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“What we know is a drop, what we do not know is an ocean.”

-Sir Isaac Newton
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Dedicated to his majesty Rumi, who shed the light on my path through life and love.

“What you seek is seeking you.”
-Rumi
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Preface

This dissertation is an original intellectual product of the author and ultimately based on the
research work conducted by the author. It is submitted for the degree of Doctor of Philosophy in
Materials Science and Engineering at the Universitat Politécnica de Catalunya - BarcelonaTech.
The research described herein was directed under the supervision of Professors Luis Miguel Llanes
Pitarch and Joan Josep Roa Rovira between February 2016 and March 2021. The experimental
works were mainly carried out within the Centre d'Integritat Estructural, Micromecanica i
Fiabilitat dels Materials (CIEFMA) group from the Departament de Ciéncia i Enginyeria de
Materials (CEM) of the Universitat Politecnica de Catalunya (UPC) and the Laboratory for
Nanometallurgy from the Department of Materials of ETH Zirich. The presented work is original
unless otherwise detailed references are provided.

This Ph.D. dissertation is presented as a compendium of published articles and is formed of six
chapters, which are described hereafter. Chapter 1 provides a general introduction of studied
composite systems as well as descriptions of the main microstructural parameters and mechanical
properties. Chapter 2 presents the aim and objectives of the work. Chapter 3 includes detailed
information such as constitutive elements and production processing routes of the studied
materials. Moreover, techniques for microstructural characterization and evaluation of mechanical
properties are described in this chapter. Published scientific articles, in which the first author is H.
Besharatloo, are included in Chapter 4. The obtained results, focusing on the main idea behind the
thesis, are provided in Chapter 5. Finally, general conclusions and the future outlook of this Ph.D.
thesis are summarized in Chapter 6.
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Abstract

Multiphase systems include a wide variety of engineering materials that are extensively used in
industrial applications owing to their structures. They may be described as composites whose
microstructure consists of different phases with distinct mechanical properties. Accordingly, the
mechanical behavior of these materials is dictated by the intrinsic response of each constitutive
phase as well as the fashion in which they interact with each other. Therefore, an accurate and
detailed assessment of both microstructural characteristics and small-scale mechanical properties
becomes key for understanding the macroscopic behavior of these materials. Obtaining this
knowledge means predicting the macroscopic response of a multiphase system from the behavior
exhibited by its constitutive phases, which leads to optimize its microstructural design.

Within the above context, the current study is intended to offer a systematic investigation, aiming
to assess small-scale mechanical properties of multiphase materials through a protocol based on
massive nanoindentation and statistical analysis. It consists of three sequential stages: (i)
microstructural characterization, (ii) micromechanical evaluation (massive indentation and
statistical analysis), and (iii) correlation between microstructure and mechanical properties using
advanced characterization techniques.

Microstructural characterization of studied systems was carried out through extensive and detailed
field emission scanning electron microscopy analysis. This is an essential step for determining
testing parameters to be used when implementing massive indentation, particularly penetration
depth of performed imprints; and consequently, corresponding applied load and proper space
between indentations (grid spacing). Based on the acquired information, massive indentation
testing and statistical analysis of experimentally gathered data were implemented. Main outcome
of this second step was to determine the local properties of several unidentified phases. Such data
analysis was then complemented by the use of different advanced characterization techniques for
deeper inspection of microstructural features. Main goal of this final step was to define the
unidentified mechanically distinct phases, on the basis of physically-based correlations between
microstructure features and small-scale properties.

The proposed and described protocol has been implemented on three different materials: Duplex
Stainless Steels (DSS), Polycrystalline cubic Boron Nitride (PcBN) composites and Ti(C,N)-FeNi
cermets. They are representative of metal-metal, ceramic-ceramic, and ceramic-metal systems,
respectively.
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This Ph.D. thesis is presented as a compendium of scientific publications in which several specific
objectives are studied, using the proposed testing protocol, for each multiphase system. Regarding
the metal-metal system, the influence of the processing route on the local mechanical properties
(hardness and elastic modulus) of austenitic and ferritic phases of a DSS was successfully
evaluated in the first article. It was found that cold work effects on the small-scale properties of
both austenite and ferrite phases were more pronounced than those promoted by the other
processing routes studied. Moreover, a novel 2D histogram of hardness and elastic modulus was
introduced and validated as a suitable and effective tool to correlate microstructure and intrinsic
mechanical properties of the constitutive phases of DSSs.

The second article was devoted to extracting the small-scale mechanical properties of a PcCBN
composite. The superhard material consists of cBN ceramic particles embedded within a TiN
binder. Moreover, the correlation of relative B/N ratio and local hardness for individual cBN
particles was studied and understood, through complementary analysis by means of electron probe
X-ray microanalysis of the data attained using the proposed testing protocol. In doing so, five
mechanically distinct phases were defined, based on chemical nature, TiN/cBN interface presence,
and phase stoichiometry. It was discerned that the hardness of cBN had a direct relationship with
the N amount presented in each cBN particle.

The influence of ceramic/metal phase ratio and carbon addition on the local mechanical properties
of Ti(C,N)-FeNi cermets have been assessed in the third and fourth articles. It was derived that
both composite hardness and elastic modulus of cermets are inversely related to the ceramic/metal
phase ratio. Furthermore, carbon addition was found to exhibit a direct relationship with hardness
and elastic modulus of the studied cermets. Regarding the small-scale properties of the constitutive
phases, the intrinsic hardness of both Ti(C,N) particles and FeNi metallic binder were determined
using massive nanoindentation and statistical analysis. In doing so, a thin-film model was used as
a complementary analysis step to assess the effective hardness of the constrained metallic binder.
Additionally, toughening action of FeNi binder in the studied Ti(C,N)-based cermets was
evidenced by studying deformation, damage, and fracture mechanisms evidenced in resulting
imprints.

As a general conclusion, it has been proven that the proposed methodology can be considered as a
successful testing protocol for determining small-scale mechanical properties (hardness and elastic
modulus) of the studied multiphase systems. Nevertheless, successful implementation requires
careful consideration of testing parameters used, on the basis of microstructural, residual imprint,
and plastic flow length scales.
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Resumen

Los sistemas multifasicos incluyen un abanico amplio de materiales utilizados en una gran
variedad de aplicaciones industriales. En términos de ciencia e ingeneiria de los materiales, ellos
pueden ser descritos como composites cuya microestructura consta de fases diferentes con
propiedades mecénicas distintas. En consecuencia, la respuesta intrinseca de cada fase constitutiva,
asi como la forma en que ellas interactdan entre si, dictan el comportamiento mecénico de estos
materiales. Por lo tanto, una evaluacion precisa y detallada tanto de las caracteristicas
microestructurales como de las propiedades mecanicas a pequefia escala emerge como una accion
critica para comprender el comportamiento macroscopico de estos materiales. La adquisicion de
este conocimiento significa poder predecir la respuesta macroscopica de un sistema multifasico a
partir del comportamiento intrinseco de las fases constitutivas; y con ello, finalmente optimizar el
disefio microestructural de estos materiales.

En el contexto descrito previamente, se propone realizar una investigacion sistemética con el
objetivo de evaluar las propiedades mecéanicas a pequefia escala de diferentes materiales
multifasicos a través de un protocolo que se basa en la implementacion de técnicas de
nanoindentacién masiva y, a continuacién, el andlisis estadistico de los datos experimentales
obtenidos. Esta metodologia consta de tres etapas secuenciales: (i) caracterizacion
microestructural, (ii) evaluacién micromecanica (indentacion masiva y analisis estadistico), y (iii)
correlacion entre microestructura y propiedades mecanicas mediante técnicas avanzadas de
caracterizacion complementarias.

La caracterizacion microestructural de los sistemas estudiados se llevo a cabo a traves de una
inspeccion extensa y detallada mediante microscopia electrénica de barrido. Este es un paso
esencial para determinar los pardmetros de ensayo que se utilizaran al implementar técnicas de
nanoindentacién masiva, particularmente la profundidad de penetracién de las impresiones a
realizar; y, en consecuencia, la carga que se debe aplicar y el espaciamiento adecuado que debe
existir entre las huellas. Teniendo en cuenta la informacion obtenida, se realizaron entonces los
ensayos de nanoindentacién masiva, y acto seguido, el analisis estadistico de los datos
experimentales recopilados. El resultado principal de este segundo paso fue determinar las
propiedades locales de varias fases no identificadas individualmente. Este analisis de datos se
complement6 con el empleo de diferentes técnicas de caracterizacion avanzadas que permitieron
una inspeccion en mayor detalle de las caracteristicas microestructurales. El objetivo principal de
este estadio final fue definir las fases mecanicamente distintas y no identificadas, teniendo en
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consideracidn correlaciones fisicas entre las caracteristicas microestructurales y las propiedades a
pequefia escala determinadas.

El protocolo propuesto y descrito se implemento en tres materiales diferentes: aceros inoxidables
duplex (DSS), compuestos basados en particulas de nitruro de boro cubico (PcBN) y cermets del
tipo Ti(C,N)-FeNi. Estos materiales representan ejemplos idoneos de sistemas multifasicos metal-
metal, cerdmica-ceramica y cerdmica-metal, respectivamente.

Esta tesis doctoral se presenta como un compendio de publicaciones cientificas en las que se
abordan varios objetivos especificos, utilizando el protocolo de ensayo y analisis propuesto, para
cada sistema multifasico. En cuanto al sistema metal-metal, en el primer articulo se evaluo
satisfactoriamente la influencia de la ruta de procesamiento en las propiedades mecéanicas a
pequefia escala (dureza y modulo elastico) de las fases austenitica y ferritica de un DSS. Los
resultados obtenidos permiten concluir que los efectos de la deformacion en frio sobre las
propiedades a nivel local de las fases austenitica y ferritica son mas pronunciados que los inducidos
por las otras rutas de procesamiento investigadas. Adicionalmente, en esta parte del trabajo se
introduce y valida un nuevo histograma 2D de dureza y mdédulo de elasticidad como una
herramienta adecuada y eficaz para correlacionar la microestructura y las propiedades mecanicas
intrinsecas de las fases constitutivas de los DSS.

La segunda publicacion se centro en la extraccién de las propiedades mecanicas a pequefia escala
de un composite de PcBN. Este material de extremada dureza consiste en particulas ceramicas de
cBN inmersas en una fase aglutinante de TiN. En este articulo también se evalu6 y comprendi6 la
correlacion entre el cociente B/N y la dureza local de particulas de cBN individuales,
complementando el estudio mediante microanalisis de rayos X con sonda electrénica. Para ello, se
definieron cinco fases mecanicamente distintas, teniendo en cuenta factores diversos tales como
la naturaleza quimica, la presencia de interfaces TiN/cBN y la estequiometria (relacion
cuantititativa entre los contenidos de B y N) de las particulas de cBN. Los resultados obtenidos
permitieron concluir que existe una relacion directa entre la dureza del cBN y la cantidad de N
presente en cada particula de esta fase ceramica.

La influencia de la cantidad relativa de fases (ceramica y metal) y la adicion de carbono sobre las
propiedades mecanicas locales de cermets de Ti(C,N)-FeNi se estudiaron en el tercer y cuarto
articulo. A traves de estos trabajos se evidencio que tanto la dureza como el médulo eléstico de los
cermets se relacionan de forma inversamente proporcional al cociente metal/ceramica
correspondiente a la proporcion relativa de las fases presentes. Asimismo, se lleg6 a la conclusion
que la adicion de carbono resulta en un incremento tanto de la dureza como del médulo elastico
de los cermets estudiados. Con respecto a las propiedades a pequefia escala de las fases
constitutivas, se determind la dureza intrinseca tanto de las particulas de Ti(C,N) como del
aglutinante metalico FeNi, mediante nanoindentacién masiva y el posterior analisis estadistico de
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los datos experimentales obtenidos. En este sistema, y para el caso particular de la evaluacion de
la dureza efectiva de la fase metélica, se utilizé un modelo de pelicula delgada como herramienta
de analisis complementaria. Adicionalmente, el estudio de los mecanismos de deformacion, dafio
y fractura en los cermets investigados permitié evidenciar el endurecimiento de la fase ligante de
FeNi, asociado directamente al constrefiimiento ejercido por las particulas ceramicas adyacentes.

En términos generales, el estudio realizado y los resultados obtenidos permiten concluir que la
metodologia propuesta se ha implementado y validado con éxito como protocolo de ensayo para
la determinacion de propiedades mecanicas a pequefia escala (dureza y médulo eléstico) de los
sistemas multifasicos investigados. En este contexto, se debe indicar que la implementacion
satisfactoria de esta metodologia requiere una consideracion minuciosa de los pardmetros de
ensayo utilizados, en particular en lo que refiere a la relacién entre las escalas dimensionales
representativas de la plasticidad y las huellas residuales inducidas con respecto a las caracteristicas
microestructurales del material bajo estudio.
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Resum

Els sistemes multifasics inclouen un ampli ventall de materials emprats en una gran varietat
d’aplicacions industrials. En termes de ciencia i enginyeria dels materials, aquests sistemes poden
ser descrits com materials compostos amb una microestructura i propietats mecaniques diferents
per cadascuna de les fases. Com a consequéncia, la resposta intrinseca de cada constituent, aixi
com la forma en que interactuen, dicten el comportament mecanic d’aquests materials. Per tant,
una avaluacié precisa i detallada de les caracteristiques microestructurals i de les propietats
mecaniques a petita escala emergeix com una accio critica per comprendre el comportament
macroscopic d’aquests materials. L’adquisici6 d’aquest coneixement significa poder predir la
resposta macroscopica d’un sistema multifasic a partir del comportament intrinsec de cadascun
dels constituents; i amb aix0, finalment optimitzar el disseny microestructural d’aquests materials.

En aquest context descrit préviament, es proposa realitzar una investigacié sistematica amb
I’objectiu d’avaluar les propietats mecaniques a petita escala de diferents materials multifasics a
través d’un protocol que es basa en la implementacid de técniques de nanoindentacié massiva i, a
continuacio, 1’analisi estadistic a partir de les dades experimentals obtingudes. Aquesta
metodologia consta de tres etapes seqiiencials: (i) caracteritzacié microestructural, (ii) avaluacid
micromecanica (indentacié massiva i analisis estadistic), i (iii) correlacié entre microestructura i
propietats mecaniques mitjancant tecniques avancades de caracteritzacié complementaries.

La caracteritzacié microestructural dels sistemes estudiats es va portar a terme a través d’una
inspeccid extreta 1 detallada mitjancant microscopia electronica d’escombrat. Aquest €és un pas
essencial per determinar els parametres d’assaig que s’utilitzaran per implementar técniques de
nanoindentacié massiva, particularment la profunditat de penetraci6 de les impressions a realitzar;
1 en conseqiiéncia, la carrega que s’ha d’aplicar 1 I’espaiat adequat que ha d’existir entre les
empremtes. Tenint en compte la informacié obtinguda, es van realitzar els assajos de
nanoindentacié massiva, i tot seguit, 1’analisi estadistic de les dades experimentals recopilades. El
resultat principal d’aquest segon pas, va ser determinar les propietats locals de diferents fases no
identificades individualment. Aquests analisis de dades es va complementar utilitzant diferents
tecniques de caracteritzacié avancada que van permetre una inspeccio amb major detall de les
caracteristiques microestructurals. L’objectiu principal d’aquest estudi final va ser definir les
diferents fases mecanicament no identificades, tenint en consideracio correlacions fisiques entre
les caracteristiques microestructurals i les propietats a petita escala determinades.
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El protocol proposat i descrit es va implementar en tres materials diferents: acer inoxidable duplex
(DSS), compostos basats en particules de nitrur de bor cubic (PcBN) i cermets de tipus Ti(C,N)-
FeNi. Aquests materials representen exemples idonis de sistemes multifasics metall-metall,
ceramic-ceramic i ceramic-metall, respectivament.

Aquesta tesi doctoral es presenta com un compendi de publicacions cientifiques en les quals
s’aborden diferents objectius especifics, utilitzant el protocol d’assaig i analisis proposat, per cada
sistema multifasic. Referent al sistema metall-metall, en el primer article es va avaluar
satisfactoriament la influencia de la ruta de processament en les propietats mecaniques a petita
escala (duresa i modul elastic) de les fases austenita i ferrita d’un DSS. Els resultats obtinguts
permeten concloure que els efectes de la deformacié en fred sobre les propietats a nivell local de
les fases austenitica i ferritica son més pronunciades que els inclosos en altres rutes de
processament investigats. Addicionalment, en aquesta part del treball s’introdueix i es valida un
nou histograma 2D de duresa i modul d’elasticitat com una eina adequada i eficag per correlacionar
la microestructura i les propietats mecaniques intrinseques de les fases constitutives dels DSS.

La segona publicacié es va centrar en I’extraccid de les propietats mecaniques a petita escala d’un
compost de PcBN. Aquest material d’extremada duresa esta constituit per particules ceramiques
de cBN immerses en una fase aglutinant de TiN. En aquest article també es va avaluar i comprendre
la correlacio entre el quocient B/N i la duresa local de particules de cBN individuals,
complementant 1’estudi mitjangant microanalisis de rajos X amb sonda electronica. Per aixo, es
van definir cinc fases mecanicament diferents, tenint en compte factors diversos tals com la
naturalesa quimica, la presencia d’interfases TiN/cBN i I’estequiometria (relaci6 quantitativa entre
els continguts de B i N) de les particules de cBN. Els resultats obtinguts permeten concloure que
existeix una relacio directa entre la duresa del cBN i la quantitat de N present en cada particula
d’aquesta fase ceramica.

La influéncia de la quantitat relativa de fases (ceramica i metal-lica) i I’addicio de carboni sobre
les propietats mecaniques locals de cermets de Ti(C,N)-FeNi es van estudiar en el tercer i quart
article. A través d’aquest treball es va evidenciar que tant la duresa com el modul elastic dels
cermets es relacionen en forma inversament proporcional al quocient metall/ceramic corresponent
a la proporcio relativa de les fases presents. Tanmateix, es va arribar a la conclusi6 que 1’addicio
de carboni resulta en un increment tant de la duresa com del modul elastic dels cermets estudiats.
Respecte a les propietats a petita escala de les fases constitutives, es va determinar la duresa
intrinseca tant de les particules de Ti(C,N) com de I’aglutinant metal-lic FeNi, mitjangant
nanoindentacié massiva i un posterior analisi estadistic de les dades experimentals obtingudes. En
aquest sistema, i pel cas particular de I’avaluacio de la duresa efectiva de la fase metal-lica, es va
utilitzar un model de pel-licula fina com una eina d’analisis complementaria. Addicionalment,
I’estudi dels mecanismes de deformacid, dany i fractura en els cermets estudiats va permetre
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evidenciar I’enduriment de la fase lligant de FeNi, associat directament al constrenyiment exercit
per les particules ceramiques adjacents.

En termes generals, 1’estudi realitzat i els resultats obtinguts permeten concloure que la
metodologia proposada s’ha implementat i validat amb éxit com a protocol d’assaig per la
determinacié de propietats mecaniques a petita escala (duresa i modul elastic) dels sistemes
mutifasics investigats. En aquest context, s’ha d’indicar que la implementacié satisfactoria
d’aquesta metodologia requereix una consideracidé minuciosa dels parametres d’assaig utilitzats,
en particular referint-se a la relacio entre les escales dimensionals representatives de la plasticitat
i les empremtes residuals induides respecte a les caracteristiques microestructurals del material
estudiat.
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Chapter 1.
Introduction

Proper performance of any engineered device, structure or product requires the use of the right
materials. The group of materials that are used in the production of man-made assemblies and
components are called engineering materials and may be classified into four large groups: metals,
polymers, ceramics, and semiconductors. The primary function of an engineering material depends
on its properties, for instance, the capability to withstand applied loading without breaking and/or
exhibiting excessive deflection. On the other hand, the effective properties of engineering
materials are directly linked to their chemical nature as well as the arrangement and morphology
of the constituting particles and/or phases [1,2]. Metallic, ionic and covalent are the types of bonds
mainly found in metals and their alloys, ceramics, and semiconductors, respectively. Ceramics
usually exhibit a mixture of ionic and covalent bonding. Meanwhile, in polymers weak secondary
forces of attraction (Van der Walls forces) are present between the extended covalently bound
hydrocarbon chains (Figure 1.1) [2].
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Figure 1.1. Bonding behavior present in different groups of engineering materials [2].

The arrangement of constituting particles and phases may be described at different levels. At the
lowest one, atoms may position each other following some order. In the case of inorganic materials
(metals and ceramics), the main subject of this Ph.D. dissertation, it usually takes place as crystal
or lattice structures where atoms are arranged in periodically repeating arrays. However, even
though these materials are referred to as crystalline ones, the order is neither perfect nor unlimited.
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In the first case, it results in a variety of crystal imperfections which are classified as point
(vacancies, interstitial atoms), line (dislocations), planar (stacking faults, twin boundaries), and
volume (voids, cavities) defects. In the second case, it implies a jump into a microscopic structural
level, i.e. one involving large groups of atomic arrangements separated by either grain or phase
boundaries. These are interfaces that separate two adjoining grains (or phases) having different
crystallographic orientations and, in the case of phases, different crystal structures and/or chemical
compositions [2]. This scenario by itself defines the key “microstructure of engineering materials”
which is critical to control the resulting properties. Hence, the microstructural design is key for
tailoring the properties of a material to fit the requirements of a certain application. Effective
implementation of this approach requires an in-depth understanding of the processing-structure-
property relationships. These three main factors and the links among them are shown in Figure
1.2, and they are the pillars supporting the foundations and success of materials science and
engineering [3].
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Figure 1.2. The "iterative tetrahedron" representing the four main components describing materials science and engineering
(adapted from [3]).

As it is seen in Figure 1.2 the amount of data that might be scrutinized to obtain comprehensive
knowledge of the materials is almost unlimited. Depending on the application, the required factors
which have to be taken into consideration can be varied. Accordingly, identifying and analyzing
them needs extensive knowledge and expertise, which may involve different materials science and
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engineering criteria. This implies combined multiscale theoretical, analytical and experimental
efforts. In this regard, and within the scope of this Ph.D. thesis, assessment of mechanical
properties at the micrometric length scale is proposed as a key issue towards the optimized
microstructural design of inorganic multiphase composites.

As it has been described above, the microstructure of a material could be comprised of one or
several phases. Although remarkable properties may be achieved in single-phase materials through
combined processing and thermal treatments, tailoring them for desired applications might be
limited. Meanwhile, property windows may be widened by using multiphase systems. In this
regard, assuming that processing requirements and challenges may be satisfied and overcome
respectively, the achievement of targeted properties by tailoring the microstructure of multiphase
materials would be more flexible than attempting it by using single-phase ones (e.g. Refs. [4-9]).
However, it requires access and implementation of advanced characterization techniques for
precise and reliable assessment of both microstructural features and micromechanical properties
for all the present phases (e.g. Refs. [10-13]). This would help to discern how structure-property
correlations at small scales affect the macroscopic behavior of the bulk material. Such knowledge
is recognized as critical for the effective microstructural design of multiphase materials, as it aids
to understand the physical micro-mechanisms as well as enhances the prediction (simulation)
capability of the macroscopic response of these materials, on the basis of those exhibited by its
constitutive phases (e.g. Refs. [14-18]). Inorganic multiphase materials have a vast variety of
industrial applications. Therefore, investigation and analysis of their effective properties are
crucial not only for the optimization of their performance but also for designing new materials
(e.g. Refs. [19-24]). Moreover, research in such a field may give insights into further
developments of the related mathematical, physical, and engineering theories about multiphase
systems (e.g. Refs. [9,18,22].

The above definition of multiphase system includes a wide variety of engineering materials.
Within the framework of this Ph.D. thesis, we are limiting the study to inorganic composites.
Inorganic materials are generally derived from non-living sources, such as rocks or minerals, and
encompass such categories as ceramics, glass and metals. Furthermore, materials chosen for the
investigation correspond to different multiphase systems: metal-metal, ceramic-ceramic, and
ceramic-metal, all of them being successfully implemented in industrial applications as
engineering components and tools.
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1.1 Multiphase systems under consideration in this work

In this section, general information about constitutive phases/elements, microstructure, processing,
properties and applications will be provided for the different multiphase systems under
consideration in this work. They refer to Duplex Stainless Steels (DSS), Polycrystalline cubic
Boron Nitride (PcBN) composite, and Titanium Carbonitride/lron-Nickel [Ti(C,N)-FeNi] cermets
as representative examples of metal-metal, ceramic-ceramic and ceramic-metal systems,
respectively.

1.1.1 Metal — Metal system

DSSs are chromium-nickel-molybdenum-iron two-phase alloys. They usually have a
heterogeneous microstructure consisting of approximately equal phase amounts of austenite and
ferrite (e.g. Figure 1.3), obtained by controlling chemical composition and heat treatments. As a
result, they combine some of the features of austenitic and ferritic stainless steels, becoming the
optimum selection for certain applications. On one hand, they are resistant to corrosion as the
former, although not as resistant as the ferritic stainless steels. On the other hand, they exhibit a
toughness superior to that of the latter, but lower than the one shown by austenitic stainless steels
[25-34].

Figure 1.3. A typical microstructure of a rolled duplex stainless steel [35].

DSSs have existed since the early 1930s. They were developed to reduce the intergranular
corrosion problems present in the early high-carbon austenitic stainless steels, particularly in terms
of resistance to chloride stress-corrosion cracking. This advantage of DSSs over austenitic steels
has been exploited by engineers since then. The first-generation DSSs were produced in high-
frequency induction furnaces using precisely weighed alloying additions. Partial vacuum ensured
carbon removals, rudimentary de-oxidation and restricted nitrogen ingress. Although these DSSs
provided good performance characteristics, they had limitations in the as-welded condition. As a
consequence, the use of the first-generation DSSs was confined to a few specific applications,
usually in the non-welded condition [29-32].
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The use of DSSs became extensive from the late 1970s on. The main reasons behind it were a
nickel shortage which pushed up the price of austenitic steels, demand for stainless steel grades
able to perform under extreme service conditions typical of a rising offshore oil industry, and the
introduction of the vacuum and argon oxygen decarburization practices. As a result, the second
generation of much cleaner DSSs emerged. They exhibit improved welding properties mainly
through nitrogen alloying. A well-controlled addition of nitrogen and lowering of carbon content
improved corrosion resistance and high-temperature stability of the duplex structure, e.g. the heat-
affected-zone by stabilizing the austenite [29-32]. One of these second-generation DSSs EN
1.4462 or 2205 (UNS S31803/S32205) — with a nominal composition of 22% Cr, 5%Ni, 3% Mo,
and 0.16% N — is the metal-metal system to be studied in this thesis. It is the most common grade
today and is used in a great number of applications in a wide variety of product forms.

The success of the EN 1.4462/2205 (UNS S31803/S32205) grade led to the development of an
entire family of duplex alloys, which range in corrosion resistance depending on their alloy
content. The modern DSSs can be divided into three groups [36]: (1) lean and/or first-generation
DSSs, with 0.05-0.6 wt. % of Mo [34]; (2) standard or second-generation DSSs, from which the
2205 grade is the work-horse one, accounting for more than 80% of duplex use; and (3) super
DSSs, the most highly alloyed grade for wrought products (25% Cr, 6.8% Ni, 3.7% Mo and 0.27%
N, with or without Cu and/or W additions) [27,28].

The mechanical properties (high yield strength and ductility) and corrosion resistance of DSSs
make them suitable for many industrial applications involving stringent service conditions, e.g. the
oil and gas, the pulp and paper, chemical industries, and chemical tankers. Most of these
applications require relatively simple forming, such as the rolling of cylindrical sections, press
forming, and vessel and tank head forming by pressing or rolling. Moreover, in all these
applications, properties such as welding, corrosion resistance, and mechanical strength, are crucial.
In this regard, DSSs exceed the mechanical properties of the completely ferritic or austenitic alloys.
Table 1.1 provide some information and comparison between DSS and single-phase stainless
steels [25,26,28,31,37,38].

Table 1.1. Basic composition and mechanical properties of three types of stainless steel [37].

YS UTS

Cr C Ni Elongation
Structure 0 0 0 Short name Rpo.2 Rm .
(wt. %) | (wt. %) | (wt. %) (MPa) | (MPa) As(%)
Ferrite | 13-30 | <0.1 <1.0 X8Cr18 345 540 20
Austenite | 17-26 | <0.1 7-26 X5CrNil18-10 190 450 45
Duplex | 24-28 | <0.0/0.4 | 4-7 | “PCMIMONZZ 1 g0 | 709 25

YS Rpo.: Yield strength the amount of stress that will result in a plastic strain of 0.2%.
UTS Rm: Ultimate tensile strength.
As: The ratio of the original specimen gauge length to diameter ratio of 5.
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Considering the multiphase system definition of DSSs, their final bulk properties would be mainly
attributed to properties and fraction of each constitutive phase (austenite “y” and ferrite “a”).
Regarding the influence of y- and a- phase fractions, it has been claimed that duplex
microstructures with an equal fraction of austenite and ferrite offer the optimum combination of
corrosion resistance and mechanical properties. High ferrite fractions decrease toughness and
elongation, whereas low ones increase the susceptibility to chloride stress corrosion cracking [39—
43]. Therefore, it seems clear that ferrite-austenite balance has a critical influence on the properties
of DSSs, and determining a method to obtain an optimum combination of properties is of great
interest [44]. In this regard, the influence of alloying elements becomes critical for DSSs.

Apart from Fe and C, as any other stainless steel, DSSs contain additional alloying elements (Cr,
Mo, N, and Ni) which can tailor the microstructure and the amount of constitutive phases within
these materials [45-53]. As a consequence, they also affect the mechanical, physical and corrosion
properties of DSSs, as will be briefly explained below.

Chromium comprises at least 20% of DSS grades, which enhances both corrosion and oxidation
resistance at elevated temperatures. It is a ferrite former, which means that its addition promotes
the BCC structure of iron. At higher Cr contents, more nickel is necessary to form a duplex
(austenite-ferritic) structure. Moreover, Cr may also promote the formation of intermetallic phases
[29,44,45].

Molybdenum enhances pitting and crevice corrosion resistance of DSSs. It is a ferrite former
(similar to Cr) and also increases the tendency of a stainless steel to form detrimental intermetallic
phases. Therefore, the amount of Mo addition in DSS is usually limited to less than 4%
[29,45,46,54,55].

Nitrogen is a low-cost alloying element that also increases, as it is the case for Mo and Cr, the
corrosion resistance of DSSs. It is a strong FCC austenite former which provides the toughness of
the DSS. Nitrogen raises the strength of the austenite phase by solid solution and work-hardening
mechanisms. Moreover, N could delay the formation of detrimental intermetallic phases at
elevated temperatures, which lets the processing and fabrication of the DSS grades be
accomplished with the desired structure. Therefore, nitrogen-bearing DSSs display good toughness
owing to their higher austenite fraction and reduced intermetallic contents [29,45,54,55].

Nickel is an austenite stabilizer that promotes a change of the crystal structure of stainless steel
from BCC (ferrite) to FCC (austenite). The amount of Ni content ranges from 1.5 to 7%. Ni could
also delay the formation of detrimental intermetallic phases, while the effectiveness of N is much
higher in DSS [29,44,45].
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Besides the alloying elements, other factors such as heat treatment and processing route might
have relevant influences on the fraction of constitutive phases [37,40,41]. Figure 1.4 displays the
Fe-Cr-Ni ternary phase diagram, which is the guideline of the metallurgical behavior of DSSs. It
illustrates that these alloys solidify as ferrite, which then partially transforms to austenite as the
temperature falls, depending on the alloy composition. Moreover, it is shown that nitrogen raises
the initiation temperature of a—y phase transformation which leads to increase the a—y
transformation rate (see the colored region in Figure 1.4). Therefore, even at relatively rapid
cooling rates, the equilibrium level of austenite can nearly be reached if the grade has sufficient
nitrogen, which improves the structural stability of the DSS grade [27,49,52,53].
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Figure 1.4. Section through the Fe-Cr-Ni ternary phase diagram (at 68% iron content) [52].

From the phase diagram shown in Figure 1.4, it may be discerned that small changes in
composition can significantly affect the relative volume fraction of austenite and ferrite. The
influence of each alloying element on the formation and consequently phase balance of
ferrite/austenite in the microstructure might be predicted with multivariable linear regression, as
follows:

Creg=Cr +1.73 Si + 0.88 Mo Equation 1.1
Niegg= Ni +24.55C +21.75N + 0.4 Cu Equation 1.2
% Ferrite = 4.01 Creq — 5.6 Nieg + 0.016 T — 20.93 Equation 1.3

where T is the annealing temperature, ranging from 1050 to 1150 °C, and the elemental
compositions are in wt. % [47].

The goal of achieving the desired phase balance of austenite and ferrite is attainable by first
adjusting the contents of N and Ni (as austenite stabilizers) as well as of Cr and Mo (as ferrite
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formers), and then by tailoring the thermal history. Controlling these variables, besides other
factors such as metal forming aspects (not detailed here), lead to develop the desired DSSs
structure [37,44].

Finally, another microstructural factor that should be taken into account is the grain size of each
phase. Depending on the desired application and formability of DSS, different manufacturing
routes are applied to DSSs. These forming processes may also change the grain size of each phase,
due to grain refinement or recrystallization processes induced by cold and hot rolling respectively
[48,50].

1.1.2 Ceramic — Ceramic system

This set of systems are used in a wide variety of advanced engineering applications. Understanding
the relationship between microstructure and properties can help to enhance the design of these
materials which may have a significant influence on the corresponding industrial applications. In
this regard, a PcBN composite was chosen to be studied as a representative example of an inorganic
multiphase ceramic—ceramic system in this Ph.D. thesis. The functionality of PcCBN mainly resides
in its composite nature: a polycrystalline two-phase structure consisting of micron-sized grains of
cubic boron nitride (cBN) held together by a binder material of ceramic chemical nature. PCBN is
extensively used in highly demanding applications, such as tooling for high precision abrasive
machining processes of alloys employed in the automotive and aerospace industries, due to
superior thermal and chemical stability of cBN compared to diamond [56,57].

The extreme hardness of PcBN is the main characteristic of this ceramic-ceramic system. It is
provided by cBN, which is the second hardest material only after the diamond. Therefore, since
cBN is playing a key role to determine the bulk properties of PcCBN, knowledge about its structure
and properties becomes critical for optimizing the microstructural design of this composite
material.

Excellent properties of cBN and diamond such as high hardness, thermal conductivity and
chemical stability make them widely used in industrial applications, like cutting tools. Diamond-
based cutting tools are employed for shaping hard materials (concrete, stones, ceramics and non-
ferrous metals, among others) which have a low chemical reactivity with carbon. Machining iron-
base alloys at high-temperature damages the diamond cutting tools due to the tendency of the
diamond to react with those materials [58]. On the other hand, cBN is chemically inert to iron and
is thermally stable to temperatures as high as 1000°C, i.e. better than diamond. Moreover, cBN
can also form passive oxide layers at high temperatures when in contact with oxygen. Thus, it is
suitable for the machining of hard ferrous alloys. Regarding technological progress, cBN tools
represent a big advance in terms of tool life and operational performance in front of its competitors
and previous solutions, as hardmetals or even diamond tools [58-60]. Table 1.2 shows a
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comparison between the basic properties and characteristics of cBN and other typical abrasive
materials.

Table 1.2. Summary of the main physical and mechanical properties of abrasive materials [59,61].

Properties cBN Diamond wC
Density (gr/cm®) 35 35 14.7
Vickers hardness (GPa) 50 110 20

Fracture toughness (MPa-Vm) 5 3 3

Young's modulus (GPa) 600 — 800 1140 600
Compressive strength (GPa) 5.3 8.7 4.5
Thermal conductivity (W/m-K) 150 — 700 500 — 2000 100
Thermal expansion (10°-K™) 1.5 1.5-4.8 5.4

The outstanding properties listed for cBN in Table 1.2 are directly related to its structure. It is a
synthetic allotrope of boron nitride (BN) with a three-dimensional network of short and strong
covalent bonds, which is critical for its properties. BN consists of equal amounts of boron and
nitrogen atoms and has a structure similar to carbon. Thus, BN has different allotropes: hexagonal
BN (hBN), cubic BN (cBN) and wurtzite BN (WBN), although the former two are the most
common forms [62]. BN is usually found in nature (atmospheric conditions) as a hexagonal lattice
(analogous to graphite in diamond). Meanwhile, cBN is formed by the conversion of hBN. The
hexagonal lattice shown in Figure 1.5 consists of a stacking arrangement along the c-axis of planar
layers of hexagonal rings where boron (B) and nitrogen (N) occupy the edges. The layer sequence
is ABAB... with B and N atoms also alternating along the c-axis [59,63,64]. cBN was first
synthesized in 1957 by Wentorf [65]. It was found that high-temperature and high-pressure
conditions, similar to those needed for the synthesis of diamond, could be used to convert hBN to
cBN (Figure 1.5).
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Figure 1.5. Transformation of hBN to cBN (adapted from Refs. [63,66]).
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There are two main industrial ways to process cBN materials/tools. Both of them involve high
pressure and temperature but include their particularities. They are:

e Direct conversion from hBN to cBN: This is the primary method, as developed by Wentorf,
in which just high pressure and temperature were applied. The direct conversion of hBN to
cBN can be done with pressure of up to 18 GPa and temperatures between 1750 and 3023°C.
In this process, some parameters such as starting hBN particle size and crystallinity are very
important factors for the resulting cBN grains. This method is the most basic and unrefined
way of obtaining cBN, and in this sense, the transition from hBN to cBN is done in small
volumes [65,67].

e hBN to cBN conversion using a catalyzed process: Commercially cBN is synthesized by a
mixture of hBN and various catalysts/solvents, such as lithium-, calcium- and magnesium-
nitride. The main reason for using catalyzers is to enhance the kinetics of the transformation,
in order to boost the production rates. Catalysts/solvents assist sintering process,
consolidating cBN much faster at lower pressures (around 4.5 — 5.5 GPa) and temperatures
(between 1200 and 1700°C) [59,66,68]. Figure 1.6 shows the pressure-temperature diagram
for BN and sets the regions at which hBN and cBN are thermodynamically stable. Typically,
the processing values of pressure and temperature are around 6 GPa and 1350°C, respectively
[69].
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Figure 1.6. Pressure vs. temperature diagram for BN [69].

Although cBN is a useful material, its direct application as a single crystal is rather limited, since
it can just be produced as small size particles (< 60 pum). Hence, it is rather used within materials
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containing multiple crystals of cBN joined together with a binder. The resulting materials are
usually termed Polycrystalline cubic Boron Nitride (PcBN) composites, and exhibit exceptional
combinations of extreme hardness and moderate fracture toughness, the latter linked to the addition
of different binder phases [59,70-72]. The commercial method of PcCBN production is done by
processing together cBN and sintering additives or binder materials at pressures about 4 — 6 GPa
and temperatures ranging between 1200 and 1500°C [59].

Following the above ideas, the properties of the PCBN composites would then be determined by
the final microstructure (structure) formed during sintering (processing). For PCBN composites,
cBN content and mean grain size of cBN particles can be considered as the main microstructural
parameters which then define their mechanical properties and tribological responses [73-80].

Commercially manufactured PcBN tools are available with different cBN contents and some
additives. In this regard, they are usually categorized as either high or low cBN content grades (see
Figure 1.7). High cBN content usually means values of the volume fraction (vol. %) of this phase
above 80 — 90. In these cases, the binder phase could be of either ceramic or metallic nature, e.g.
Co, W-Co-Al, Ti-Al and Al2Os. On the other hand, low cBN content refers to grades where the
vol. % of cBN ranges between 40 and 70. Here, the binder is always of ceramic nature, usually
aluminum nitride (AIN), titanium nitride (TiN) or titanium carbide (TiC) [67,81-84]. Since the
introduction of Ti-base binders in the early 1980s [85,86], PCBN grades containing TiN and TiC
as matrix have shown to be quite successful, because it enhances thermal stability and wear
resistance of the composites [87-89]. One of those TiN-containing PCBN grades is the ceramic-
ceramic system chosen for the investigation presented in this Ph.D. thesis.

Figure 1.7. Micrographs of PcBN grades corresponding to (a) low cBN (60 vol. %) and (b) high ¢cBN (90 vol. %) contents [90].

Depending on the chemical nature of the binder and cBN content, mechanical properties like
hardness and strength are strongly affected [73-75,79,91]. High cBN content and Co matrix are
recommended for interrupted cutting, while low cBN content and ceramic-based binders are



Micromechanical properties of inorganic multiphase materials 13

preferred options for finishing (continuous turning) operations. Research to date has found that
low cBN content materials provide the best performance in hard turning, in terms of tool life and
surface finish [61,82,92,93].

Regarding the physical dimensions of the hard particles, cBN grain size has shown to exert a great
influence on the bulk properties of PcCBN composites. Similar to other brittle materials, the
relationship between hardness and size of the cBN grains can be approximated by the Hall-Petch
relation, i.e. hardness is found to be inversely proportional to the square root of the grain size (H
& Vdgrain) [94]. This has been confirmed by several works reported in the literature [76,77,79].

Fracture toughness generally rises with increasing cBN grain size for low binder contents, because
larger particles, for a fixed binder amount, leads to thicker binder layers, i.e. higher mean free
paths between cBN grains [77,79].

In the literature, parameters such as the cutting edge geometry, cBN content, coating type, grain
size of cBN, type of binder, use of cooling methods and variation in cutting parameters have also
been reported to exhibit a significant influence on cBN tool performance [95-97]. However,
detailed analysis and understanding of these correlations are beyond the scope of the present
research work.

1.1.3 Ceramic — Metal system

The name Cermet is composed of the syllables “cer” from ceramics and “met” from metals. It is
an artificial word that designates the combination of brittle hard phases (oxides, carbides, borides
or similar inorganic compounds) with a ductile binder metallic phase to form a composite material.
Cermets combine hardness, wear, and high-temperature resistance of ceramics with toughness of
metals. They are generally hard, refractory and chemically resistant [69,98-101].

Cermets are widely applied in wear components, in chemical-resistant and high-temperature
applications, and as insulators. Another application that is making cermets one of the most
widespread powder metallurgy products refers to their use as cutting tools. In the metal cutting
industry, the term “cermet” is usually recalled for designating TiC- or Ti(C,N)-based composites
with a Co-, Ni-, or Co/Ni-based binder phase. On the other hand, “cermet” is rarely used for
tagging WC-base composites, which are often referred to as “hardmetals” (Europe) or “cemented
carbides” (Northamerica) within the tooling industry. Both cermets and hardmetals are extensively
employed in metal cutting processes [101]. The reason for this is their outstanding combination of
hardness and toughness compared to other cutting materials, such as tool steels or diamond
[100,102-106]. In 1927 the German company Friedrich Krupp marketed worldwide the first
cemented carbide composed of WC and cobalt, and its properties have been improving since then
[107]. However, in recent years, there has been growing interest in finding alternative materials to
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conventional hardmetals due to the high and fluctuating price of Co, which is a reflection of its
low abundance as well as its toxicity. In this respect, in 2011 WC—Co was included in the “12"
Report on Carcinogens” of the US Department of Health & Human Services as one of 240
substances that may increase the risk for cancer as powder material [108-111]. In this regard,
Ti(C,N)-based cermets are considered an interesting alternative to conventional WC—Co systems.
Although cermets show lower toughness, they exhibit superior properties over cemented carbides
in terms of hardness, wear and oxidation resistance [98,101,112,113].

In general, the toughness of cermets is reduced when a selection of the materials and the blending
method are chosen to attain better hardness. On the contrary, hardness decreases when aiming to
higher toughness [114]. Considering the nature of constitutive phases of cermets, ceramics and
metals are mainly responsible for hardness and toughness respectively. This is the most general
view of the influence of each phase on the mechanical properties of cermets. However, in order to
optimize the microstructural design of cermets for a desired application (e.g. cutting tool), some
microstructure-processing correlations have to be taken to account, and they are briefly discussed
below.

Ti(C,N)-based cermets have gained considerable attention from researchers since TiC emerged as
a potential replacement for WC in the cutting tool field. Furthermore, the beneficial effects of
nitrogen in TiC systems have spurred research into the design of materials for new cermet systems.
It is known that the presence of nitrogen in the form of Ti(C,N) refines the microstructure and
improves the mechanical properties of TiC-based cermets (see Refs. [69,98,101,115-117]). The
use of Ti(C,N) is preferred to TiC due to its greater hardness, strength, higher thermal conductivity,
and lower mass gain at higher temperatures. Table 1.3 summarizes some mechanical, chemical
and physical properties of both TiC- and Ti(C,N)- based cermets [118].

Table 1.3. Comparison of high-temperature properties of TiC- and Ti(C,N)-based cermets [118].

Cermet Micro-hardness at 1000 °C | TRS at 900°C | Oxidation rate at | A at 1000 °C
(0.2 kg force) (kg/mmd) (MPa) 1000°C mg/cm?-h | (W /m-°C)
TiC-based 500 1050 11.8 24.7
Ti(C,N)-based 600 1360 1.6 42.3

A: Thermal conductivity
TRS: Transverse rupture strength

Ti(C,N) as the hard phase is a ceramic material with a wide composition range dependent on the
ratio of C:N, usually expressed as TiC1xNx. The nitrogen content in Ti(C1xNyx) has a significant
effect on the microstructure by changing the stability of Ti(C1.xNx), resulting in different rates of
dissolution. Hard Ti(C,N) particles are combined with a ductile binder phase to yield ceramic-
metal composites with capabilities beyond those exhibited by standard WC—Co grades for their
application as cutting tools. The stringent demands linked to this application require the use of



Micromechanical properties of inorganic multiphase materials 15

Ti(C,N) powder with very fine size and narrow distribution. Various processing strategies are
currently used to get Ti(C,N) powder, and detailed information about such production routes can
be found in Refs. [119,120]. It has been reported that Ti(Co.3No.7) is the most stable compound in
the 1400 — 1600 °C range [69]. The main physical and mechanical properties of Ti(C,N) are listed
in Table 1.4 [69].

Table 1.4. Summary of the main physical and mechanical properties of Ti(C,N) [69].

Property Ti(C,N)
Molecular weight (gr/mol) 59.9-61.9
Crystallographic structure FCC
Density (gr/cm®) 6.0-6.8
Melting point (°C) 2950
Microhardness HV30 1400 — 1750
Transverse rupture strength (MPa) 1400 — 1900
Thermal expansion coefficient (K1) 9.0x10°
Thermal conductivity (W/m.K) 10

The metallic matrices used in Ti(C,N)-based cermets commonly contain Co, which shows a risk
of toxicity [108-111]. There are several studies [121-124] that propose the use of Fe as a metallic
matrix for cermets, as it is non-toxic and cheaper than Co, with the additional advantage of being
able to be hardened by heat treatment. However, the use of Fe as a matrix makes processing more
difficult because of the poor wettability of the liquid phase of Ti(C,N) particles during the sintering
step (see Figure 1.8). Some alloying elements and compounds, such as Ni, Cr, Mo, Mo.C, and W
have been reported to improve the wettability by decreasing the contact angle between the liquid
metallic matrix and the ceramic particles (see Figure 1.8b) [125-128]. Improvement of the
wettability enhances the adhesion between ceramic particles and metallic binder; and thus, the
fracture toughness of the composite [124,129]. In cermets, the state of aggregation of the ceramic
phase varies not only due to the processing history but also with the binder content. It then ranges
from isolated ceramic particles dispersed in the binder to a highly connected skeleton of contiguous
ceramic particles, for high binder content to low binder content, respectively [130]. Therefore
chemical nature and amount of binder affect directly and indirectly the properties of cermets.

Recent investigations have demonstrated that processing of Ti(C,N) with FeNi alloy by powder
metallurgy results in fully-dense cermets with final properties comparable to some cemented
carbides [131,132]. Such cermets will be the ceramic-metal multiphase materials to be studied in
this thesis.
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Figure 1.8. (a) Evolution of the contact angle of liquid Fe, Ni and Fe-15Ni in contact with Ti(C,N) substrate with the residence
time. (b) Camera shots of the evolution of liquid drop with time. (c) Micrographs of the interface of the systems Fe/Ti(C,N), Fe-
15Ni/Ti(C,N) and Ni/Ti(C,N) after high temperature wetting experiments [128].

In the case of using iron-base alloys as the metallic matrix, the carbon content becomes of
particular significance too. The addition of a conservative amount of extra carbon has shown to
play a dramatic role during the sintering stage, by lowering solidus-liquidus temperatures and
improving densification. Moreover, it induces phase transformations in the steel matrix. Therefore,
the correlation hardness-fracture toughness of the steel-matrix cermet could be improved by
changing the carbon content [133-135]. This aspect will also be addressed in this study. Each alloy
and additive has its own effects on processing towards the achievement of the ceramic-metal
composite microstructure of the final product.

The interaction of ceramic particles and metallic binder determines the final microstructure of
cermets and consequently the mechanical properties. Different variables can be considered as
important factors for describing the microstructure of cermets. On one hand, there are single-phase
parameters, i.e. grain size of ceramic particles and volume fraction of the metallic constituent.
However, in the case of cermets (and cemented carbides), the two phases are often assembled as
continuously inter-dispersed networks. Then, other two-phase microstructural parameters, i.e.
contiguity of the ceramic phase and binder mean free path (the effective thickness of the metallic
phase) are best-suited variables for providing a full description of the microstructure
[106,130,136-140]. Detailed information about the microstructural characteristics of cermets is
provided in Section 1.3.
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Binder content and size of the ceramic particles directly affect both hardness and toughness of
cermets. Since the metallic phase within these composites is the toughening agent, increasing the
binder content definitely raises toughness, and consequently decreases hardness, or vice versa
[106,141]. With respect to the influence of the mean grain size of the ceramic particles on the final
properties of cermets, it is reported that, for a given binder content, finer microstructures yield
higher hardness values than coarser ones [106,141-147]. Classification of the mean grain size of
ceramic particles is summarized in Table 1.5. The final mean grain size and distribution of the
ceramic particles within ceramic-metal composites depend on the size of the starting powders, the
milling and sintering conditions, and the composition of the binder [69]. Following the above
ideas, it can be stated that high binder contents and coarse grain sizes are the proper microstructural
selection in applications requiring a high toughness level and enhanced damage tolerance; whereas
low binder contents and fine grain sizes are the best choices in those materials demanding wear
resistance and high hardness values [106,148]. Figure 1.9 shows an example of hardness, fracture
toughness, compressive strength and wear resistance evolution of cemented carbides as function
of binder content (in wt. %) for different ceramic mean grain sizes (in this case WC) [106].

Table 1.5. Grain size classification of cemented carbides [144].

Designation Ultrafine | Submicron Fine Medium | Coarse | Extra coarse
Grain size (um) | 0.2—-05 | 05-0.9 09-13 | 13-25| 25-6 >6

Hardness Fracture Toughness
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Figure 1.9. Influence of the microstructure on the mechanical properties of cemented carbides: (a) hardness, (b) fracture toughness,
(c) compressive strength, and (d) wear resistance, as a function of the binder content for different carbide mean grain sizes [149].



18 Micromechanical properties of inorganic multiphase materials

1.2 Assessing the influence of microstructure-processing correlations on bulk
mechanical properties of multiphase systems

In the previous section different studied multiphase materials, intrinsic microstructure-processing
correlations that may affect their bulk properties, and their main applications have been introduced
and briefly discussed. Although it is evident that microstructural and processing aspects affect the
final properties of the considered materials, assessment of the specific influence of a given factor
in the mechanical response of multiphase systems is rather complicated.

Regarding the metal-metal system chosen for this study. It has been proven that some alloying
elements like nitrogen can change the hardness of the DSS grade, by modifying the phase content
and local hardness of each constitutive phase [29,150-152]. However, the effective influence of
nitrogen on modifying phase content and/or intrinsic hardness of ferrite and austenite is somehow
unknown, and the corresponding assessment is not trivial.

Concerning the ceramic-ceramic system to be addressed in this thesis, synthesis temperature and/or
pressure can modify the density and assemblage of the cBN grains as well as their reaction with
the corresponding binder; and thus, the final hardness of PcCBN composites [59,70,72,77]. Within
this context, evaluation of the effective influence of individual microstructural and/or processing
parameters, including their interactions with others, on final hardness is complex.

Finally, the above ideas also apply to cermets. It has been reported that heat treatment or carbon
addition can modify the hardness of Ti(C,N)-Fe based cermets, by improving the microstructure
assemblage (enhance the homogeneity and densification) and also work hardening of the metallic
binder [121-124]. However, knowledge and understanding of the metallic binder contribution, in
terms of phase content and work hardening, to increase the global hardness of cermets is quite
scarce.

Within the above framework, it is clear that proper and satisfactory assessment of the local
mechanical properties of each constitutive phase and their interactions is required to enhance the
microstructural design of multiphase materials. In this regard, a clear definition and reliable
characterization of the most relevant microstructural parameters which can affect the mechanical
properties, specific for each multiphase system under consideration, is also needed.

1.3 Microstructural parameters

Microstructural characterization of materials definitely has played an important role in solving
important problems in the fields of solid-state physics and chemistry, as well as materials research
and technology during the past decades. Based on the close correlation between microstructure
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and properties of materials, characterization at the sub-micrometric length scale is one of the key
tasks in these fields [153].

There are different microstructural parameters in the material science realm, depending on the
research field and studied material. Regarding the microstructural design of multiphase materials,
the main microstructural parameters which need to be taken into account will be introduced in this
section.

The principal and common parameters to characterize the microstructure of the studied inorganic
multiphase systems are the content and characteristic physical dimension of each phase. Some of
these systems, as it could be the case of the “ceramic-ceramic” and “ceramic-metal” composites
addressed in this work, involve interpenetrating phase networks. Under these conditions,
additional two-phase microstructural parameters may be defined aiming to capture the concomitant
effects of the independent single-phase variables. They are usually referred to as binder mean free
path (Avinder) and contiguity of the hard phase (Chard phase) [136,137,145]. Figure 1.10 displays the
main microstructural parameters of the studied multiphase materials.

B o phase content
[ y phase content

Ceramic
particle

Figure 1.10. Main microstructural parameters for (a) DSS (adapted from [154]), (b) PcBN and cermets.

1.3.1 Phase content

Phase content may be defined as the area occupied by each phase on the studied surface of
micrographs of a multiphase system. The surface fraction can be considered as a 2D parameter,
which can be taken as a representative measurement of the volume content of each phase (binder
content for PCBN composite and cermets, which will be discussed further below). As explained
before, depending on the multiphase system, phase content can be tailored by alloying elements
and/or processing routes. Since each phase has its own influence on the final mechanical properties
of multiphase systems, phase content (or surface fraction) in conjunction with the corresponding
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intrinsic mechanical response, may help us to find the correlation between local and bulk
mechanical properties. The surface/volume fraction of each phase can be determined by using the
following equation:

A:
Pi = -

= Equation 1.4
Atotal

where P;is the content of i phase, A; is the total area occupied by phase i, and Atotar is the total
calculated area, composed from constitutive phases within the micrograph. The total phase fraction
of constitutive phases is 1, which means:

Pi+P,+P;+--+PB, = ZPL- =1 Equation 1.5

1.3.2 Grain size

Mean grain size is a statistical concept that refers to the average dimension of a characteristic
length for the system under consideration. In the case of DSS, it must be recalled for both y- and
a- phases, whereas for PCBN composite and cermet, it is mainly assessed on the hard ceramic
particles. Grain size may be considered as one of the most important microstructural parameters
to be characterized as its influence on mechanical properties is quite relevant. As a consequence,
the effect of processing routes and alloying elements on grain size for the different multiphase
systems under consideration becomes then significant, from a microstructural design viewpoint.

The most commonly used method to determine the grain size is the linear interception (L1) method,
implemented on images obtained by means of the scanning electron microscope (SEM). LI method
is the simplest procedure to use and has the added advantage of providing data that can be used to
quantify distribution width. This method requires a straight line to be drawn across a calibrated
image. In a single-phase material the length of the line (L), starting at a random position, traversing
a number of grain boundaries (Ng), and ending at another random position, is measured (see Figure
1.11a). The mean-linear-intercept distance LI is thus [155]:

LI = L/Ng Equation 1.6

As can be seen from the above equation, only the mean-linear-intercept distance is calculated. On
the other hand, there is not any information obtained on grain-size distribution. For a nominally
two/multi-phase material such as DSSs (y- and a- phases), PCBN composite, or cermets, the LI
technique is less straightforward, because each phase has to be measured independently, but it can
provide information on grain-size distribution. It is advisable to count a relatively large number of
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grains, i.e. between 100 and 200 grains, in order to reduce the uncertainty to relatively low values,
i.e. below 10%. The mean-linear-intercept grain size (dgrain) is defined as [155]:

dgrain = Z ll/n Equation 1.7

where l; (linear-intercept length) is defined by the measured length of line overlaying each metallic
phase or ceramic particle, such thati=1, 2, 3... n, refers to the 1%, 2", 39, ... n' grain. The length
of each interval (l;) is measured using a calibrated rule (see Figure 1.11b).

Figure 1.11 shows lines drawn across the micrographs of metallic and cermet microstructure.
Lines are numbered from 1-10 (L1-L1o) which are shown on the right side of Figure 1.11.

Figure 1.11. Linear-intercept lines drawn across idealized: (a) metal structures, (b) cermet microstructure (adapted from [156] and
[155] respectively).

Generally, grain sizes of studied multiphase materials can vary over a wide range, from less than
1 um up to 20 um. Because of the uncertainties of measurement, it is good practice to report the
mean-linear-intercept grain size to one decimal place for values > 1.0 um and to two decimal
places for values < 1.0 um [155].

1.3.3 Binder content

Binder is a constitutive phase whose main function is to stick or mix together the other phases.
This definition is applicable for PcBN composite and cermets, in which ceramic particles are held
by a connected network of other material which is the binder. The quantity of binder (binder
content) is another main microstructural parameter, as its influence on the mechanical properties
(mainly hardness and toughness) of PcCBN composite and cermets is quite significant. Binder
content is commonly given in weight percentage (wt. %), but the use of the volume percentage
(vol. %) or the volume fraction (Vbinder) Can be a more informative value [137]. In the case of the
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cermet systems studied in this work, conversion of wt. % to Vhinder Can be done by applying the
following expression:

1 t Lc, c
I;Ailnde'l HT i(c;“)

Vpinder = 1 pwt Equation 1.8
1+ ng)mder

binder

where Vpinger is the binder content in volume, V¥t ,..is the binder content in weight, pric) is the

density for the Ti(C,N) (6.0 — 6.8 gr/cm®[69]) and p. is the experimental density of the composite
system.

1.3.4 Contiguity

Contiguity (Ci) is a measure of the proportion of the ceramic/ceramic particle contacts in the
microstructure, which effectively form a skeleton of the hard phase (in PcCBN and cermets).
Contiguity was defined by Gurland for the WC-Co system as “the fraction of the total internal
surface area of a phase that is shared by particles of the same phase” [106,130,157]. It somehow
measures the extent of the ceramic grain boundary area relative to the total surface area of the hard
phase grains [130]. Therefore, by definition, the Cj can vary between 0 and 1. In ceramic-metal
systems, the contiguity of the ceramic phase has been assumed to tend to zero when the metallic
binder volume fraction tends to one, and vice versa. Measured values of contiguity have confirmed
that the contiguity of the ceramic phase in ceramic-metal composite decreases as the metallic
binder content rises [158].

In a two-phase composite of constituents A and B, Equation 1.9 provides the contiguity of phase
A (Ca):

2Ny4

C,=——224
A7 2Ny4 + 2N,

Equation 1.9

where Naa is the intersection points of the contact surface of A phase sectioned with test lines, and
Nag is the intersection points of the contact surface between phases A and B sectioned with test
lines [157]. Values of contiguity for a fixed volumetric content of binder are extremely scattered.
It could be attributed to the grain size distribution of the ceramic phase, the shape of the grains or
the binder content [137,158-160].

Roebuck and Bennett [161] studied the contiguity as a function of the binder content (Vpinder) for a
series of hardmetals, and proposed the following empirical relation:
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Cc(Vhinger)" =D Equation 1.10

where the best fitting is obtained when n and D constants take values of 0.45 and 0.20, respectively.

The contiguity is also simply related to the binder volume fraction (Vp) and the mean free path in
the binder phase I, and ceramic grains IS [158], as presented in Equation 1.11

Vi

by
lC

¢=1- Equation 1.11

It is necessary to highlight that contiguity is a two-phase microstructural parameter, which is
mainly used for hardmetals (WC-Co). In general, it is not considered in ceramic-ceramic systems
like PcBN composites, because they may not exhibit interpenetrated phase networks, particularly
for the intermediate or low volume fraction of cBN grains (40 — 60%). When the volume fraction
of the cBN grains in PCBN cutting tools is less than 70%, ultrafine powders of a secondary hard
phase are purposely incorporated in the binder phase as grain growth inhibitors, to prevent or
reduce grain growth of the latter during the high temperature — ultra high pressure process [162].

1.3.5 Mean free path

The mean free path is also called the mean linear intercept in the binder phase (Abinder). It is used
to describe the effective size of this phase, under constraining conditions, in cemented carbides. It
is the most important parameter to characterize the length scale of the binder phase, due to its
inverse relationship with the specific surface of the binder phase (ceramic/binder interface per unit
volume of binder) [136]. This microstructural parameter along with contiguity of the ceramic
phase and volume fraction of binder, constitute the primary microstructural parameters of cermets.
They are interrelated, similar to the description proposed by Lee and Gurland for hardmetals [158],
according to Equation 1.12, even for varying binder phase content and sintering conditions, as
follows:

1 Vi
Abinder = — paer dTi(C,N) Equation 1.12
1= Crice,my Vricen

where Vric,ny is the volume fraction of Ti(C,N) particles. The Avinger increases when rising the
Ti(C,N) mean grain size and/or the volume fraction of binder. An increase in Apinder results in higher
fracture toughness of the composite; and thus, in lower hardness [137].
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The mean free path values could be also measured by the LI method, particularly for PcCBN
composite, where there is no specific correlation to estimate this parameter. In this regard, the LI
method is also recommended as it is a direct one and might be more accurate.

1.4 Length scale issues on the measurement of hardness, as a representative
mechanical property of multiphase systems

As it was explained before, the properties of a material are critical to assert whether the material
is eligible for a given application. Within this context, focusing on the typical applications of DSSs,
PcBN composite and cermets, mechanical properties become critical for the effective
implementation of these materials. Moreover, it has been mentioned that, besides the mechanical
response at the bulk level, intrinsic properties of the constitutive phases play a crucial role towards
optimization of the microstructural design of multiphase systems. However, assessment of these
small-scale mechanical properties is challenging, particularly in terms of identification and
availability of advanced techniques to measure them at different length scales. This requires a
critical analysis of physical and microstructural length scales, which may be different for the
multiphase systems under consideration.

Within the above framework, mechanical and physical reactions of the materials induced by
indentation have proven to be effective for supplying broad ranges of information to characterize
the structure and mechanical properties of the materials along different length scales, from macro-
to pico metric levels.

Indentation testing is one of the most common techniques to characterize the hardness (H) of a
given material. Hardness has been defined as “material's resistance to plastic deformation”,
although it is also used to recall resistance to scratching, abrasion or cutting. In metals, ceramics,
and most of polymers, the hardness is related to the plastic deformation of the surface. This
property is somehow referred to as representative of the mechanical response of a structural
material, as it has — directly or indirectly — a close relation to other properties like strength and
ductility. Moreover, hardness testing is extensively used in the industry as it is a relatively simple,
fast and cheap quality control method for materials.

Depending on the characteristics of the indentation (indenter size and geometry, the value of
applied load and displacement into the surface) and the strain field (i.e. plastic response of the bulk
material, a phase or a particle), indentation testing methods can be classified as macro-, micro-,
nano- and pico-indentation [163,164].

The usual method to assess a hardness value is to measure the depth or area of an imprint left by
an indenter of a specific shape, with a specific force applied for a specific time [165,166]. The
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shape of the indenters can be divided into two main types: blunt and sharp. Blunt types comprise
spherical indenters, flat punches, sphero-conical indenters, among others, and they are
characterized by the fact that during the first stages of contact with the material, they produce an
elastic response on it. It means that, within an instrumented indentation test, the unloading curve
is equal to the loading curve, and there the material is not permanently deformed. Upon further
loading, the response of the material becomes elasto-plastic producing a residual imprint. Sharp
probes, on the other hand, induce an elasto-plastic imprint from the beginning of the loading cycle,
due to the fact that, in theory, the indenter tip has a null area, producing a stress singularity in the
material. Sharp probes usually present a constant face angle; hence, the response of the material is
self-similar for all penetration depths. Sharp tips are usually conical or pyramidal, being Vickers
(4-side), cube-corner (3-side) and Berkovich (3-side) the most usual ones. Regarding the desired
information and mechanical properties required, three different indenters: Vickers, Berkovich and
cube-corner, have been employed in this work. They are briefly explained in Table 1.6.

Table 1.6. Name, application, shape and contact area of the different indenters used in this work.

Shape and contact area

Indenter Application [167]

Three-face design allows grinding the tip
to a sharp point. Mainly used for carrying
out nanoindentation to measure hardness
and elastic modulus. It is also suitable for
bulk materials, thin-films, polymers, h&/_’/_
scratch and wear testing [168].
Pyramidal diamond tip. Used for
evaluating micro-hardness of different
Vickers systems (HV), as well as scratch and
wear testing, of bulk materials, films and =
foils [168]. = =
Three-sided  pyramidal tip  with
perpendicular faces. It is suitable for
Cube-corner | thin-film scratch testing, indentation A=24.60h?
fracture toughness and wear testing | %%

[168].

Berkovich A=24.56h?

A=24.50h?

Indentation hardness measurement could be performed at macro-, micro- and nanometric length
scales. Hardness values at different length scales may follow an increasing or decreasing trend.
This phenomenon is called the indentation size effect (ISE) and will be discussed later.

For macro-scale indentation, as shown in Figure 1.12a, the large Vickers residual imprint interacts
with a relatively large number of grains, which then averages the sample in homogeneity.
Therefore, a mean bulk hardness value is obtained. In the case of a micro-scale indentation, as
indicated in Figure 1.12b, Vickers indenter probes fewer grains/crystals; thus, mean hardness
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values could be attained, while variations in small areas can also be assessed. Micro-scale
indentations tests could be implemented to characterize segregation and banding, identify
constituents, and characterize surface hardness/microstructure [165]. Finally, black triangles,
which are shown in Figure 1.12c, represent nanoindentations performed by Berkovich or cube-
corner indenter. These imprints (nanoindentations) can be confined within different grains/phases
(A and B imprints) and measure the hardness/elastic modulus of each one (local mechanical
properties), or probe some interphase-like regions (imprint C), and assess the average/composite
mechanical properties of different grains/phases.

Figure 1.12. Scheme of indentation hardness of a polycrystalline/multiphase material at (a) macro-scale, (b) micro-scale, and (c)
nano-scale [165].

Micro-indentation tests are characterized by indentations loads (P) in the range of P <2 N and
penetrations h > 0.2 um [169]. There are two main methods used at this scale: Vickers and Knoop
indentation tests. These indentation hardness tests determine the material resistance to the
penetration of a diamond pyramid-shaped indenter. Micro-hardness is correlated with the depth
that indenter will sink into the material, under a given load, during a specific period of time [165].

Vickers Hardness (HV) test was performed due to its advantages compared with other methods.
For instance, the HV test leaves only tiny indentations that are usually not a problem for final
components or tools, making it suitable for quality control. The other advantage of the Vickers
system, besides the increased degree of accuracy, is that it provides simple data and does not have
several different scales and indenters, as does Rockwell and Brinell scales. It also has a constant
hardness value for homogeneous materials, regardless of the size of the applied load. It is suitable
for testing small parts, thin plates, metal foils, electroplated layers and non-metallic materials such
as glass. It can be used for extremely soft and hard materials [170].

HV is determined by using the following Equations 1.13 and 1.14:
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d? d?

= ~ Equation 1.13
A = sin(136°/2) ~ 1.8544 g

F 18544 F Equation 1.14

A d?

where d is the diagonal of the residual imprints (mm), F is the applied force by the diamond tip in
kilograms-force (kgf), and A is the surface area of the resulting indentation in square millimeters
(mm2).

As the length scale decreases, nanoindentation emerges as the appropriated technique. It is similar
to the macro- and micro-hardness tests, in which an indenter of known geometry is pressed into a
material and produces both elastic and plastic deformation into it. The main advantage of the
nanoindentation technique is that it allows probing small volumes of material. Thus, the local
mechanical properties of each phase (in multiphase materials) may be determined by performing
shallow imprints. Moreover, this technique gives information about the mechanical response of
the surface, which is crucial to understand the behavior of the material in applications where
concentrated surface loadings are expected [167]. The first technical difference with macro- or
micro-indentation tests is that nanoindentation machines continuously records the
displacement/penetration depth (h) and the applied load (P) with high precision for both the
loading and the unloading cycles [165,167]. Moreover, compared with traditional hardness testing,
nanoindentation presents several advantages: evaluation of the mechanical response of the
constitutive phases heterogeneously distributed in the bulk; possible setting of penetration depth
(h) and/or maximum applied load (Pmax); direct determination of the elastic modulus (E); testing
of specimens whose volume may be as small as tens of cubic microns; and measurement of the
mechanical properties without the need to visualize the residual imprint [164].

Figure 1.13 shows a typical P-h curve performed with a sharp indenter. It is appreciated that the
unloading curve (generally associated with a pure elastic deformation) is different from the loading
one (linked to an elasto-plastic deformation) as it returns to a residual depth (hrinal) different from
zero. This indicates a permanent deformation which results in a hardness imprint. By recurring to
different analysis methodologies of the P-h curves it is possible to extract material parameters,
such as instrumented indentation testing hardness and elastic modulus, without the visualization
of the residual imprint. During the nanoindentation process, the indenter will penetrate the sample
until a predetermined maximum load Pmax is reached, where the corresponding penetration depth
is hmax. When the indenter is withdrawn from the sample, the unloading displacement is also
continuously monitored until the zero load is reached and a final or residual penetration depth
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(hrinar) is measured. The slope of the upper portion of the unloading curve, denoted as S = dP/dh,
is called the elastic contact stiffness [165].

P
Pmax
loading
\ i
unloading F|S =g—r:
rl' } B
: “h

Figure 1.13. Typical P-h curve obtained during loading and unloading of the indentation process [165].

Hardness (H) and elastic modulus (E) are the most commonly measured properties as a function
of the displacement into the surface (h), determined by virtue of the continuous stiffness module
(CSM). The indented area after unloading will be extremely small (nanometers or few micrometers
size); therefore, calculating the area by optical methods is not appropriated. However, several
methods have been proposed to calculate the area directly from the loading-unloading curve.
Oliver and Pharr developed a method [171,172] to calculate H and E accurately from the
indentation load-displacement data (P-h curve), without any need to measure the deformed area
with a microscope [165]. Oliver and Pharr's method was originally implemented for application
with sharp indenters, like Berkovich [168]. The exact procedure used in order to measure H is
based on the unloading process shown schematically in Figure 1.14 in which it is assumed that
the behavior of the Berkovich indenter can be modeled as it will be a conical indenter [168].

.
.
.

(b) Residual impression

Figure 1.14. (a) Elasto-plastic deformation at the maximum applied load Pmax. (b) Plastic deformation after releasing the load
[165].
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Regarding nanoindentation hardness measurement, and referring to Figure 1.14, H is defined as:

Pmax

1= At

Equation 1.15

where Pmax is the maximum applied load and A(hc) is the projected area of contact at Pmax.

The analysis used by Oliver and Pharr to determine the hardness and the elastic modulus is
essentially an extension of the method proposed by Doener and Nix [173]. This is based on the
fact that unloading curves are distinctly curved in a manner that cannot be accounted for by a
simple flat punch approximation. These authors considered that the contact area remains constant
as the indenter is withdrawn, and the resulting unloading curve is linear. The Oliver and Pharr
method [171,172] begins by fitting the unloading portion of the P-h curve to a power-law relation
of type:

P=B-A-(h—hna)" Equation 1.16

where B and m are power-law fitting constants, and hsinal is the displacement after complete
unloading, also determined from the curve fit. Contact stiffness (S) can be obtained by
differentiating the unloading curve fit, and evaluating the result at the maximum depth of
penetration (h = hmax), which gives:

S=B-m-(hpax — )" Equation 1.17

Consequently, S can be determined with Equation 1.17, to fit only the upper portion of the
unloading curve. Moreover, the value of S determined from this fit should be checked by
comparing the curve fit to the data. Fitting the upper 25 to 50% of the data (the linear part) is
usually sufficient.

This allows to calculate the contact depth hc, which for elastic contact is less than the total depth
of penetration (hmax), as illustrated in Figure 1.14. The basic assumption is that the contact
periphery sinks in a manner that can be described by models of indentation of a flat elastic half-
space by rigid punches of simple geometry [174]. This assumption limits the applicability of the
method because it does not account for the pile-up material at the contact periphery that occurs on
some elastic-plastic materials. However, assuming that pile-up is negligible; the elastic models
show that the amount of sink-in, hs, is given by the following equation:

P, .
hy = & =& Equation 1.18
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where ¢ is a constant that depends on the geometry of the indenter. Typical values are 0.72 for a
conical punch indenter, 0.75 for a parabolic of revolution (Berkovich and cube-corner) one, and 1
for a flat punch. From the geometry of Figure 1.14, the depth along contact made between the
indenter and the specimen and Equation 1.18, hc can be calculated by:

P .
he = Rmax — hs = Rppgy — € - —— Equation 1.19

The projected contact area (A) is calculated by evaluating an empirically determined indenter area
as a function of A= f (h) at the contact depth hc; that can be re-written as A= f (h¢) [168]. Therefore,
for Berkovich indenter, the one used in this work, the projected area of contact will be:

A = 3\/3h2tan?6 = 24.5h.* Equation 1.20
where 0 = 130.6° is the angle of the Berkovich indenter.

One interesting characteristic of the Oliver and Pharr method is the possibility to calculate elastic
modulus in addition to the hardness of the material. Therefore, the effective Young's modulus (Ee)
can be determined as a function of S, A and $ constant, which depends on the geometry of the
indenter (Eert = £(S, 4, p)).

Equation 1.21

N
Eeff=_2_ﬁ

VA
Equation 1.21 is found in elastic contact theory and holds for any indenter that can be described
as a body revolution of a smooth function. Since this equation was derived for an axisymmetric
indenter, it formally applied only to circular contacts, for which the indenter geometry parameter
is # = 1. However, it has been shown that the equation works equally well when the geometry is

not axisymmetric, provided that different values of § are used [174]. For indenters with triangular
cross-sections, like Berkovich and the cube-corner ones, f = 1.034 [171].

An effective modulus (Eerf) is used in Equation 1.21 to account for the fact that elastic
displacements occur in both the indenter and the sample. The elastic modulus of the studied
material (E) may be obtained from Ee as follows:

Equation 1.22
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where v and E are the Poisson's ratio and the elastic modulus for the test material respectively. The
sub-index i denote the value of the indenter, which in the case of being made of diamond are: Ei =
1141 GPa and »i = 0.07 [175,176].

Indentation size effect (ISE) is a representative example of “smaller is stronger” in materials. It is
well established that, in general, the hardness increases with the decrease in the applied load
(Figure 1.15). Through the use of geometrically self-similar indenters such as cones and pyramids,
the size effect is manifested as an increase in hardness with decreasing depth of penetration and
becomes important at depths of less than approximately 1 um. At low applied loads i.e. low
penetration depths, hardness values are higher than those obtained at higher loads; this
phenomenon is referred to as ISE [164,177].

A |

|
ISE region | Load-independent
I region

Hardness

Indentation load

Figure 1.15. Schematic representation of the indentation size effect [165].

Nix and Gao [178] proposed the following relation (Equation 1.23) to determine accurately the
hardness (H) taking into account ISE effect:

H * .
— = [1+— Equation 1.23
H, * h

where H is the hardness for a given depth of indentation h, Ho is the hardness in the limit of infinite
depth, and h™ is a characteristic length that depends on the shape of the indenter [178]. This
phenomenon is caused by possible combinations of several mechanisms as strain gradients effects,
the roughness of specimen surface, irregularities of the deformed volume, and activation of
different mechanisms in the elastic/plastic deformation [164,178].
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1.5 Challenges of using nanoindentation technique to evaluate the local
mechanical properties of multiphase systems

As discussed in the previous section, the nanoindentation technique could be a suitable option to
evaluate the mechanical properties of materials through different length scales. Consequently, it
may provide the local mechanical response of individual grains/phases and lead to evaluate small-
scale properties of multiphase systems.

Typically in order to evaluate the mechanical properties of any single-phase material by
nanoindentation technique, there are some general aspects, which can make this method
challenging to use under specific conditions [179], as follows:

e Thermal drift: It is very important to perform the test in as short a time as possible to avoid
any thermal drift [180]. For instance, for a maximum penetration depth of about 50 nm and
testing time of 1 minute, error due to thermal drift may completely swamp the true
penetration reading.

e Indenter tip radios: The objective is to have a fully-developed plastic zone in the material
whose properties are to be measured. In this regard having a sharp tip for performing the
test is vital [180].

e Good surface finish (surface roughness): A mirror surface finish of a sample is required
prior to the nanoindentation test [180]. In the case of surface roughness being too high,
relative to the maximum penetration and also tip radius, then the assumption of a semi-
infinite specimen embodied in the contact equations will be invalid.

1.5.1 Nanoindentation technique as applied to multiphase materials

Apart from the mentioned challenges of indentation tests, it has to be mentioned that implementing
Equations 1.15, 1.21 and 1.22 on multiphase materials is challenging since the underlying contact
mechanics analyses are based on the self-similarity of indentation test on an infinite half-space.
This is particularly applicable for homogenous materials that obey the separation of scale
conditions:

D << << h Equation 1.24
where & is the representative volume element (RVE). It has to be higher than D, i.e. the

characteristic size of the microstructural/mechanical heterogeneity contained in the RVE; and
considerably smaller than indentation depth (h), which defines the order of the length magnitude
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of the strain gradient variation in the microstructure. Therefore, obtained mechanical properties
from indentation data are averaged quantities characteristic of a material length scale defined by
the penetration depth of the performed indentation (h). The characteristic size of the indented area
is of the order of 3h for Berkovich indentation. Thus, the penetration depth of applied indentation
plays the main role to evaluate the mechanical properties of composite or its constitutive phases
[181,182].

For a multiphase material that is composed of N phases (with different mechanical properties), as
far as the maximum penetration depth of performed indentation (h) is much larger than the
characteristic size (D) of the individual phases — such that the ratio of penetration depth and
characteristic size of each phase is greater than 6 (h/D > 6) —, the extracted properties correspond
to the average response of the composite material (Figures 1.16a and 1.16b). On the other hand,
as long as the maximum penetration depth is much smaller than the characteristic size of individual
phases — such that h/D < 0.1 —, then a single imprint can determine the mechanical properties of
the indented phase i (Figures 1.16¢, 1.16d and 1.17a) [182-184].

homogenized medium

(c)

Penetration depth, h

lndi‘vidual phases
(.

Mechanical properties

Figure 1.16. Mechanical properties evaluation of multiphase material by (a) and (b) performing deep indentation, (c) and (d)
shallow imprints.

Although the chosen penetration depth has to obey the 1/10-rule of Buckle (h/D < 0.1) [183], it
has to be considered that in the case that penetration depth is very small, the obtained values can
be affected by ISE. The minimum penetration depth (hmin) is a value for which ISE and tip defects
may be disregarded. Such a value is attained by plotting the ratio between applied load and stiffness
squared (P/S?), as a function of the displacement into the surface, and corresponds to the
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penetration depth wherein the ratio will reach to a plateau (see Figure 1.17b). In general, it is
recommended to keep the minimum penetration depth higher than 150 nm (hmin > 150 nm), to
avoid any ISE [185-187].
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Figure 1.17. (a) Confined indentation within a WC grain of a WC-Co system. (b) Minimum penetration depth obtained from
plotting P/S? as a function of displacement into the surface [188].

Therefore the suitable penetration depth to extract the intrinsic properties of each phase has to be
chosen by satisfying the following condition:

hmin < h < hmax Equation 1.25

Moreover, considering a matrix of indentations involving a large number of imprints (N; >> 1)
that is performed (Figure 1.16d) on the surface of a multiphase material, it should be aimed that
the grid spacing (¢) is greater than the characteristic size of the imprint to guarantee that no
overlapping/ neighboring effect (interference) of the residual imprints occurs. It has been reported
that the distance between each imprint has to be i) kept 10 times more than the penetration depth
[189], and ii) much larger than the characteristic size of individual phases (¢YN >> D). In doing
so, the probability of indenting each phase is related to the surface fraction occupied by each of
them on the indented surface. Therefore, as far as the grid size is large enough, a similar
distribution of different phases (surface fraction) can be determined on the indented surface; and
consequently, the surface fraction can be assimilated with the volume fraction of the multiphase
(isotropic) material [181,182], as:

fi=1. n N, =N Equation 1.26
N ) 3

where fi is the volume fraction of each mechanically distinct phase, and N is the number of imprints
performed on phase i [181,182].
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Taking into account all the above conditions, the gedanken experiment can be considered as a
suitable test that contains all ingredients of statistical indentation analysis to be implemented on
multiphase materials, in order to obtain the local mechanical properties of each constitutive phase.
The gedanken experiment is based on the premise that each phase (i) has different properties (pi)
of sufficient contrast, such that these can be separated in small-scale indentation tests. Composite
materials are generally more complex, requiring the use of some elementary statistics relations to
analyze the indentation data [181,182].

1.5.2 Statistical analysis

Matrices of indentations have to be performed on multiphase materials with different fixed
variables (penetration depth/applied load, array size and spacing between imprints). Consequently,
the statistical method proposed by Ulm et al. [10,181,182,190] will be implemented on obtained
results from massive indentation tests to determine the mechanical properties of each constitutive
phase within multiphase systems studied.

As mentioned above, in order to execute the statistical analysis, it is assumed that the studied
samples have a heterogeneous microstructure composed of various (i) constitutive phases that are
mechanically distinct. In addition, the desired mechanical properties of each constitutive phase are
assumed to follow a Gaussian distribution (pi) (Figure 1.16c) described by Equation 1.27.

1 _ (p_pi)2>

2
exp( 20;

bi = Equation 1.27

27wi2

where gi is the standard deviation and pi is the arithmetic mean value of mechanical properties (H
or E) for all indentation N; in phase i. Mean values of p; and ¢i have to be acquired, but the
probability density function (Figure 1.16¢) may not be appropriated for performing such
deconvolution as it is dependent on the bin size. In this regard, Ulm and co-workers
[10,181,182,190] suggested that since the cumulative distribution function (CDF) is independent
of bin size, mean values of pi and i can be extracted from fitting CDF by means of a sigmoid
shape error function, written as:

1 — 1D,
CDF = Z-Efierf <p pl) Equation 1.28
l

ZO'i

where fi is defined as the relative surface fraction occupied by each constitutive (i) phase. Hence,
the measured values of desired mechanical properties px, X € [1, ..., N] were sorted in ascending
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order, while N is the total number of measured properties, and the experimental CDF was
computed using the condition described by Equation 1.29 and plotted in Figure 1.18:

D(py) =% for x€e[l,...,N] Equation 1.29

Consequently, by fitting the experimental CDF (Equation 1.29) using Equation 1.28, different
mechanical and microstructural parameters of multiphase systems could be deconvoluted. These
parameters include mean H or E values of constitutive phases, the surface fraction of each phase,
and the standard deviation of desired properties (see the information box in Figure 1.18).
Accordingly, software Origin® Pro (Northampton, MA, USA) was used to analyze the obtained
data by fitting and deconvolution process following Equation 1.30, considering the existence of a
number of different phases higher than two. For instance, in the cermet system under study three
peaks were identified, linked to Ti(C,N) particles, FeNi binder and regions containing interphase
boundaries, corresponding to imprints that were probing ceramic particles, metallic binder, and
composite-like behavior of constitutive phases, respectively (Figure 5.14).

D-t(p)=lf1 1+erf<p_p1> +1f2 1+erf<p_p2>
I 2 J20, 2 J20,

1 P — D3
+§(1_f1_f2) 1+€Tf<\/2_0_3>

Equation 1.30
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Figure 1.18. Experimental CDF value plotted by Origin Pro software for a cermet.
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In order to acquire reliable values, several restrictions were programmed during the deconvolution
process. In this regard, the total volume fraction of constitutive phases was fixed at 1, while the
fitting process was set to finalize when the chi-square () tolerance was less than 107%°, with an
ultimate coefficient of determination (R?) of 0.9998 (see the information box in Figure 1.18).

1.5.3 High-speed nanoindentation technique

As discussed in previous sections, in order to evaluate the local mechanical properties of each
constitutive phase of a multiphase material, it is necessary to perform girds of indentations with a
great number of test (N; >> 1) on the surface of interest, while the space between imprints ¢ is
large enough to avoid any interference between individual tests. Thereby the probed area would
be much larger than the characteristic size of constitutive phases ((N\N >> D). Therefore, the locus
of indentation would not have a statistical bias regarding the spatial distribution of the constitutive
phases, the probability of probing each phase is equal to the surface fraction occupied by each
phase on the indented surface [181]. In this regard, as long as the characteristic sizes of individual
phases are in the range of micrometers, an extremely large amount of indentations has to be
performed (in the form of grids with a fixed spacing value) to obtain statistically enough data to
extract the mechanical properties of each constitutive phase. On the other hand, performing each
regular dynamic nanoindentation test may take sometimes between 5 - 7 minutes (depending on
the strain rate and penetration depth). Accordingly, performing massive numbers of indentations
may take hundreds of hours. Thus, expediting the indenting process plays a pivotal role in the
assessment of local mechanical properties of multiphase materials.

Within the above framework, the NanoBlitz 3D technique (KLA-Tencor, Milpitas, CA, USA) can
be considered as a proper option. It is an advanced indentation technique that has proven to be
successful for mapping the mechanical properties of composites, solders and multiphase materials.
The main advantage of the NanoBlitz 3D technique is its suitability for expediting the indentation
testing process, as compared with regular indentation testing. In particular, it offers the capability
of accessing a tremendous amount of data to be analyzed by statistical analysis (see Section 1.5.2)
to attain the H and E of each constitutive phase for different composite systems. Moreover, this
fast testing technique may avoid ambient errors that may occur during long tests, such as thermal
drift or vibration. More information about this technique is provided in Section 3.3.1.
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Chapter 2.
Aim and scope of the work

Scientific value and attitudes of an investigation are crucial for convincing the scientific, industrial
and commercial “stakeholders” to be involved in a project. Therefore a proper and convincible
justification for the questions about the reason and importance of the investigation is vital.

Understanding the correlation between microstructure and local mechanical properties of the
individual phases that constitute a multiphase material may give us information to predict the
behavior of such material at the macroscopic length scale and under real service conditions, with
the aid of finite element analysis.

The relevance and functionality of multiphase materials were introduced and extensively discussed
in the previous chapter. Available and appropriated microstructural and micromechanical
characterization techniques, at different length scales, have been also revised and shown to be key
for improving our knowledge towards enhancing the microstructural design of multiphase
materials. In this regard, apart from advanced characterization techniques which yield required
information about microstructural aspects, the nanoindentation technique has been highlighted as
one of the most reliable methods to assess the small-scale mechanical properties of individual
phases of multiphase systems and thin-films, along with providing critical information on
deformation process rate. Particularly, the nanoindentation technique is used to extract basic
mechanical parameters such as hardness and elastic modulus. Moreover, it has become an effective
characterization tool for investigating insights about plastic deformation induced under applied
stress, including shear instability initiation, the formation of lattice dislocations and phase
transformation [191].

Nanoindentation testing has been recently combined and equipped with different systems
(including facility and accessories) and techniques, yielding then different testing variants, e.g. in-
situ nanoindentation, high-temperature nanoindentation and high-speed nanoindentation mapping.
This wide range of options, in conjunction with different indenters (tips), may provide information
about small-scale mechanical properties of materials at the micrometric scale on the basis of
attained and gathered massive data sets (see Figure 2.1).
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Figure 2.1. (a) Elastic modulus and (b) hardness cartography maps assessed for two multiphase materials studied in this work:
DSS and cermet respectively.

In this work, all the studied systems are representative of R&D or industrial cases. Although
specific techniques or approaches may be implemented in different materials, the general idea of
the investigations is similar and transversal in all the cases. Within this context, the main objective
of this study is to achieve a consistent and solid methodology to evaluate the local mechanical
properties (mainly hardness and elastic modulus) of each constitutive phase and find the
correlations among such intrinsic parameters and the effective microstructural assemblage of the
studied multiphase systems.

The methodology consists of different steps which are schematically described in Figure 2.2.
These proposed steps have to be followed in order to achieve the main objective of this study. The
first step refers to the systematic and detailed microstructural characterization of the materials
under consideration. In doing so, field emission scanning electron microscopy (FESEM) is
implemented for all studied systems. However, the outcomes of such characterization are slightly
different depending on the microstructural scenario of each multiphase material. The characteristic
size of each phase/grain defines the conditions and initial parameters of the small-scale mechanical
tests. Once massive nanoindentation testing is conducted, the obtained mechanical properties (H
and E) are statistically analyzed, following the methodology proposed by Ulm and co-workers
[10,181,182,190]. Corresponding deliverables are the properties of (N) unidentified phases. The
latter refers to mechanically distinct phases, whose definition includes the consideration of not
only the chemical nature of the constituents but also single-phase variables, such as
crystallographic orientation, or two-phase ones, as the presence of phase boundaries. In this regard,
complementary advanced characterization techniques are recalled in some cases for final
optimization of the aimed linking between microstructural and mechanical property
characterization. This is particularly the case for DSSs and PCBN composite where Electron Back
Scattered Diffraction (EBSD) and Electron Probe X-ray Microanalysis (EPMA) are found to be
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critical for rationalizing the experimental findings. For the cermets investigated, additional
advanced characterization techniques are not required for discerning between the two quite
different, from a mechanical viewpoint, constitutive phases: Ti(C,N) and metallic binder.
However, the determination of a more realistic value of the intrinsic hardness for the constrained
FeNi binder does require additional data analysis by the implementation of established thin-film
models. Figure 2.2 schematically shows the workflow followed in this investigation for acquiring
the small-scale mechanical properties of the constitutive phases of the different multiphase systems

considered.

Multiphase materials

DSS | PcBN

Cermet

measure the characteristic size of each phase

Microstructural characterization technique (SEM/FESEM) to

Grain size and Grain size and
phase content mean free path

Grain size and
mean free path

Microstructural characterization

1 Obtaining the required parameters to perform the

— nanoindentation test

| Perform the massive nanoindentation test on multiphase systems

2 Implementing statistical analysis on massive indentation data to
evaluate the micro mechanical properties of N phases

| Mechanical properties
evaluation

Advanced characterization techniques

EBSD EPMA

Correlate the mechanical
properties with microstructure

i Acquiring the local mechanical properties of each constitutive
phases within multiphase material

Figure 2.2. Schematic flowchart indicating the different steps followed to acquire local mechanical properties of each constitutive

phase within the multiphase materials studied in this work.
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Chapter 3.
Materials and methods

3.1 Materials and sample preparation

As it was introduced within Chapter 1, microstructural design optimization of the different
multiphase inorganic systems to be studied requires consideration of several factors: (1) processing
and chemical composition, (I1) microstructural assemblage, and (l11) small-scale mechanical
properties of the constitutive phases as well as of the composites themselves. In this chapter, we
will introduce the materials chosen for the investigation: grades, chemical composition and
processing route. Furthermore, experimental methods implemented for effective microstructural
and mechanical characterization will be described. The multiphase systems under consideration
are DSSs, PcBN composite and Ti(C,N)-FeNi cermets. It should be highlighted that DSS and
PcBN investigated are industrial materials, whereas the cermets studied are experimental grades
supplied by the University Carlos 111 of Madrid (Getafe, Spain). Within this context, information
about the processing of industrial samples is not as extensive as that of cermets, because of
intellectual property restrictions. Nevertheless, for all the multiphase systems considered a
systematic and detailed characterization has been conducted for each of the materials and variants
studied, aiming to describe, as effectively as possible, their microstructural scenarios.

3.1.1 Duplex stainless steel (Metal-Metal system)

The metal-metal system studied was a duplex stainless steel EN1.4462 produced by UGINE &
ALZ (ArcelorMittal Group, Luxembourg). The chemical composition of the DSS studied is
summarized in Table 3.1, and a typical processing route for this material is schematically shown
in Figure 3.1. Within this framework, four DSS variants were investigated, each of them
corresponding to the product resulting after each of the stages detailed in Figure 3.1. They are
referred to as HR, HRA, CR and FP in this study.

Table 3.1. Chemical composition (in wt. %) of the studied duplex stainless steel EN 1.4462.

C Mn P S Si Cr Ni Mo N Fe

0.023 | 255 | 0.026 | 0.006 | 0.45 | 22.62 | 5.92 3.02 | 0.158 | Bal.




44 Micromechanical properties of inorganic multiphase materials

Hot rolling Annealing Cold rolling Final annealing

1250 °C

1080 °C
1050 °C

_/

HR HRA CR FP

Figure 3.1. Schematic diagram of the industrial processing route (including individual and sequential stages) associated with DSS
specimens investigated in this study.

Hot-rolled sample defines the first condition (HR). It was supplied in the form of plates of 300x400
mm and a thickness of 6 mm. They were obtained following a two-step industrial hot rolling
schedule. First, cast slabs with 250 mm of thickness were reheated to 1250°C and then pre-rolled
to a thickness reduction of 25% (150 mm). Before the second step, the slabs were cooled down to
room temperature and the surface was ground. The final rolling operations started with a reheating
at 1250°C. Slabs were then rough rolled with a total thickness reduction of 80% (from 150 to 30
mm). Finally, the rough rolled sheets were hot rolled until a final 6 mm thickness, which
corresponded to a total reduction of 96%. Typical finishing temperatures are between 975°C and
1000°C. At the end, sheets were rapidly cooled to 650°C, using water sprays in the run-out table,
and coiled. The second supplied condition (HRA) was that corresponding to annealing of the HR
product described above. Thermal treatment was done at around 1080°C for 15 min. There were
no dimensional changes of the sheet, as compared to the HR condition. Cold rolling (CR) of the
HRA product yielded the third condition studied. In this case, the sheet (600x150 mm) reached a
thickness of 2 mm. The fourth and last condition investigated was the final product (FP) of the
industrial process. It corresponds to the annealing treatment at 1050°C for around 10 min of CR
condition. As for the case of going from HR to HRA, there were not any dimensional changes
when annealing the CR product to yield the fourth FP condition [50].

3.1.2 Polycrystalline cubic boron nitride composite (Ceramic-Ceramic system)

The ceramic-ceramic system investigated was a polycrystalline cubic boron nitride (PcBN)
composite corresponding to an industrial-grade included as a part of a machining chip breaker tool.
The motivation for development and production of the selected grade is linked to their use in the
automotive industry, wherein a trend is seen for acceleration of automakers' transferring
production to developing countries. There, an increasing number of production lines are unmanned
or operated by a small number of people. As a consequence, customer's demands for cutting tools
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have shifted from “high-efficiency cutting” to “long and stable tool life”. Furthermore, the
requirement for high-precision cutting has become stronger against the background of an increase
of high-functional automotive parts. To satisfy such demand, different functional aspects are taken
into consideration within the tool, such as geometry, design of the cutting edge and optimal
microstructural design of the PcBN insert. In this work, evaluation of the microstructure and
micromechanical properties of the PcBN tip of a commercial chip breaker tool is considered as the
main objective.

The region of interest is a small (1.0x1.7x2.0 mm approx.) PcBN insert brazed to a hardmetal
(WC-Co) structure (Figure 3.2a). A magnified view of the tip of such an insert, containing the
cBN-TiN ceramic-ceramic system is shown in Figure 3.2b. The studied PCBN composite is the
dark grey region in Figure 3.2a, obtained by the catalyzed conversion process. It consists of cBN
grains which act as reinforcement bonded by a TiN matrix.

Figure 3.2. (a) Scheme of the PcBN cutting tool, where the encircled region is magnified in (b), aiming to show the assemblage of
the insert's tip: WC-Co structure where PcBN is placed, brazing region and PcBN itself, consisting of cBN particles bonded by a
TiN matrix.

3.1.3 Ti(C,N)-FeNi cermets (Ceramic-Metal system)

The ceramic-metal system investigated is a Ti(C,N)-FeNi cermet. This material is quite attractive
because of its exceptional combination of properties as well as the growing interest in finding
alternative materials to conventional cemented carbides (WC-Co system), as referred to in Chapter
1. Here, the processing route followed for manufacturing the material studied will be briefly
presented. For the interested reader, detailed information on the fabrication of these materials may
be found in Refs. [124,131,132,192].

Submicron powders used in this study were titanium carbonitride (Ti(C,N), Ti(Cos,Nos) and iron
(Fe, Fe SM), both provided by H.C. Starck (Germany), and nickel (Ni, Ni 210H) supplied by INCO
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(Canada). The density of the powders was calculated employing a Helium Monosorb
Multipycnometer (Quantachrome Corporation, USA). Particle size distribution (average particle
size in volume) (Dvso), Brunauer-Emmett-Taller diameter (Dget) and the agglomeration factor
(Fag= Dvso/Dget)) was measured with a laser analyzer (Mastersizer S, Malvern Instruments Ltd.,
UK). Specific surface area (SSA) was characterized by means of one-point nitrogen absorption
(Monosorb Surface Area, Quantachrome Corporation, USA). All the mentioned parameters are
summarized in Table 3.2.

Table 3.2. Characteristics of the as-received powders.

Characteristics - Powder -
Ti(C,N) Fe Ni

Density (gr/cm?) 5.1 7.8 8.9
Duso (um) 2.1 35 1.7

Size Dget (um) 04 1.2 0.2
Fag (-) 5.0 3.0 10

SSA (m?/g) 3.0 0.6 4.0

A combination of powder metallurgy and colloidal processing was used to manufacture the powder
compacts, following the procedure described in [132]. From these powders, high solid content
suspensions were formulated using water as a dispersion medium [193]. Deionized water with
tetramethylammonium hydroxide (TMAH) was used to prepare the suspensions which help to
modify the pH up to 10-11, where surfaces are chemically stable [194,195]. Then 0.4 wt. % of
polyethyleneimine (PEI) was added as a dispersant. Ti(C,N) and Fe/Ni slurries with different ratios
(85/15, 80/20, and 70/30 vol. %) were prepared separately and milled in a ball mill for 1 hour,
using SisN4 and nylon balls, respectively. When the milling process finished, Ti(C,N) and Fe/Ni
suspensions were mixed to get the final specimens (Table 3.3). Once the suspensions were
prepared, 2 wt. % of polyvinyl alcohol (PVA) was added as a binder [196]. After PVA addition,
the suspensions remained 20 min under mechanical stirring before they were sprayed. For the extra
carbon addition, a 10 gr/L graphite suspension was prepared in another vessel, mixing ethanol and
Black Carbon (ISTA, Germany), with a mean particle size of 18 um and density of 2.24 gr/cm®.
The ceramic, metallic and graphitic suspensions were blended according to the formulations
collected in Table 3.3. Before spray-drying, a 2 wt. % of PVA was added to the mixture slurries
to enable the formation of agglomerates. An Atomizer LabPlant SD-05 (North Yorkshire, UK)
was used, with a modified nozzle design to obtain easy-to-press spherical granules, with inlet and
exhaust temperatures held constant at 190 and 100 °C respectively, a slurry pump rate of 2 L/h,
and an airflow rate of 29 m*/h. After atomization, the mixed agglomerates were uniaxially pressed
at 600 MPa into 16 mm-diameter disks. The green bodies were sintered in a high-vacuum furnace
(10° mbar) using the following heating cycle: 800°C — 30 min, and 1450°C — 2 h (5°C/min). More
information about the mentioned processing route can be found in Ref. [192].
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Table 3.3. Chemical formulation of suspensions.

. Volume (vol. %) Weight (wt.%)
Specimen - . - -
Ti(C,N) FeNi Ti(C,N) FeNi

15FeNi 85 15 78.2 21.8
20FeNi 80 20 71.7 28.3
30FeNi 70 30 59.7 40.3

3.1.4 Sample preparation

All samples investigated along this work were prepared by a chemo-mechanical polishing process.
Prior to the polishing process, the specimens were embedded and mounted in Bakelite in order to
get a plane-parallel surface. This protocol was similar for all multiphase systems investigated here.
In this section, such a sample preparation procedure will be explained in detail.

In order to get reliable results for microstructural and mechanical characterization, it is important
to have a mirror-like surface, which can be obtained by chemo-mechanical polishing. The same
steps were taken according to standard ASTM E3-01 [197] for all samples (time for some steps
were different for each composite). More information about the chemo-mechanical polishing
process is summarized in Table 3.4. During this process is necessary to control the planarity of
the specimens as well as the applied force, in order to avoid any superficial modification during
the polishing process.

Aiming to avoid any tiny scratches, all the grinding papers were wetted at the starting point of the
polishing process. At the end of each step, during the last polishing minute, at least 1 liter of
distilled water was used to clean both the polishing nap and the polishing specimen. After that, the
different specimens were cleaned with a tens active liquid (TRITON x-100 polyethylene glycol
mono (4,1,1,3-tetramethyl butyl)-phenyl ether,) and subsequently dried with pure air.

Table 3.4. Polishing steps for surface sample preparation.

Step MM;r 'mCeéTm)CMc Disc/Cloth Force (N) | Speed (rpm)
1 - 5 - MD Piano 500 15 150
2 5 10 5 MD Piano 1200 15 150
3 15 20 20 Diamond paste 30 um 15 150
4 15 20 20 Diamond paste 6 um 15 150
5 15 20 20 Diamond paste 3 um 15 100
6 15 20 20 Diamond paste 1 um 20 100

2 Metal-Metal system (DSS)
b Ceramic-Ceramic system (PcBN composite)
¢ Ceramic-Metal system (Ti(C,N)-FeNi cermet)
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Finally, in order to attain a high quality, polished surface and diminish the roughness and work
hardening induced during the grinding and polishing process, all the samples were polished using
a vibratory polisher unit (VibroMet 2, Buehler, USA) with a 30 nm silica solution. The vibratory
finishing conditions are summarized in Table 3.5.

Table 3.5. Vibratory finishing condition.

Sample Time (h) Weight (gr) Frequency (Hz)
DSS 4 800 60
PcBN 4 1200 60
Ti(C,N)-FeNi 3 1000 60

3.2 Microstructural characterization techniques
3.2.1 Scanning electron microscopy (SEM)

The electron microscope uses electrons instead of light to create an image of the sample. Its
resolving power is much higher than a light microscope, allowing then to see finer features.
Therefore, SEM plays a key role in the characterization of materials by providing high-resolution
images that could range from micro to nanometric length scale. SEM could be combined with
other techniques/detectors to provide complementary information about the microstructure of
different multiphase systems.

The functionality of SEM is based on a focused beam of high-energy electrons to generate a variety
of signals at the surface of solid specimens. The image is formed in an SEM unit by the collection
of signals derived from electron-sample interactions when an electron beam crosses and scans the
sample. These interactions reveal important microstructural features, such as texture, chemical
composition, crystalline structure and orientation of materials. SEM is also capable of performing
analyses of selected point locations on the sample. This approach is especially useful in
qualitatively or semi-quantitatively determining chemical compositions, crystalline structure and
crystal orientation. Interaction between sample and incident electrons produces different signals.
They include secondary electrons (SE), backscattered electrons (BSE), diffracted backscattered
electrons, photons, visible light, and heat. Furthermore, morphology and topography
characteristics are obtained by secondary electrons [198-200].

In standard electron microscopes, electrons are mostly generated by “heating” a tungsten filament
(electron gun). They are also produced by a special crystal, which results in a higher electron
density in the beam and a better resolution compared with the conventional device. Figure 3.3
exhibits a basic structure of this equipment [201].
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Figure 3.3. SEM scheme [201].

Field emission scanning electron microscopy (FESEM) is an SEM-based technique, which
employs a beam of highly energetic electrons to analyze materials on a very fine scale. The term
“field emission” is adapted due to the emission of electrons from the surface of a conductor, which
is generated by a strong electric field. For this process, the equipment requires an extreme vacuum
level in the column of the microscope (around 10 Pa). FESEM involves an electron emission
cathode and anodes, wherein the acceleration voltage between these electrodes is commonly in the
range of 0.5 to 30 kV [198-200]. In our cases, the acceleration voltage was kept at 5 kV to obtain
the high-resolution FESEM images. Compared with conventional SEM, FESEM produces clearer
and less electrostatically distorted images. Therefore, this technique is a very useful tool for high-
resolution surface imaging [198,200].

The electron beam interacts with atoms on the surface and inside the volume of the specimen. SEs
and BSEs could provide topographical and phase/crystal orientation information, respectively. SE
gives contrasts with a variation of height in the surface of the samples; and subsequently, the
attained image in return corresponds to the topography of the surface. BSEs reveal a distinction
between different elemental compositions according to their molecular weight. Accordingly,
constitutive phases of the different systems (mainly for DSS samples) could be defined by different
color/grey tones [199].
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Three different scanning electron microscopes were used in this study, depending on the required
information to attain.

1. ZEISS NEON 40EsB Crossbeam (Oberkochen, Germany): this microscope can be
considered as a “Swiss army knife” of microscopy, since it is equipped with different
detectors and gadgets which provide wide varieties of information, such as:

e Field emission electron column which is used for direct observation of the surface
by virtue of BSE, SE, and Scanning transmission electron microscopy (STEM)
detectors.

e Gallium (Ga) ion beam column, for milling the material with different purposes:
micromachining to obtain a particular shape for certain applications (especially for
electronic applications), preparing samples for nanometric scale tests, and
tomography-like cross-sectioning to attain 3D reconstruction of the material under
consideration.

e Gas injection system (GIS) for depositing different elements (e.g. platinum) to
cover the surface of interest.

2. JEOL Model JSM-7001F (Tokyo, Japan): this microscope is mainly used for observation
and characterization of materials using high-resolution X-ray energy dispersive
spectrometry. It offers quantitative and qualitative chemical analysis (including linear
profiles) and simultaneous surface distribution of chemical elements (up to 32). It is
equipped with an electron backscattered diffraction (EBSD) detector to determine
crystallographic orientation, phase map, and textures.

3. Phenom XL Desktop SEM (Eindhoven, Netherlands): this SEM is also used for surface
characterization. However, different from the other ones referred to above, it is a semi-
automatic microscope that is equipped with BSE and SE detectors. It is extremely user-
friendly. Moreover, the dimension of studied samples can be up to 100 mm x 100 mm
which is a nice feature to simply mount and characterize large samples.

3.2.2 Electron probe microanalysis (EPMA)

This technique, also known as electron microprobe analysis (EMPA), allows quantitative analysis
of the chemical composition of samples on a micro-scale (~ 1 um) by irradiating electron beams
onto the substance surface and measuring the characteristic X-ray that is generated. It can be used
on a wide variety of materials such as metals, ceramic, minerals and semiconductors [202].

EPMA works similar to SEM, i.e. the sample is bombarded by a focused electron beam with an
accelerating voltage ranging between 5 and 30 keV. As a result, X-ray photons are emitted from
the specimens. The wavelengths of these X-rays are characteristic of the emitting species; thus,
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the composition of the specimen is identified by recording wavelength dispersive spectroscopy
(WDS) spectra [199,203].

When accelerated electrons hit the sample, apart from X-rays, particles and electromagnetic waves
which are carrying different kinds of information are also emitted. Therefore, various signals such
as the characteristic X-rays, SEs, BSEs, are detected (Figure 3.4). The attained information is then
used to analyze the composition of the probed region [203-205].
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eps| X-ray detector
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Backscattered

electron detector sl
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Figure 3.4. Schematic of detectors and signals of EPMA [206].

EPMA was employed for the detailed characterization of nitrogen and boron content within cBN
particles. A JEOL JXA-8230 micro-analyzer (Tokyo, Japan) equipped with microprobe and WDS
unit was used for this study. By doing so, different X-ray maps of nitrogen and boron were acquired
in high-resolution mode, using a channel width of 1 eV. Electron currents were selected to ensure
that counting rates were less than 10* counts per second.

3.2.3 Electron backscatter diffraction (EBSD)

EBSD detector/technique has been developed to characterize crystalline materials. It enables to
identify the individual grain orientations, phase identification and distribution, point-to-point
orientation correlation and local texture. EBSD signals are generated from a thin volume of the
sample, normally a top layer of 20 - 50 nm depending on acceleration voltage.
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Figure 3.5. (a) Scheme of the formation of Kikuchi patterns. (b) Kikuchi pattern of Cadmium [207].

The technique is based on the generation and interpretation of Kikuchi patterns (from BSES).
Figure 3.5a presents the diffraction cones with respect to the reflecting plane, the specimen and
the phosphor screen. The latter registers the BSEs from a stationary beam of high-energy electrons.
Figure 3.5b displays an EBSD pattern made by the Kikuchi lines. The crystallographic structure
and the orientation of the sample region are derived from these patterns formed by Kikuchi lines.
The center of the projection (in the phosphor screen) is the point of incidence of the primary
electron beam on the specimen surface. The lattice planes can be thought of as a pair of large
angled cones stretched out to intersect the screen (seen in Figure 3.5b), and the plane between
these cones is the projection of the diffracted plain in the screen [207].

In order to perform the EBSD analysis, polished samples were mounted inside the chamber of the
JEOL JSM-7001F unit, and positioned at approximately 70° relative inclination to the normal
incidence of the electron beam (as shown in Figure 3.6). The camera/detector is located on a
horizontally mounted movable panel which is equipped with a phosphor screen combined with a
digital frame receiver. In order to obtain more accurate results, the camera had to be as close as
possible to the inclined sample, while the distance had to be adjusted in a safe position to prevent
any collision between the delicate phosphor screen and the sample. Accordingly, the detector was
positioned at about 20 mm distance from the inclined samples. EBSD maps were collected with a
scanning step size of 250 nm for DSS samples. The step size was chosen considering the required
accuracy and the grain size of the studied materials. The acceleration voltage and probe current
were fixed at 20 kV and 9 nA, respectively.
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Figure 3.6. Schematic of the EBSD technique [208].

Obtained results were analyzed with Channel 5.0 software (Oxford instruments PLC, Abingdon,
UK) which could convert the raw EBSD data to various visual features, as follows:

e Quality image (QI) map: is constructed from EBSD data, which can offer effective
visualization of microstructure. This feature allows to observe the surface and clearly
distinguish grain boundaries and their morphology as well as the surface damage (Figure
3.7a).

e Phase map: provides the different constitutive phases of studied materials with different
colors (Figure 3.7b).

e Inverse Pole Figures (IPF map): they allow to determine the crystallographic orientations
of each grain within the analyzed region. The obtained map presents each grain with a
particular color which corresponds to a given crystallographic orientation (Figure 3.7c).

This technique was mainly used to determine austenitic and ferritic phases and their surface
fractions, as well as the crystallographic orientations of grains within the studied DSS samples.
Figure 3.7 shows some examples of obtained images by the EBSD technique for the DSSs studied.
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Figure 3.7. (a) Quality image, (b) phase map, and (c) IPF map of DSS, obtained by means of EBSD technique.

3.2.4 Focused ion beam (FIB)

Focused ion beam / Field emission scanning electron microscopy (FIB/FESEM) is a scientific
instrument that resembles a scanning electron microscope. While SEM uses a focused beam of
electrons to image the sample in the chamber, the FIB setup employs a focused beam of ions
instead.

FIB systems have been manufactured commercially since three decades ago. However, the
scientific implementation of FIB in material science did not take place until the early 90s. FIB is
capable to be equipped with some additional tools in order to increase its functionality.
Furthermore, it is quite useful for preparing Transmission Electron Microscopy (TEM) foils,
micromachining of specimens, cross-section milling, atom probe post preparation, and 3D
tomography [209].

The operation principle of the FIB microscope consists of sputtering atoms onto a target material,
with a high energetic Gallium ion beam, Ga* (see Figure 3.8). The ions are generated from a Ga
liquid metal ion source composed of a Ga reservoir mounted above a tungsten needle. Ga source
is heated up to its melting point and then it flows to the tip of the needle. An intense electric field
is produced at the source tip that ionizes the Ga, draws the liquid metal into the fine tip of about
2-5nm in diameter, and extract ions from that narrow tip. The Ga* are accelerated down the column
in an electrical field of about 30 KV and sputtered over the region of interest [209,210]. At low
primary beam currents, very little material is sputtered and modern FIB systems can easily achieve
5 nm imaging resolution. At higher primary currents, a great deal of material can be removed by
sputtering, allowing precision milling of the specimen down to sub-micrometer or even nanometric
length scales [211,212].
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Figure 3.8. FIB scheme [213].

Gas injection system (GIS) consists of different elements such as platinum, tungsten, carbon, etc.
GIS can be employed for different aims such as: to reduce the charging effect of electron and ion
beams, to enhance etching, to improve the fine milling process, etc. Regarding the goal of this
work, wherein performing the cross-sections were the main application of the FIB, GIS was used
to enhance the quality of the obtained cross sections by reducing the curtaining effect on the cross-
sections generated by FIB milling. In doing so, prior to milling, thin protective layers of platinum
were deposited on the regions of interest to circumvent any waterfall effect, which could affect the
quality of the images (see Figure 3.9) [129].

Initial FIB systems were equipped with a single beam that was used for both imaging and preparing
microstructural cross-sections. However, such a system had several limitations, and nowadays a
great number of FIB systems are equipped with an additional FESEM column (Figure 3.9). This
permits an improved flexibility by using the FIB column preferentially to cross-section and the
FESEM one for imaging [209].
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Figure 3.9. Scheme of cross-section milling by FIB.

A ZEISS NEON 40EsB Crossbeam unit was used in the current study. As it can be seen in Figure
3.9, SEM and FIB columns are positioned at 36° relative to each other, within the FIB/FESEM
microscope. In order to mill the sample, the surface has to be perpendicular to the FIB column.
Thus, the SEM holder was tilted by 54° (Figure 3.9a), and positioned at a working distance of
around 4.9 mm from the columns, in order to be aligned with both detectors for milling. Moreover,
this distance allows the sensors to detect more emitted electrons from the surface (Figure 3.9b),
which aids to attain a better resolution of the obtained SEM images in a cross-section view.

In order to have the cross-section view, a trench had to be milled first. This initial step was achieved
by fixing the aperture size to 3 nA. It allowed to get fast milling to open the trench, but the quality
of the obtained cross-section surface was rather rough. The milling process was then followed by
a fine milling step that had to be performed at 500 pA. By doing so, the process gets relatively
slower than in the first step, while the final cross-section surface gets polished and consequently,
a high-quality surface is finally attained. Some obtained cross sections for different studied
samples are shown in Figure 3.10. They are quite useful to observe and analyze the deformations
or defects induced by nanoindentation.
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Figure 3.10. Cross-section view of different samples obtained by FIB technique: (a) PcBN composite, and (b) Ti(C,N)-FeNi
cermet.

3.3 Mechanical characterization techniques
3.3.1 Nanoindentation: equipment and testing conditions

Nanoindentation testing procedure, including restrictions and critical variables of this technique,
was discussed before. In this section different equipment, their features and functionality as well
as the supplied variables in order to perform the tests to measure the mechanical properties of the
composites and individual phases are explained. In this regard, two equipment were used to
perform nanoindentations in this study, as follows:

1- Nanoindenter XP (MTS, Minnesota, USA): It can be used to obtain different properties and
tests such as hardness, elastic modulus, scratch tests, and pillar compression, among others. In
this work, it has been mainly used to perform indentations with different applied loads or
penetration depths to obtain bulk and/or intrinsic H and E of the studied multiphase systems.
Parameters of the tests performed using this nanoindenter are summarized in Table 5.2. All
tests were conducted by using a sharp diamond Berkovich indenter which was calibrated with
fused silica with known values of elastic modulus, E = 72 GPa, and Poisson's ratio of 0.17. H
and E values were directly determined from the P-h curves, following the Oliver and Pharr
method (Section 1.4) [171,172]. Tests could be performed on penetration and/or load control
mode (depending on the testing method). The performed tests by Nanoindenter XP were
carried out under the penetration control mode. This nanoindenter is equipped with a
continuous stiffness measurement (CSM) module. This feature yields different information
such as stiffness, applied load, hardness and elastic modulus at each penetration depth for a
single test. It is then very helpful to calculate the minimum penetration depth, by plotting P/S?
values against penetration depth (Section 1.5.1), for which indentation size effects may be
disregarded (Section 1.4). Moreover, this testing unit has the ability to perform both, single
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and/or arrays of indentations at variable penetration depths. Different variables such as
penetration depth, the number of indentations of each array and space between imprints can be
adjusted. This feature permits to attain statistically enough data to evaluate hardness and elastic
modulus at micro- and nanometric length scales by performing arrays of imprints at different
penetration depths. It needs to be mentioned that Nanoindenter XP exhibits some testing
limitations: 650 mN of maximum applied load and/or 2000 nm of maximum penetration depth.
Performing each dynamic nanoindentation test takes around 7 minutes. Hence, to obtain
thousands of indentations per sample was a protracted process, and another indentation system
was needed to speed up the process.

iNano® nanoindenter (KLA-Tencor, Milpitas, CA, USA): It was mainly used for its high-speed
indentation capability by means of the NanoBlitz technique. It makes iNano® capable to
perform each test in a relatively short time. In high-speed mode (NanoBlitz 3D), positioning
the indenter, reaching the surface, apply the load and retraction would take less than 1 second.
Furthermore, this equipment can provide mechanical property (H and E) cartography maps of
the indented area (Figure 3.11). NanoBlitz 3D technique performs the indentation (quasi-
static) test just under load control mode. Thus, the applied load has to be somehow adjusted to
achieve the desired penetration depth. In doing so, the required applied load may be attained
from tests performed in the Nanoindenter XP unit at fixed penetration depth. Parameters of
tests conducted by means of the iNano nanoindenter are summarized in Table 5.3 (Section
5.2).
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Figure 3.11. Hardness cartography map, obtained by NanoBlitz technique using iNano for a studied cermet.
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3.3.2 Macroindentation: equipment and testing conditions

Indentation tests using relatively large applied forces were implemented on the different cermets
studied aiming to understand the influence of microstructural parameters (ceramic/metal phase
ratio) as well as carbon addition on macrohardness. In this regard, various indentations were
performed at different applied loads, using a DuraScan 20 G5 unit (EMCO-TEST Prufmaschinen
GmbH, Kuchl, Austria). Testing conditions are summarized in Table 3.6:

Table 3.6. Micro-indentation testing conditions.

Applied load (kgf) Indenter Holding time (s) Number of tests
10 . 10
30 Vickers 15 5

Vickers imprints performed at 30 kgf were additionally used to determine the indentation fracture
toughness (Palmqvist toughness) for the different cermets under consideration. This is an
established method to evaluate the indentation fracture toughness of brittle materials, based on the
lengths of cracks emanating out of the imprint corners, resulting after indentations using relatively
high loads. The corresponding critical stress intensity factor Kic (MPaym) may be estimated using
the equation proposed by Shetty et al. [214]:

1
HP\2 :
K. =B (E) Equation 3.1

where £ is a constant factor which is 0.0889 for Vickers indenter, H is Vickers hardness (MPa), P
is the applied load (N), and a is the crack length (mm).
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Chapter 4.
Scientific articles presentation

This Ph.D. thesis can be partitioned into three sections, each one focused on the different
composites studied. Microstructural characteristics and micromechanical properties of each
composite system as well as of the corresponding constitutive phases were evaluated. Within this
context, published articles are accordingly classified on the basis of the system under
consideration:

- Metal-Metal (DSS) in article I;
- Ceramic-Ceramic (PcBN composite) in article Il; and

- Ceramic-Metal (Ti(C,N)-FeNi cermet) in articles Il and IV.
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Article I:

Novel mechanical characterization of austenite and ferrite phases within a
duplex stainless steel

H. Besharatloo, M. Carpio, J.M. Cabrera, A. Mateo, G. Fargas, J.M. Wheeler, J.J. Roa and L.
Llanes. Metals 10 (2020) 1352. https://doi.org/10.3390/met10101352.

Summary

The microstructure and micromechanical properties of the constitutive phases of a particular
duplex stainless steel in various processing conditions have been characterized. Hardness (H),
elastic modulus (E), and H/E cartography maps were obtained by using a high-speed
nanoindentation mapping technique. Small-scale H and E evolution at different processing
conditions have been investigated by statistical analysis of a large number of nanoindentations
(10,000 imprints per sample). Two mechanically distinct phases, austenite (y) and ferrite («) were
deconvoluted from this dataset (using the statistical method proposed by UIm and Constantinides),
with the remaining values assigned to a third mechanical phase linked to composite-like
(containing y/a interphase boundaries) regions. These mechanical property phase assessments
were supplemented by overlaying the attained mechanical property (H, E, and H/E) maps and the
crystallographic phase maps obtained by EBSD. An excellent correlation between microstructure
and small-scale mechanical properties was achieved, especially when considering the ratio H/E.
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Abstract: The microstructure and micromechanical properties of the constitutive phases of a
particular duplex stainless steel in various processing conditions have been characterized. Hardness
(H), elastic modulus (E) and H/E cartography maps were obtained by using a high-speed
nanoindentation mapping technique. Small-scale H and E evolution at different processing
conditions has been investigated by statistical analysis of a large number of nanoindentations
(10,000 imprints per sample). Two mechanically distinct phases, ferrite (o) and austenite (y), were
deconvoluted from this dataset using Ulm and Constantinides” method, with the remaining values
assigned to a third mechanical phase linked to composite-like (containing «o/y interphase
boundaries) regions. These mechanical property phase assessments were supplemented by
overlaying crystallographic phase maps obtained by electron backscattered diffraction. An excellent
correlation between microstructure and small-scale mechanical properties was achieved, especially
when considering the ratio H/E.

Keywords: duplex stainless steel; cold work; mechanical and crystallographic phase mapping; high-
speed nanoindentation; statistical analysis; H/E ratio

1. Introduction

Duplex stainless steel (DSS) is a two-phase alloy in which the proportion of constitutive elements
(chemical composition) modifies the volume fraction and properties of austenite (y phase) and ferrite
(ot phase). DSSs are typically twice as strong as single-phase austenitic or ferritic stainless steels. The
combination of mechanical properties (high yield strength and ductility) and corrosion resistance of
DSSs demonstrates better overall performance than expected from a simple average of the two phases
and surpasses those exhibited by y and aphases separately. It makes DSSs suitable for many
industrial applications involving stringent service conditions, e.g. offshore, chemical, oil industries,
etc. [1-5]. The content of individual elements, such as Cr, Mo and N, within DSSs results in an
elevated pitting corrosion resistance. Nitrogen plays a similar role as carbon, i.e. an effective solid
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solution strengthening agent. In this regard, it is intentionally added to DSSs, as it can significantly
increase the strength of austenitic alloys [6-9].

It is well known that, for a given chemical composition, the mechanical properties of DSSs are
primarily modified by microstructural parameters, such as the phase fraction and crystallographic
texture of each phase. These microstructural parameters can be regulated by the processing
conditions [10-18]. Due to the two-phase nature of these alloys and the distinct mechanical behaviour
between austenite and ferrite, some damage and failure (edge cracks) may be induced during the
processing of DSS components. Hence, studies of the plastic compatibility between the constitutive
phases become necessary [19].

Although the mechanical properties of DSSs have been extensively studied from a macroscopic
perspective, the number of works involving small-scale characterization is quite limited for these
materials. In this regard, the reported results of micromechanical properties of constitutive phases ()
or a) are diverse. Austenitic phase could have higher, lower or equal hardness/elastic modulus
compared with ferritic phase, depending on different variables such as specific processing route
under  consideration [20,21], chemical compositions (N content) [22-26], and
microstructural/crystallographic texture of the individual phases [27-29].

It is evident that the mechanical behaviour of constitutive phases at the micro-scale is a key
parameter for optimising the microstructural design of DSSs. In order to attain reliable values of the
hardness and elastic modulus of each constitutive phase, massive nanoindentation combined with
statistical analysis [30-33] is here proposed as a methodology for assessing small-scale mechanical
properties. This method can assess the mechanical properties of predefined constitutive phases.
Alternatively, it may provide information about the content and distribution of constitutive phases
by linking different discerned responses exhibited by distinct mechanical phases [30-33]. Recently,
this methodology has been validated for several multiphase systems [34-40], where indentations
were performed to determine the mechanical properties of predefined phases [34,36,39], and/or
constitutive phases were distinguished on the basis of obtained mechanical properties maps
[37,38,40]. In both cases, mechanical properties of each phase were inherently constant and had
significant difference with those assessed for the other phases. However, applying this methodology
on DSS is challenging since, as mentioned before, mechanical properties (i.e. hardness (H) and elastic
modulus (E)) of —a and —y phases within DSS) are not stable and can be tailored by different factors.
Therefore, austenite or ferrite could not be defined by massive indentation technique, unless those
phases were already determined by microstructural characterization techniques. On the other hand,
in some cases, depending on alloying elements and processing conditions, austenite and ferrite show
relatively similar mechanical properties (H and E) [21-29]; thus, assigning/correlating the obtained
H or E to/with an austenite or ferrite phase would be complicated. Attempting to address
satisfactorily this challenge for DSSs, a novel high-speed nanoindentation mapping technique in
conjunction with microstructural characterization techniques were here employed. This led us to
acquire a persistent correlation between microstructure and micromechanical properties (hardness
H, elastic modulus E, and H/E) as a function of the processing conditions in a particular DSS.

2. Materials and Methods

2.1. Materials and Sample Preparation

The material used in this study is a commercial EN 1.4462 DSS, equivalent to AISI S31803,
provided by UGINE and ALZ (ArcelorMittal Group, Luxembourg C, Luxembourg). Three different
specimens were supplied after each industrial processing step (schematically illustrated in Figure 1).
They are designated as: S1-hot rolled (HR), S2—cold rolled (CR) and S3-final product (FP). More
information about the industrial processes employed and the resulting microstructures in terms of
texture can be found elsewhere [23]. The chemical composition of the DSS studied is summarized in
Table 1.
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Figure 1. Schematic diagram of industrial processing steps associated with the duplex stainless steel
(DSS) specimens investigated in this study.

Table 1. Chemical composition of the studied DSS (wt. %).

C Mn P S Si Cr Ni Mo N Fe
0.023 2:55 0.026 0.006 0.45 22.62 5.92 3.02 0.158 Bal.

Prior to microstructural and micromechanical characterization, the different specimens were
initially ground using silicon carbide paper, followed by sequential polishing with diamond
suspensions, with decreasing particle size down to 1 um. Finally, all the samples were polished for 4
hours with a 0.03 silica suspension using a vibratory polisher unit (VibroMet 2, Buehler, Lake Bluff,
IL, USA). This last step was taken in order to achieve a high-quality polished surface and diminish
the work hardening induced during the grinding and polishing process.

The microstructures of the processed samples were characterized using electron backscatter
diffraction (EBSD) in a field emission scanning electron microscope (FESEM, 7100F model, JEOL,
Tokyo, Japan). EBSD maps were collected with a 250 nm scanning step size at an acceleration voltage
of 20 kV and probe current of 9 nA. Various parameters, such as image quality (IQ) (Figure 2), phase
map, volume fraction and grain size of each phase were evaluated using Channel 5.0 software
(Oxford instruments PLC, Abingdon, UK).

Figure 2. Image quality (IQ) of the different DSS samples studied.

2.2. Assessment of Small-Scale Mechanical Properties and Statistical Analysis

Hardness and indentation elastic modulus measurements were performed using an iNano®
nanoindenter (KLA, Milpitas, CA, USA) equipped with a diamond, Berkovich indenter. H and E
cartography maps were acquired using a high-speed mechanical property mapping technique called
NanoBlitz. In doing so, each test can be accomplished in less than a second, which includes
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positioning the testing region under the indenter, surface approach, loading, unloading and
retracting process of the indenter. This relatively new technique can provide mechanical mapping
over relatively large (within the micrometric range) areas by performing arrays of thousands of
imprints, each evaluated by the Oliver and Pharr method [41,42]. Three large maps of 30,000 imprints
(10,000 per specimen) were performed under load control mode at 4 mN, which corresponded to an
indentation penetration depth ranging between 180 and 200 nm. This minimum required penetration
depth was evaluated on the basis of the dependence of the ratio between the applied load and the
stitfness squared on the penetration depth, by applying 16 imprints under an applied load of 45 mN
(see Section 3.2.1). Indentations were spaced at an interval of 2 um to avoid any overlapping effect
from neighbouring indentations, according to the indentation depth/spacing ratio of 10 suggested by
Phani and Oliver [43]. This margin allows each imprint to be treated as an independent statistical
value to assess the micromechanical properties. The Poisson ratio was fixed at 0.3, which is
representative of DSS and various other metals [44].

The statistically analysis proposed by Ulm and co-workers [30-33] was employed to evaluate
the H and E response of each phase. In this statistical method, it is considered that the investigated
samples contain different constitutive phases (i) with distinct mechanical properties. Furthermore,
the Ulm method assumes that the distribution of mechanical properties of each constitutive phase
(P:) tollows a Gaussian distribution:

[P-Pi]?
B A=) (1)

NV
where P: is the arithmetic mean for number of indentations exerted on different constitutive phases
(1), and & is the standard deviation. The obtained H or E values (P) were plotted by cumulative
distribution function (CDF), while density functions were fitted by Gaussian distributions.
Consequently, the corresponding CDF using a sigmoidal shaped error function could be fitted by the
following equation:

o1 PP
CDF = ZE f,-erf[ T ] )

where f: is the relative volume fraction occupied by each individual phase. The total volume fraction
of constitutive phases was fixed at 1. The fitting process was set to finalize when the x? tolerance was
less than 1-10%. Finally, experimental CDFs were deconvoluted, yielding then mean and standard
deviation of hardness and elastic modulus for each mechanical phase. Details of the statistical method
employed on different system may be found elsewhere [30-38].

3. Results and Discussions

3.1. Microstructural Characterization

The mean grain size and distribution of each constitutive phase (yand &) were measured in each
processing condition using the linear intercept method [45]. In doing so, four separate micrographs
obtained by means of FESEM/EBSD were analysed per condition. Grain boundaries as well as both ¥
and aphases are shown in Figure 3a,b respectively. In addition, the volume fraction of each
constitutive phase for all studied samples was measured—Figure 3c.



Metals 2020, 10, 1352 50f 15

B Austenite}

Ferrite

701 ‘ I 70

Volume fraction (%)

HR CR FP
Samples

Figure 3. (a) Microstructure of the hot rolled (HR) sample illustrated by IQ; (b) phase map which
illustrates the surface fraction of the yand & phases; and (c) volume fractions of both constitutive
phases for all the studied samples.

According to the general literature observation, for DSSs with medium and high N contents (i.e.
above 0.15%), the y phase is harder than the a phase [23,24,46-49]. It is clear that the overall hardness
of the DSS depends on the volume fraction and intrinsic hardness of each constitutive phase within
the bulk material. This work focuses on the evaluation of the intrinsic mechanical properties of each
phase after each processing step. Hence, it may be expected that grain boundary strengthening would
also play arelevant role. In this regard, grain sizes were measured for both constitutive phases. Figure
4a displays the histogram of the measured grain sizes with a constant bin size of 250 nm, obtained
from an average of at least 2000 grains from the HR sample (Figure 2). Qualitatively similar
histograms were obtained for the other studied samples and are not shown here. The measured grain
sizes for both phases were found to be effectively the same, with no statistically significant
differences. Therefore, the obtained histograms show the combined results from both phases. Three
main distributions illustrate the accumulation of grains within the defined ranges (see Figure 4a),
which relatively can be classified in low, medium and high ranges. The first peak corresponds to a
relatively lower range (less than 2 um), the second one corresponds to a medium-range (between 2
and 5 um), and the final rectangular region represents the higher range (greater than 5 um). The
reason behind this classification is given in Section 3.2.1.

Despite the number of high-range (coarser) grains being relatively small compared with the
measured low-range ones, the surface fraction occupied by the former is larger (see Figure 4b). Grain
refinement occurred during the cold rolling process. It consequently raised the surface fraction of
medium-sized grains dramatically. This resulted from the elongation and fragmentation of grains
during cold work induced at room temperature [49-51]. Finally, significant grain growth took place
after the final annealing process in the FP sample, as a result of the recrystallization and recovery of
deformed grains of both phases in the CR sample [23,47,52-57].
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Figure 4. (a) Grain size histogram for HR sample, with 250 nm of bin size, computed from at least

2000 counted grains. (b) Surface fraction occupied by grains with different size ranges for all the
studied samples.

3.2. Micromechanical Properties

3.2.1. Micromechanical Properties-Microstructure Correlation: Cartography Maps

Prior to performing the indentation mapping, testing conditions such as penetration depth and
spacing parameters were assessed and analysed. These parameters were optimized to achieve
nanoindentation results independent of both indentation size (ISE) and overlapping effects. In order
to attain this, 16 imprints were performed under an applied load of 45 mN. Figure 5 displays the ratio
between the applied load and the stiffness squared (P/S?) as a function of penetration depth (h). It
shows the minimum penetration depth, where the micromechanical properties will remain constant
and unatfected by ISE, tip defect or scale effect. As evidenced in Figure 5, P/S? reaches a plateau as
penetration depth reaches values greater than 175 nm. This implies that for 1 = 175 nm, it is possible
to assess the intrinsic H and E for each constitutive phase. Thus, in the current study, the penetration
depth was fixed at =200 nm. On the other hand, plastic flow induced by the indentation is known to
be about 10 times the penetration depth [43]. Hence, for indentations performed on grains smaller
than 2um, the plastic flow might not be confined within them, and it might be affected by the
surrounding ones. However, as mentioned before, surface fractions occupied by grains finer than 2
um are very small compared with those of grains whose size is within the medium and large ranges
defined previously. Therefore, the effect of obtained hardness values from imprints performed in fine
grains on the results are statistically negligible.

250 : 250
200 §h> J13m L 200
Z
E L 150
£
R=A
< L 100
2
(=P
50 - - 50
0 0

=T T T T T T T
0 200 400 600 800 1000 1200 1400
Displacement into surface (nm)

Figure 5. P/S? ratio versus displacement into the surface for indentations on cold rolled (CR) sample.
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A high magnification EBSD micrograph of one indented area and the corresponding phase map
is given in Figure 6. Similarly, another (at lower magnification) EBSD micrograph and the
corresponding property maps: H, E and H/E ratio, obtained from the 10,000 (matrix of 100 by 100)
imprints are shown in Figure 7 for HR and CR samples. Both y (red) and a (green) phases are clearly
differentiated in the EBSD maps of the indented regions. Meanwhile, within Figure 7, three distinct
colour gradients (red, green and yellow) may be seen in the cartography maps. A qualitative visual
comparison between EBSD and H-cartography maps demonstrates that red shades (ranges of 3.9-4.1
and 5.6-5.8 GPa for HR and CR respectively) correspond to the  phase, while green tones (ranges of
3.5-3.7 GPaand 4.5-4.9 GPa for HR and CR respectively) are related to the & phase. From the obtained
H-maps, it is evidenced that, as expected for the DSS studied, ) is harder than «. This might be related
to the lower stacking faultenergy (SFE) of y phase, which in turn, promotes dislocation multiplication
and more uniform dislocation distribution [22,23,49,58]. Moreover, it could be associated with the
influence of the nitrogen on stabilizing the  phase and promoting the deformation by planar glide,
which strengthens y grains [24,46].

This situation is different for elastic modulus. In Figure 7, & and y are shown by red and green
shades, respectively, in the E cartography map. It is observed that a phase has a higher elastic
modulus than y one. Moreover, yellow tinges (in both H and E maps) between y and a phases can be
considered as a composite response. It results from the indentations whose plastic zones include both
a and y phases; thus, a/y interphase boundaries (see white dashed circles in Figure 6b).
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Figure 6. (a) Field emission scanning electron microscope (FESEM) micrograph of a region of the
indented surface. (b) Phase map of the same region overlaid with the original micrograph.

As shown in Figure 7, limits between ) and & phases can only be faintly discerned from the H-
and E-maps. On the other hand, phase contrast is more pronounced in the H/E ratio map. Although
H and E represent different mechanical phenomena, the H and E values are interrelated in such a
way that the corresponding H/E ratio demonstrates more consistent values. It highlights the
differences of crystal structure and partition of chemical elements for each phase. Therefore, the H/E
ratio yields a clearer map of 7 and & phases [40], in which the austenitic phase manifests a higher
plasticity ratio compared with the ferritic one.
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Figure 7. Electron backscatter diffraction (EBSD) maps of indented surfaces and corresponding
cartography maps of indicated region for HR and CR samples.

3.2.2. Small-Scale Mechanical Properties of Each Constitutive Phase: Statistical Analysis

The evaluation of the mechanical properties of each constitutive phase in the studied DSS
specimens under different processing conditions is quite challenging, since conventional
nanoindentation results show only slight differences in hardness between the phases. Moreover, it
has been reported that the hardness of each phase is anisotropic [29]. In order to overcome these
challenges, statistical sampling was employed by the effective implementation of novel high-speed
nanoindentation techniques. This allowed the collection of significant amounts of H and E data for
each condition. Such a large amount of data enhances the accuracy of statistical analysis and enables
one to discriminate relative differences for the mechanical properties of each phase.

As was indicated above, the H/E ratio offers higher accuracy for discrimination of mechanical
response of the constitutive phases of DSSs, as shown in Figure 7. Aiming to sustain this statement,
anovel data analysis graph where H and E values are simultaneously displayed as a 2D histogram
[40] is shown in Figure 8. It includes the H and E values obtained from 10,000 imprints performed on
each HR and CR sample (a similar trend is also observed in FP condition, not shown here). In this
image, the colour of each pixel represents the number of indentations that are included within arange
of H and E, which is defined as a 2D bin size. Particularly, for CR, two clear peaks can be immediately
identified in these plots. They correspond to the two major phases: one located at H ~ 5.5 GPaand E
~ 210 GPa, and another at H ~ 5.0 GPa and E ~ 240 GPa. The tail of pixels below these main peaks
corresponds to blue and white traces within the H/E cartography map (Figure 7). It resulted from
indentations into surface contamination that effectively reduce the penetration depth of the
indentation, yielding lower values along the same H/E ratio as the underlying material. As depicted
in Figure 7, the y phase has a higher H/E ratio than the a phase. Therefore, the peaks with higher H
(3.8 GPa for HR and 5.5 GPa for CR) and lower E (~190 and 210 GPa for HR and CR respectively)
values are attributed to the ) phase (FCC peak within Figure 8). Meanwhile, the other peaks with
lower H (~3.6 GPa for HR and ~5.0 GPa for CR) and higher E (~210 GPa for HR and 240 GPa for CR)
are attributed to the a phase (BCC peak in Figure 8). These peaks have overlapping property
distributions. If the distributions were Gaussian and sufficiently separated, it would be expected to
produce a saddle between the two peaks in the 2D histogram. However, the intensity of values
between the two peaks is higher than might be expected —producing rather a ridgeline between
them. This additional intensity may be rationalised by considering the indentations performed on the
phase boundaries, and whose plastic zones included both phases (Figure 6), then yielding a
composite-like (containing ot/y interphase boundaries) response.
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In order to obtain the mean values of H and E for each constitutive phase, the statistical analysis

proposed by Ulm and co-workers [30-33] was implemented. Figure 9 shows separate H and E
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Figure 8. 2D histograms of Hardness (y-axis) vs. Elastic Modulus (x-axis) acquired from 10,000

indentations on each HR and CR sample.

-like (interphase) phases. By using the

histograms calculated from the experimental data from HR and CR samples. Three peaks were fitted
phase information from EBSD mapping (Figure 7), the different peaks could be clearly assigned to

on each histogram. They correspond to ), & and composite

their respective phases for each investigated sample. These findings were further supported by

relative differences discerned among experimental p-h curves. Representative examples of them are
given in Figure 10, corresponding to discrete imprints examined and located within individual phase

grains (ferrite and austenite) and regions containing phase boundaries.
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Figure 10. Load-displacement curves obtained from different imprints performed on austenite, ferrite
and interphase.

These statistically derived results are in agreement with values previously reported in the
literature, for DSSs with similar chemical compositions [22-24]. The obtained values for each
constitutive phase for each processing condition are summarized in Table 2.

Table 2. Summary of H and E values of the defined phases in each processing condition of DSS
determined from statistical analysis.

Hardness, H (GPa) Elastic modulus, E (GPa)
Samples
a o/y Interphase Y a o/y Interphase V4
HR 3.6+02 38+0.1 39+02 213+8 201 +8 190 + 10
CR 49+02 52+02 56+02 240+ 8 220+10 208 + 15
FP 3.7+02 39+0.2 42+02 21510 202 +7 190 + 10

Figure 1la illustrates the influence of the processing conditions on the hardness of each
constitutive phase, as well as on the surface fraction of coarse grains. As expected, H increased
dramatically after cold working (CR) in both phases, due to dislocation glide, which in turn promoted
an increment in the dislocation densities within the grains causing strain hardening [49,50]. Finally,
after the annealing treatment (FP), the hardness value decreases as a consequence of the recovery and
recrystallization mechanism within the deformed microstructure formed during the cold rolling step [59-61].
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Figure 11. Intrinsic mechanical properties [(a)-H and (b)-E] evolution of both ferritic and austenitic
phases and surface fraction of coarse grains during the DSS processing.

As shown in Table 2 and Figure 11b, the azphase exhibits a higher E (20 GPa) due to its BCC
crystal structure, which has a lower interatomic distance (smaller lattice parameter) than the FCC
crystal structure of the yphase [22]. Hardness and elastic modulus differences must be taken into
account to prevent crack appearance after intense plastic forming. More interestingly, and partially
unexpected, the elastic modulus E of both phases changed after the cold-rolling step. Traditionally,
the elastic modulus is considered a characteristic parameter, which remains constant irrespective of
the grain size, phase morphology and chemical composition. For instance, the elastic modulus of
plain carbon steels is assumed to be 210 GPa, while this value is 200 GPa in an AISI-304 (i.e. a highly
alloyed steel). However, recent studies [62-66] carried out at macro-scale have shown that the elastic
modulus has a minor but not irrelevant dependence on strain hardening. Account of this
phenomenon allows having better predictions of the spring back character of most metallic alloys,
which is indeed of enormous industrial interest. Although a detailed explanation of the observed
response is out of the scope of this study, besides the strain hardening effect commented,
crystallographic texture induced by the deformation itself could also be recalled as possible reason
for explaining the above experimental findings. This hypothesis is supported by the fact that, once
work hardening and deformation texture are removed by annealing (FP sample), elastic modulus
values recover those assessed for the HR condition (Figure 11b).

4. Conclusions

The microstructure and micromechanical properties of each constitutive phase of a duplex
stainless steel were investigated as a function of processing condition. According to the obtained
results, the following conclusions may be drawn:

1. The surface fraction occupied by medium- and large-sized grains demonstrated a high
sensitivity to cold work. Grains were significantly refined during cold work via the elongation
and fragmentation of grains. Subsequent annealing treatment activated recovery and
recrystallization of the grains, which caused a higher surface fraction of coarser grains.

2. Hardness and elastic modulus cartography maps provided a satisfactory correlation between
micromechanical properties and constitutive phases (confirmed by EBSD analysis). The
accuracy and definition of such a relationship were increased by using H/E maps. Therefore, the
HJE ratio is proposed as an appropriated and reliable parameter for mechanically distinguishing
between phases with relatively similar properties.

3. The different processing routes investigated here have similar effects on the mechanical
properties of both phases. For the DSS here studied (with an intermediate N content of 0.15 in
%wt), the austenitic phase demonstrated higher hardness and lower elastic modulus compared
with the ferritic one.
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4. Cold work resulted in higher values of hardness and elastic modulus for both austenite and
ferrite phases, as compared to the hot-rolled as well as the annealed (final product) ones. Such
relative changes assessed in the small-scale properties are expected to be related to work
hardening and deformation texture effects. Further research is here recalled for a deeper
understanding of these correlations.
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ARTICLE INFO ABSTRACT

Keywords:

¢BN-TiN
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Small-scale properties

Micromechanical properties of a polycrystalline cubic boron nitride (PcBN) composite have been assessed by
statistical analysis of data gathered from experimental massive nanoindentation. The mechanical study was
complemented with electron probe X-Ray microanalysis, aiming to cormrelate relative B/N ratio and local
hardness for individual cBN particles. Best-fit of experimental and deconvoluted data is achieved by considering
five mechanically different phases, defined on the basis of chemical nature, TiN/cBN interface presence, ratio
between residual imprint dimension and microstructural length scale as well as phase stoichiometry. In-depth

local micromechanical and chemical analysis permitted to propose and validate, for the first time, the existence
of a correlation between intrinsic hardness and phase stoichiometry for ¢BN phase. Finally, based on experi-
mental data measured by nanoindentation and analyzed in terms of plastic index, toughness for the PcBN
composite studied is estimated to range between 4 and 6 MPa-vm.

1. Introduction

Polycrystalline cubic boron nitride (PcBN) is a super-hard multi-
phase material extensively used in highly demanding applications, such
as tooling for high precision abrasive machining processes of alloys
employed in the automotive and aerospace industries [1,2]. The success
of PcBN mainly resides in its composite nature, consisting of hard mi-
crometer-sized of cubic boron nitride (cBN) particles bound by a matrix
of metal carbides, nitrides and/or oxides (e.g. Refs. [3,4]). On one
hand, the intrinsic properties of ¢cBN grains are solid attributes, as these
provide PcBN with excellent hardness and wear resistance, high tem-
perature stability as well as chemical inertness with respect to ferrous
alloys and many other materials. On the other hand, the composite
character allows assembling different microstructures by varying size
and distribution of hard particles, together with chemical nature and
content of the binder. It yields then a wide range of property combi-
nations to satisfy distinct service-related requirements.

Literature information on PcBN cutting tools mainly focuses on
machining performance and tool wear, as a function of workpiece and/

or cutting conditions (e.g. Refs. [5-15]). In general, in these studies,
microstructures and properties of studied PcBN tools are rarely invoked
as an experimental variable. Furthermore, research addressing the in-
fluence of microstructural parameters on basic mechanical or tribolo-
gical properties of PcBN composite is also quite scarce [16-24]. Con-
sidering that an in-depth understanding of microstructure-property
relationship has been a key parameter for enhancing functionality of
other multiphase hard materials (e.g. cemented carbides [25-27]
among others), the lack of this information clearly points out the need
for research efforts in this direction for super-hard ceramic composites,
and in particular for PcBN composites. Following the above ideas, this
work aims to assess, document and analyze the small-scale mechanical
properties (i.e. at the length scale of constitutive phases) of a PcBN
composite. It is done by implementing systematic micromechanical
testing protocols: experimental massive nanoindentation and statistical
analysis of the gathered data, complemented with advanced char-
acterization techniques of its microstructure. Such approach is expected
to provide relevant knowledge towards microstructural design optimi-
zation of PcBN composites.
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2. Experimental procedure
2.1. Material and microstructural characterization

A commercial ceramic/ceramic composite grade, ¢cBN-TiN, was in-
vestigated. It was supplied as an insert brazed to a hardmetal (WC-Co)
substrate. Prior to detailed microstructural and small-scale mechanical
characterization, the specimen was chemo-mechanically polished by
using diamond suspensions with gradually decreasing particle sizes,
from 30 down to 1 um. Afterwards, the sample was carefully polished
with OPAN for 40min; and thus, ultrasonically cleaned with acetone
during 15min and dried using pure air.

Field Emission Scanning Electron Microscopy (FESEM, JEOL
7100 F) was used to inspect the ceramic/ceramic microstructure. It was
done by analyzing multiple micrographs in terms of phase content and
¢BN particle size. Volume fractions of cBN particles and ceramic binder
were calculated from two-dimension data, attained by direct image
correlation using the ImageJ software. Meanwhile, mean particle size of
¢BN grains was determined by means of the conventional linear inter-
cept method [28]. This quantitative microstructural analysis was
complemented by energy dispersive X-ray spectroscopy (EDS), in order
to evaluate chemical nature of each constitutive phase.

Aiming for detailed characterization of nitrogen content within cBN
particles, electron probe X-ray microanalysis (EPMA) was conducted. It
was done by using a JEOL JXA-8230 microprobe and wavelength dis-
persive spectrometer (WDS) attached to this equipment. X-ray map for
the nitrogen was recorded in high-resolution mode, using a channel
width of 1 eV. Electron currents were selected to ensure that counting
rates were less than 10* countss~'. More information about the pro-
tocol followed to conduct this analysis may be found in Refs. [29,30].
Two different nitrogen maps in the ¢BN-TiN specimen were attained,
with counting times that ensured a statistical uncertainty lower than
1%.

2.2. Micromechanical properties: indentation testing

2.2.1. Hardness: Massive indentation and statistical analysis
Nanoindentation measurements were performed using two distinct
nanoindentation units as well as following different protocols regarding
testing conditions. First, reference values for hardness of each con-
stitutive phase were assessed by carrying out three 10 x 10 indentation
matrices working under displacement control mode. It was done by
imposing a maximum displacement into surface of 200 nm and a dis-
tance between imprints of 5pm. Matrices were conducted in at least
three different (randomly selected) locations at the surface of the PcBN
composite studied, yielding similar results in all the cases. These tests
were conducted with a Nanoindenter XP (MTS) equipped with a con-
tinuous stiffness measurement (CSM) modulus and a Berkovich dia-
mond tip. Calibration of the contact area of the tip was done with fused
silica — known value of Young’s modulus of 72 GPa and Poisson’s ratio
of 0.17 [31]. As a result of these tests, it was found that maximum
values of applied load (corresponding to 200 nm indentation depth)
were in the range of 25-30mN. In order to document subsurface de-
formation and damage scenario associated with Berkovich na-
noindentations confined within individual phases, cross-sections were
prepared by means of Focused Ion Beam (FIB) coupled to a Zeiss Neon
40 FESEM. Prior to FIB milling, a protective thin platinum layer was
deposited on the residual imprints to be studied. A Ga™ source was
used, and current as well as acceleration voltage were continuously
decreased down to a final polishing stage at 500 pA at 30 kV.
Following the above study, two additional nanoindentation testing
protocols were performed by implementation of novel high-speed and
micromechanical mapping experimental upgrades. They were con-
ducted under loading control using an iMicro® Nanoindenter
(Nanomechanics Inc.). Load and depth data attained in all the above
nanoindentation tests were analyzed by using the standard method
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proposed by Oliver and Pharr, which leads to determine contact stiff-
ness and hardness [31,32]. Different maximum applied loads and grid
sizes were used, aiming to optimize data acquisition towards reliable
determination of hardness values, within the framework of the statis-
tical method proposed by Ulm and coworkers [33-36]. On one hand,
2,500 (50 x 50 grid) imprints at maximum applied load of 25mN were
done in an area of 50 x 50 um® On the other hand, 12,500 imprints at
maximum applied load of 10mN were performed. The latter were di-
vided into 2 matrices of 100 x 100 and 50 X 50 indentations in areas
of 50 x 50 um? and 25 x 25 pm?, respectively. The indentation spacing
was chosen as per the recommendation of Phani and Oliver [37]. For
these tests, Nanoblitz software was used to attain a mechanical property
mapping at high speed, each test being performed in less than 1s. The
fast testing capability enables mapping over large areas in a short
amount of time as well as access to large data sets for statistical ana-
lysis. In all the cases, a sharp Berkovich tip (calibrated as indicated
above) was used. Contact stiffness was continuously measured as a
function of depth using a phase lock amplifier oscillating at 100 Hz
frequency and 2 nm displacement amplitude.

Obtained hardness results were then statistically analyzed, ac-
cording to the method proposed by Ulm and coworkers [33-36]. Such
testing and data analysis protocol has been recently validated for other
hard and microstructurally heterogeneous materials, such as WC- and
Ti(C,N)- based cemented carbides, by the authors of this study [38-41].
Theoretical framework behind this approach is based on: (1) con-
sideration of the heterogeneous system as composed by several distinct
phases with different mechanical properties (H); (2) assumption of
mechanical properties of each phase to follow Gaussian distributions
(py), as given by:

where H; is the arithmetic mean for all the indentations (N;) probing
each constitutive phase (i) and o; is the standard deviation; (3) gen-
eration of experimental cumulative distribution function (CDF) for each
constitutive (Gaussian distributed) phase, written as follows:
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where f; is the volume fraction of a mechanically identifiable phase
[33]; and (4) final deconvolution of experimental CDFs, yielding then
mean and standard deviation of H for each mechanical phase. In this
investigation, considering the ratio between residual imprint dimen-
sions and microstructural length scales, three mechanically different
phases were originally defined. Two of them correspond to the two
microstructurally distinct constitutive phases, i.e. ¢BN particles and TiN
matrix. The third one refers to a “composite-like” phase, and is related
to events where imprints were indeed probing combined mechanical
response of both constituents, i.e. ¢BN and TiN. Details of the statistical
method followed may be found elsewhere [38].

Finally, aiming to evaluate relative H of ¢BN particles regarding
nitrogen or boron amount diffused in the grains, an additional study
was conducted in all three 10 x 10 indentation matrices performed
following the first testing protocol described above. There, a correlation
between intrinsic H and local chemical composition was attempted by
comparison of micromechanical mapping data with results attained
from EPMA analysis within a defined region, limited for easier identi-
fication by a FIB-marked square (see Fig. 5a).

2.2.2. Indentation fracture toughness: cube corner indentation

Indentation fracture toughness (K,.) in ceramic materials is com-
monly measured by means of indentation techniques, as follows
[42,43]:
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Kie = a(2)H()

3)
where H is the hardness, E is the elastic modulus (assessed from na-
noindentation tests described in previous section), P is the maximum
indentation load, ¢ is the radial crack length created in the residual
imprint, and a is an empirical constant related to the indenter geo-
metry.

In order to estimate K. of the entire PcBN composite, six different
loads (i.e. 5, 10, 20, 30, 40 and 50 gf) and five indentations per load
were done, under load control mode and using a cube-corner indenter.
This indenter was used, instead of a Berkovich one, because the higher
sharpness of the former; hence, plasticity is induced earlier. Load (P) -
displacement (h) data was also recorded in these tests. Corresponding P
- h curves showed several pop-ins, i.e. plateaus at given load levels
observed during loading part. This phenomenon is related with the
onset of plasticity on the material. Within this context, pop-ins could be
associated with nucleation of dislocations, crack formation, rupture
and/or phase transformation. Data recording was complemented with
high-resolution images of the residual imprints as well as transversal
sections of them, obtained by means of FESEM/FIB. It was done to
analyze the damage induced in the material and try to correlate it with
microstructure and mechanical response.

c2

3. Results and discussions
3.1. Microstructural characterization

The volume fraction (vol. %) of ¢BN particles is estimated to be
70%. Meanwhile, mean particle size of ¢BN grains and binder mean free
path (1) are discerned to be about 2.7 and 2.0 um respectively. The
main microstructural parameters are summarized in Table 2. These
microstructural findings were complemented by an EDS analysis, which
indicated presence of aluminum, besides other expected elements
(Table 1). Addition of aluminum is a common practice during PcBN
manufacturing for enhancing adhesion and wettability between ¢BN
particles and TiN binder, as reported in Ref. [44].

3.2. Small-scale hardness

3.2.1. Reference hardness values of the constitutive phases

Fig. 1a shows a FESEM micrograph corresponding to a small array
of indentations (performed at 200 nm of maximum penetration depth).
From such image, it is evident that some residual imprints are com-
pletely allocated within one of the two constitutive phases. This is the
case for imprints encircled with blue and yellow dashed lines for TiN
and c¢BN particles, respectively. On the other hand, it is also clear that
there are many other indentations which are indeed assessing the me-
chanical response of the composite itself, as residual imprints are
probing regions including phase boundaries. In those cases, corre-
sponding plastic flow would be expected to interact with both phases
(imprints encircled with red dashed lines in Fig. 1a). Such a scenario,
directly related to the ratio between residual imprint dimension and
microstructural length scale for the material studied, supports the
above definition of three mechanically different phases for the PcBN
system under consideration: two microstructurally distinct constitutive
phases, i.e. ¢BN particles and TiN matrix, and a third phase corre-
sponding to one exhibiting the “composite-like” response.

Fig. 2 shows H evolution as a function of penetration depth until

Table 1

Chemical composition of constitutive phases for the composite investigated.
Position Phase B N Al Ti
1 ¢BN 46.81 48.82 1.33 3.04
2 TiN - 25.30 - 7470
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Table 2

Microstructural parameters of PcBN composite studied.
¢BN particle size (pm) TiN binder mean free path, A (pm) Vol. % binder
27 * 02 20 * 0.1 30

reaching 200 nm, for each mechanically different phase. All the curves
tend to get into plateau values for penetration depths higher than
100 nm. Under these conditions, reference values for the intrinsic H of
each constitutive phase, i.e. independent of size or scale effects, may be
estimated to be around 20 and 42 GPa for TiN binder and ¢BN particles,
respectively. On the other hand, intermediate H values, in a range de-
fined by those assessed for individual phases, could be expected for the
third composite phase. These values are in satisfactory agreement with
those reported by different research groups for bulk TiN (see Refs.
[45-48]) and PcBN composites (see Refs. [17-19,23,24]).

In order to implement statistical method to obtain small-scale
properties of each mechanical phase under consideration, plastic flow
(affecting a region with dimensions about 10 times maximum pene-
tration depth [37]) must be confined inside each phase. Fig. 1c and e
shows FIB-milled cross-section images of subsurface scenario for in-
dividual imprints, pointed by arrows in Fig. 1a and detailed in Fig. 1b
and d. It is clear in both cases that above condition (plastic flow region,
defined by white dashed line, completely embedded within the in-
dividual phase) is satisfied for imprints performed within binder and
particles. This validates the consideration of each nanoindentation test
as an individual event regarding subsequent statistical analysis of the
gathered data.

3.2.2. Massive nanoindentation and statistical analysis

Hardness histograms (with a constant bin size of 1GPa) corre-
sponding to experimental data attained out of the 15,000 indentations
performed following the high-speed testing protocols are shown in
Fig. 3. They are determined from data with different numbers of im-
prints and maximum applied load: 12,500 indentations at 10 mN
(Fig. 3a) and 2,500 imprints at 25 mN (Fig. 3b). By applying the sta-
tistical method proposed by Ulm and co-workers [33-36], it is possible
to further deconvolute the experimental data into three peaks with
different mean values, as summarized in Table 3. Following the re-
ference values assessed before, the higher and lower peaks can be at-
tributed to ¢BN particles and TiN binder, whereas the intermediate one
must be related to the composite-like phase defined by phase boundary
regions. Statistical analysis of the data gathered using distinct max-
imum applied load levels do not yield relevant differences in mean and
standard deviation of small-scale H values. However, data attained
imposing a load of 25mN (as compared to 10 mN) do yield a better
screening among Gaussian distributions for each defined phase. Main
reason behind it may be related to size-scale effects (e.g. surface
roughness) or influence of indenter tip defects, these being more critical
for shallower penetrations.

Very interesting, from direct observation of the obtained histograms
(gray filled areas “marked by arrows” around the red Gaussian dis-
tribution curves in Fig. 3), it could be speculated that analysis of ¢BN
data would be better-fitted by considering two additional populations,
corresponding to harder and softer (with respect to the original main
peak) cBN particles. These differences could be related to variations of
chemical composition within ¢BN particles, and this aspect will be
addressed later in this study.

3.2.3. Hardness cartography map

One of the advantages of implementing novel high-speed na-
noindentation testing protocols is that they are inherently associated
with gathering of large amounts of data, small penetration depths and
close spacing of indents. This altogether allows enhancing accuracy and
statistical significance of data attained, including assessment of values
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Fig. 1. (a) FESEM micrograph of a small array of imprints performed at 200 nm of maximum displacement into surface; (b) and (d) magnified FESEM micrograph of
arrowed residual imprints (Fig. 1a) for ¢BN particle and TiN binder, respectively; and (c¢) and (e) FIB-milled cross sections of such imprints, showing estimated size

and extension of plastic deformation region induced by nanoindentation.

50 4
c¢cBN
o e Yo,
][, e ST e
30 | Composite

Hardness (GPa)

0 T T T
25 50 75

T
175

T T
100 125 150 200

Displacement into surface (nm)
Fig. 2. Hardness against displacement into surface for imprints performed at
200 nm of maximum penetration depth and whose residual imprints are

probing the three mechanically different phases defined for the PcBN composite
studied.
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corresponding to smaller length scale regions than individual phases
themselves.

Fig. 4 presents H cartography maps for the PcBN composite studied.
As before, they correspond to testing done using two different levels of
maximum applied load. Maps have been obtained from bicubic inter-
polation using 12,500 and 2,500 indents performed at 10 and 25mN of
maximum applied load respectively (Fig. 4a and b, respectively). As
already commented from results presented in Fig. 3 and Table 3, H for
the TiN phase is observed to range between 15 and 25 GPa, in fair
agreement with the data reported in the literature (e.g. Ref. [49]). On
the other hand, ¢BN particles show not only higher H values, but also a
much wider scatter, i.e. between 45 and 80 GPa. Finally, intermediate H
values are discerned for regions containing phase boundaries, i.e.
composite-like nature, where binder and particles are somehow inter-
dispersed or clearly interacting with each other. Regarding property
resolution, it is interesting to highlight the higher level attained when
imposing lower applied loads (i.e. 10 mN as compared to 25mN). This
must be associated with the lower effective ratio existing between im-
print size and microstructural length scale as applied load decreases.
However, care should be taken here on the final data analysis, as size
(either surface or just length-related) effects may not be neglected as
penetration depth becomes extremely shallow.
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Fig. 3. Hardness histograms computed from (a) 12,500 indentations performed at 10 mN of maximum applied load, and (b) 2,500 indentations performed at 25mN

of maximum applied load.

where a homogeneous indentation array was subsequently performed,

under displacement control mode at 200 nm of maximum penetration

Table 3

Hardness values for each mechanical phase, obtained from the fitting of the

experimental values by using statistical analysis.

depth into surface. Main goal behind it was to evaluate possible cor-

relation between N amount and small-scale H of individual ¢BN parti-
cles (where indentations were absolutely confined within the cBN

phase, see black circles in Fig. 5b).

Hardness, H (GPa)

Hardness, H (GPa)

Phase

(25 mN applied load)

(10 mN applied load)

2] *+°5

33
49

TiN

From the images shown in Fig. 6a, following EPMA analysis, cBN

particles could be classified in three different groups, depending upon

+

+H

Composite

¢BN

+

+

53

relative B/N content in atomic % (at. %): stoichiometric (50/50), and

non-stoichiometric - either B-poor (B at. % content lower than 25,

Fig. 6b) or B-rich (B at. % content higher than 75, Fig. 6¢). Although
specific reasons for non-stoichiometry of ¢BN particles is out of the

3.2.4. Chemical nature effects on the small-scale hardness of cBN particle

As it was commented in Section 3.2.2, deeper analysis of the his-
tograms shown in Fig. 3 points out that better-fitting of the experi-
mental data could be attained by considering three different small-scale
H peaks (instead of just one) for ¢BN particles as related to chemical

scope of this investigation, it could be speculated to result, following
recent findings by Dios et al. [51], from element diffusion between TiN
binder and ¢BN particles during the sintering stage. Taking this into

consideration, small-scale H data may then be assessed for cBN particles
as a function of relative B/N content. Fig. 7a shows representative

nature effects. This hypothesis was proposed on the basis of findings
reported by Sachdev [50] who states that morphology and residual
stresses of ¢BN crystals may be directly related to impurity effects as
well as different N and B contents along the particle. In this regard, B

rich (which implies particles deficient of N) cBN is prone to form B

sition. From these results, it is discerned that B-poor particles are
clearly harder than B-rich ones, yielding support to the consideration of

three mechanically different ¢cBN phases for reliable assessment of
small-scale mechanical properties of the PcBN here studied (Fig. 7b and
Table 4 with fitted small-scale H for 5 mechanically different phases).

mechanical response, in terms of H against the displacement into sur-
face, exhibited by three cBN particles with different chemical compo-

clusters in some specific crystalline planes, finally yielding octahedral/
irregular shaped grains with their crystallographic packaging distorted.
Within this context, the two extra peaks referred above (see grey arrows

in Fig. 3) could then be rationalized on the basis of possible non-stoi-

chiometry effects on measured H of ¢BN particles, as far as these dif-

ferences could be discriminated by the massive indentation and statis-

tical analysis protocol implemented in this study.

3.3. Indentation fracture toughness

Attempting to shed some light on this matter, EPMA analysis was
used to establish the composition of small areas of the material studied

Fig. 8 shows a representative P — h curve recorded when indenting,

up to 50 gf, for the material studied. Different pop-ins are discerned in

Fig. 4. Hardness map evaluated under loading control mode for studied sample with different applied loads: (a) 10mN and (b) 25mN.
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3
i

Fig. 5. Matrix of indentations (10 x 10) applied on specific area (framed by a FIB-milled square) of the sample: (a) FESEM micrograph of the region with the matrix
of indentations, and (b) N map of corresponding zone, as detected by EPMA.

Fig. 6. Atomic chemical analysis performed by EPMA: (a) SEM micrograph, (b) N map for High N grains marked by red dashed lines in SEM image, and (¢) N map for
Low N grains marked by yellow dashed line in the SEM image, which implies low and high B content, respectively. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article).
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Fig. 7. (a) Hardness against penetration depth for ¢BN particles exhibiting different B (and N) content, assessed from indentations performed in the region observed
by EPMA and within individual ¢BN particles. (b) Hardness histogram determined from 2,500 indentations performed at 25 mN. Five mechanically different phases
were deconvoluted: TiN binder, composite and stoichiometric as well as non-stoichiometric (B-rich and B-poor) ¢BN particles are overlapped on the histogram.

Table 4

Small-scale H for five mechanically different phases of studied sample.
Phase TiN Composite Low N ¢BN Stoichiometric ¢BN High N ¢BN
Hardness, H (GPa) 21 =5 33 + 5 43 + 3 49 + 7 54 + 3
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Fig. 8. P — h curve for the indentation performed at 50 gf (red arrows indicate
the pop-ins).

the loading curve, possibly in direct relation to irreversible deformation
and damage phenomena induced on the material. Fig. 9 shows residual
imprints resulting after cube-corner indentations conducted at different
applied loads (from 5 to 50 gf). Independent of applied load, radial
cracks emanating at the comers of the residual imprints are always
absent. At applied load level of 10 gf, material pile-up comes out
around the residual imprints (Fig. 9a and b). It is intensified as max-
imum applied load increases. As applied load gets higher than 20 gf,
cracking and chipping are identified as additional damage-induced
events (Fig. 9¢-f).

FESEM/FIB inspection on transversal sections of residual imprint
performed at 50 gf of maximum applied load (Fig. 10a) allows in-
spection of damage scenario and crack-microstructure interaction in-
duced by the cube comner indentation. Very interesting, it is discerned
that besides lateral cracking (white arrow in Fig. 10b), crack bridging
(white dashed circle shown in Fig. 10c) also develops. In this regard, it
is found that the former nucleates at the material subsurface and runs

Journal of the European Ceramic Society 39 (2019) 5181-5189

parallel to the surface. However, as applied stress rises, the lateral
cracks emerges into the surface and induces chipping. During this da-
mage evolution, crack propagation seems to take place mostly through
the ceramic binder or ceramic/ceramic interfaces, exhibiting local de-
flections as it meets the harder ¢BN particles.

Taking into account that well-developed radial cracks are not ob-
served in the residual imprints (Fig. 9), conventional indentation micro-
fracture method (i.e. through Eq. (3)) cannot be implemented for
quantitative assessment of indentation fracture toughness. However, as
illustrated in this equation, this parameter mainly depends on the ratio
between H and elastic modulus (E) of the material. Within this context,
a qualitatively estimation of the effective toughness of the composite
studied may be done by invoking the plasticity index (PI = H/E
[52,53]). In general, lower plasticity index values are linked to higher
effective toughness levels. From gathered data of nanoindentation
testing (as referred in previous sections), mean values for macroscopic E
and H for the PcBN composite may be taken as 650 GPa and 35GPa,
respectively. It results in a PI value around 510~ % For comparison
purposes, such value is close to PI levels exhibited by other hard
ceramic materials such as WC (E and intrinsic H values in the ranges of
475-650 GPa and 25-33 GPa, respectively [38,39]). Hence, effective
toughness for the PcBN composite system studied here may be esti-
mated to range between 4 and 6 MPa-vm [54,55], in agreement with
lower-bound results reported in the literature for those composites
[17,23,24].

4. Conclusions

A systematic investigation, aiming to assess micromechanical
properties of the constitutive phases of a PcBN composite has been
conducted. The mechanical study has been complemented by the use of
advanced characterization techniques such as FESEM/FIB and EPMA.
Based on the obtained data the following conclusions may be drawn:

- A protocol based on massive nanoindentation and statistical analysis
was successfully implemented for assessing small-scale mechanical
properties of a PcBN composite. In doing so, the heterogeneous
system was originally considered as constituted by three distinct

Fig. 9. FESEM micrographs of the residual imprints for cube-corner indentations performed at: a) 5, b) 10, c) 20, d) 30, e) 40, and f) 50 gf. (Red, green and yellow
arrows indicate pile-up, cracks and chipping, respectively). (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article).
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Fig. 10. FESEM micrograph of a) the transversal section of the residual imprint performed at 50 gf, b) magnified micrograph indicating lateral cracks with white
arrow and c¢) crack bridging shown with white dashed circle.

phases with different mechanical properties: two of them micro-
structurally different, i.e. cBN particles and TiN matrix, and a third
phase corresponding to one exhibiting the “composite-like” re-
sponse. Within this context, intrinsic H values of about 20 and
50 GPa were assessed for TiN binder and ¢BN grains as lower and
upper bounds to the hardness range determined for the composite-
like phase, i.e. between 30 and 40 GPa.

Mean and standard deviation of small-scale H values are in-
dependent, within the experimental set outs used in this study, of
maximum applied load and number of experimental events (in-
dentations) accounted. However, data attained imposing different
load levels, i.e. 25mN or 10mN, yielded either better screening
among Gaussian distributions for each defined phase or higher mi-
crostructure-property resolution within hardness mapping, respec-
tively. Such differences are related to distinct relevance of size-scale
effects (e.g. surface roughness) or indenter tip defects depending
upon penetration depth.

An in-depth statistical analysis of the upper-level H data com-
plemented with implementation of advanced -characterization
techniques (i.e. combined EPMA, instrumented nanoindentation and
FESEM) pointed out and validated the consideration of additional
mechanically different cBN-related phases on the basis of relative B/
N content. To the best knowledge of the authors, it is the first time
that different intrinsic H values are reported for ¢BN particles as a
function of phase (B/N ratio) stoichiometry.

Direct quantitative measurement of K. for the composite was not
possible because absence of radial cracks emanating from corners of
residual imprints. However, PI assessment and subsequent compar-
ison with literature data for WC ceramics, points out that toughness
for TiN-cBN composite investigated ranges between 4 and
6 MPam'/?,
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Summary

It is well known the interest of the scientific community in substituting the traditional cemented
carbides (WC-Co) by alternative ceramic-metal systems. In this regard, Ti(C,N)-based cermets
arise as excellent candidates due to their exceptional mechanical, tribological and thermal
properties. In this work, microstructurally different Ti(C,N)-FeNi cermets were processed using a
combination of colloidal and powder metallurgy techniques. Three distinct ceramic/metal phase
ratios were used: 85/15, 80/20, and 70/30 (volume fraction) of Ti(C,N) and FeNi, respectively.
Microstructural parameters and micromechanical properties (hardness and stiffness) of the three
composite systems and their constitutive phases were assessed. Small-scale hardness was
evaluated by means of massive nanoindentation testing and statistical analysis of the gathered data,
under the consideration of three mechanically different phases: Ti(C,N) particles, metallic binder,
and a composite-like one, corresponding to probing regions containing both constitutive phases. It
is found that values of local hardness for both composite-like and metallic phases increase as the
ceramic/metal phase ratio rises. In particular, local hardness values are determined to be
significantly distinct for the metallic binder in the three cermets investigated. Results are discussed
and rationalized on the basis of the constrained deformation imposed for the harder phase to the
softer and more ductile one. Estimated effective flow stress values for the metallic binder as well
as detailed inspection of crack-microstructure interaction and fractographic features point out the
effectiveness of FeNi as reinforcement phase and toughening agent for Ti(C,N)-based cermets.
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ABSTRACT
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It is well known the interest of the scientific community in substituting the traditional cemented carbides
(WC-Co) by alternative ceramic-metal systems. In this regard, Ti(C,N)-based cermets arise as excellent candi-
dates due to their exceptional mechanical, tribological and thermal properties. In this work, microstructurally
different Ti(C,N)-FeNi cermets were processed using a combination of colloidal and powder metallurgy tech-
niques. Three distinct ceramic/metal phase ratios were used: 85/15, 80/20 and 70/30 (volume fraction) of Ti
(C,N) and FeNi respectively. Microstructural parameters and micromechanical properties (hardness and stiff-
ness) of the three composite systems and their constitutive phases were assessed. Small-scale hardness was
evaluated by means of massive nanoindentation testing and statistical analysis of the gathered data, under the
consideration of three mechanically different phases: Ti(C,N) particles, metallic binder and a composite-like one,
corresponding to probing regions containing both constitutive phases. It is found that values of local hardness for
both composite-like and metallic phases increase as the ceramic/metal phase ratio rises. In particular, local
hardness values are determined to be significantly distinct for the metallic binder in the three cermets in-
vestigated. Results are discussed and rationalized on the basis of the constrained deformation imposed for the
harder phase to the softer and more ductile one. Estimated effective flow stress values for the metallic binder as
well as detailed inspection of crack-microstructure interaction and fractographic features point out the effec-
tiveness of FeNi as reinforcement phase and toughening agent for Ti(C)N)-base cermets.

1. Introduction

performance and reliability levels are required [6]. However, in recent
years both scientific and industrial sectors have been struggling to find

Cemented carbides are a group of ceramic-metal composite mate-
rials with exceptional combinations of hardness, strength and toughness
together with unique wear and abrasion resistance [1,2]. Main reasons
behind it are the wide range of microstructural assemblages available
for these composites, all of them consisting of interpenetrating net-
works of two phases with completely different properties: hard/brittle
ceramic particles and soft/ductile metallic binder [3-5]. Among these
materials, WC-Co alloys, also referred to as hardmetals, are one of the
most successful “tailor-made” composites. As a result, they are nowa-
days preeminent material choices for extremely demanding applica-
tions, such as metal cutting/forming or mining tools, where high

substitution materials for these reference WC-Co cemented carbides.
This is mainly because the classification of cobalt and tungsten as cri-
tical raw materials by the European Union (i.e. besides being con-
sidered as raw materials of a high importance to the economy of the EU,
there exists a high risk of a disruption in their supply), as well as their
consideration as hazardous substances for human health [7-9].
Following above ideas, Ti(C,N)-based ceramic-metal systems (cer-
mets) have been proposed as competitive alternative systems to plain
WC-Co alloys, owing to their outstanding hardness, oxidation and wear
resistance, as well as thermal and chemical stability [10-13]. With re-
spect to the metallic constituent, Fe and Ni alloys are both considered to
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substitute Co. The lower price and non-toxicity state of Fe compared to
Co, make it a proper option as a metallic binder. Furthermore, Fe is an
abundant raw material and has the ability to be hardened by thermal
treatments [14-16]. Meanwhile, Ni becomes an optimal alloying ele-
ment, as previous studies have demonstrated that it improves the
wettability between Fe and Ti(C,N), a behaviour directly related to the
densification of the samples during the sintering stage [17]. Never-
theless, high functional performance levels exhibited by hardmetal
tools and components require, besides achievable processing, similar
exceptional hardness-toughness correlations. Thus, both intrinsic
hardness of ceramic particles and effective toughening by the metallic
binder become key microstructural design parameters for designing and
developing new ceramic-metal systems.

Although there exist a large amount of studies on mechanical
properties of ceramic-metal systems (either WC- or Ti(C,N)-based), they
have been mainly addressed to evaluate basic and macroscopic para-
meters, i.e. Vickers hardness and/or Palmgqvist indentation fracture
toughness [18-22]. On the other hand, research focused on small-scale
hardness/toughness, i.e. at the level of microstructural dimensions, has
been rather limited and mainly focused on WC-based systems [23-32].
In this regard, as it has been recently validated by the authors, massive
nanoindentation together with statistical analysis of the gathered data
have shown to be a quite effective micromechanical testing protocol for
experimental assessment and understanding intrinsic mechanical
properties of main constitutive phases, especially those of the con-
strained binder [25,27,32]. Within this framework, it is the objective of
the present study to evaluate the small-scale mechanical properties for
the main constitutive phases present on Ti(C,N)-FeNi composites ex-
hibiting different ceramic/metal phase ratio. Results are expected to
provide microstructural design guidelines for novel cemented carbides
aiming to satisfy mechanical and tribological requirements associated
with increasingly demanding applications.

2. Experimental procedure
2.1. Sample preparation

Titanium carbonitride (Ti(C,N), Ti(C, 5,Np.5)) and iron (Fe, Fe SM)
submicron powders were supplied by H.C Starck (Germany). On the
other hand, submicron powder of nickel (Ni, Ni 210H) was provided by
INCO (Canada). Particle size and specific surface area were character-
ized by means of laser analyser (Mastersizer S, Malvern instruments
Ltd., UK) and one-point N, absorption (Monosorb Surface Area,
Quantachrome Corporation, USA), respectively. Moreover, Monosrb
Multipycnometer (Quantachrome Corporation, USA) set was used to
measure the density of the as-received powders. All the mentioned
parameters are summarized in Table 1.

Powders were processed using a combination of colloidal and
powder metallurgy techniques. High solid content suspensions were
formulated for submicron powders of Ti(C,N), Fe and the mixture of Fe
and Ni, using deionized water as dispersion medium [33,34]. In all
cases, the slurries were prepared in deionized water and pH was ad-
justed up to 10-11 adding Tetra methyl ammonium hydroxide (TMAH),
where surfaces of the powder particles are chemically stable. Then the

Table 1
Physical characteristics for the as-received submicron powders.
Characteristics Powder
Ti(C,N) Fe Ni
Density" (gcm ¥) 5.1 7.8 8.9
Dyso (um) 2.1 35 1.7
Surface area” (m?/g) 3.0 0.6 4.0

# #+ 0.1 Standard deviation in density measurements.
P+ 0.1 Standard deviation in specific surface area measurements.

Ceramics International 45 (2019) 20202-20210

Table 2
Chemical formulation of suspensions.

Sample Vol. % wt. % Composition metal matrix,
wt %
Ti(C,N) Fe/Ni Ti(C,N) Fe/Ni Fe Ni
85Ti(C,N)-15FeNi 85 15 78.4 216 85 15
80Ti(C,N)-20FeNi 80 20 719 28.1
70Ti(C,N)-30FeNi 70 30 59.9 40.1

necessary amount of Polyethylenimine (PEI) to completely cover the
particle surface in each case, was added as dispersant. Slurries of Ti
(C,N) and the mixture of Fe and Ni powders were prepared and milled
separately in a ball mill for 1h, using SisN4 and nylon balls, respec-
tively.

Milling process was followed by the mixture of the Ti(C,N) and Fe/
Ni slurries in order to get the desired powder compositions. The volume
ratio of Ti(CN)/FeNi were 85/15, 80/20 and 70/30vol/vol for each
mixture. Table 2 summarizes the volume and weight ratio of considered
powder composition as well as the composition of the formulated me-
tallic binder (85/15 wt/wt Fe/Ni) which was maintained in all cases.
Then, 2wt% of Polyvinyl alcohol (PVA) was added as the processing
polymer binder, and afterwards the slurry was kept for 20 min under
mechanical stirring, before the spray-drying step.

Spray-dry method was implemented using stable aqueous suspen-
sions of the mixture of powders to provide granules able to be pressed.
This processing step allows the fabrication of a feedstock for pressing
where ceramic and metal powders are homogeneously dispersed and
mixed. In doing so, LabPlant SD-05 atomizer (North Yorkshire, UK) was
used with the main controlled operating parameters being inlet and
exhaust temperatures: 190 °C and 100 °C respectively. The slurry pump
rate (2 L/h) and the atomizing nozzle design were set to attain spherical
agglomerates with high compressibility, capable to be formed by uni-
axial pressing [34]. Finally, a uniaxial die was used to press the gran-
ules into disks (16 mm in diameter) at 600 MPa. Compressed samples
were sintered in a high-vacuum furnace (10~° bar) for 2h at 1450°C,
with a dwell time of 30minat 800°C.

In order to correctly prepare sample surfaces for microstructural
and micromechanical characterization, cross sections of the sintered
materials were polished precisely with diamond paste down to 3 pm.
Polishing by colloidal alumina was conducted as final step, in order to
release any work-hardening effect induced in the metallic binder during
previous sample preparation stages.

2.2. Microstructural characterization

Microstructural characterization included the evaluation of grain
size of the carbonitride phase (drcx)), mean free path (1) of the me-
tallic binder and porosity. The former two parameters were assessed on
images obtained in a field emission scanning electron microscopy
(FESEM) unit (JSM-7100F, JEOL Ltd., Japan) at the acceleration vol-
tage of 20kV. Five micrographs per specimen were used and values
were determined by means of the linear interception method (LIM)
[35]. On the other hand, amount of porosity was determined, as a
function of volume fraction of the metallic binder, by means of ImageJ
software.

2.3. Small-scale mechanical characterization

Nanoindentation technique was implemented to evaluate the com-
posite hardness (H) and elastic modulus (E) of Ti(C,N)-FeNi systems as
well as the intrinsic hardness for each constitutive phase at both micro-
and nanometric length scales, respectively. Nanoindentation tests were
performed using a testing unit (Nanoindenter XP, MTS Systems
Corporation, USA) coupled with a continuous stiffness measurement
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Fig. 1. FESEM images of microstructure for Ti(C,N)-FeNi with different vol% of the metallic binder: a) 85Ti(C,N)-15FeNi, b) 80Ti(C,N)-20FeNi and ¢) 70Ti

(C,N)-30FeNi.

(CSM) modulus. The set was equipped with a diamond Berkovich in-
denter, which was precisely calibrated by using a fused silica standard
sample with a known Young's modulus, 72GPa [36]. The micro-
mechanical properties were extracted directly by using the Oliver and
Pharr method [36,37].

In order to determine H and E of the composite system (Ti
(C,N)-FeNi), an homogeneous array of 16 indentations (4 by 4) was
performed at 2 pm of maximum penetration depth or until reaching the
maximum applied load of the loading cell, 650 mN. On the other hand,
aiming to evaluate the intrinsic hardness of each constitutive phase,
2000 indentations per sample (five matrices of 20 by 20) were done ata
maximum displacement into surface of 200 nm. In this testing protocol,
residual imprints and plastic flow need to be confined inside each
phase, in order to guarantee that each single indentation could be
considered as an individual statistical outcome. Furthermore, the dis-
tance between imprints was required to be set adequately to avoid any
overlapping effect of neighbouring imprints. Taking these testing re-
quirements into consideration, distances between applied imprints at
2000 and 200 nm penetration depths were kept constant at 50 and
5 pm, respectively [25].

2.4. Statistical analysis

Intrinsic hardness of each constitutive phase was evaluated by using
the statistical analysis of the gathered H data, as proposed by Ulm and
co-workers [25,38-41]. In doing so, investigated specimens were con-
sidered to contain several (i) mechanically distinct phases. In this re-
gard, three main phases were contemplated for the studied system: Ti
(C,N) particles, metallic binder and a third one representative of the
case where plastic flows of ceramic and metal phases are interacting,
i.e. composite-like response. This statistical analysis assumes that dis-
tribution (p;) of interested mechanical properties (in this case hardness)
of each constitutive phase follows a Gaussian distribution:

1 [_ (H- H,-)Z]

P = —exp
N 207

@

where H; is the arithmetic mean of all individual indentations (N;)
performed on each phase (i) and o; is the standard deviation. Then, the
cumulative distribution function (CDF) using sigmoid shape error
function, may be fit by the following expression:

where f; is defined as the relative fraction occupied by each constitutive
phase. In order to acquire reliable values, several restrictions were
programmed during the deconvolution process. In this regard, the total
volume fraction of constitutive phase was fixed at 1, while the fitting
process was set to finalize when the chi-square (32) tolerance was less
than 107'°, with an ultimate coefficient of determination (R®) of
0.9998. Additional and detailed information about the statistical
method followed can be found in Refs. [25,38-41].

In order to implement this protocol, three main critical parameters
must be taken into account: (I) indentation size, (II) relative difference
in hardness values between the constitutive phase, and (III) grid size.
These three main parameters will be recalled as results are presented
and discussed in the following sections.

2.5. Damage and fracture micromechanisms

Deformation, subsurface damage and fracture-related (crack-mi-
crostructure interaction) scenario induced by residual imprints were
evaluated by scrutinizing contact surfaces through a dual beam FESEM/
Focused Ion Beam (FIB) unit (Neon40 Crossbeam, Carl Zeiss
Microlmaging GmbH, Germany). Regarding cross-section examination,
prior to milling, a thin protective layer of platinum was deposited on
the region of interest to circumvent any waterfall effect, which could
affect the quality of the images. Current and acceleration voltage of
Ga" source were subsequently reduced down to a final polishing stage
at 500 pA and 30 kV respectively. Finally, special attention was paid to
discern fractographic features of the metallic binder on intentionally
(and abruptly) broken sections of previously indented samples.

3. Results and discussions
3.1. Microstructural parameters

FESEM micrographs of studied samples are shown in Fig. 1. The
corresponding microstructural parameters are summarized in Table 3.
Grain size for the ceramic phase followed bimodal distributions, al-
though mean value was quite similar for all the samples. Fig. 2 shows a
typical grain size histogram for the Ti(C,N) particles with a constant bin
size of 100 nm. It was plotted from data measured for 675 different
grains in the sample 85Ti(C,N)-15FeNi. Qualitative similar histograms
were attained for the rest of the specimens studied. Two distributions

n
CDF = Z 1 fierf [ H - b ] are overlapped to the experimental values, corresponding to coarse and
T2 V2o (2) fine Ti(C,N) particles, in agreement with microstructural scenarios
Table 3
Microstructural parameters of studied samples.
Sample name Binder content, vol % Mean Ti(C,N) grain size, dyicny (Um) Mean free path, A (um) Porosity %
85Ti(C,N)-15FeNi 15 22 + 03 0.5 + 0.1 27 + 1.1
80Ti(C,N)-20FeNi 20 22 +03 0.6 + 0.1 05 + 0.1
70Ti(C,N)-30FeNi 30 23 +03 1.0 £ 0.2 1.2 £ 0.9
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Fig. 2. Grain size histogram for sample 85Ti(C,N)-15FeNi, with 100 nm of bin
size. Two simulated distributions were fitted over the experimental values, as
related to fine and coarse grains.

discerned in images shown in Fig. 1.

As it can be appreciated in Fig. 1 and Table 3, porosity was between
0.5 and 2.7% for all the specimens. It was reduced and density reached
values close to 99% for specimens with the highest volume fraction of
metallic phase studied. Considering that all the specimens were sintered
using same temperature and time conditions, lack of binder for em-
bedding all the ceramic particles when the liquid phase is formed seems
to be a plausible reason for the higher porosity levels attained for 85/15
and 80/20 ceramic/metal phase ratios [17,34]. Nevertheless, it should
be highlighted that, besides sintering temperature and time, there are
additional processing variables that could affect final density of speci-
mens. Achievement of full density for every composition studied was
out of the scope of this investigation, although it is a topic being ad-
dressed in ongoing research carried out by the authors.

3.2. Small-scale mechanical properties

3.2.1. Mechanical properties of the composite: hardness and elastic modulus

Representative curves of measured hardness (H) and elastic mod-
ulus (E) values as a function of the displacement into the surface for the
different Ti(C,N)-FeNi systems are shown in Fig. 3a and Fig. 3b, re-
spectively. Possible indentation size effect (ISE) or tip defect interac-
tions were evaluated by plotting the ratio between applied load and
stiffness squared (P/S?) as a function of the displacement into surface
(e.g. Fig. 4 for cermet 80Ti(C,N)-20FeNi). As it may be seen, P/S?
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Fig. 4. P/S” ratio versus displacement into surface for indentations performed
at maximum applied load for sample 80Ti(C,N)-20FeNi.

becomes independent of indenter penetration after 200 nm of dis-
placement into surface. Therefore, values for H and E assessed for
h = 200nm may be considered as intrinsic ones for the three cermets
studied (see Refs. [23,42]). Small-scale mechanical properties evolution
shown in Fig. 3 and data for H and E summarized in Table 4 highlights
an expected inverse correlation between mean free path of the metallic
binder (directly related to ceramic/metal phase ratio) and both para-
meters. This is in accordance with trends observed for microstructural
effects on macro hardness (i.e. evaluated at much higher applied load
levels, i.e. 10 and 30 Kgf) for the cermets here studied (Table 4, which
are in agreement with the Vickers hardness values reported in Ref.
[34]). Relative differences in hardness values listed in Table 4 may be
accounted recalling the mechanistic models proposed by Nix & Gao
[43], on the basis of geometrically necessary dislocation concepts, for
rationalizing hardness-penetration depth correlation according to:

_I_-_I.— I1+_}f.
Hy, ~\ h 3)

where H is the hardness for a given depth of indentation (h), Hp is the
hardness in the limit of the infinite depth and h" is a characteristic
length that depends on the shear modulus, H, and the shape of the
indenter [43]. In this regard, implementation of Nix & Gao model was
found to fit satisfactorily the experimental data for hardness values of
studied systems, measured under different levels of applied load.

3.2.2. Intrinsic hardness
Prior to perform massive indentation testing, it is necessary to do a
discrete evaluation of the intrinsic H for each phase. In this regard;

o 15FeNi
—e—20FeNi
= o4 —e— 30FeNi
o, o
&) Jla._h_._
PIRCR v i
el N enia <
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N i TN
£ NI 444 444444
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Displacement into surface (nm)

Fig. 3. (a) H and (b) E evolution as a function of the maximum displacement into the surface for all the investigated samples.
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Table 4
Mechanical properties data for the three different Ti(C,N)-FeNi composites studied in different length scale.
Sample Nanoindentation data, performed by Berkovich indenter at 650 mN HV10 (GPa) HV30 (GPa)
Elastic modulus, E (GPa) Hardness, H (GPa)
85Ti(C,N)-15FeNi 455 = 20 20.2 £ 2.0 13.0 = 0.4 12.8 £ 0.1
80Ti(C,N)-20FeNi 420 £ 18 18,5 = 2.0 11.3 = 0.3 11.0 £ 0.1
70Ti(C,N)-30FeNi 346 £ 22 123 = 1.5 9.5 + 04 9.1 £ 0.2
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Fig. 5. Hardness evolution as a function of the maximum displacement into the
surface for each constitutive phase for the 80Ti(C,N)-20FeNi specimen.

typical curves of hardness evolution as a function of maximum dis-
placement into the surface are presented in Fig. 5 for the 80Ti
(C,N)-20FeNi composite system. They correspond to indentations
whose residual imprints were either completely confined in a con-
stitutive phase or probing both phases (including interfaces) simulta-
neously. There, H values for both individual phases and the composite
itself are not only distinguishable, but also discerned to follow trends
towards plateau levels as penetration depth gets deeper than 100 nm.
This supports above finding that mechanical response is not affected by
any ISE for h = 200 nm (see Fig. 4 [25,27]). Furthermore, additional
inspection was done to assess imprint scenario at the subsurface level.
Fig. 6a and Fig. 6b shows surface and FIB-milled cross-section views of
a residual imprint in a Ti(C,N) particle respectively. It is evidenced that
it is absolutely embedded within the ceramic phase. This will also apply
for plastic field dimensions, estimated to range between 1.4 and 2.0 ym
(i.e. between 7 and 10 times maximum displacement into the surface);
thus, slightly smaller than the mean grain size determined experimen-
tally by using the LIM (see Table 3) for the Ti(C,N) particles. These facts
then point out the data gathered from 200 nm in-depth indentations as

Fig. 7. FESEM micrograph image of small part of indentation array performed
at 200nm of maximum displacement into surface for sample 80Ti
(C,N)-20FeNi.

valid for implementing the statistical method to be used for extracting
intrinsic hardness values of individual phases for cermets here in-
vestigated.

3.2.3. Massive nanoindentation testing and statistical analysis

Fig. 7 shows a small-cropped region of the indentation arrays of
2000 imprints performed at 200 nm of maximum penetration depth, as
observed by FESEM. The related hardness histogram, with a constant
bin size of 1 GPa, for sample 85Ti(C,N)-15FeNi is presented in Fig. 8.
Three discrete peaks with mean values of 19, 27 and 34 were de-
termined. The highest and lowest peaks are attributed to the intrinsic
hardness of ceramic and metallic phases respectively. Meanwhile, the
middle peak should be linked to the composite hardness (i.e. imprints
probing effective two-phase regions). Qualitatively similar histograms
have been obtained for the other two cermets. Mean as well as standard
deviation values for small-scale hardness for the three defined me-
chanically phases, determined by implementing the statistical method
proposed by Ulm and co-workers [25,38-41], are listed in Table 5.

Two interesting observations may be done regarding the data

Fig. 6. (a) FESEM micrographs of a residual imprint performed at 200 nm of maximum displacement into surface performed inside the ceramic phase of sample 80Ti
(C,N)-20FeNi; and (b) FIB-milled cross section of the same imprint, where plastic flow induced during the indentation process is marked with a black dash line.
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Fig. 8. Histogram of hardness values with constant bin size of 1 GPa, extracted
from 2000 indentations for sample 85Ti(C,N)-15FeNi.

Table 5
Intrinsic hardness values (GPa) for each constitutive phase of Ti(C,N)-FeNi
composite systems.

Sample FeNi Composite Ti(C,N)

85Ti(C,N)-15FeNi 19.0 + 0.5 26.3 = 0.1 340 = 1.0
80Ti(C,N)-20FeNi 15.5 + 0.3 257 * 0.2 340 + 0.3
70Ti(C,N)-30FeNi 9.0 = 0.1 223 + 0.3 340 = 03

presented in Table 5. First, and as expected, mean value of hardness for
Ti(C,N) particles is determined to be about 34 GPa for the three mate-
rials, pointing out it is independent of microstructure and volume
fraction of the ceramic phase. Second, opposite to this finding, values of
local hardness for both composite-like and metallic phases are found to
increase as the ceramic/metal phase ration rises. Here, differences are
relatively minor for the former, and possibly linked to the variable
amount of ceramic particles. However, small-scale hardness values are
significantly distinct for the metallic binder, indicating the relevance of
the constrained deformation imposed for the harder phase to the softer
and more ductile one, as it will be discussed now.

Details of binder peaks and data gathered in the lower-side range of
the histograms are given in Fig. 9. It is evidenced that small-scale
hardness of the metallic phase rises about twice (from 9 to 19 GPa) as
its mean free path reduces about half (from 1 to 0.5 pm). This is similar
to the trend reported by Roa et al. [27] on WC-Co grades, and must be
associated with the constraining effect of the ceramic phase over the
metallic ones. However, before further discussing microstructure-me-
chanical property correlations, special care should be taken on the re-
liability of the absolute values listed in Table 5. As it may be seen in
Fig. 10a and Fig. 10b, for samples with 15 and 20 vol% of FeNi, most of
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the imprints probing the metallic phase could not be completely con-
fined in the corresponding binder mean free path. This was not the
usual case for samples with 30vol% of metallic binder (Fig. 10c).
Consequently, the plastic flow associated with binder-related na-
noindentations could be expected to interact with the surrounding
ceramic particles. Under these conditions, assessed hardness values for
the binder may be overestimated. As proposed and validated by Roa
et al. [25], a more realistic value of intrinsic hardness for the con-
strained FeNi binder may be deconvoluted from the experimental va-
lues by implementing established thin film models. The use of thin films
model is expected to yield reasonable values of hardness as the lateral
stiffness is considered low in comparison to the normal stiffness, due to
the large opening angle of the Berkovick tip. In this work Korsunsky
et al.'s method [44] was implemented, resulting in hardness reductions
of about 22% for 85Ti(C,N)-15FeNi and 80Ti(C,N)-20FeNi samples,
and 12% for 70Ti(C,N)-30FeNi ones (Table 6).

The binder mean free path is a normalizing microstructural para-
meter in two-phase alloys. From a mechanical viewpoint, considering
systems containing different phases (i.e. one hard and another soft)
bound by a strong interface, it usually translates into constrained de-
formation of the soft phase due to the surrounding hard one. As a result,
effective flow stress of the ductile phase is significantly enhanced. An
estimation of this parameter for the FeNi binder may be done through
simple conversion of previously estimated intrinsic hardness data, i.e.
using Tabor's equation. In doing so, both a constraint factor ranging
between 3 and 4 (as reported for cemented carbides [45]), as well as a
correction one of 0.9, related to the Berkovich indenter geometry in-
stead of Vickers tip for measurement of mechanical properties [46], are
considered. Resulting flow stress values for the three composites stu-
died are also listed in Table 6. In general, they are within the range of
values (from 1.8 to 4.5GPa) reported for WC-Co cemented carbides
[25,27,28,32,47,48], highlighting the potential of FeNi binder as ef-
fective reinforcement for Ti(C,N)-base cermets.

3.3. Deformation, damage and fracture mechanisms

Cermets demonstrate brittle fracture behaviour at macroscale, while
both brittle features in the ceramic phase and ductile ones in the me-
tallic binder phase can be distinguished at the microscale [49]. Fig. 11a
displays a FESEM micrograph of an imprint left after indentation down
to high penetration depth in a 85Ti(C,N)-15FeNi specimen. Under these
conditions, deformation/damage scenario is clearly involving the whole
composite system. As it is shown in Fig. 11b, damage within the re-
sidual imprint is mainly localized in Ti(C,N) ceramic particles (labelled
with white arrows in Fig. 11b). On the other hand, plastic deformation
is evidenced within the binder, particularly in regions close to Ti
(C,N)-FeNi interfaces. A more detailed inspection of fracture phe-
nomena induced under the residual imprint during the indentation
process was performed by cross-sectional analysis, by using FESEM/
FIB, through the white dash line presented in Fig. 11c. A general view
of the trench of the region of interest under the residual imprint is
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Fig. 9. Histogram of hardness values for the metallic binder for all studied samples.
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Fig. 10. FESEM images of performed imprints on samples with different vol% of metallic binder. (a) Sample 85Ti(C,N)-15FeNi, (b) sample 80Ti(C,N)-20FeNi, and
(c) sample 70Ti(C,N)-30FeNi. The imprints, labelled by (*) in Fig. 10a/c, have been performed and confined in a Ti(C,N) particle and the metallic binder respectively.
The white dash circle for Fig. 10a/c represents the plastic field created during the indentation process.

Table 6
Corrected hardness values and flow stress (estimated by using Tabor's equation)
of the metallic binder within Ti(C,N)-FeNi composites.

Sample Binder Hardness (GPa) Flow stress (GPa)
85Ti(C,N)-15FeNi 148 £ 0.4 3.4-45
80Ti(C,N)-20FeNi 121 £ 0.2 2.7-36
70Ti(C,N)-30FeNi 7.9 £ 0.1 1.8-24

2pm
Crmm—

Figure 11. (a) and (c): FESEM images of residual indentation imprints per-
formed on the 80Ti(C,N)-20FeNi specimen. (b): Higher magnification image of
residual imprint shown in (a), highlighting some fracture mechanisms activated
during the indentation process (mainly within ceramic particles). (d): FIB-
milled cross-section of residual imprint shown in (c), under the region of in-
terest indicated by the white dash line.

. FIB cross section

-—-—— -

shown in Fig. 11d, which exhibits a highly deformed zone (underlined
with a white dash line). Cracking induced is mainly located at ceramic/
ceramic interfaces (indicated by white arrows).

As it can be appreciated in Fig. 12a and Fig. 12b, corresponding to
imprints performed at a shallow penetration depth, same fracture me-
chanisms may be discerned inside the ceramic particles. Very inter-
esting, cracks are found to propagate through the hard phase, but they
often get arrested at the interface between Ti(C,N) particles and the
metallic binder. This could be described as clear indication of the
toughening role played by the ductile metallic binder, in terms of in-
creasing crack-growth resistance in these ceramic-metal composites.

Evidence of similar toughening mechanisms as those reported for
WC-Co grades is key for effective consideration of any alternative
ceramic-metal systems as candidates to substitute hardmetals. In this
regard, crack-microstructure interaction must be examined aiming to
assess whether ductile reinforcement indeed takes place. Fig. 13a shows
typical cracking phenomena resulting at comers of residual imprints
after Vickers indentation (in this case under applied load of 30 Kgf) on
the hardest grade here studied. It can be seen that interaction of cracks
induced by sharp indentation with microstructure is complex, com-
bining transgranular, intergranular and through binder paths. Re-
garding the latter, the effectiveness of the metallic binder as a tough-
ening agent is clearly discerned in terms of: smaller crack opening (red
dashed circles in Fig. 13b) and crack arrest in metallic binder pools, the
latter sometimes inducing crack bifurcation (yellow dashed circles in
Fig. 13b). Above statement is further supported by fractographic in-
spection of broken surfaces of previously indented specimens. As it is
shown in Fig. 14, as cracks go through the metallic phase and rupture
takes place, well-developed ductile dimple features are left behind. This
is by itself a clear proof of ligament reinforcement being operative, by
reducing the driving force for crack propagation, towards effective
toughening of the composite. Nevertheless, the area fraction of the
metallic phase on fracture surfaces seems to be lower than expected,
considering as a reference the metal/ceramic phase content defined
during processing and later quantified by microstructural

i, —

Fig. 12. (a) General view of a residual imprint performed at 200 nm of maximum displacement into surface; and (b) FIB-milled cross-section view, under the region
of interest indicated by the white dash line in (a), for the 70Ti(C,N)-30FeNi specimen.
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Fig. 13. Cracking induced by sharp indentation in
sample 85Ti(C,N)-15FeNi: a) imprint corre-
sponding to Vickers indentation under 30kgf of
applied load; and b) crack-microstructure interac-
tion (enlarged view of red dashed area in (a)),
highlighting toughening action linked to metallic
phase in this composite system. (For interpretation
of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

Fig. 14. FESEM images from the fractured surface of sample 80Ti(C,N)-20FeNi. (a) ductile fracture within metallic binder, as evidenced by dimples clearly discerned

in enlarged image (b).

characterization. This would point out the need for microstructural
design optimization in the studied systems, if the interaction between
propagating cracks and the interdispersed metallic network acting as
reinforcement phase wants to be enhanced.

4. Conclusions

The mechanical properties at microstructural length scale of Ti
(C,N)-FeNi ceramic-metal composites have been assessed. Based on the
obtained data, the following conclusions may be drawn:

1. Combination of massive nanoindentation and statistical analysis of
the gathered data has proven to be a successful testing protocol for
determining small-scale hardness and stiffness of Ti(C,N)-FeNi
ceramic-metal composites. Nevertheless, successful implementation
requires careful consideration of testing parameters used, on the
basis of microstructural, residual imprint and plastic flow length
scales.

2. The implemented testing protocol has allowed to document an in-
verse relationship between the mechanical parameters evaluated
and the volume fraction of the metallic phase. For the particular
case of the small-scale hardness of the metallic binder, such corre-
lation has been analysed and rationalized in terms of strengthening
of ductile ligaments due to constrained deformation by the sur-
rounding ceramic particles.

3. The effective flow stress for the constrained metallic binder have
been estimated from small-scale hardness values experimentally
determined. It has yielded values ranging from 1.8 to 4.5 GPa, i.e.
similar to those usually reported for cobalt ligaments in WC-Co
systems. This points out the effectiveness of FeNi as reinforcement
phase for Ti(C,N)-base cermets, towards optimization of hardness-
toughness relationships for these ceramic-metal systems.

4. Toughening action of FeNi phase in the Ti(C,N)-base cermets

20209

studied has been validated by detailed characterization of de-
formation, damage and fracture mechanisms. In particular, en-
hanced crack growth resistance has been discerned in terms of
smaller opening, arrest and bifurcation of propagating cracks as they
intersect metallic regions.
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Summary

This study investigated the influence of carbon addition on the microstructural and
micromechanical properties of Ti(C,N)-FeNi cermets with different ceramic/metal phase ratios.
Evaluation of small-scale hardness was conducted by using high-speed nanoindentation in
conjunction with statistical analysis. It allows to gather extremely large data sets (40,000 imprints
per grade and condition); and thus, detailed hardness mapping at the microstructure length scale.
Subsequent statistical analysis was done by considering three mechanically distinct phases:
Ti(C,N) particles, the metallic binder, and one exhibiting the composite behavior (i.e. imprints
probing two-phase regions). In general, it is found that porosity amount is reduced as
ceramic/metal phase ratio decreases and carbon is added. Carbon addition is also observed to rise
small-scale hardness, but only for two of the defined phases: metallic binder and the composite
one. Similar trends were observed regarding the influence of ceramic/metal phase ratio and carbon
addition on the inverse hardness-fracture toughness correlation measured under high applied loads.
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The current study investigates the influence of carbon addition on the microstructural and micromechanical
properties of Ti(C,N)-FeNi cermets with different ceramic/metal phase ratios. Evaluation of small-scale hardness
is conducted by using high speed nanoindentation in conjunction with statistical analysis. It allows to gather
extremely large data sets (40,000 imprints per grade and condition); and thus, detailed hardness mapping at the
microstructure length scale. Subsequent statistical analysis was done by considering three mechanically distinct
phases: Ti(C,N) particles, the metallic binder, and one exhibiting the composite behaviour (i.e. imprints probing
two-phase regions). In general, it is found that porosity amount is reduced as ceramic/metal phase ratio de-
creases and carbon is added. Carbon addition is also observed to rise small-scale hardness, but only for two of the
defined phases: metallic binder and the composite one. Similar trends are observed regarding the influence of
ceramic/metal phase ratio and carbon addition on the inverse hardness-fracture toughness correlation measured

under high applied loads.

1. Introduction

Substitution of traditional WC-Co hardmetals have become a tough
challenge for academic and industrial sectors. Main reasons behind it
are related to health (toxicity), economic (fluctuating price) and stra-
tegic (critical raw materials) considerations [1-3]. In this regard, Ti
(C,N)-based cermets have emerged as a competitive alternative system
due to their exceptional combination of physical and mechanical
properties [4,5]. Regarding the metallic binder, iron (Fe) alloys have
been considered as natural substitutes for Co, because their lower price
and non-toxicity. Furthermore, Fe is an abundant raw material and has
the ability to be hardened by heat treatments [1,6,7]. On the other
hand, for an Fe binder phase, nickel (Ni) becomes an optimal alloying
element, as previous studies have demonstrated that it improves the
wettability between Fe and Ti(C,N). This is essential for achieving full
densification of the cermets during the sintering stage [8]. Accordingly,
Ti(C,N)-FeNi system have been proposed as a promising competitive
alternative for WC-Co for applications where hard materials are

required.

The mechanical properties of Ti(C,N)-FeNi cermets at the macro-
scopic length scale have been reported previously [9,10]. However,
little information is available on the micro-scale behaviour of these
materials, which is crucial for microstructural design optimization. In
this regard, a recent study by the authors have shown that testing
protocols based on massive nanoindentation and statistical analysis,
previously proposed for characterizing WC-base alloys [11-14], may
also be valid for evaluation of small-scale properties of Ti(C,N)-based
cermets [15]. Furthermore, such investigation pointed out the effec-
tiveness of FeNi as reinforcement phase for these materials, towards
optimization of hardness-toughness relationships of ceramic-metal
systems. In this study, such approach is extended by addressing the
influence of carbon addition on microstructure and mechanical prop-
erties of Ti(C,N)-FeNi cermets with three different ceramic/metal phase
ratios. In doing so, a relatively new high speed nanoindentation map-
ping technique is employed to analyse and correlate the microstructural
and hardness of the constitutive phases at the microstructural length
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Table 1
Main characteristics of the as-received commercial powders.
Powder Type/Supplier Density (g/cm?)* Particle size distribution SSA (m?%/g)"
Dyso (um) Dger (m) Fyg (=)
Ti(C,N) Ti(Co.5No5)/H.C.Starck (Germany) 5.1 21 0.4 5.0 3.0
Fe Fe SM/H.C.Starck (Germany) 7.8 35 1.2 3.0 0.6
Ni Ni 210H/INCO (Canada) 8.9 1.7 0.2 10 4.0

# + 0.1 Standard deviation in density measurements.
® 4+ 0.1 Standard deviation in specific surface area measurements.

scale. This is achieved by means of massive nanoindentation in con-
junction with statistical analysis [16-19].

2. Experimental procedure
2.1. Sample preparation

The main characteristics of the Ti(C,N), Fe and Ni as-received
commercial powders used in this investigation are summarized in
Table 1. The density of the powders was calculated employing a Helium
Monosorb Multipycnometer (Quantachrome Corporation, USA). Par-
ticle size distribution (average particle size in volume (Dy ), Brunauer-
Emmett-Taller diameter (Dgg) and the agglomeration factor
(Fag = Dyso/Dpgr) was measured with a laser analyser (Mastersizer S,
Malvern instruments Ltd., UK) and the specific surface area (SSA) was
characterized by means of one-point nitrogen absorption (Monosorb
Surface Area, Quantachrome Corporation, USA).

A combination of powder metallurgy and colloidal processing was
used to manufacture the powder compacts, following the procedure
described in [9]. Water-suspensions of high solid content of ceramic
and metallic powders were separately prepared. The medium pH was
modified to 10-11 with tetra-methyl-ammonium hydroxide (TMAH) to
stabilize the particle surfaces, and polyethyleneimine (PEI) was added
in a 0.4wt% to act as dispersant. Ti(C,N) and Fel5Ni slurries were
separately milled for 1 h at 50 rpm for homogenization using SizN4 and
nylon balls, respectively. For the extra C addition, a 10 g/L graphite
suspension was prepared in another vessel, mixing ethanol and Black
Carbon (ISTA, Germany), with a mean particle size of 18 um and den-
sity of 2.24 g/cm®. The ceramic, metallic and graphitic suspensions
were blended according to the formulations collected in Table 2. In all
of them, the composition of the metal matrix was 85-15 Fe—Ni wt%.
Before spray-drying, a 2 wt% of polyvinyl alcohol (PVA) was added to
the mixture slurries to enable the formation of agglomerates. An Ato-
mizer LabPlant SD-05 (North Yorkshire, UK) was used, with a modified
nozzle design to obtain easy-to-press spherical granules, with inlet and
exhaust temperatures held constant at 190 and 100 °C, respectively, a
slurry pump rate of 2L/h, and an airflow rate of 29 m®/h. After ato-
mization, the mixed agglomerates were uniaxially pressed at 600 MPa
into 16 mm-diameter disks. The green bodies were sintered in a high-
vacuum furnace (10~ ° mbar) using the following heating cycle: 800 °C
- 30min, 1450 °C - 2h (5 °C/min).

For metallographic and micromechanical characterization, the sin-
tered samples were transversally cut, embedded in conductive resin,
and polished with successively smaller diamond pastes down to 3 pum,

Table 2
Formulations of the different materials prepared.

Specimen Volume (Vol%) Weight (wt%)

Ti(C,N) FeNi Ti(C,N) FeNi
15FeNi 85 15 78.2 21.8
20FeNi 80 20 71.7 28.3
30FeNi 70 30 59.7 40.3

finishing with a colloidal Al,O; final polish.

2.2. Microstructural characterization

Microstructures of processed and manufactured cermets were ana-
lysed using field emission gun scanning electron microscopy (FEG-SEM)
to evaluate several parameters of interest: grain size of the Ti(C,N)
phase, porosity, and the mean free path of the metallic binder. The
carbo-nitride grain size (dy;c n)) and mean free path (A) of the metallic
binder were measured by means of the linear interception method
(LIM) [20], measured on a minimum of five micrographs per sample.
These images were taken using a 7100F FEG-SEM unit (JEOL, Tokyo,
Japan) at an acceleration voltage of 20 kV. In addition, the amount of
porosity was determined, by means of ImageJ software, as a function of
volume fraction and/or carbon content of the metallic binder.

2.3. Macro-mechanical characterization: Vickers hardness and indentation
fracture toughness

Vickers hardness (HV) and indentation fracture toughness (K;.) were
evaluated at the macro-metric length scale. HV was determined using a
diamond Vickers indenter and applied loads 10 and 30 kgf (15 s hold
time) using a DuraScan 20 G5 unit (EMCO-TEST Priifmaschinen GmbH,
Kuchl, Austria). K. was assessed using Shetty et al.’s equation [21], on
the basis of length of cracks emanating out of the corner of imprints,
resulting after applying a 30 kgf load. Residual imprint dimensions and
cracks' length were measured using a Phenom XL SEM unit (Thermo-
Fisher Scientific, Waltham, MA, USA).

2.4. Massive nanoindentation and hardness mapping

Hardness cartography maps were obtained by implementing
NanoBlitz technique using an iNano® nanoindenter (Nanomechanics
Inc., Oak Ridge, USA) with a diamond Berkovich indenter tip. This
technique can offer relatively fast testing speeds, wherein positioning of
the specimen under the indenter, surface approach, loading, unloading
and retracting can be completed in < 1s. This novel technique allows
H- and E-mapping over a relatively large region via indentation grids of
thousands of indentations and immediate evaluation following Oliver
and Pharr method [22,23]. It provides a large data set that may then be
statistically analysed, following the methodology proposed by Ulm and
co-workers [16-19], aiming to extract the intrinsic mechanical prop-
erties of each constitutive phase, see Table 2. In this study, large grids of
40,000 (matrix of 200 by 200) imprints were performed at a maximum
load of 10 mN on each sample. The distance between indentations was
held constant at 1.5 pm, to prevent significant overlap or effect from
neighbouring imprints. It permits to treat each imprint as an in-
dependent statistical value. Such spacing value was chosen as it re-
presents 10 X the average indentation depth at 10 mN within the ma-
jority hard phase, using the spacing criterion suggested by Phani and
Oliver [24].
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Fig. 1. SEM images of Ti(C,N)-FeNi cermets with different vol% and carbon addition of the metallic binder.

3. Results and discussion
3.1. Microstructural parameters

Secondary electron micrographs for the studied samples are shown
in Fig. 1. Two different phases can be clearly distinguished: Ti(C,N)
particles (grey particles) heterogeneously embedded in the FeNi binder
(white region). Furthermore, porosity is also discerned as black spots,
spread over the samples in both phases. The corresponding micro-
structural parameters are summarized in Table 3.

Porosity was highest in specimens containing 15% Vol. of the me-
tallic binder (Fig. 1 and Table 3). In higher binder content samples,
porosity was significantly reduced. Within this context, porosity con-
tent may be attributed to insufficient binder to fully wet/enclose all the
ceramic particles during the liquid phase sintering. Previous results
suggest that the poor sintering of Fe binder cermets reinforced with Ti
(C,N) attributes to the low wettability of Fe on TiN. Nevertheless, the
addition of small amount of Ni (15 wt%) to the Fe binder reduces the
contact angle of the liquid phase (> 90°) to values close to the Ni ones
(25°). Consequently, wettability of the binder on TiN is the responsible
of the sintering of FeNi binder cermets reinforced with Ti(C,N).

Table 3
Summary of the microstructural parameters of studied samples.
Sample name  Binder Carbon Mean Ti(C,N) Mean free Porosity %
content content grain size, path, A
% Y%wt dpeeny (pm)  (pm)
15FeNi 15 0 22 + 03 0.5+ 0.1 27 * 1.1
15FeNi+C 0.5 23 + 02 23 * 0.2
20FeNi 20 0 22 + 03 0.6 + 0.1 05 + 0.1
20FeNi+C 0.5 22 + 03 02 + 0.1
30FeNi 30 0 23 + 03 1.0 + 0.2 08 * 0.2
30FeNi+C 0.5 23 03 0.1 = 0.1

Moreover, the calculated phase diagram reveals the evolution of Fe15Ni
with respect the carbon content, which demonstrates that an increase in
the C content decreases the liquidus temperature. Consequently, the
presence of C from the Ti(C,N) substrate is the responsible of the
temperature of liquid phase formation, improving the cermet sintering.
In this sense, the addition of C, reduced porosity in all cases and en-
hanced the hardness [25]. Furthermore, addition of C was observed to
reduce porosity in all cases. This C addition effect was more pro-
nounced with increasing binder content - Fig. 2.

In some samples porosity was observed to exhibit a bimodal dis-
tribution, as shown in Fig. 2 for the 30FeNi (sample without carbon).

= Without C Bimodal distribution of porosity
44— WithC % S o i
5 —
AN <
3 -
>
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L AN
23] RS
172} N
o
& N, \.\.
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. ‘.\.\ _____________
T
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T Y y
A 20 30

Binder content (Vol%)

Fig. 2. Porosity versus binder content for samples with (red) and without
(black) carbon content. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Porosities of the samples with 20 vol% of the metallic binder, (a) without carbon addition and (b) with carbon addition.

This suggests that large cavities were left unfilled at interfaces or inside
agglomerated particles, in addition to small voids inside individual Ti
(C,N) particles. It could be rationalized on the basis of incomplete
sintering and may be responsible for the relatively large scatter in
porosity of these samples. This bimodal distribution of porosity was also
seen in the 20FeNi (without carbon addition) - Fig. 3.

Porosity related to incomplete sintering was observed to disappear
with the addition of 0.5 wt% of carbon (see Fig. 3). Addition of carbon
is known to decrease solidus and liquidus temperatures of the metallic
matrix, as well as to increase the temperature range between them.
Consequently, a more homogeneous and less porous microstructure is
achieved [26-29]. This is confirmed by thermal simulation and differ-
ential thermal analysis (DTA) measurements - Fig. 4. Such phenomenon
enhances liquid phase sintering and densification of the material,
yielding lower final porosity levels. Moreover, optimization of the
carbon addition may improve the wettability of the ceramic phase by
the metallic one. Further information on the effect of carbon addition

80Ti(C,N)-20FeNi

1500 —
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Fig. 4. Equilibrium phase diagram (simulated by Thermo-Calc) for sample with
20 Vol% of the metallic binder.

on the microstructural parameters of the studied materials may be
found in Refs. [25, 30-32].

3.2. Macro hardness assessment

Macro-scale Vickers hardness is one of the standard parameters used
for industry for immediate quality control purposes. Table 4 sum-
marizes the assessed Vickers hardness values performed at different
applied loads. Fig. 5 illustrates the influence of both binder content and
carbon addition on Vickers hardness (HV10) of investigated cermets. In
general, and as expected, Vickers hardness decreases as the binder
content increases. Addition of carbon yields similar hardness increase
effect. The influence of carbon addition is more evident for samples
with higher binder content. Since carbon addition is expected to pro-
mote hardening of the metallic binder, its influence is expected to be
relatively higher in the grades containing a relatively higher amount of
metallic phase. Nevertheless, changes in mechanical properties of the
investigated samples should be described as the combined effect of
carbon addition on both metallic binder hardening and effective
amount of porosity [27,32].

3.3. Indentation fracture toughness

Indentation fracture toughness, or Palmqvist toughness [21], is an
established method for evaluating the fracture toughness of cermet
materials on the basis of lengths of cracks emanating out of imprint
corners, obtained after indentation applying relatively high loads.
Fig. 6a shows a residual imprint of a Vickers indenter together with the
induced radial crack system (measuring lines also indicated in Fig. 6a).
Table 5 and Fig. 6b demonstrate the influence of binder content and
carbon addition on the indentation fracture toughness of investigated Ti
(C,N)-FeNi systems. As expected, it increases dramatically with binder
content, highlighting the influence of this variable due to the ductile

Table 4

Summary of the HV values obtained at 10 and 30 kgf of maximum applied load.
Sample HV10 (GPa) HV 30 (GPa)
15FeNi 13.0 = 0.4 12.8 = 0.1
15FeNi+C 133 = 0.3 13 + 0.1
20FeNi 113 + 0.3 11 = 0.1
20FeNi+C 122 *+ 0.2 11.7 = 0.1
30FeNi 95 + 04 91 + 02
30FeNi+C 105 = 0.2 99 + 0.2
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Fig. 5. Influence of binder content and carbon (C) addition on HV for all the
different samples.

nature of the metallic phase. The Fig. 6b also reveals that carbon ad-
dition slightly diminishes the indentation fracture toughness, whereas it
improves hardness due to the hardening effect in the metallic binder.

3.4. Hardness mapping

Modern high speed nanoindentation techniques allow the perfor-
mance of large grids of nanoindentations to statistically extract the
properties of individual phases and composite behaviour. Fig. 7 illus-
trates a cropped region of an indentation matrix carried out on the
20FeNi + C sample, in which three kinds of indentation, depending on
probing zone, are marked: Ti(C,N) particles (dash-dot circle), metallic
binder (solid line circle) and two-phase regions including ceramic/
metal interfaces (dashed circle). Since these indentations were per-
formed in load-control mode (load kept constant at 10 mN), it can be
evidenced that indentations performed on the hard phase are smaller
than the ones within the metallic binder. Moreover, some fractures can
be observed around Ti(C,N) particles (white arrows), in agreement with
brittle response expected for the ceramic phase. Imprints within the
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Table 5

Indentation fracture toughness of studied samples.

Sample Indentation fracture toughness (MPavm)
15FeNi 10.8 + 2.7
15FeNi+C 105 + 1.7
20FeNi 124 + 22
20FeNi+C 11.6 + 29
30FeNi 20.8 + 2.0
30FeNi+C 176 + 3.0

Fig. 7. FESEM micrograph of magnified region of indentation array applied at
10mN applied force on the 20FeNi + C sample.

metallic binder (solid line circle) show pile-up characteristic of confined
plastic deformation, further supporting the intrinsic ductility exhibited
by the metallic binder.

Furthermore, Fig. 7 illustrates that spacing between indentations
appears sufficient to prevent significant overlap for the majority of
impressions, following the criterion of spacing the indentations 10 x
larger than the indentation depth [24]. There are some exceptions in
the softer phase, which were anticipated due to the significant differ-
ences in the hardness of the constituent phases. Load chosen for the
indentation grid was selected to keep the majority of indentations
within the spacing=10X indent depth criterion, while still

22
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Fig. 6. (a) Residual Vickers imprint applied on 20FeNi+ C sample at 30 kgf, (b) Influence of binder content and carbon addition on the Vickers hardness and

indentation fracture toughness of studied samples.
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Fig. 8. FESEM micrographs and hardness cartography maps of different selected regions of applied matrix of indentations on 20FeNi + C sample are shown in the left
and middle columns, respectively. Combined images showing the hardness maps overlaid on the electron micrographs are shown in the right column.

maintaining a sufficient depth in the hard phase to yield a re-
presentative value.

Hardness maps of three different regions in comparison with cor-
responding FESEM micrographs are shown in Fig. 8. Additionally, ob-
tained micrographs and hardness maps were overlaid to offer an illus-
tration of the correlation between the microstructure and
micromechanical properties. Several gradient responses, even within
individually defined phases, can be distinguished in the hardness maps
due to their distinct ranges of colours (Fig. 8). First, Ti(C,N) particles
are tinted with red shades, ranging from 23 up to 30GPa. Second,
metallic binder is manifested in a range from light blue to light green
(ranging between 8 up to 15 GPa). Here, higher hardness values are
indicative of more constraining (by the surrounding hard phase) of the
binder. Third, a composite-like response (defined here as a third me-
chanically distinct phase) is linked to yellow/orange tones. It describes
the interaction of the plastic flow (induced by imprints probing regions
including phase boundaries) of both ceramic and metallic constitutive
phases. Finally, some dark blue spots can also be observed in direct
relation to assessed hardness values below 4 GPa. Such extremely low
values are attributed to porosity, as it is sustained by observation of
overlaid maps in Fig. 8.

Fig. 9 demonstrates the hardness cartography maps which are at-
tained from 40,000 indentations (matrices of 200 X 200) performed at
10mN applied load on different samples with carbon addition. Ob-
tained maps manifest the inverse relationship between the evaluated
mechanical property and the volume fraction of metallic phase, which
attributes to the constraining effect imposed on metallic binder by the
harder phase. More information can be found in Ref [15].

3.5. Statistical analysis of hardness cartography maps

Previously, the data extracted from the massive nanoindentation
grids was qualitatively compared to the sample morphology. In order to
extract the hardness of each individual phase, a statistical analysis
(proposed by Ulm and co-workers [16-19]) was performed on the data.
Fig. 10 shows a representative histogram of hardness values with a
constant bin size of 0.5 GPa gathered from 40,000 indentations per-
formed on the 20FeNi+C sample. As can be seen in Fig. 8, three dis-
crete peaks were fitted, corresponding to the two constitutive phases
and a third composite-like one, where probing regions contain ceramic/
metal interfaces. The highest peak, mean value of ~ 27 GPa, relates to
Ti(C,N) ceramic phase, while the lowest peak, with a mean value of
12.5 GPa, is attributed to the FeNi metallic binder. The intermediate
peak, with a mean value of 19.6 GPa, can be considered as the hardness
response of the combined interaction of Ti(C,N) and FeNi binder. A
similar histogram analysis was performed on every sample in the study.
The mean and standard deviation values of small-scale hardness for
each of the three defined phases, in all samples studied, are summarized
in Table 6.

On the basis of data listed in Table 6, several observations may be
done. First, hardness values of the ceramic particles are observed to
remain constant for all samples, regardless of microstructure, volume
fraction of ceramic phase (as reported in Ref [15]), and/or carbon ad-
dition. Second, and opposite to previous statement, hardness values
assessed for both metallic binder and composite-like phases increase as
ceramic/metal phase ratio rises. This can be rationalized by the direct
effect of increasing ceramic contribution on load-bearing action on one
hand, and the indirect influence linked to higher constraint on the ef-
fective deformation of the metallic binder (smaller binder mean free
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Fig. 9. Hardness cartography map obtained from three different matrices of indentations (200 x 200) performed at 10 mN on (a) 15FeNi + C, (b) 20FeNi+C and (c)

30FeNi + C samples.
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Fig. 10. Hardness histogram determined from 40,000 indentations performed
at a maximum applied load of 10 mN on sample 20FeNi+ C.

Table 6
Summary of the hardness mean values for each phase of the investigated
samples obtained through the statistical analysis.

Sample Hardness (GPa)
FeNi Composite Ti(C,N)

15FeNi 13.7 + 0.3 204 = 0.2 268 *+ 0.2
15FeNi+C 14.1 + 0.3 215 *+ 0.2 269 + 0.2
20FeNi 11.7 =+ 0.2 19.1 + 0.2 26.7 + 0.2
20FeNi+C 12.5 + 0.2 196 + 0.1 269 + 0.2
30FeNi 83 = 03 150 + 0.3 266 *+ 0.3
30FeNi+C 9.6 + 0.2 17.1 + 0.2 267 + 0.3

path) on the other one.

Moreover, carbon addition is discerned to enhance local hardness of
the binder for samples with given ceramic/metal phase ratio. It will
then point out carbon-activated hardening mechanisms in the metallic
binder. This scenario can be also extended to the composite phase,
where hardness values also increased with carbon addition. However,
in this case, besides the referred intrinsic hardening effect for the me-
tallic phase, effective reduction of porosity amount within the cermet
should also be recalled for explaining such finding, as it will be now
discussed.

Carbon addition effects on the hardness of cermets studied, through
effective reduction of porosity amount, can be illustrated in Fig. 11. It
shows lower-hardness regions of histograms for samples which

displayed greater porosity. Hardness values <4 GPa are assumed to
correspond to indentations performed in areas with porosity (dark blue
spots in Fig. 8). In both cases, it is clear that carbon addition reduces the
number of indentations which encountered weak porosity-related areas.
A similar trend is also observed with increasing the relative amount of
binder within the cermet, in agreement with our previous micro-
structural observations (Fig. 2).

4. Conclusions

The influence of carbon addition on the microstructural and mi-
cromechanical characteristics of Ti(C,N)-FeNi cermets has been in-
vestigated. Based on the obtained data, the following conclusions may
be drawn:

e Higher volume fraction of metallic phase as well as carbon addition
yield more homogeneous and less porous microstructure for the
same ceramic/metal ratio. It results in significant changes in hard-
ness and indentation fracture toughness (following the well-estab-
lished inverse correlation between both mechanical properties),
these being more pronounced in the softer grades.

e The addition of carbon results in higher hardness values at macro-
and micro- length scales. Such changes are directly related to an
intrinsic (small-scale) hardening effect of the metallic phase as well
as to an effective reduction of porosity amount affecting the two-
phase composite-like hardness.

e Hardness cartography at the microstructural length scale showed an
excellent qualitative correlation between micromechanical char-
acteristics (measured from massive nanoindentation) and micro-
structural assemblage (as evidenced from FESEM inspection).

e Massive nanoindentation and statistical analysis has proven to be a
successful tool for analysing small-scale properties of different
constitutive phases. It includes not only assessment of intrinsic
hardness values but also evaluation of change in these properties for
individual or mechanically distinct phases, as related to specific
influence of microstructural/processing variables, e.g. carbon ad-
dition or ceramic/metal phase ratio.
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Chapter 5.
Summary of main results

As it has been detailed in Chapter 2, the goal of this work is to evaluate the small-scale mechanical
properties of constitutive phases of different inorganic multiphase systems by means of the
massive nanoindentation technique in conjunction with statistical analysis. The strategy to achieve
it satisfactorily is based on following a three-step protocol:

() Comprehensive microstructural characterization;

(i)  Assessment of micromechanical properties of unidentified individual phases; and

(iii)  Tagging of all the mechanically distinct phases on the basis of physically-based
correlations between microstructure features and small-scale properties that are
experimentally determined.

In this section, the main results obtained in this investigation, within each of the above research
stages, are summarized and discussed individually for each of the systems studied.

5.1 Microstructural characterization

5.1.1 Duplex stainless steel (Metal-Metal system)

Microstructural characterization of DSSs was conducted aiming to evaluate the characteristic size
of each phase (grain size) as well as the influence of the processing route on the microstructural
assemblage of the studied material. The former is critical for determining testing parameters to be
used when implementing massive indentation, particularly penetration depth; and consequently,
applied load and grid spacing. Regarding the latter, EBSD is recalled as a quite appropriated
complementary tool for documenting and understanding changes in the grain size of the two
constitutive phases after each processing step studied.

Figure 5.1 shows the phase map and its corresponding quality image (cropped region) attained for
all DSS samples. The 150 nm step size was chosen to achieve high-resolution images. Obtained
data were analyzed by the Channel 5 program, and the grain size of both austenitic and ferritic
phases was measured by means of linear interception method, for all processing routes considered.
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Figure 5.1. Phase map and corresponding quality images for studied DSS samples.

Experimental findings are plotted in Figure 5.2. The volume fractions of austenite and ferrite
phases are shown in Figure 5.2a for all studied samples. The histogram of measured grain size for
the HR sample is plotted in Figure 5.2b. It includes measurements of grain size for both phases
since they were within the same range of values. Qualitative similar measurements were obtained
for the other DSS samples. Histograms contain data measured on ~2000 grains and they were
plotted with a constant bin size of 250 nm. As it is shown in Figure 5.2b, grains are distributed
within three defined ranges: fine (less than 2 pum), medium (between 2 and 5 um), and coarse
(higher than 5 pm), illustrated with orange, green, and blue colors, respectively. Figure 5.2c
displays surface fraction occupied by different grain size ranges of each phase for all the studied
samples. From Figures 5.2b and 5.2c it is clear that, although the number of medium and coarse
grains are relatively small compared with fine-sized grains, the surface fraction occupied by the
former is much higher (for both phases). A direct consequence of this experimental fact is that size
of medium and coarse grains is indeed representative of the grain size of the DSS samples.
Accordingly, the characteristic size of both constitutive phases (mean grain size) may be
effectively assumed as higher than 2 um; and thus, the maximum penetration depth must be less
than 200 nm (h < D/10). Presented results in Figure 5.2 are proving that some processing routes
(CR) may significantly affect the phase content and grain size distribution of the DSSs studied.
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The influence of the processing route on the microstructure of DSS is documented and discussed
in Article 1.
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Figure 5.2. (a) Volume fractions of both constitutive phases for all the studied samples. (b) Grain size histogram for the HR sample,
with 250 nm of bin size, computed from at least 2000 counted grains. (c) Surface fraction occupied by different grain size ranges
of each phase for all the studied samples.

5.1.2 Polycrystalline cubic boron nitride composite (Ceramic-Ceramic system)

The microstructure of the ceramic-ceramic system studied material consists of cBN particles
embedded in a TiN matrix. Within this context, the grain size of the cBN particles and the mean
free path of the TiN binder (Atin) represent the characteristic sizes of these materials.
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Figure 5.3a displays the microstructure of the PCBN grade studied. The dark and light grey phases
correspond to cBN particles and TiN binder respectively. Mean values of cBN particle size and
length of TiN binder free path (Figure 5.3b) were determined to be 2.7 and 2.0 um, respectively.
They were measured by means of the linear interception method on 5 different micrographs
obtained by FESEM. Accordingly, the maximum penetration depth for this material was defined
to be hmax <200 nm, i.e. lower than 1/10 of the smaller characteristic length. This penetration depth
guarantees that the plastic flow induced by residual imprint will be confined inside both phases.

Figure 5.3. (a) FESEM micrograph of PcBN microstructure. (b) Magnified micrograph of the red marked region where
microstructural parameters of PcCBN composite are indicated.

5.1.3 Ti(C,N)-FeNi cermets (Ceramic-Metal system)

The main objective of the work conducted on Ti(C,N)-FeNi cermets included the evaluation of the
influence of ceramic/metal phase ratio and carbon addition on microstructure and small-scale
mechanical properties of the composite as well as of each of the constitutive phases. In this regard,
the volume fraction of both phases, porosity, ceramic particle size and mean free path of the
metallic binder (Areni) Were assessed to accomplish the defined aims.

Figure 5.4 displays the microstructure of the studied samples. At least 5 images were taken in each
case. The linear interception method was used to measure the size of the ceramic particles and the
Jreni. Meanwhile, picture analysis by means of ImageJ software was used to determine the area
fraction of each phase and porosity. The obtained microstructural parameters of each studied
sample are summarized in Table 5.1.
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Figure 5.4. Micrographs of Ti(C,N)-FeNi cermets with different vol. % and carbon addition of the metallic binder.

Table 5.1. Microstructural parameters of studied cermets.

Sample Ceramic/metal | Carbon content | Porosity | Ti(C,N) mean AFeNi
P phase ratio (wt. %) (vol. %) | grain size (um) (m)
15FeNi 85/15 0 27+1.1 22+0.3
05+0.1
15FeNi+C 85/15 0.5 2.3+0.2 2.3+0.2
20FeNi+C 80/20 0 05+0.1 2.2+0.3
06+0.1
20FeNi+C 80/20 0.5 02+0.1 22+0.3
30FeNi 70/30 0 08+0.2 23+0.3
1.0+0.2
30FeNi+C 70/30 0.5 01+£01 23+0.3

It was found that the size of Ti(C,N) particles was similar, about 2.2 um, for all the specimens
studied. Thus, it was concluded that ceramic/metal phase ratio and carbon addition did not modify
the grain size of the ceramic particles, at least within the experimental ranges studied in this
investigation. On the other hand, a higher volume fraction of metallic phase (higher Areni) yielded
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a more homogeneous microstructure with lower porosity. A similar effect was induced by carbon
addition, for a given ceramic/metal phase ratio. More information about these correlations can be
found in Article IV.

Similar to the case of the PCBN composite, the size of the ceramic particles and the Areni (here
metallic) are defined as the characteristic length parameters for cermets. In all the ceramic-metal
systems investigated, the latter was smaller than the former; and thus, Areni sShould be considered
as the representative characteristic size to determine the hmax. However, it would require hmax values
(lower than 50 - 100 nm) for which ISE may not be disregarded, i.e. hmin > 150 nm (see Chapter
1, Section 1.4). Under these considerations, hmax Was set at 200 nm, based on the mean grain size
of the ceramic particles. Such compromising value implies that plastic flow induced by the
indentation performed on the metallic binder could not be confined within the binder, and this
interaction with the surrounded ceramic particles should be considered in the corresponding
analysis (more information in Section 5.2.3).

5.2 Micromechanical characterization

Micromechanical properties measured by means of nanoindentation will be presented here. In the
previous section, the appropriate penetration depth (h) values to evaluate the small-scale
mechanical properties of the constitutive phases for each multiphase system were determined, on
the basis of the microstructural characterization conducted. Consequently, indentation spacing was
determined for performing the gedanken experiments.

As it was mentioned before (Section 3.3.1), in order to expedite the massive indentation process,
tests were carried out using iNano® nanoindenter. However, it has to be taken into account that the
NanoBlitz 3D technique implies tests performed under load control mode and quasi-static
indentations. Hence, before conducting tests using the iNano® nanoindenter, some indentations
were performed by means of the Nanoindenter XP, which could perform dynamic indentations
under penetration control mode. This was done in order to assess the load needed for achieving
the desired penetrations for different systems, as well as to obtain mechanical properties that could
then be used to compare with the H and E determined out of quasi-static indentations.

Testing conditions and the corresponding goals for each test are summarized in Tables 5.2 and 5.3
for Nanoindenter XP and iNano® indenter, respectively. The process and calculations to acquire
these parameters for each multiphase system will be explained in detail in the following sections.
Moreover, it has to be indicated that tests run using the nanoindenter XP sometimes stopped before
reaching the aimed values, because such testing unit is limited to maximum applied load and
maximum penetration depth values of 650 mN and 2000 nm, respectively.
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Table 5.2. Testing conditions and achievements of each set of indentation tests performed by Nanoindenter XP.

System | hmax (nm) | AS per sample | IS (um) Achievements
-Detect the related applied load of hmax
DSS 200 1200 > -H and E of y- and a- phases
2000 16 50 Determining the hmin
- Detect the related applied load of hmax
PcBN 200 1400 > -H and E of cBN grains and TiN binder
2000 16 50 Determining the hmin
- Detect the related applied load of hmax
200 2000 5 -H and E of Ti(C,N) particles and FeNi
Cermet binder
-Determining the hmin
2000 e 0 -H and E of Ti(C,N)-FeNi system

AS (Array size): The number of indentations performed on each sample.
hmax: Maximum penetration depth.
IS: Space between each imprint.

Table 5.3.Testing conditions and achievements of each set of indentation tests performed by iNano® nanoindenter.

System | AS per sample | Pmax (MN) | IS (um) Achievements

DSS 10,000 4 2 H and E of y- and a- phases
PcBN 12,500 10-25 2-3 H and E of cBN grains and TiN binder
Cermet 40,000 10 159 H and E of T|(Ct,)li\|n)d;‘)aartrt|cles and FeNi

AS (Array size): The number of indentations performed on each sample.

Pmax: Maximum applied load.
IS: Space between each imprint.
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5.2.1 Duplex stainless steel (Metal-Metal system)

Prior to performing the test by iNano® nanoindenter, two sets of tests were conducted using
Nanoindenter XP, at 2000 and 200 nm, in order to determine the hmin and corresponding load for
hmax, respectively. On the one hand, Figure 5.5 shows the obtained hmin by plotting P/S? against
the penetration depth. On the other hand, performed indentations at 200 nm illustrated that the
corresponding load (Pmax) to reach the desired penetration depth is around 4 mN. Figure 5.6
displays the obtained hmax in different phases by fixing the Pmax at 4 mN. Therefore, for the massive
indentation tests performed at 4 mN on DSS samples, the penetration depth (hrinai) Was kept in the
appropriate range for all the constitutive phases. i.e. hmin < hfinal < hmax.
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Figure 5.5. P/S? ratio versus penetration depth for indentations on CR DSS sample.
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Figure 5.6. P-h curves, obtained from different imprints performed on different phases, performed at 4 mN.

Figure 5.7 displays a phase map of an indented area, conducted on CR sample. There it can be
seen that most of the imprints were totally confined inside individual phases. However, it is also
evidenced that there is another group of imprints that are probing both austenitic and ferritic
phases. The fact that plastic flow induced by these imprints interact with both phases would imply
that obtained mechanical properties represent those of a composite-like behavior. Hence, statistical
analysis of the data gathered out of the massive indentation tests requires consideration of three

mechanically distinct phases.
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Figure 5.7. Phase map of an indented area in a DSS sample.
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Figure 5.8. (a) and (b) CDF fittings for obtained experimental H and E of the HR DSS sample, respectively. (c) and (d) Fitted
Gaussian distributions (obtained from CDF plot) on hardness and elastic modulus histogram, respectively.
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Following the above ideas, the obtained massive indentation data (H and E) were statistically
analyzed by the methodology proposed by Ulm and co-workers [10,181,182,190]. Figures 5.8a
and 5.8b show best-fit CDFs of H and E values, using the sigmoid shape error function. By doing
so, the mean H and E values of each constitutive phase (pi) and their corresponding standard
deviation (ai) were determined (see the fitting information in the insets presented in Figures 5.8a
and 5.8b, wherein “s” values demonstrate the standard deviation).

By assessing pi and ai for each phase, three different density functions (Gaussian distributions)
could be fitted on each H and E histogram (Figures 5.8c and 5.8d). Qualitative similar
measurements were obtained for other studied DSS samples (not presented here). The acquired
results are summarized in Table 5.4. As can be seen, the obtained H and E values for each phase
are relatively close and barely distinguishable. Meanwhile, it is well known that the content of
individual elements can modify the microstructure and micromechanical properties of DSS. For
instance, N and C content as solid solution strengthening agents may affect the strength of the
austenitic phase [29,150-152]. Accordingly, it is not straightforward to define austenite or ferrite
as the hardest or stiffest phase. Aiming to solve this issue, the obtained mechanical properties of
the unidentified phases were correlated with the microstructure of the studied samples by means
of advanced characterization techniques (see Section 5.3.1). Nevertheless, the effect of the
processing route could be evaluated at this stage, regardless of the fact that attained local
mechanical properties (of y- and a- phases) are still unidentified for the studied samples. In this
regard, preliminary results point out that the cold working process increased the small-scale
properties of both austenite and ferrite phases. By correlating the microstructural (Section 5.1.1)
and micromechanical results, it can be derived that the influence of the cold work process on
mechanical response is related to work hardening and deformation texture effects [215,216].

Table 5.4. Summary of H and E values of the unidentified phases in each processing condition of DSS, determined from statistical
analysis.

Sample Hardness, H (GPa) Elastic modulus, E (GPa)
P Phase 1 Interphase Phase 2 Phase 1 Interphase Phase 2
HR 36+£02 | 38%0.1 39%0.2 190 + 10 201 +8 213+8

HRA | 35%+0.2 3.7+0.1 3.9+0.2 189 + 15 200 £ 10 212+ 10
CR 49+0.2 5.2+0.2 5.6+0.2 208 £ 15 220+ 10 240+ 8
FP 3.7+0.2 39+0.2 42+0.2 190 + 10 202+ 7 215+ 10

5.2.2 Polycrystalline cubic boron nitride composite (Ceramic-Ceramic system)

Similar to DSS samples, maximum applied load and hmin were calculated by performing
nanoindentations at 200 and 2000 nm, respectively, using nanoindenter XP. Obtained results
pointed out that, performed indentation at the maximum applied load within a range of 10 - 25 mN
reached the adequate penetration depth where hmin < hfinal < hmax.
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Figure 5.9 depicts a FESEM micrograph of a cropped region of an indented area on the PCBN
sample. Three different types of imprints, in terms of the probed phase, are evidenced. Blue and
red circles highlight imprints performed on TiN binder and cBN grains, respectively. Moreover,
green circles correspond to imprints in which the induced plastic flow interact with both cBN and
TiN phases. Figures 5.9c and 5.9e show cross-section views of residual imprints performed on a
cBN grain and TiN binder. They demonstrate that estimated plastic flow underneath the residual
imprints is confined within each phase. As a final result, three mechanically distinct phases were
identified for further consideration in the subsequent statistical analysis.

FIB cross section .

« QB

Kl
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Figure 5.9. (a) FESEM micrograph of performed imprints on different phases of PcCBN composite. (b),(d) Residual imprints
performed on ¢cBN and TiN binder, respectively. (c) and (d) cross-section view of figures (b) and (d), respectively, in which the
estimated plastic flows for both phases are shown.
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After implementing the statistical analysis on high-speed nanoindentation data (similar process as
explained in the previous section, Figures 5.8a and 5.8b), three mechanically distinct phases were
fitted on the hardness histogram (with a constant bin size fixed at 1.85 GPa). There, cBN particles
show the highest values around 50 GPa, whereas TiN binder displays a mean value close to 22
GPa. An intermediate peak — at values around 35 GPa — was considered as the response of a
composite-like region, i.e. one combining both cBN and TiN phases (Figure 5.10a). Assessed
mechanical properties for different phases are in excellent agreement with those measured from
individual dynamic indentations, performed at 200 nm on each phase by means of Nanoindenter
XP. Moreover, Figure 5.10b shows the hardness evolution of the different phases against the
penetration depth. It proves that hardness reaches a constant value, in all the cases, after 100 nm.
This sustains the statement that measured hardness values are not affected by ISE after 100 nm.
Intrinsic hardness measured for each constative phase of the PCBN composite are summarized in
Table 5.5.
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Figure 5.10. (a) Hardness histogram with a constant bin size of 1.8 GPa computed from imprints performed by high-speed
indentation technique. (b) Hardness evolution against displacement into surface, obtained from dynamic indentations performed
on different phases.

Table 5.5. Hardness values for each mechanically distinct phase of PcBN composite, obtained from statistical analysis.

Phase TiN binder Composite cBN

Hardness (GPa) 215 335 4917

Considering the fact that the probability density function is dependent on the bin size [217], the
hardness histogram (of the same results) was plotted with a smaller bin size, fixed at 1 GPa. By
doing so, two additional peaks are identified in the obtained histogram (grey filled areas around
the red Gaussian distribution curves in Figure 5.11). Accordingly, it could be claimed that
statistical analysis of experimental data could be better fitted by considering two additional
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populations, corresponding to harder and softer (with respect to the original main peak) cBN
particles. Such a finding may be related to variations of chemical composition within cBN
particles. This hypothesis might be assessed and rationalized by means of advanced
characterization techniques (more information in Section 5.3.2).
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Figure 5.11. Hardness histogram obtained from the same data as shown in Figure 5.10, plotted with a constant bin size of 1 GPa.

5.2.3 Ti(C,N)-FeNi cermets (Ceramic-Metal system)

Similar to the cases of DSSs and PcCBN composite, aiming to assess the applied load value required
for reaching the appropriate penetration depth in the cermets under consideration, two sets of
indentation tests at 2000 and 200 nm were performed on studied samples using nanoindenter XP.
As a result, it was found that the maximum applied load was about 10 mN for the ceramic-metal
system studied.

Moreover, performed imprints at 2000 nm penetration depth could provide information about the
influence of ceramic/metal phase ratio and carbon addition on hardness and elastic modulus of the
composite systems. As it can be seen in Figures 5.12a and 5.12c, the residual imprints are probing
both ceramic particles and metallic binder on the surface. Some fracture mechanisms are activated
on the surface during the indentation process (mainly within ceramic particles), as highlighted by
the white arrows in Figure 5.12b. Similar fracture mechanisms were detected underneath the
residual imprint, as indicated by the white arrows in the cross-section view of the imprints shown
in Figure 5.12d. It can elucidate how the plastic flow interact with each phase at both surface and
subsurface levels.
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Figure 5.12. (a) and (c) FESEM micrographs of residual imprints performed at 2000 nm. (b) Magnified image of residual imprint
shown in (a). (d) FIB-milled cross-section of residual imprint shown in (c), under the region of interest indicated by the white dash
line.

Hardness and elastic modulus evolution against the penetration depth for all studied samples are
shown in Figure 5.13. It can be seen that both composite hardness and elastic modulus of cermets
are inversely related to the ceramic/metal phase ratio. Moreover, it is discerned that carbon addition
has a direct relationship with hardness and elastic modulus of the studied cermets. The influence
of carbon addition is more evident for samples with higher metallic binder content. Such a finding
was expected as carbon addition is expected to promote hardening of the metallic binder. Similar
trends were observed in the results attained from Vickers hardness tests performed at 10 and 30
kgf. All these experimental results are summarized in Table 5.6.
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Figure 5.13. (a) Hardness and (b) Elastic modulus evolution against penetration depth for all the investigated cermets.
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Table 5.6. Mechanical properties data assessed at different length scales for the studied Ti(C,N)-FeNi composites.

Nanoindentation data, performed by Berkovich
indenter at 650 mN applied load or 2000 nm depth HV10 HV30
Sample
: (GPa) (GPa)
Hardness, H (GPa) Elastic modulus, E (GPa)
15FeNi 20.2+2.0 455 + 20 13.0+£04 | 128+0.1
15FeNi+C 20.3+2.0 459 + 15 13.3+£03 | 13+£0.1
20FeNi 185+ 2.0 420 + 18 11.3+03 | 11.0+£0.1
20FeNi+C 195+15 460 £ 14 122+0.2 | 11.7+£0.1
30FeNi 123+15 346 + 22 95+04 9.1+0.2
30FeNi+C 145+0.5 414 + 15 105£0.2 | 99+0.2

The influence of ceramic/metal phase ratio and carbon addition on the small-scale properties of
each constitutive phase of studied cermets was attempted by performing nanoindentations at
smaller penetration depths, where the plastic flow could be confined within each phase. In this
regard, 40,000 indentations were performed at 10 mN of maximum applied load using the high-
speed nanoindentation technique. Afterwards, obtained experimental data were statistically
analyzed by implementing the methodology proposed by UIm and co-workers (similar to analyses
done for the other multiphase systems).

Figure 5.14a displays an example of the indented surface of a cermet sample. Since the applied
load is constant, imprints performed on the softer phase penetrates more (reaching a higher depth)
than the ones probing the harder one. Therefore, as can be seen in Figure 5.14a the residual
imprints in the metallic binder (blue circle) are bigger/deeper than the ones performed on Ti(C,N)
particles (red circles) and/or regions containing interphase boundaries (green circles). Figure
5.14b shows a hardness histogram with a constant bin size of 0.5 GPa. Three Gaussian
distributions are fitted on the experimental results. The smallest and highest peaks (blue and red),
with mean values around 12 and 27 GPa, are related to the metallic binder and the Ti(C,N) phase,
respectively. The intermediate peak (green) with a mean value close to 19 GPa represents the
mechanical response of the combined interaction of the hard ceramic and the soft metallic phases.
Same mechanical property histograms were obtained for all studied samples and extracted
hardness values for each individual phase are summarized in Table 5.7.
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Figure 5.14. (a) SEM micrograph of a cropped region of the indented area on a cermet sample. (b) Hardness histogram of 15FeNi+C
samples with a constant bin size of 0.5 GPa and fitted Gaussian distribution, corresponding to the mechanical properties of each
phase.

Table 5.7. Hardness mean values for each phase of the investigated samples, obtained through statistical analysis.

Sample Hardness (GPa)
FeNi Composite Ti(C,N)

15FeNi 13.7+0.3 204 +0.2 26.8+0.2
15FeNi+C 14.1+0.3 21.5+0.2 26.9+0.2

20FeNi 11.7+£0.2 19.1+£0.2 26.7+0.2
20FeNi+C 125+0.2 19.6 +0.1 26.9+0.2

30FeNi 83+0.3 15.0+0.3 26.6 £0.3
30FeNi+C 9.6+0.2 17.1+0.2 26.7+0.3

Considering the extracted mechanical properties of each phase reported in Table 5.7, the first
noticeable point is that intrinsic hardness of Ti(C,N) particles remain constant, in spite of
microstructure, ceramic/metal phase ratio, and/or carbon addition. Meanwhile, the small-scale
hardness of metallic binder and composite hardness rise with increasing ceramic/metal phase ratio.
This can be rationalized by the direct influence of a higher ceramic contribution on load-bearing
capability (for lower binder content). Moreover, it might also be indirectly related to the higher
constraint on the effective deformation of the metallic binder (smaller binder mean free path).
Regarding the influence of carbon, it is discerned that the addition of this element enhances the
hardness of the metallic binder for a given ceramic/metal phase ratio. As a consequence, the
composite hardness value is also positively affected by carbon addition.

As it was commented in Section 5.3.1, for the penetration depth defined in this study for the
cermets under consideration, the plastic flow induced by the indentation performed on the metallic
binder (at 4 mN) is also affected by the interaction with the surrounding ceramic particles.
Therefore, the intrinsic hardness for the metallic binder directly extracted by statistical analysis
may be overestimated. This must be related to the constraining effect of the ceramic phase over
the metallic one. In this regard, in order to assess more rational hardness values for the constrained
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metallic binder, a thin-film model might be implemented on the obtained data. The implementation
of a thin-film model is expected to yield reasonable values of hardness as the lateral stiffness is
considered low in comparison to the normal stiffness, due to the large opening angle of the
Berkovich tip. Within this context Korsunsky et al.'s method [218] was implemented, to
deconvolute the hardness of the metallic binder which were considered as a thin-film, using
Equation 5.1:

Equation 5.1

where H¢, Hs and Hs are the hardness of composite, substrate, and film, respectively; h/t is the
relative indentation depth, and kg is a fitting parameter of film thickness. Deconvoluted hardness
values for the metallic binder for different samples are summarized in Table 5.8.

Table 5.8. Corrected hardness values of metallic binder assessed by thin-film method (Korsunsky et.al [218]).

Sample Corrected hardness values of metallic binder (GPa)
15FeNi 10.6 +0.2
15FeNi+C 109+0.1
20FeNi 9.2+0.1
20FeNi+C 9.8+£0.2
30FeNi 7.3+0.1
30FeNi+C 85+0.1

5.3 Correlation between microstructure and micromechanical properties

Depending on the studied multiphase materials and related objectives, correlating the unidentified
mechanical properties (extracted from statistical analysis) with the microstructure of the
multiphase systems could be either intricate (as in the case of the investigated DSS and PcBN
composite) or rather simple (as the case of studied cermets). In this section, different techniques
are implemented to shed light on the effective linking between the individual (mechanically
distinct) phases and their small-scale mechanical properties for each of the multiphase systems
under consideration.

5.3.1 Duplex stainless steel (Metal-Metal system)

As discussed in Section 5.2.1, three mechanically distinct peaks were extracted from statistical
analysis (Figure 5.8). It was explained that the intermediate peak should be linked to the
mechanical response of regions containing austenite/ferrite interphase boundaries. However, clear
identification of local properties for the two remaining unidentified phases requires the use of
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complementary advanced characterization techniques. For the DSSs under consideration, it may
be attempted through a correlation between phase maps obtained by means of the EBSD technique
(as those shown in Figure 5.15) with cartography maps of different mechanical parameters: H, E,
and H/E (obtained from massive indentation technique).
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Figure 5.15. EBSD maps of indented surfaces and corresponding mechanical cartography maps of the indicated region for HR and
CR samples.

Austenite (red) and ferrite (green) phases can be clearly distinguished in the obtained EBSD maps
shown in Figure 5.15. Meanwhile, three tones of red, green and yellow can be observed in all
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obtained mechanical cartography maps. By visualizing the H and E maps in Figure 5.15, the
boundaries between austenite and ferrite can be falteringly distinguished. On the other hand, the
H/E ratio map yields an excellent disparity (contrast) between both phases (especially for the CR
sample). Furthermore, from H and E cartography maps it may be discerned that there is an inverse
relationship between obtained hardness and modulus for each individual phase (harder phase has
lower elastic modulus and vice versa). Therefore, it can be derived that although H and E represent
different mechanical phenomena, H and E values are interrelated in such a way that the
corresponding H/E ratio for each phase reveals more reliable and comparable values. As a result,
it may be stated that the H/E ratio is a better discriminating parameter to identify the correlation
between individual phases and their small-scale properties for DSSs. In this regard, it is found that
the austenitic phase exhibits a higher plasticity ratio compared with the ferritic one.

Attempting to sustain the above-mentioned ideas, a novel data analysis is suggested wherein a 2D
histogram graph manifest obtained H and E values simultaneously. Figure 5.16 displays the
proposed 2D histogram for HR and CR samples. The color of each pixel represents the number of
indentations that are included within a range of H and E, which is defined as a 2D bin size. Thus,
warm color tones indicate the accumulation of data related to each phase. As can be seen in Figure
5.16, two populations can be distinguished in both 2D histograms of HR and CR samples.
Although the same analysis has been done for all studied samples, the CR sample will be discussed
here due to the better visualization of its 2D histogram. In this regard, two clusters of data can be
easily distinguished in the case of the CR sample: one peak with hardness ~5.5 GPa and modulus
E ~ 210 GPa (H/E = 0.026) and another one with H ~ 5.0 GPa and E ~ 240 GPa (H/E = 0.021). It
has already been discussed that the austenitic phase has higher H/E than the ferritic one.
Accordingly, the unidentified hardness and elastic modulus values can be linked with austenite
and ferrite. Figure 5.17 is the updated version of Figures 5.8c and 5.8d, in which the extracted
mechanical peaks are associated with y- and a- phases. Table 5.9 summarizes the extracted
mechanical properties for austenitic and ferritic phases for all the DSS samples studied.
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Figure 5.16. 2D histograms of Hardness (y-axis) vs Elastic Modulus (x-axis) acquired from 10,000 indentations on each HR and
CR sample.
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Figure 5.17. Final hardness and elastic modulus histogram of HR sample.

Table 5.9. Summary of hardness and elastic modulus values for defined phases of studied duplex steels computed by statistical
analysis.

Hardness (GPa) Elastic modulus (GPa)
Sample
Ferrite | Interphase | Austenite Ferrite Interphase | Austenite
HR 36+02 |375£01| 3.9%£0.2 213+8 201+8 190 £ 10
HRA | 35+02 | 3.7+0.1 | 39+02 | 212+10 200+ 10 189 + 15
CR 49+02 | 52+02 | 56+0.2 240+ 8 220+ 10 208 + 15
FP 3.7+£02 | 39+02 | 42+0.2 | 21510 202+ 7 190+ 10

As it was explained before, the cold working process raises the hardness and elastic modulus of
both austenite and ferrite. Hardness changes may be associated with finer grains and higher density
of dislocations caused by this condition which leads to work hardening [215,216]. For elastic
modulus, deformation texture effects might cause the difference. However, further study is
required for a deeper understanding of these correlations. Both phases (y- and «-) exhibited quite
similar values for the mechanical properties studied, for the other processing conditions. The
influence of processing route on micromechanical properties of each phase within DSS samples
has been discussed in detail in Article 1.

5.3.2 Polycrystalline cubic boron nitride composite (Ceramic-Ceramic system)

As it was presented in Section 5.2.2, assessment of local mechanical properties of TiN binder and
cBN particles was already accomplished. However, the histogram plotted with a smaller bin size
yielded two additional mechanically distinct phases around the cBN peak (Figure 5.11). In this
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regard, a hypothesis was postulated by recalling non-stoichiometry effects (different B/N ratio) on
the measured H for cBN particles. This idea emerged on the basis of the investigation reported by
Sachdev [219], in which it was stated that morphology and residual stresses of cBN crystals may
be directly related to impurity effects as well as different N and B contents within the cBN particle.
Therefore, such a hypothesis was addressed and details are given in this section.

First of all, the distinct mechanical response exhibited by two different groups of cBN particles
was validated through the hardness cartography map resulting from nanoindentation testing of the
PcBN composite investigated. As it is depicted in Figure 5.18, blue and green shades correspond
to TiN binder and composite phases respectively, while tones of warm colors are linked to cBN
particles. The latter exhibits a wide range of hardness values, with deviations as high as 20 GPa.
Therefore, the two unidentified peaks must be related to cBN phase since the hardness mean values
of those peaks (grey peaks in Figure 5.11) are within the hardness range of cBN determined by
the hardness cartography map.

Aiming to get further and more detailed information, EPMA was used as a complementary
advanced characterization technique. The analysis was done on a marked region of the PcCBN
sample to determine local chemical composition, specifically N and B content in cBN particles.
Figure 5.19 displays the outcomes of the EPMA analysis. In such a figure, cBN particles may be
classified in three different groups, depending upon relative B/N content in atomic % (at. %):
stoichiometric (50/50), and non-stoichiometric, which are marked in Figure 5.19a by red and
yellow lines. Figures 5.19b and 5.19¢ show N-rich (N at. % content higher than 75,) and N-poor
(N at. % content lower than 25) particles, respectively.
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Figure 5.18. Hardness cartography map of PcCBN composite obtained from nanoindentations performed at 25 mN.
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Figure 5.19. EPMA analysis performed on PcBN sample: (a) SEM micrograph of the analyzed region, (b) N map for high N grains
marked by red lines in SEM image, and (c) N map for low N grains marked by yellow lines in the SEM image.

Subsequently, an array of indentation was performed on the mentioned region to determine the
possible correlation between the small-scale hardness of individual cBN grains and its
corresponding B/N ratio. Three grids of indentation matrices were performed (on different regions)
under displacement control mode, while maximum penetration was fixed at 200 nm. This would
guarantee that plastic flow will be confined within the cBN grains. Figure 5.20a shows a FESEM
micrograph of the performed matrix of indentations, while Figure 5.20b displays the N map of
the corresponding zone, as assessed by EPMA. Positions of individual imprints are marked and
numbered in both FESEM and EPMA maps (yellow and black circles in FESEM image and EPMA
map, respectively). It permitted to compare the local hardness values measured for cBN grains
with high and low N amount (EPMA map). The results of hardness for cBN grains with different
B/N are shown in Figure 5.21a, and they validate the postulated hypothesis. As a consequence, a
hardness histogram for the PCBN composite, considering five mechanically distinct phases was
attained by statistical analysis (Figure 5.21a). Results are summarized in Table 5.10.
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Figure 5.20. (a) FESEM micrograph of performed indentation matrix at 200 nm on the marked region of PcBN sample. (b) N map
of microstructure, and corresponding indentations, attained by EPMA analysis.
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Figure 5.21. (a) Hardness evolution against penetration depth for cBN grains with different N (and B) content. (b) Hardness
histogram of PcBN composite with five fitted mechanically distinct phases (the updated version of Figure 5.11).

Table 5.10. Intrinsic hardness values for five mechanically different phases of the studied PcCBN composite.

Phase TiN | Composite | Low N cBN | Stoichiometric cBN | High N cBN
Hardness (GPa) | 21+5 | 33%5 43+3 49+7 54+3

5.3.3 Ti(C,N)-FeNi cermets (Ceramic-Metal system)

Figure 5.22 shows an indented surface and the overlay of the hardness cartography map on the
corresponding area. Red shades are related to the ceramic particles wherein the hardness mean
value is about 26 GPa (as shown in the hardness value gauge, next to the cartography maps). This
value is in complete agreement with the results obtained by the statistical analysis (Figure 5.14).
The scenario is not as clear for the binder, where two tints of colors are identified. On the one
hand, there are green tones spread all around the indented surface. The corresponding hardness is
around 12 GPa. This value sustains the constrained H values extracted from the statistical analysis
for the metallic binder of the 20FeNi+C sample (Table 5.7). On the other hand, there is a light
blue tint which can be just seen in some regions (e.g. bottom right of Figure 5.22b). The overlay
picture of the hardness map and FESEM micrograph (Figure 5.22c) allows to discern that
indentations performed in this blue region are absolutely confined within the binder; and thus, they
are not affected by the surrounding ceramic particles. The corresponding hardness of the metallic
binder for this blue region is around 9 GPa. This value is in satisfactory agreement with the
corrected hardness values estimated for the metallic binder of the 20FeNi+C sample, after
implementation of the thin-film models for deconvolution of such intrinsic hardness (Table 5.8).

Moreover, a tinge of orange colors can be seen in the boundaries between the ceramic and metallic
phases. The corresponding hardness value for these regions containing interphase boundaries is
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around 19 GPa. Such a value nicely falls within the range of extracted hardness values for the
composite-like phase for the 20FeNi+C sample.

Finally, as it can be seen in Figure 5.22a, it should be noticed the existence of some porosity on
the indented surface. It is initially presented in navy blue and/or indigo, and continues to violet
color, in hardness cartography maps. The corresponding hardness for this “porosity phase” can be
considered to be less than 4 GPa. Although the surface fraction occupied by porosity is relatively
small, the proper and small space between indentations (no neighboring effect) could provide a
good resolution to detect it. Figure 5.23 is showing the same hardness histograms for studied
samples (Figure 5.14b) which are now magnified on the regions corresponding to hardness values
lower than 4 GPa. These histograms are somehow indicating the porosity levels of the studied
samples, as identified by the massive indentation technique. For a given ceramic/metal phase ratio,
it can be discerned that carbon addition significantly reduces the number of indentations where
weak porosity-related areas were proven. Moreover, it is evident that the porosity level decreases
when the relative amount of binder increases. These findings are also in satisfactory agreement
with the results obtained from the microstructural characterization conducted in Section 5.1.3.

Figure 5.22. (a) FESEM micrograph on an indented surface of 20FeNi+C cermet. (b) Corresponding H cartography map of the
indented surface. (c) Overlay of FESEM micrograph and H cartography maps.
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Figure 5.23. Magnified region of hardness histograms of studied samples for H < 4 GPa, corresponding to the porosity level.
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Chapter 6:
General conclusions and future work

6.1 General conclusions

This Ph.D. thesis focused on the assessment of a methodology that can measure the small-scale
properties of mechanically distinct phases within different metal-metal, ceramic-ceramic and
ceramic-metal systems. In this regard, massive indentation technique and subsequent statistical
analysis of the gathered data, complemented by advanced characterization techniques of
microstructural features, are proposed, implemented and validated as a reliable protocol to satisfy
the above objective. The chosen multiphase systems — DSSs, PCBN composite, and Ti(C,N)-FeNi
cermets - yielded different challenging scenarios: unidentified mechanical phases with relatively
similar properties (metal-metal), the effect of local chemical nature of cBN particles on their
intrinsic hardness (ceramic-ceramic), and constrained deformation of the metallic binder by the
surrounding hard ceramic particles (ceramic-metal). All those issues had to be addressed to attain
reliable results. In this regard, independent microstructural and micromechanical characterization
are first conducted, and the determined parameters are correlated through specific information
supplied by the use of complementary techniques and models.

Through the whole work, it has been highlighted that maximum penetration depth (hmax) of
performed indentations plays a key role in the effective length scale of the measured mechanical
properties (p). This parameter is completely linked to the characteristic size of the constitutive
phases (D), where:

hmax >> D — Pcomposite hmax < 10D — Pindividual phase

Thus, initial microstructural characterization of the studied system through systematic and detailed
FESEM inspection becomes critical, as its outcomes define the maximum penetration depth in the
subsequent nanoindentation test. hmax indirectly defines indentation spacing too, another critical
testing parameter of the indentation test. The proper space between indentations not only prevents
any overlapping/neighboring effect of residual imprints but also aids to optimize the resolution of
cartography maps.
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Regarding data analysis, bin size becomes a relevant parameter to determine the mean value of
constitutive phases on obtained mechanical properties histograms. Setting an appropriate bin size
is quite important for the effective identification of the number of mechanically distinct phases
(pi). Meanwhile, analysis of cumulative distribution functions (CDF) is crucial to calculate the
mean values of the measured properties, independent of the bin size, i.e. just based on the number
of phases. Therefore, by proper selection and identification of bin size and the number of phases,
respectively, better CDF fitting and more accurate data may be attained.

Since the massive indentation tests are performed in the form of gedanken experiment, some
imprints will inevitably probe different phases concomitantly. Accordingly, the plastic flow
induced by these indentations yields a composite-like response by probing regions containing
interphase boundaries. The probability of this event to take place is higher as the characteristic size
of the involved phase decreases. In these cases, additional composite-like phases must be taken
into account for the statistical analysis.

Within the above general framework, the following conclusions may be drawn from the studies
conducted in this work:

DSSs (Metal-Metal system):

1. The surface fraction occupied by medium- and large-sized grains demonstrated a high
sensitivity to cold work. Grains were significantly refined during cold work via elongation
and fragmentation of grains. Subsequent annealing treatment activated recovery and
recrystallization of the grains, which caused a higher surface fraction of coarser grains.

2. Hardness and elastic modulus cartography maps provided a satisfactory correlation
between micromechanical properties and constitutive phases (confirmed by EBSD
analysis). Accuracy and definition of such a relationship were increased by using H/E
maps. Therefore, the H/E ratio is proposed as an appropriate and reliable parameter for
mechanically distinguishing between phases with relatively similar properties.

3. The different processing routes investigated have similar effects on the mechanical
properties of both phases. For the DSSs here studied (with an intermediate N content of
0.15 in wt. %), the austenitic phase demonstrated higher hardness and lower elastic
modulus compared with the ferritic one.

4. Cold work resulted in higher values of hardness and elastic modulus for both austenite and
ferrite phases, as compared to other samples studied. Such relative changes assessed in the
small-scale properties are expected to be related to work hardening and deformation texture
effects. Further research is here recalled for a deeper understanding of these correlations.
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PcBN composite (Ceramic-Ceramic system):

5. A protocol based on massive nanoindentation and statistical analysis was successfully
implemented for assessing small-scale mechanical properties of a PCBN composite. In
doing so, the heterogeneous system was originally considered as constituted by three
distinct phases with different mechanical properties: two of them microstructurally
different, i.e. cBN particles and TiN matrix, and a third phase corresponding to one
exhibiting the “composite-like” response. Within this context, intrinsic H values of about
20 and 50 GPa were assessed for TiN binder and cBN grains as lower and upper bounds to
the hardness range determined for the composite like phase, i.e. between 30 and 40 GPa.

6. Mean and standard deviation of small-scale H values are independent, within the
experimental set outs used in this study, of maximum applied load and number of
experimental events (indentations) accounted. However, data attained imposing different
load levels, i.e. 25 mN or 10 mN, yielded either better screening among Gaussian
distributions for each defined phase or higher microstructure-property resolution within
hardness mapping, respectively. Such differences are related to the distinct relevance of
size-scale effects (e.g. surface roughness) or indenter tip defects depending upon
penetration depth.

7. An in-depth statistical analysis of the upper-level H data complemented with the
implementation of advanced characterization techniques (i.e. combined EPMA,
instrumented nanoindentation, and FESEM) pointed out and validated the consideration of
additional mechanically different cBN-related phases on the basis of relative B/ N content.
To the best knowledge of the author, it is the first time that different intrinsic H values are
reported for cBN particles as a function of phase (B/N ratio) stoichiometry.

8. Direct quantitative measurement of K¢ for the composite was not possible because of the
absence of radial cracks emanating from corners of residual imprints. However, plasticity
index assessment and subsequent comparison with literature data for WC ceramics, points
out that toughness for TiN-cBN composite investigated ranges between 4 and 6 MPa m*/2,

Ti(C,N)-FeNi cermets (Ceramic-Metal system):

9. The combination of massive nanoindentation and statistical analysis of the gathered data
has proven to be a successful testing protocol for determining small-scale hardness and
stiffness of Ti(C,N)-FeNi ceramic-metal composites. Nevertheless, successful
implementation requires careful consideration of testing parameters used, on the basis of
microstructural, residual imprint, and plastic flow length scales.
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10.

11.

12.

13.

14.

15.

16.

The implemented testing protocol has allowed to document an inverse relationship between
the mechanical parameters evaluated and the volume fraction of the metallic phase. For the
particular case of the small-scale hardness of the metallic binder, such correlation has been
analyzed and rationalized in terms of strengthening of ductile ligaments due to constrained
deformation by the surrounding ceramic particles.

The effective flow stress for the constrained metallic binder has been estimated from small-
scale hardness values experimentally determined. It has yielded values ranging from 1.8 to
4.5 GPa, i.e. similar to those usually reported for cobalt ligaments in WC-Co systems. This
points out the effectiveness of FeNi as reinforcement phase for Ti(C,N)-based cermets,
towards optimization of hardness-toughness relationships for these ceramic-metal systems.

Toughening action of FeNi phase in the Ti(C,N)-based cermets studied has been validated
by detailed characterization of deformation, damage and fracture mechanisms. In
particular, enhanced crack growth resistance has been discerned in terms of smaller
opening, as well as arrest and bifurcation of propagating cracks as they intersect metallic
regions.

The higher volume fraction of the metallic phase as well as carbon addition yield a more
homogeneous and less porous microstructure for the same ceramic/metal ratio. It results in
significant changes in hardness and indentation fracture toughness (following the well-
established inverse correlation between both mechanical properties), these being more
pronounced in the softer grades.

The addition of carbon results in higher hardness values at macro- and micro- length scales.
Such changes are directly related to an intrinsic (small-scale) hardening effect of the
metallic phase as well as to an effective reduction of porosity amount affecting the two-
phase composite-like hardness.

Hardness cartography map at the microstructural length scale showed an excellent
qualitative correlation between micromechanical characteristics (measured from massive
nanoindentation) and microstructural assemblage (as evidenced from FESEM inspection).

Massive nanoindentation and statistical analysis have proven to be a successful tool for
analyzing small-scale properties of different constitutive phases in the cermets studied. It
includes not only assessment of intrinsic hardness values but also evaluation of change in
these properties for individual or mechanically distinct phases, as related to the specific
influence of microstructural/processing variables, e.g. carbon addition or ceramic/metal
phase ratio.
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6.2 Future work

Suggesting the future works and perspectives could improve the current study in different aspects
that were not considered due to the lack of time, facilities, or specific knowledge of a certain
technique or subject. In this regard, some future plans are listed below, which could enhance the
knowledge about microstructural and micromechanical properties of inorganic multiphase
systems.

The number of performed imprints has to be high enough for the implementation of the
statistical analysis. However, a high number of indentations may cause some difficulties
and limitations such as: increasing the risk of damaging/blunting the tip, more time and
energy consumption (mainly for processors of computers), and the testing price. In this
regard, finding the optimized number of performed imprints that could satisfy both
statistical analysis and testing limitations is essential.

Within the DSS study, obtained hardness for cold-rolled samples presented higher values
as compared to the other samples. Such relative changes in the small-scale properties are
expected to be related to work hardening and deformation texture effects. Therefore,
studying the correlation between hardness and crystallographic orientation for both
austenite and ferrite phases within the DSS may provide a deeper understanding of the
optimized microstructural design of these materials.

This Ph.D. thesis has proposed a solid methodology to evaluate the local mechanical
properties of each constitutive phase and find the correlations among such intrinsic
parameters and the effective microstructural assemblage of different multiphase systems.
As a result, it has been satisfactorily validated for DSSs and intermetallics [220,221],
cermets [124,129,192,222] and PcBN composite [223]. However, all these works have
been conducted on “pristine” specimens. Meanwhile, in the case that damage or
microstructural changes are induced during service (e.g. by occasional hard body impacts
or continuous contact-related degradation), similar information on the remnant small-scale
mechanical properties of structural materials does not exist. Therefore, extending the
approach here proposed and validated, by including damage-level as an additional
variable, could be considered as an effective target. Accordingly, the main objective of
future work might be to assess hardness — at the small-scale length where damage is
concentrated on real tools and components (i.e. cutting edge, critical profile, etc.) — and
use the corresponding maps as “index of merit” for selecting materials on the basis of the
effective performance of tools and components after being exposed to real service
conditions
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As it was mentioned before, nanoindentation testing has been recently combined and
equipped with different high-speed and high-temperature accessories. The former was
addressed and discussed in this Ph.D. thesis. However, the high-temperature
nanoindentation technique may open new doors for evaluating the mechanical properties
of ceramic-metal and ceramic-ceramic systems, as working conditions for such materials
are mainly at elevated temperatures. This also applies to other complementary micro- and
nanomechanical testing techniques, such as micro-compression as well as cantilever
deflection — at both room and high temperatures — which may then provide information
about the influence of microstructural and processing parameters on the overall
mechanical response, plastic deformation phenomena and failure mechanisms, fracture
toughness and even creep behavior [224-233].

Obtaining a 3D reconstruction of the ceramic-ceramic and ceramic-metal systems will
allow to visualize and understand the real shape of ceramic particles, phase contiguity, and
porosity features. 3D image reconstruction of microstructural assemblage in conjunction
with small-scale mechanical properties determined by means of massive nanoindentation,
micropillar compression and/or cantilever deflection - at ambient and elevated
temperatures — become key inputs for reliable and effective simulation of the mechanical
response of these multiphase systems through finite element modeling.
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