sample holder of the instrument.

Single indentation grid covers a region on thefema&r of the sample as small as
Lxx Ly=30x30 [um], if one specific single target is in focus (egpgckets of ‘glassy’ matrix or
quartz), but also much larger aréad y>100 [um], which include the mixture of the existing
phases. Therefore, the optical microscope provigigial the nanoindentation tester has been
extensively used for an accurate target locatioth \dsual pre- and post-inspection of the
probed area. Within each rectangular matrix, tmeirspacing of the grid points aloXgand
Y axes are equak=l,. The separation distance is chosen according ¢osthe of the
indentation imprintl (see Figure V.4(a)) for the load protocol spedifia the scheduled
matrix. This is obtained on a control run on théasgy matrix phase, taken in the close
proximity of the matrix origin. Hence, for a givemaximum loadPnax the size of the
indentation imprint with Berkovich tip equdts6.52h=7h;, whereh.=hmax &Pma){Sis a depth
of contact evaluated from the control depth-forcagchm (see Figure V.4(b)hnax is the
maximum depthSis the tangent of the control depth-load diagrammaximum load and is
a constant that depends on the geometry of theiadfe

In order to avoid overlapping of the two adjacemtentation imprints produced on the
‘glassy’ matrix and phases with comparable or highardness, e.g. quartz, hematite or
feldspar, the minimum spacirigz2|=14h. has been adopted. Since the porosity domain is
filled with the hardened epoxy resin, which is kmowo be a much softer material, a
significant overlap of the indents on this sub-dom& expected to take place. So the
formulated criterion, together with the investighspot size, governs the number of the grid

pointsNi=NyxNy, with minimum value set t8100.
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Figure V.4 A schematic representation of the indeom grid segment and load-displacement
relation with various quantities used in the analyg) a section through a sequence of
indentation imprints with top view on the indengdface, b) a typical indentation curve with

graphical definition of plastiby, contact, and maximum depthy.xafter®

At each point of the single grid, the depth-segsimeasurement has been executed
following the same protocol: loading with a constate 5 [mMN/min] up to a maximum force,
dwell time t;=5 [s] at maximum load and unloading with a constaté¢ 5 [mN/min]. The
speed of the tip approach to the surface has heed fo a value 2ym/min]. Four different
load regimes have been investigalgd,={1.125; 2.25; 4.5; 9.0} [MN]. An holding period at
0.1Pnaxfor the thermal drift correction was not applied.

The resultant indentation load-displacement dataamalyzed according to the method
proposed by Oliver and Pharmwhich provides the indentation moduld for general
anisotropic materials, see Eq. ¥ &s well as the indentation hardnessPma/A, whereM; is
the reduced (effective) elastic modulus calculdiedn the unloading stiffnesS and the

projected area of contaétat peak load (Figure V.4(b)).

1_1 (1 vi
M M E indenter '

r

The indentation modulus and hardening are detednige eachi-th grid point of the
indentation matrix. Therefore, in statistical settsgy may be considered as an experimental
set xi=[Hi, Mj] for i=1...Ny: of the random variabl&X, which obeys the statistical law of

mixtures (Eq. V.2):
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9 9
fOaw) =21 06ey), D07 =1, 75 20 V.2
j=1 j

i=1
In this work, the corresponding distribution fucts fi=f;x; ¢ ) are assumed to take the form
of bivariate normal distributions with weights. Vector ¢ consists of the elements of the
mean phase propertigs and the distinct elements of the correspondingagaxce matrices
2. Hence, Eq. V.2 represents the Gaussian MixturedeldGMM)® with unknown
parametersy=[7,...,75.@;,....@g], which are assessed with the Maximum Likelihood.\M
based estimation via the Expectation and Maxinera{EM) algorithm. The assessment of
phase properties, the dispersion of experimental alad their correlation, as well as the data
clustering have been achieved with the help ottie EMMIX?®

Finally, the post-indentation screening of theestigated regions has been done in the
general purpose Scanning Electron Microscope (SHEA)L 5910, equipped with Bruker
Energy-Dispersive X-ray (EDX) spectroscopy of elataéanalysis and mapping.

V.4. EXPERIMENTAL RESULTS

This paragraph presents the experimental resulthe following order: first, the phase
properties obtained at the local level of particgiagle grids are introduced; next, the results
of global (averaging) analysis are considered;llfmée estimation of the descriptors of the
surface topography like meaf, and squared-mean roughneSs obtained in the

depth-sensing experiment, are reported.

V.4.1. Local Analysis-Single Matrix Results

For this particular experimental run the macrokeboof the ‘glassy’ matrix phase was
localized on the surface of the sample and chosethé assessment of the mechanical phase
properties by means of nanoindentation (see Fijubéa-b)). As may be seen from the
BSEM micrograph (Figure V.5(c)), the ‘macro-pockaft’'matrix occupies a significant region
on the surface, with characteristic dimensions ssesk by the means of Feret's maximum
Fmaxand minimumF,;, statistical diameters equal #800 [um] and=150 [um], respectively.
Due to the large size, the depth-sensing indemsitomuld be carried out on several grids
under different maximum force regimes. Moreovere thffect of mixing with other
microstructural features, like aggregates of dé#ferorigins or porosity, is significantly
reduced in comparison with the grid measurementgedaout in the ‘non-localized’ fashion.
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Figure V.5 Results of the grid indentation analyssried out on the large pocket of ‘glassy’
matrix. Scatter diagrams of the experimental regandbivariate spacel-M: a) Grid G16,
Pma=2.5 [MN], 1,=1,=2.5 [um], NeN,=21x31, b) Grid G17Pma=4.5 [MN], |,=1,=3.5 [um],
NxxN,=41x11, c) global view on the investigated region otenal obtained in BSEM mode,
visible macro pocket of ‘glassy’ matrix, grainslefeldspar (F), quartz (Q) and hematite (H),
with probabilistic reproductions of indented domaased on the clustering of experimental
records for grids G16 and G17. Estimation procedum@ clustering carried with the aid of
code EMMIXZ
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The results from two experimental grids are selkdor further details. The first grid
(G16 on Figure V.5(c)) covers the region on a s@fa75 [um] with internal grid spacing
equal to 2.5|im], giving around 650 measurement points in tatak indentations are driven
up to a maximum forc@na=2.5 [MN]. The corresponding outcome is presentetthénform
of the scatter diagrams in the bivariate spde (Figure V.5(a)). Looking at this diagram,
the experimental records concentrate mostly into tmain sets of points, overlaid with the
group of measurements scattered over a significéartjer domain oH andM. The Bayesian
Information Criterion (BIC) is minimized fag=5 normal components. Therefore, this penalty
criterion recognizes the two main sets (phase 45ndbut the third group described with
significant dispersion has been discretized intedlseparate families (phases 1, 2 and 3). The
‘glassy’ matrix phase, which is the focus of preésesearch, appears to be described by the
cluster of the points with the mean properties:dhassH;=9.7 [GPa] and indentation
modulus M4=96.1 [GPa] (yellow cluster, Figure V.5(a)). Its tiaess seems considerably
lower than the hardness of the quartz aggregatk qlester), withHs=13.5 [GPa], but the
indentation modulus seems to be comparable, Wi$h94.0 [GPa]. The remaining phases
correspond to the indentations carried on hardespeky within the porous domain or in
close proximity to incorporated voids. This group records includes also abnormal
measurements, which are ill conditioned in natuue do fracture or different type of
anomalies, e.g. soft-on-hard behavior.

The second grid spans over a surfacexB80[um] (G17 on Figure V.5(c)). This grid
includes around 450 grid points separated by thgce of 3.5 m] with a maximum force
applied almost doubleB,,=4.5 [mN]. Also in this case, two main groups ofrgeimay be
easily depicted on the diagram. But on the contrarhe previous results, the number of the
mixture components assessed with BIC penalty dseselhy one. Moreover, an additional
component has been introduced within & domain of the ‘glassy’ matrix phase. The two
clusters which correspond to the indentation on‘gleessy’ matrix phase have mean values
which are almost indistinguishable, hardndss9.6 [GPa] andH3=9.8 [GPa], and indentation
moduli M»=95.4 [GPa] andM3=94.7 [GPa], respectively. However, as may be oleskfrom
the scatter diagram, the two sets of points hayeifsiantly different internal dispersion, with
variances of properties being much larger in thte3sthan in set 2. The quartz properties
obtained at higher load até¢,=13.5 [GPa] and indentation moduli%,=96.3 [GPa]. The
homogeneity of the quartz cluster appears to bsiderably improved comparing with the

results for lower peak load.
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Finally, to enhance the spatial correlation of tred measurements with the surface
topography captured with BSEM micrograph, the pbilistic map of the indented surface
based on the clustering results is presented ftr ¢wads (Figure V.5(c)). The center of each
marker corresponds to the location of the deptlsisgmrmeasurement, while its color reflects
the color scale assumed in the scatter diagranaddcabove. The outlines of the model

indentation imprints produced on the surface ase shown.

V.4.2. Global Analysis — Results of Matrix Averagin

The grid indentation measurements were carriedimubur different regimes of the
indentation loadPmnax For each regime of the load applied, the GMM deotution was
executed in order to indentify the mechanically astdtistically active material phases.
Therefore, the results of the GMM deconvolutionshewn for G16 and G17 above, at local
level of the grid analysis demonstrate the existeat the two principal clusters. These
clusters have been associated to the ‘glassy’ xnaphase H [[8;12] [GPa],

M 0[80;120] [GPa] and mineral quartz with approximateunds H® 0[12;16] [GPal],
M® 0[80;120] [GPa]. They have been identified in eaétthe carried grid measurements,
independently of the indentation load as well &ghd target, e.g. localized or non-localized
analysis.

The Global Analysis and its results introducedhé point correspond to the mechanical
phase properties, which represent the averageeafefults obtained in the Local Analysis at
each indentation load. It has been assumed tham#whanical properties of the ‘glassy’
matrix, as well as quartz, are distributed normaliythe global level, with population mean
v and variancedy . Therefore, each cluster identified in the gridasw@ements and
corresponding to the mentioned mechanical phaszs,been considered as a subsample
derived from the related population and distribuaedund the related sample mean with the
appropriate sample variance. As a result, the geeraf the obtained sample means
approaches the population mean and may be used astanator of the mean phase
properties at the global scale. The outcomes of aheraging process, as well as the
corresponding confidence intervals and additiontdtiggical measures, e.g. Pearson’s
coefficient, are included in Table V.1 for the ‘g&y’ matrix and Table V.2(a-b) for the quartz

phase.
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Table V.1 Mechanical properties of the ‘glassy’ mxatobtained in the depth-sensing

indentation in multiple grid indentation measuretsén

Pmax [MN] 1.170.01 2.280.01 4.540.01 9.030.04
Rmax [NM] 97.47%3.36 140.4%4.17 206.989.96 293.130.78
H [GPa] 9.54+0.40 9.6@0.33 9.1#0.81 9.920.46
M [GPa] 100.09-7.36 95.345.41 89.928.20 90.5%5.45
¢ -3.73:0.73 -3.460.87 -3.481.82 -3.2@0.83
r 0.63:0.18 0.720.09 0.6%0.16 0.6%0.06

1- properties extracted from the GMM deconvolutadnmultiple matrix measurements, * - mean valuethwi
limits representing the 95% confidence intervaldhaf mean, ** - angle of inclination of the equabipability
density ellipsestan(2g)=2cov(Hr,M)/((Gur)*-(aw)?), counterclockwise, degrees of af¢ *** -the linear
(Pearson) correlation coefficient; y=cov(Hr,M)/(duitou), T - one standard deviation

As can be seen from Table V.1 and its pictoript@sentation (Figure V.6(a)), the average
indentation hardneds of the ‘glassy’ matrix may be considered stablerafe range of the
load applied, taking into account the span of threfidence intervals. This trend may not hold
for the indentation modulus because of the apparent steady rise of this propeth
decreasing indentation force. On the other hanthe@snaximum indentation force increases,
the convergence of this property towards an asyl@pteQ0 [GPa] takes place
(see Figure V.6(a)). Both measured properties amngy correlated, reflected by a quite
significant value of linear (Pearson) correlatiaefficientr, which appears to be relatively
stable for the considered loads. Finally, the equabability inclination anglep andr > 0
show that this correlation is positive independewnth the force applied, meaning that any
increase in the indentation hardness of matrix @hideads to an increase in the modullis

The average indentation hardness of the secondifidd mechanical phase (statistical
cluster II), corresponding to the quartz mineralmuch higher in comparison to the hardness
of the matrix phasenin(H")=1.4min(H). Also in this caseH does not suffer from drastic
changes in value, with respect to the level of e applied in the experimental analysis
(Table V.2(a)). However, Figure V.6(b), and predyreferred table, shows a slight increase
over the remaining means of hardness for the imdient load=11 [mN]. A similar tendency
has been noticed in indentation experiments onlesingolated aggregate of quartz, whose
results representing the average from a minimurbOomeasurements at each load level are
included in Table V.2(b). Regarding the averagesimdtion modulu$/, this property seems

to be hardly influenced by the load level (pen@&ratiepth) based on the grid measurements
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results. A less prominent convergence toward ampiyte located aM=95 [GPa] when

compared to the ‘glassy’ matrix phase is observed.
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Figure V.6 Results of the global analysis, variatd the indentation hardnelsisand modulus
M with respect to the maximum indentation loaghFapplied: a)Phase 1lis associated to
‘glassy’ matrix (Table V.1), bPhase 2is assumed to represent the quartz (Table V.2(a-b)

Note that the grey lines are visual aids and dampty any trends.

The average values of the indentation modulusimdxdain grid analysis (Table V.2(a))
compare well with the outcomes from the single aggte measurements (Table V.2(b)), but
an increase in the modulus for the lower loads afg® occur in the latter case. According to
the discussed results, both measured propertigsoarigvely correlated for most of the ranges

of indentation load or penetration depth equivdyent

Table V.2(a). Mechanical properties of quartz aiedi in the depth-sensing indentation in

multiple grid indentation measuremehts.

Pmax [MN] 1.170.01 2.280.01 4.540.01 9.030.04
Rimax [NM] 90.24+3.39 127.7%1.43 185.663.31 264.180.89
H [GPa] 13.63:0.98 13.3%0.36 13.030.76 13.990.43
M [GPa] 98.8%5.76 96.6%2.35 94.821.82 95.395.42'
¢ -6.97+6.01 -5.2%#1.32 -2.731.90 -3.222.14
r 0.66:0.37 0.620.20 0.540.34 0.7@0.08

1- properties extracted from the GMM deconvolutanmultiple matrix measurements, * - mean valuethwi
limits representing the 95% confidence intervalshaf mean, ** - angle of inclination of the equablpability
density ellipsestan(2¢)=2cov(Hr,M)/((Gur)*(aw)?), counterclockwise, degrees of atc *** - the linear
(Pearson) correlation coefficient; y=cov(Hr,M)/(duitom), T - one standard deviation
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Table V.2(b). Mechanical properties of quartibtained in the depth-sensing indentation on

single aggregate.

Pmax[MN] 1.16+0.01 2.290.01 5.530.01 11.0%0.02
Nimax [NM] 88.95:1.02 126.7%2.17 208.296.27 296.852.97
Hi: [GPa] 13.7(:0.28 13.230.54 13.280.57 13.860.32
M [GPa] 102.3#2.15 99.882.72 91.826.71 93.431.95
r 0.23 0.89 0.59 0.40

2- properties measured on the isolated, singleeagde of quartzyi=r,=2.5 [MN/min], * - mean value, from
minimum 10 measurements, with limits representimg35% confidence intervals of the mean.

In the closure of this section additional findirrgsealed in the statistical gird indentation
experimental analysis are briefly reported. In éxperimental campaign the main target has
been set on the assessment of the mechanical pespef the ‘glassy’ bond incorporated
within the brick microstructure. However, next tbet mechanical identification of the
mentioned phase, the experimental analysis revehtegresence of other components with
distinct mechanical properties and incorporatedigmificantly lower volume fractions. One
of such species is titanium-oxide bearing solid,0o8éh chemical composition has been
confirmed in the EDX analysis. This phase is predidvith a radically higher stiffness than
the host matrix or even quartz, with a mean vahmutM=240 [GPa]. On the other hand, its
hardnes$1=14.50 [GPa] is still significantly higher than thmelentation hardness of ‘glassy’
matrix, but appears to be comparable to the hasdoéguartz. The reported values were
obtained at the penetration depth.=73 [nm]. Such solid may be associated with rutile

mineral, which is common in the ceramic batchewesas structural building products.

V.4.3. Surface Topography — a First Order Approxitan Toward Areal Parameter
Characterization of Investigated Regions via theiftoof Contact Detection Procedure

A single depth-sensing experiment protocol, cdroat in the standard way, incorporates
three basic stages (see Figure V.7(a)): approadhi@gurface with the indenter head, the
proper indentation according to a chosen loadirigading schedule and finally retracting the
probe to its neutral positiom. The second step, leading to the principal loatkpation
depth(P-h) curve, is initialized once the contact betweenphebe and the sample surface,
marked as ‘point of initial contact;, has been achieved. This point represents théqosf

the indenter that is the ‘zero’ reference for thept-measuremeft?’ Such a sequence is
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repeated at eadkth nodal point of the indentation grid programmedroae&hosen region of
interest (ROI) on the specimen surface. From tiperé it may be observed that, if the neutral
position of the tip marked ag 58 assumed to represent the auxiliary referenmegal(x,yFz,
hence the distance measulez -7, gives access to the ROI topography at each descret
location. Therefore, an approximate map of theamarftexture, with accuracy (resolution)
limited mostly by the grid spacinlg andly may be reconstructed, as well as a first order

estimation of the areal parameters could be oldaine
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Figure V.7 Aspects regarding the single indentaérperiment: a) a schematic representation
of the flow sequence, b) reconstruction of the spen surface based on the ‘point of contact’
procedure, roughness component of the surface nglstaivith MountainsMap®® after
leveling and filtering the waviness (8uri]) component from the raw data. NM -

non-measurable points.

An attempt to estimate the areal parameter of Gié (see Figure V.5(c)) based on the
points of contact approximation is presented ndxgure V.7(b)). The corresponding
measures of the surface roughn8ssind S, are calculated according to the 1ISO standard,
giving in this particular case the approximate ealof=36 [nm] and=46 [nm], respectively.
This means that the obtained values compare wéil the average values measured with the

Atomic Force Microscope (AFM).
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V.5. DISCUSSION

V.5.1. Glassy Bond — the Origin of Its Elastic Preypies and Hardness, and a Comparison
with Existing Data for Glass and Glass-Ceramics

In the opening of this discussion the morpholazgether with composition of the ‘glassy’
bond must be recalled. This load bearing comportgnthe brick microstructure is a
composite material, where the neo-formed crystats, spinel, mullite of sub-micrometer size
coexist with aluminosilicate glass (see Figures(&d) and V.8(c)). This structure reminds
that of glass-ceramics, in which randomly orientegstals are bound by residual glass to
form a solid free of voids. However, while in thags-ceramic the typical mass fraction of
glass does not exceed 5 [wt88}his is not the case for the building ceramicghis group of
materials, the mass fraction of the incorporate@rpimous phase tends to span from around
10 % at 900 [°C] to as much as 60 % of the totassnaf solid for processing temperature
around 1300 [°C{%33230n the other hand, in this temperature range tagsmontribution
of neo-crystal phases, like mullite, is substahtidbwer. The studies of quantitative
determination of crystalline and amorphous phasesal this contribution to be in the range
[3;15] [wt%] for traditional ceramic product®® rarely exceeding 20 % of the total mass of
the stoneware, like in the case of electric poindtadies produced at 1408C].** Therefore,
the fraction of the polycrystalline phase incorgedawithin the ‘glassy’ matrix is well below
the one for glass-ceramics, what makes the alunticete glass the principal component.
Nevertheless, it may be instructive to trace theratteristic domains of the elastic properties
and hardness of oxide glass-ceramics and glassatedron the base of a ceramic system, in
which SiO-Al,O3 pair of oxides represents the principal chemigadcges. Such materials
could be considered as representing a part offitttious’ frontier for the domain of the
measured properties of the ‘glassy’ matrix.

Two of the examples belonging to the first grodpnaaterials are the glass-ceramics
investigated by Hunger et &lor Wange et al® (see Figure V.8(a)). Both studies are focused
on the microstructure-property relation in the glasramics in the system
Si0-Al,03-MgO-TiO,, with possible use of nucleating agents €,. According to these
studies, the glass-ceramics microstructures, whaseipal components are crystals of low-,
high-quartz, next to minor contribution &g-Al spinel, sapphirine or cordierite in the size
tens of nanometers (see Figure V.8(a)), are charaet by relatively high Young’s modulus
E (>100 [GPa]) and Vickers hardnesd/ (>8 [GPa]), the later obtained at load level
P=2+20 [N] (Figure V.9(a)). It may be also noted, thetth measured properties of such
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ceramic systems may reach upab50 [GPa] for modulus of elasticity and as much as

=12.5 [GPa] for hardness.

Figure V.8 Examples of glass-ceramic microstrucuag TEM micrograph of glass-ceramics
investigated by Hunger et &F.b) SEM micrograph of the feldspar glass-ceramicdied by
Bernardo et af! c) Bright-field TEM of ‘glassy’ matrix with primar (P) on left side and
secondary (S) mullites on the right side in modeicplain sample quenched after 3 [h] at

1100 PC], adopted from Igbal and Léé.

Similar Vickers hardness8 [GPa], measured &=5 [N], may be also encountered in the
porous §<5 %) feldspar glass-ceramics investigated by Belmat al>’ In this material the
main phase constituents are feldspars (microclime athoclase), which account for almost
80 % of the total volume and are of fibrous morplyl with average crystal size of
[4;5] [um] (see Figure V.8(b)). However, despite the inooation of the alumina platelets in
the volume fraction up to 15 %, its Young's modulus the range [60;80] [GPa] is
significantly lower than the one from quartz-basgldss-ceramics previously discussed
(Figure V.9(a)).

The domain of Young's modulus and hardness ofgaoic glasses shifts drastically
towards smaller values on th®/-E *fictitious roadmap’ (Figure V.9(a)). The resutifHand
and Tadjiev’® Yoshida et af’ or Pukh et al*’ obtained on silicate glasses, indicate a
common range for the Young’'s modulus [60;80] [GFamilar range of values was given by
Rouxel for soda-lime-silicatés.As for the Vickers hardness, it tends to be iatiwithin
[4;6] [GPa]. All referred studies confirm an appadde variation of mechanical properties
with respect to the glass chemistry (Figure V.9a-#s observed in the earlier investigations

H243 or Yamane and Mackenzie on silicate gladéésit is generally accepted,

of Ainswort
that the main reason for this is the variationh& bonding energy of atoms and their packing

density with glass composition. Therefore, the telabehavior of glass and its strength

111



Probing of the Building Brick Microstructure by Meaof Instrumented Indentation Method..

depend on the nature of the oxygen polyhedra (n&tvi@rmer), the way on which the

polyhedra are linked together and the nature ofretyork-modifiers presefit:**
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Figure V.9 Mechanical properties of selected cecamaterials: a) scatter diagram of HV-E
for inorganic glasses and selected glass-cerarn)csjodulus of elasticityH) and Vickers
hardnessHV) of silicate and aluminosilicate glasses, dataaexéd from the SciGlass data

base for glass propertié$.

With the model results of glass-ceramics anda#i@lasses discussed above, an attempt
to classify and understand the origin of the experitally measured indentation properties of
‘glassy’ matrix phase is made next. In order tachetnis goal, the experimental indentation
modulusM and indentation hardnest are used to calculate the corresponding modulus of
elasticity E=M(1-14) and Vickers hardned$V=0.93H of matrix obtained in each single grid
measurement. An assumption of the isotropic soliti Woisson ratiov=0.24 is made, what
seems to represent a reasonable compromise betheaiass and glass-ceramic materials.
The results of such conversion are overlaid togethth reference data on théV-E plane
(Figure V.9(a)). It must be noted that no distiantior the force applied is made in this case,
therefore the set of the experimental values is nouapproximately within
[8;10]x[80;100] [GPa] region okV-E plane, with a tendency of the records to skew tdwa
its upper limits.

One of the first observations drawn relates tohhelness of matrix, which appears to be
quite similar to the reference hardness of quaaizd feldspar glass-ceramics, although
significant differences exist in the mineralogicamposition. Such a conclusion must be
considered with care and may be premature, sireklthof ‘glassy’ matrix is not measured
directly but inferred theoretically. Moreover, thead level applied in the experimental
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analysis of the brick matrix is much smaller thha teferred cases. While the magnitude of
hardness tends to be comparable, a similar obsemwdbes not hold for the Young’s modulus
(Figure V.9(a)). The elastic modulus of ‘glassy’'tmais substantially higher than the elastic
modulus of silicate or aluminosilicate glasses walkali oxides incorporated as well as
feldspar ceramics. On the other hand, the elastidutns is appreciably lower than in case of
high strength glass-ceramics reported by Hungeal&t or Wange et af® Such result
corroborates the composite nature of the ‘glasbgsp (see Figure V.8(c)), meaning that the
neo-formed crystal species, e.g. mullite, contebta the overall stiffness of matrix and
enhance this property, when compared with the ‘milieate or aluminosilicate glasses with
alkaline elements (Figure V.9(b)).

Table V.3 Composition [wt%] and theoretical Youngsodulus [GPa] of the glass
incorporated within the microstructure of structulay products.

Oxide I* II* lI1* [\/**

SiO; 60.16 67.88 59.50 76.00
Al,Os 24.11 22.86 26.86 16.00
Na,O 3.21 1.81 3.84

K»0 7.26 5.15 6.44 7.00
CaO 1.00

MgO 1.94 0.73
Fe0; 3.32 1.58 2.45

TiO, 1.07

Et 71.09 70.48 69.38 69.96(73.35)

*. quantitative electron microscopy (AEM) resuleported by Navarro et df' **- reported by Igbal and Le¥,
t - values calculated according to method Privede®’ as well as Makishima and MackeriZi€in brackets.

A quantitative image of the phenomenon just reggbrnay be given by considering the
volumecy, fraction of mullite estimated form the Voigt (updeound, Eqg. V.3(a)) and Reuss

(lower bound Eq. V.3(b)) solutions for the effeetistiffnessEe+ of a composite material:

VvV _ Eeff - Eg
Cn —m V.3(a)
R — (Eg - Eeﬂ) Em
" (E,-E) Ey 730
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where E4 and E, are the theoretical moduli of the amorphous bgaphase and mullite
crystal, respectively. The theoretical Young's mlodwf the glass, calculated on basis of the
experimentally determined composition (Table Va)proache&y=71 [GPa]. The modulus
of mullite, corresponding to the average of the g¢foand Reuss mod&l*® is around
Er=224 [GPa]. Given these values, together with tham experimental record®1 [GPa]
treated as a effective response, the expected eoftamtion of the mullite phase is inscribed
within the range [0.13;0.32] (see Figure V.10).Aay be observed from the same diagram,
the experimental band may shift and scale thisrvatesignificantly towards lower values
(lower edge), or allow for appreciably higher vokinof neo-crystals in order to reach
experimental stiffness (upper edge). Neverthelsssh limits forc, appear to be very
consistent with the values determined experimgntathe Rietveld analysis on the structural
clay products reveals the range of mullite volumaetion to be [0.05;0.16f* while the
semi-quantitative analysis of heat-treated mixtuoésmica, kaolinite and quartz in the

temperature range 1180300 PC] gives the approximate bounds [0.18;0.33].
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Figure V.10 Variation of the Voigt (upper) and Reytwer) bounds of effective modulus
with respect to the mullite volume fraction withihre ‘glassy’ matrix.

Finally, it is worth mentioning that the theoreti®ounds foc,;, computed from the Voigt
and Reuss solutions, are much lower than the marinmlume fraction of the mullite phase
within the matrixc™®}, which could be reached if the total amo& [wt%] of Al,Oz
available in the batch was attributed to this phaglg. This value has been estimated from
the assumption of quartz content of 40 [wt%], whiepresents a very extreme case. In the

typical commercial stoneware, the quartz contemtesabetween 20 to 25 [wt%] onty®
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Additionally, assuming that all the kaolinite cointed in the raw batck36 [wt%], obtained
in the semi-quantitative FRX-XRD analysis, trangisrto mullite on heating, the volume
fraction of mullite approaches 0.28, which is withhe Reuss-Voigt theoretical range. These

observations additionally support the experimefitaling reported in this work.

V.5.2. Phase Properties — Correlation With the Locahemical Composition Obtained in
the X-Ray Energy Dispersive Spectroscopy (EDX) Arséd

One of the most characteristic features of stmattceramics is the level of heterogeneity
of its microstructure. Such heterogeneity, presenoss the material scales of a brick! "
manifests not only by the complex 3D form of théckrskeleton, but also by the spatial
variation of the mineralogical and chemical composi The energy dispersive Xx-ray
spectrometry (XRD) analysis exposes this phenomdrnyomapping the distribution of the
elements over the investigated surface of the debteck (see Figure V.11(a-d)). This
variation is apparent in the distribution of thearse and fine grained quartz mineral or
feldspar (see Figure V.1 and Figure V.5(c)), whimsmtion within the skeleton tends to be
random in nature. Therefore, with increasing sizéhe randomly selected region of interest
(ROI) to carry out the depth-sensing grid measurgsjeghe chances of probing phases of
different mineral origins within a single matrixeaincreasing. As a result, the experimental
outcome, seen for example as a scatter diagrarmeofetcords irH-M plane, may represent
the complex pattern, whose statistical interpretat{deconvolution) could be complex
leading to misclassification of estimated phaseerties. Such effect may be easily amplified
if a very low quality polished surface is examinedthe contrast between the mechanical
properties of the existing phases is weak. Howeher careful surface preparation procedure
and fine surface finish, together with appreciaflechanical contrast between the phases,
provided a clear phase separation obtained intttestical deconvolution (Figure V.5(a-b)),
supported by the elemental maps taken on a largate sover the same ROIls
(Figure V.11(a-d)). Both grid measurements, G16 @id, expose the cluster of the points
associated with the quartz mineral, which may bsly#cated on the elemental maps as a
region where the only element present is silicah (S

The appreciable variation of the chemical compmsiis encountered in the ‘glassy’
matrix phase as well and may be captured fromeferned x-ray elemental maps. While the
gross distribution of silicon appears to be unifomithin the matrix phase (see Figure
V.11(a)), a significant variation in the aluminurancentration is observed (Figure V.11(b)).

More explicitly, the large pocket of the melt wheéhe grid measurements G16 and G17 were
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located tends to have quite constant concentraifothis element. The rest of the matrix
domain outside of the central ‘pocket’, with theaddcteristic form of ‘strings’, experiences a
high gradient in alumina concentration, dependingtlee spatial location. Such regions are
identified by much higher intensity of the x-ragsal recorded in the EDX detector on the

elemental Al map (Figure V.11(b)).

Map data
MAG: 1100 x HV: 20.0 kV WD: 10.0 mim

Map data
MAG: 1100.% HV:20.0 kKVuWD: 10.0 mm.

(b)

Map data
MAG: 1100 x HV: 20.0 kV WD: 10.0 mm

Map data
MAG: 1100 x HV: 20.0 kV WD: 10.0 mm

(d)
Figure V.11 Relative gross variations in the chehaomposition over the region of interest

(RON) including the domain of the G16 and G17 ntaisi (see Figure V.5(a-c)). Mapping of
spatial distribution of: a) silicon, b) aluminunm),mmagnesium and d) potassium.

On the other side, the central melt pocket incafes magnesium in higher amounts than
the rest of the surrounding matrix phase. Finaly,apparent uneven distribution of alkalis,
like potassium (see Figure V.11(d)), is presenhinithe central melt ‘pocket’ itself. It may
be observed, that the concentration of this elenselotwer in the region corresponding to the
G17 grid experiment, when compared to the regiomafrix G16 as well as the rest of the
melt pocket. This difference in the contributiontieé potassium to the overall composition of
the melt could contribute to the slight differenndhe average indentation modulus obtained
on the two grids. Thus, the ‘glassy’ matrix regiomhere the higher concentration of

potassium occurs (G1R)=94.7 [GPa]), gives average stiffness lower thanntfarix phase
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with less amount of alkali elements (GWB=96.1 [GPa]). This observation is coherent with
the behavior of inorganic glasses. The reductionKgd content by half in the melt

composition | included in Table V.3, with simultamues proportional increase of the other
components to account for reduced mass, leads &mrdtical Young's modulus

E=73.11 [GPa]. Comparing this value with the originalue of 71.09 [GPa] a minor 2 %
increase has been found. Finally, such spatiahidity in the chemical composition over the
domain of matrix may significantly contribute toettoverall scatter of the experimental

results.

V.5.3. Phase Properties — Micromechanical Represgineness

In the testing of the mechanical properties ofefmeneous materials, the concept of
mechanical representativeness of the measured rgespes of primary importance.
Therefore, it is required that the volume of theterial considered to measure inherent
material response should be representative — Rapedve Elementary Volume (REV).
More specifically, to demonstrate the REV concepnhsider statistically homogenous
composite material (satisfied condition of ergoicf of two solid phases firmly bonded
together. According to Hift! in such a case the REV term is used in referencéhe
sub-volume of the bulk composite material that “a) i structurally entirely typical of the
whole mixture on average, and (b) contains a sefficnumber of inclusions for the apparent
overall moduli to be effectively independent of tlseirface values of traction and
displacement, so long as these values are ‘maquasdly uniform’.”. Such a requirement
must be obeyed not only at macro-level, e.g. ditetaxial tension-compression tests, but
also at the smaller scales (indentation tests),reviiee bulk material is confined in much
limited volumes and one looks for the intrinsic pedies of the phase. The postulate of Hill,
in the framework of the classical homogenizatioredm field) theory, aims at predicting the
overall behavior of the heterogeneous medium ateuggaleLmacro from its micro scale
(denoted byl) constituents and is referred to as shale separability conditio(Eq. V.4):

d<
d<

} LO < Lmacro V'4

where Lo represents the characteristic scale associatdd REV volume. As given, two
options are allowed on the left side. The firstginality d<L may be a sufficient condition for
the phases with weak geometric disorder and weagepties mismatch, while in the other

cases a much stronger restrictibrcL must be fulfilled>?
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The existence of the representative elementanynwveland related scale parametgifor
the ‘glassy’ matrix composite is discussed nexevRwus experimental investigations show
the duality in the size of the neo-crystals incogped within the ‘glassy’ matrix phasé’*®
Such a duality is related to the two basic formshef mullite phase, primary and secondary
types, respectively. The primary mullite, togethéth accessory minerals like hematite, may
reach up to=0.2 [um] in size, while the secondary type is of acicutaorphology with the
approximate lengtk0.5 [um] and aspect ratia=0.1+0.25" One may find mullite needles
grown excessively above this size, however thisiooaly localized. The assembly of newly
formed crystals and glass may be considered fremidfs (@ = 0). Is such cases, the REV
scale parametedy=Lo/d depends on the relative mechanical contEH¥E™ between the
incorporated inclusion&€” and the aluminosilicate glad€™=[60;80] [GPa]. The elastic
constants of mullite measured with the aid of RasbrUltrasound Spectroscopy (RUS) or
Brillouin Spectroscopy are well documen@guiie={ C11=280; C,5~233; C35=360} [GPa]1**°
leading to the isotropic polycrystalline modulE®=225 [GPa]. The elastic properties of
hematite, as well as quartz, do not diverge sigaifily from the ones reported for mullite.
Hence, Chemaits{ C11=C22242; C33=228}° [GPa] and for quartzCouan={C11=C,~87;
Cs5=106}>* [GPa] givingE"uan~99 [GPa] (Voigt/Reuss/Hill averaging). It is evidethat all
the incorporated phases are relatively close tesglaatrix in the sense of elasticity.
Therefore, the ‘glassy’ matrix composite is chagdzed by the apparently small mismatch in
the elastic propertiesr=E"/EM=3. As a result, the weak form of the scale sepamati
condition (Eq. V.4) seems to apply.

According to the criterion proposed by Drugan &I\Wi(called here DW modelj for a
two phase composite of randomly dispersed isotrppiticles within an isotropic matrix, the
minimum REV size for which the nonlocal term in tlegplicit equilibrium equations
produces a no negligible correction to the locahtewith 1 % error of the effective modulus,
is dw=In2a=3.5. This would be valid for the entire range bé tvolume fraction and is
confirmed numerically by Guse¥ suggesting that the REV size is unexpectedly smellat
least 3.5 times larger than the size of incorporabeterogeneity. This would entail
L°W=0.7 [um] for a primary mullite (PM) type morphology andV=1.7 [um] for a
secondary (SM) form. On the other hand, the nurakiiovestigation’ of two phase linear
elastic composite, reinforced with the same indaostype, indicates a REV parameter
0=Lo/d>8. For a characteristic size of the material vaueight times larger than the

incorporated heterogeneity, the discrepancy otffective material properties obtained under
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kinematic uniform boundary conditions (KUBC) and den static uniform boundary

conditions (SUBC) is below 10 % for the phase asttin the range [0.1;10]. Additionally,

under both boundary conditions problems the caefiicof variation in the strain energy is
below 5 %. Further increase in the REV size leadshe asymptotic convergence of the
effective properties discrepancy towards zero. ldertbe results of numerical analysis
suggest the REV sizd"“M=1.6 [um] for primary mullite morphology and up to

LNYM=4.0 [um] in case of secondary mullite morphology.

Summarizing the numerical estimation, and the rétemal bound given by the
DW-model, the characteristic scdlg of REV element valid for ‘glassy’ matrix tends be
inscribed within the intervals™,0[0.7;1.6] [um] andL®"y0[1.7:4.0] [um], respectively. It
should be emphasized at this point that the derb@mehds assume the composite material
reinforced by isotropic spherical inclusions. Howevas mentioned in the text, as well as in
the materials section of this chapter, the mupitase (anisotropic behavior), and particularly
its secondary morphology, is of acicular shape wilite significant aspect ratio. Therefore,
the divergence df, from the postulated limits above cannot be exalude

The philosophy behind the standard indentatioh isesimple: by pushing the diamond
probe of the indenter the volume of the bulk bemdscomes deformed in a way which
reflects the mechanical properties of the testdal.s®herefore, the results of the inverse
analysis of the experimentB-h diagram are considered to represent the averagmetities
from the volume (called here the interaction voluedement IVE), which incorporates the
fraction of the bulk excited from its natural statee to the mechanical interaction with the
probe. It is generally assumed that a rough estinwdtthe interaction volume size is
3hmax5hmax for Berkovich type indentef>° Appling this approximation to the indentation
depths reached along the experimental campaignideddn this work (Table V.1), one finds
the interaction volume to be: [0.3;0.5imh] atP=1.17 [mN], [0.42;0.7] jim] atP=2.25 [mN],
[0.63;1.05] pm] atP=4.5 [mN] and finally [0.9;1.5]iim] atP=9.00 [mN], for ‘glassy’ matrix
phase. Naturally, for a higher force applied, apprtional increase in the penetration depth
(or equivalently interaction volume) is achievedisl means that the IVE is converging
towards the theoretical estimate of the REV derivethe previous paragraph. In case of the
very shallow indents at load level 1.17 [mN], théeraction volume size is two times smaller
than the REV for primary mullite morphology and streally smaller than the REV estimated
for secondary mullite form. However, starting frahe 2.25 [mN] indentation force, both
elementary volumes start sharing common region é&ndlly overlap for PM type

morphology, whereas for the 9.0 [mN] load the iattion volume starts approaching the
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lower bound of REV of secondary type morphologyéai this correspondence between both
elementary volumes REV and IVE, it is very unlikellyat the indentation experiment
operated to a depth below 100 [nm] will infer thé&rinsic properties of ‘glassy’ matrix phase.
At this depth limit a measured composite resporssdighly influenced by the volume
fractions ratio of glass and inclusions at the tmeaof the grid point, leading to the high
spatial variability in the measured properties. ISeffect may demonstrates itself as a high
scatter of the points in the experimental cloudtptbin H-M plane or as a cluster with much

higher variance vectorfy; d*v] values.

V.6. CONCLUSIONS

The polycrystalline-amorphous matrix, called hehe ‘glassy’ phase, represents a
continuous composite solid, where the aluminodiiaglass hosts the neo-crystals of spinel,
mullite and other accessory minerals in the sizetesfs of nanometers. Its complex
geometrical form, a kind of three-dimensional ‘$clfs’ with the sub-micron characteristic
scale of its bulk, requires a novel experimentgrapch able to operate at nano-, micro-level
and infer relevant mechanical characteristics. Theltiple depth-sensing experiments
combined with the advanced statistical methodsmé as statistical grid indentation
technique (SGI method), was applied in this workvjding unprecedented access to the
hardness and stiffness of this principal brick wstructure component.

The indentation tests, operated to a maximum ddgmlow 300 [nm], reveal the
indentation hardness of the ‘glassy’ matrix arous®5 [GPa] with relatively small
fluctuations around this value with respect to thepth of indentation. In terms of the
hardness level, this experimental value classtfiesglassy’ matrix above the family of silica
and aluminosilicate glasses with alkaline additjansthe group of glass-ceramic materials
next to the feldspar glass-ceramics, or even the sirength glass-ceramics based on low and
high poliform of quartz.

The average indentation modulus of the ‘glassytrimahows a small tendency to vary
with the load, or equivalently the depth of indeioia, converging toward an asymptotic value
=91 [GPa] for testing depths abo¥#&50 [nm]. Below this threshold, the characterisiogth
scales of the indentation interaction volume aredrédpresentative elementary volume diverge

significantly, entailing higher scatter of the expeental records.
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The Young's modulus averaged over the experimentabns, derived under the
assumption of Poisson ratio 0.24, appears to bergupgo the Young’s moduli of inorganic
glasses doped with alkaline elements. This enharstdthess finds its origin in the
contribution of the neo-crystal phases to the diietastic behavior of the ‘glassy’ bond. The
particles and whiskers of mullite, of higher stéfs and strength than the host glass, reinforce
the ‘glassy’ matrix and aid in the more homogenestugin and stress redistribution over its
volume. Therefore, the higher load can be sustaimgith the presence of smaller
deformations, comparing to the pure glass.

Brick microstructure investigated in this workascomplex nature, with high level of the
compositional heterogeneity and structural disor8eich a phenomenon refers to the bulk of
the brick, but also to the ‘glassy’ matrix itseMhere the local variability in composition and
morphology may be encountered. All these factorg ocaatribute to overall dispersion of the
experimental results measured by indentation tegteni Moreover, this complex material
system requires careful and pragmatic approacharstrface preparation for the indentation
experiment, which is a challenge in the porous m@udti-components solids like brick. The
work reported here represents an attempt to destiid mechanical properties of the brick
principal component, despite of difficulties memiéa above. It is believed, that the new
insight into the mechanical performance of the sgia matrix, as well as other findings
reported in this work will help to change the brickto a more sustainable and

energy-efficient construction material, tailoredoir needs.
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VI. Conclusions and Future Perspectives

The development of sustainable and innovative mgsshould motivate continuing
research. This includes novel developments in tle&d fof material science of basic
constituents of masonry, which are fired clay brak well as cement or lime mortars. In
particular, the study of the microstructure-propesdlation is much relevant for the reliable
prediction of the engineering properties. This ihe&®ntributes to our understanding of the
complex interplay between composition, material cessing and fired clay brick
microstructure by providing a systematic descriptf brick morphology as well as the

mechanical performance at different material levels
VI.1. SUMMARY OF MAIN FINDINGS AND OPEN QUESTIONS

The experimental approach followed in this workegi a detailed picture of the fired clay
brick microstructure. The hierarchical ordering heen proved, which allows one to break
down the masonry brick into three structural blockgh different morphological and
mechanical fingerprints. Such blocks are linkedn® composition of the raw materials and

influenced to a great extent by the processingneiciyy.

Conclusion 1:The microstructure of the clay brick can be dissdcinto three material
scales: Level “0" «10° [m]), “Primary Brick” (<10 [m]) and “Secondary Brick”
(<102 [m]). The level “0” represents the nanocompositgassy’ matrix developed for a
temperature above the melting temperature of the maaterials, or the assembly of
dehydroxylated, partially molten clay aggregatesdaimitial melt if the processing
temperature approaches the melting threshold. Tgiassy’ matrix phase is of composite
nature. It incorporates the neo-crystals of primaryd secondary mullites, hematite and other
minor phases in different forms, such as whiskefs sub-micron scale hosted in the
amorphous phaseThe “Primary Brick” structure combines the lower ade block and

inherent microporosity. It exhibits either a graaulmorphology or continuous matrix
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morphology with pore inclusions. The top level Ine torick microstructure hierarchy is
represented by the “Secondary Brick” block. It mmposed of fractured coarse aggregates of
sand, peripheral cracks at the interface of thersegparticles and the composite represented
by “Primary Brick”. Such a structure is describedtlwvanisotropic mechanical and physical

behavior, whose origin is found in the manufactgriachnology.

Several open questions persist. One of them @&eaelto the prediction of the volumetric
proportions of the mineral components incorporatthin the proposed scheme. It appears
that at the current state of knowledge the qualgatlescription of the phase transformation
products is available only for pure kaolinite maleiSuch quantitative model is lacking for
the mica group of minerals as well as for the mixtwf kaolinite and mica minerals.
Therefore, most of the available studies, whichl déth the phase transformations of raw
materials used in the production of structural cfapducts, represent only a qualitative
approach to this problem. Alternatively, such stésdiefer to the phase diagrams, which may
give the approximate weight fractions of the phpseduct, but only for limited cases of
binary or ternary system of oxides. Another opeabfam refers to the homogenization
scheme. An upscaling procedure, which is able topleo all the microstructural blocks
indentified in this study, is required in orderttansfer this knowledge to quantitative, reliable
macroscopic behavior. Recent developments in thmpatational homogenization of

stochastic media may provide an answer to thislpnob

Conclusion 2:;The mechanical response of heterogeneous matenalsts correlation with
the local composition and morphology can be acalyatassessed with Statistical Grid
Indentation (SGI) methods. The depth-sensing t&##ts a robust means to measure in-situ
mechanical characteristics of the phase, which wasated within unique chemical
environment and cannot be recapitulated ex-situtie bulk form. For heterogeneous
materials with hierarchical ordering of microstruce a Buckle’s rule applies as a first order
approximation of the indentation depth, at whicle ttneasured phase properties may be
considered intrinsic. Above this limit, the resuits SGI method converge with increasing
indentation depth towards the homogenized mateespponse, via transient states which are
scale and microstructure dependent. The bivariaezodvolution based on Maximum
Likelihood concept and Expectation Maximizationoaithm provides an accurate mean to
infer the internal structure of the experimentataland the number of model components,
and associate the records with the unique featdréhe investigated microstructure. Such

128



Chapter VI

result is achieved due to implementation of datsstering according to the Bayes rule of
allocation, which allows reproducing the local plkasomposition of the investigated region

on pure probabilistic basis and measured mecharriegponse.

The results of SGI technique gathered in the empeital campaign reported in this thesis
demonstrated the versatility and flexibility of theethod, which can be easily extended to
other types of composite materials. The methodirmalty developed for cement based
materials has been extended in this thesis andtailed with theoretical support by
considering the simplistic microstructures commoadtopted in the material science field.
Future progress is foreseen with respect to thécehaf the size of Region of Interest (ROI)
over which the grid indentations are executed, #redtotal number of the nodal points in
single grid measurements with respect to the levehaterial heterogeneity. Such a study
seems to be valuable if the surface fractions afhephase incorporated within the
investigated ROI are intended to be representastienators of the volumetric fractions in the
bulk. The problem of ‘statistical noise’, usuallgepent in the outcome of SGI method, and its
influence on the estimated properties and surfaaetibns of the phases should be also
addressed in future refinements of the method.

Conclusion 3The ‘glassy’ matrix incorporated at Level “0” withithe brick microstructure

represents a continuous composite solid. Its mamponent is aluminosilicate glass, which
hosts neo-crystal phases of higher stiffness armehgth. In such a material system both
mechanical properties, Young’'s moduk&l [GPa] and Vickers hardness9.5 [GPa], are

enhanced to a level significantly above the praperof silica and aluminosilicate glasses
with alkaline additions. The ‘glassy’ bond is daébed by a high level of compositional
heterogeneity and structural disorder, which cdmites to the large scatter of the

experimentally measured properties.

An attempt has been made to give a quantitativehar@cal description of the primary
constituent of fired clay brick microstructure, whioriginates at Level “0” and develops for a
temperature above the melting temperature of tiwvematerials mixture. One of the important
remaining problems is related to the quantificatddrihe mechanical behavior of the matrix
phase if the temperature of brick processing ambres the melting temperature, and the
processing conditions are not sufficient for thaycininerals to transform into a continuous

matrix of ‘glassy’ type. Such a question stays oped deserves a subsequent attempt to be
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addressed. This aspect appears to be of primargrtamre for the preservation of cultural
heritage constructed with fired clay brick masornindeed, it is common to find a matrix
composed of relicts of the clay aggregates and imnmelired brick applied in historical

constructions.

VI.2. FUTURE PERSPECTIVES AND CONCLUDING REMARKS

The study presented here aims at the implementafithe material science paradigm and
at the application of the recent developments & eékperimental material science into the
field of fired clay masonry. The chosen approaatvigled the necessary results to achieve the
objectives postulated on the beginning of this ihe3he relation between the brick
microstructure, its composition and processing d¢ants has been inferred. The refined
statistical nanoindentation has been applied aridlatad on the heterogeneous materials,
providing reliable quantitative measures of the naeical performance of the ‘glassy’ bond,
which is considered the main component of the Inglderamics.

On 17" March 1989 the Civic Tower of Pavia collapsed,hwito previous apparent
damage or significant strength deterioration. TRerd] height bell tower collapsed, killing
four people and provoking severe damage in locabsading. This catastrophe has driven an
attention of researchers to the time-dependentvii@haf masonry, e.g. creep, as well as
environmentally driven stiffness and strength detation. After this disaster, it became
common practice to construct large scale masoniymgr in order to follow the strain
evolution in time under applied constant load. mikar strategy applies for durability studies,
in which the environmental load is applied on themple, e.g. cyclic moisture and
temperature variation, and the evolution of stratiength or stiffness is assessed. Such
measured ‘properties’ refer to the macro scalejihgathe fundamental explanation of creep
origin or degradation mechanism unresolved. Thehoust and approach presented here
provide great expectations for an insight into ¢hpsoblems. In fact the depth-indentation
techniques give access to the creep propertiesiniiesic creep properties of each phase of
clay brick or mortar may be assessed at small leagtl time scale, reducing significantly the
testing effort required in the large scale specsndm addition, the material deterioration or
coupled phenomena may be traced at all scales.

The methods applied in this study are of gendratacter and find their application in the
studies on a broad spectrum of materials. HoweterSGI method represents a unique and
promising experimental approach to investigaterthdti-physics phenomena at the smallest
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accessible scales, nano-, and submicron scalefathehat the nanoindentation method has
been extended to heterogeneous materials driveéhebgeed of exploration of cement based
materials cannot be ignored. Since the first pidngeapplications in the laboratories of the
Massachusetts Institute of Technology, the versatind reliability of these methods have
been proved, providing relevant insight into theren@fined structures of such materials. The
author believes that such progress and advancebmailso achieved in the field of structural
clay products and will help to tailor this materita societal needs and environmental

demands.
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Appendix I: MatLab code — Checker Board
Model (Chapter IlI)

function [P, d, SPR] = CheckerBoard3D( j,d,D,M)

%
% Konrad J.Krakowiak 21.07.2010
%

% CheckerBoard3D - function to calculate the discre te probability masses Pi
% distribution of the checkerboard idealized materi al model, for given
% partition scheme H with odd numbers of intervals (Chapter IlI)

%
% Input parameters:

% j - even number of the checkers per edge

% d - size of the interaction volume

% M - odd division number of the discrete areas wit hin the composite zone
% M=m-2, where m stands for the total number of the intervals within

% the discrete partition H

% D - the size of the single checker

%

VTOT=(j*D-d)."3; % Volume available for probing with interaction

% volume of characteristic size d

V1=0.5*(j*3)*(D-d)."3; % Volume which represents Phase 1, V2=V1, c1=c2=0.5

%1\ * * * *

%Calculation of the discrete volumes VI(I11.6b), VI I(111.7b), VIII(111.8)
%************************************************** kkkkkkkhkkkkkhkkkkhkkkkkhkkx

% Definition of the vectors VI, VII, VIl and the s ub-volumes Qi(lll.6a) as

% well as sub-areas Si (lll.7a)

133



MatLab code — Checker Board Model

Vi=zeros(1,(M+3)/2);
Vll=zeros(1,(M+3)/2);
Vlll=zeros(1,(M+3)/2);

Q=zeros(1,(M+3)/2);
Q(1)=0;
Q((M+3)/2)=(d/2)"3;

S=zeros(1,(M+3)/2);

S(1)=0;

S((M+3)/2)=(d/2)"2;

% Calculation of the sub-volumes Qi and sub-areas S

for i=2:((M+1)/2)
Q(i)=quadgk(@(x)CheckerIntegralVolume(x,(i-1)/M
F=@(x)d*(((i-1)/M)*d-x)./(d-2*x);
S(i)=quad(F,0,(i-1)*d/M);

end

% Definition of the multiplication factors NI, NIl

% of corner points common for 8 checkers, Nll-the n

% for 4 checkers, and NllI-the number of faces comm

NI=(j-1)"3;

NIH=3**((-1)"2);

NI=3*("2)*(-1);

% Calculation of the VI, VIl and VIII:

for i=1:((M+1)/2)

VI(i+1)=8*NI*(Q(i+1)-Q());
VII(i+1)=4*NII*(D-d)*(S(i+1)-S(i));
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if i<((M+1)/2)
VII(i+1)=2*NI1*(d/M)*((D-d)"2);

else
VIII(i+1)=NlI*(d/M)*((D-d)"2);

end

g@ * * * *
%Calculation of the global vector of discrete volum

%to the assumed partition scheme H

96**************************************************

VOL=[V1 0.5.%(VI(2:(M+1)/2)+VII(2:(M+1)/2)+VII(2:(

(VI((M+3)/2)+VII((M+3)/2)+ VI (M+3)/2))];

% Symmetry Condition (Vi=Vm+1-i)

counter=1,;

for j=(M+2):-1:(M+3)/2
VOL(j)=VOL(counter);
counter=counter+1;

end

96 * * * *

%Calculation of the vector of probability masses Pi

96**************************************************

P=VOL/VTOT;
P=P;

96**************************************************

% Verification

96 * * * *

SPR=VTOT-sum(VOL);

96**************************************************

end

% see Figure 111.6(a)

% see Figure 111.6(a)

es Vi, which corresponds

*kkkkkkkkhhkhkhhkkkkkkkkx

M+1)/2))

for given partition H

*kkkkkkkkkhhkhhkkkkkkkkx

*kkkkkkkkkhkhkhhhkkkkkkkx

*kkkkkkkkhhhkhkhhkkkkkkkx
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function  z=CheckerintegralVolume(x,a,d)
%
% Konrad J.Krakowiak 21.07.2010
%

% CheckerChackerlnegralVolume - function to evaluat
% Eq. Ill.6(a)
%

n=length(x);
z=zeros(size(x));

for j=1:n

% Limits of integration for the second variable (Xi

y1=0;
y2=d*(a*d-x(j))/(d-2*x()));

% * * *

% Function z=f(x,y) expressed in the modified coord

g@**************************************************

Al=(d"2)*x(j);

A2=2*d*x(j);

A3=4*X());
h=@(y)((-a*d"3)+Al+(d"2)*y-A2*y)./(A2+2*d*y-A3*y-d"
% Integration with adaptive Simpson quadrature

z(j)=quad(h,y1,y2);

end
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Appendix Il: MatLab code — Homogenization
(Separation of Scales) (Chapter
lll, Figure 1l1.17(a))

function [ Eeff ] = ScaleEffect(X2,X3,X4,X5)
%
% Konrad J.Krakowiak 21.07.2010
%

% ScaleEffect - function used to follow the homogen ization or separation of
% of scales for biphasic materials, fiber board mod el, effective modulus
% follows the law of mixtures (Figure I11.17(a))

%
%Input Parameters:

% X2 - number of the fiber cells ()]

% X3 - size of the unit cell (Dc )
% X4 - diameter of the fiber (Df )
% X5 - size of the observation window (d)

% Create the fiber board jxj
CENTERSF=gridtop(X2,X2);
XCG=CENTERSF(1,:)*X3+X3/2; % Equally Spaced Centers

YCG=CENTERSF(2,:)*X3+X3/2; % Equally Spaced Centers

% Construct the observation window

WXB=[0 0 X2*X3 X2*X3 0]; % Board of size X2*X3
WYB=[0 X2*X3 X2*X3 0 0]; % Board of size X2*X3

% Choose randomly the center of the observation win dow
a=0.5*X5;

b=X2*X3-0.5*X5;
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OXW = a+(b-a).*rand(1,1);
OYW = a+(b-a).*rand(1,1);

% Construct the observation window

WX=[OXW-0.5*X5 OXW-0.5*X5 OXW+0.5*X5 OXW+0.5*X5]; % Rectangle of size X5
WY=[OYW-0.5*X5 OYW+0.5*X5 OYW+0.5*X5 OYW-0.5*X5]; % Rectangle of size X5

% Draw the board and the fibers

for i=1:size(XCG,2)

t=0:0.01:2*pi;

XF{i}=0.5*X4*cos(t)+XCG(i); % X coord. of the fiber locus

YF{i}=-0.5*X4*sin(t)+YCG(i); % X coord. of the fiber locus
end

%
% Graphics module
%

figure(1)
set(gcf, ‘Color'  ,'w' )
axis off
hold on

for k=1:size(XF,2)

plot(XF{k}, YF{k})

end
axis equal
patch(WX,WY,[1 11 1], 'FaceAlpha’ ,0.6)
plot(WXB,WYB)

%

% Module to enhance the calculation of the intersec

% with the interaction window of size d
% Consider only these fibers which are in close pro
% the interaction window [OXW,OYW], limit is set fo

% size of the interaction window 3X3

counter=1;
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% plot the fibers on the board

% plot the observation window
% plot the outline of the board

tion areas of the fibers

ximity to the center of

r three times the actual



Appendix Il

for i=1:size(XCG,2)

if  XCG(i)>=(OXW-0.5*X5-3*X3) & XCG(i)<=(OXW-+0.5*X5+3* X3)

XC1(counter)=XCG(i);
YC1(counter)=YCG(i);
counter=counter+1;
end

end

counter=1;
for i=1:size(XC1,2)

if YCL(i)>=(OYW-0.5*X5-3*X3) & YCL1(i))<=(OYW+0.5*X5+3* X3)

XC(counter)=XC1(i);
YC(counter)=YC1(i);
counter=counter+1;
end

end

% Define the boundaries of the fibers which are lef t after the filtering

% procedure above

for i=1:size(XC,2)
t=0:0.01:2*pi;
XF1{i}=0.5*X4*cos(t)+XC(i);
YF1{i}=-0.5*X4*sin(t)+YC(i);
end

% Calculate the area of the intersections

for j=1:size(XC,2)

[X1,Y1]=polybool( ‘intersection’

INTAREA(j)=polyarea(Xl,YI);

%

% Graphics Module
%

% Add Intersection Regions to the graphics

[fl, vI] = poly2fv(XI,YI);

patch( 'Faces' | fl, ‘Vertices'

% X coord. of the fiber locus

% X coord. of the fiber locus

WX, WY, XFL{j}, YF1{j}); % calc.overlap

, v, 'FaceColor'  ,[0.9,0.2,0.4],
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MatLab code — Homogenization (Separation of Scales)

'‘EdgeColor' , 'none' );

%

end

% Define the mechanical properties of the fiber Ef

Ef=260;
Em=120;

% Calculate the actual surface fraction of fiber ma

% interaction window

cf=sum(INTAREA)/(X5"2);

% Calculate the effective modulus (Voigt)

Eeff=Ef*cf+Em*(1-cf);

end
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and matrix phase Em

terial within the
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