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Abstract

The tribological and mechanical behavior of coated tools depends not only on intrinsic properties
of the deposited film but also on substrate surface and subsurface properties — such as topography
and residual stress state — as well as on interface adhesion strength. It is particularly true in the
case of coated tools based on WC-Co cemented carbides (backbone materials of the tool
manufacturing industry, and simply referred to as hardmetals in practice) as substrates.
Manufacturing of hardmetals often involves grinding, and in the case of cutting tools also edge
preparation, etching and coating. The quality of the shaped components is influenced by how the
surface integrity evolves through the different process steps. In this regard, substrate grinding and
coating deposition represent key steps, as they are critical for defining the final performance and
relative tool manufacturing cost. Within this framework, it is the main objective of this thesis to
assess the influence of substrate surface integrity on different mechanical (flexural strength and
contact damage resistance under spherical indentation) and tribological (scratch resistance as well
as cracking and delamination response under Brale indentation) properties for a TiN-coated fine-
grained hardmetal grade (WC-13 wt.%Co). In doing so, three different surface finish conditions
are studied: as-sintered (AS), ground (G), and mirror-like polished (P). Moreover, aiming for an
in-depth analysis of surface integrity evolution from grinding to coating, a relevant part of the
work is devoted to document and understand changes induced by grinding in nude hardmetal
substrates. The study is also extended to a fourth surface finish variant (GTT), corresponding to a
ground substrate which is thermal annealed before being ion etched and coated. Because residual
stress induced by grinding are effectively relieved after this high temperature thermal treatment,
GTT condition allows to separate grinding-induced effects associated with surface texture and
surface/subsurface damage changes (inherited from the G surface finish) from those related to the

referred residual stresses.

Surface integrity was characterized in terms of roughness, residual stresses (prior and after coating
deposition), and damage at the subsurface level. It was found that grinding induces significant
alterations in the surface integrity of cemented carbides. Main changes included relevant roughness
variations; emergence of a topographic texture; anisotropic distribution of microcracks within a

subsurface layer of about 1 micron in depth; severe deformation, microstructure refinement and
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phase transformation of binder regions, down to 5 microns in depth; and large compressive residual

stresses, gradually decreasing from the surface to baseline values at depths of about 10-12 microns.

Additional changes in surface integrity are induced during subsequent ion etching and coating
deposition. In general, removal of material from the surface during sputter cleaning and extended
low-temperature (during film deposition) treatment resulted in a significant residual stresses
decrease (about half its original value). However, damage induced by grinding was not completely
removed, and some microcracks were still left on the substrate surface (close to the interface). On
the other hand, and as expected, high temperature annealing (GTT condition) resulted in a
complete relief of the referred residual stresses, but without inducing any additional change in
terms of existing microcracks and depth of damaged layer. This was not the case for the metallic
binder phase where thermal treatment induced an unexpected microporosity, development of a

recrystallized subgrain structure, and reversion of grinding-induced phase transformation.

Flexural strength was measured on both uncoated and coated hardmetals, and complemented with
extensive fractographic analysis. It was found that grinding significantly enhances the strength of
hardmetals, as compared to AS and P conditions. However, such beneficial effect was partly lost
in the corresponding coated specimens. On the other hand, film deposition increases strength
measured for GTT surface variant. These findings were analyzed on the basis of the changes on
nature and location of critical flaws, induced by the effective residual stress field resulting at the

surface and subsurface after each manufacturing stage.

The influence of substrate surface finish on scratch resistance of coated hardmetals and associated
failure mechanisms was investigated. It was found that coated AS, G and P samples exhibit similar
critical load for initial substrate exposure and the same brittle adhesive failure mode. However,
damage scenario was discerned to be different. Substrate exposure was discrete and localized to
the scratch tracks for G samples, while a more pronounced and continuous decohesion was seen
for AS and P ones. Relieving of the substrate compressive residual stresses (GTT condition)
yielded lower critical loads and changes in the mechanisms for the scratch-related failure, the latter

depending on the relative orientation between scratching and grinding directions.
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The cracking and delamination of TiN-coated hardmetals when subjected to Brale indentation was
studied while varying the microstructure and surface finish of the substrate. In this case, another
fine-grained WC-Co cemented carbide with lower binder content (6 wt.%Co) was included in the
investigation. It was found that polished and coated hardmetals exhibit more brittleness (radial
cracking) and lower adhesion strength (coating delamination) with decreasing binder content. Such
a response is postulated on the basis of the influence of intrinsic hardness/brittleness of the
hardmetal substrate on both cracking at the subsurface level and effective stress state, particularly
regarding changes in shear stress component. On the other hand, grinding was discerned to
promote delamination, compared to the polished condition, but strongly inhibits radial cracking.
This was the result of the interaction between elastic-plastic deformation imposed during
indentation and several grinding-induced effects: remnant compressive stress field, pronounced
surface texture, and microcracking within a thin microcracked subsurface layer. It is then
concluded that coating spallation prevails over radial cracking as the main mechanism for energy

dissipation in ground and coated hardmetals.

Contact damage resistance of coated hardmetals with different substrate surface finish conditions
was investigated by means of spherical indentation under increasing monotonic loads. It was found
that grinding enhanced resistance against both crack nucleation at the coating surface and
subsequent propagation into the hardmetal substrate. Hence, crack emergence and damage
evolution was effectively delayed for the coated G condition, as compared to the reference P one.
The observed system response was discussed on the basis of the beneficial effects associated with
compressive residual stresses remnant at the subsurface level after grinding, ion-etching and
coating. The influence of the stress state was further corroborated by the lower contact damage
resistance exhibited by the coated GTT specimens. Finally, differences observed on the interaction
between indentation-induced damage and failure mode under flexural testing pointed in the
direction that substrate grinding also enhances damage tolerance of the coated system when

exposed to contact loads.
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1 Introduction

Aiming to achieve an optimized selection of materials for specific applications, extensive research
has been dedicated to study the relation between chemistry, microstructure and the resultant
properties. In addition to those bulk-related features, surface characteristics are also crucial in
determining the functional response of a given material. Generally, materials used for structural
components are shaped into final dimensions and geometry by a variety of manufacturing
processes. In this regard, surface nature is continuously changed as the material goes throughout
the manufacturing chain: mechanical working operations, material removal methods, heat
treatment, intended surface modification processes, and other finishing practices [1]. Surface
alterations become critical in controlling the properties and performance of final products,
particularly if service conditions involve contact loading (e.g. wear, impact, fatigue, etc.) and/or

environmental (e.g. corrosion, oxidation, etc.) interaction.

In the case of manufacturing stages involving material removal, such as grinding, lapping and
other non-conventional process, a complex surface interaction exists between the tool and
workpiece. A large amount of heat can be generated which could produce microstructural changes,
including possible local melting at the surface. Plastic deformation, tearing and fracture may also
occur. Moreover, fluctuating mechanical and thermal states may induce relevant residual stresses
[2]. Mechanical properties of the final tool or component, particularly those that could be described

as surface-sensitive, are considerably affected by all above changes.

The existence of a pronounced influence of manufacturing methods on mechanical properties and
service performance, as a result of the type of surface produced, is well-established. Within this
framework, the concept of surface integrity has been introduced as a holistic parameter to study
this issue in depth. Surface integrity is defined as the inherent or enhanced condition of a surface
produced by machining or other generating operation. It contains not only the geometry
consideration, including surface roughness and accuracy, but also other surface/subsurface
microstructure aspects. The broadness and complexity of this topic demand synergic

interdisciplinary expertise of different fields: materials science, machining and shaping
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technology, as well as mechanical and tribological testing, among others [3,4]. The corresponding
outcome is extremely useful as figure of merit to satisfy the increased requirements for reliability
and safety, unusual service needs, development of and need for understanding of new

manufacturing processes, and the availability of extensive sets of surface integrity data [3].

WC-Co Cemented carbides, also simply termed as hardmetals, are the backbone materials for
tooling industry, owning to its excellent combination properties of hardness, strength, and fracture
toughness together with unique wear and abrasion resistance [5]. Hardmetal tools are produced
through a powder metallurgical method where mixed WC and Co powders are sintered at high
temperature to consolidate the composite material. Manufacturing of cemented carbide
components often involves grinding, and in the case of cutting tools also edge preparation, etching
and coating. The quality of the shaped components is influenced by how the surface integrity
evolves through the different process steps. In this regard, substrate grinding and coating
deposition represent key steps, as they are critical for defining the final performance and relative

tool manufacturing cost [6].

Diamond wheel grinding is the most common method to machine hardmetals. As a result of the
nature of this hard material and the grinding process, surface integrity is altered and then affects
mechanical properties, tribological response and reliability of the ground tools [7]. Meanwhile,
structural coatings are usually applied to the tools to improve its lifetime by offering a better
resistance to mechanical and thermal loads, diminishing friction and wear, chemical attack, etc.
[8]. Thermal effect during the film deposition process and the presence of an external coating by

itself give the surface a new state compared to the one resulting from ground.

Compared to the extensive knowledge existing in open literature on bulk-related issues for
hardmetals (e.g. Refs. [9-12]), reports addressing surface integrity — manufacturing -
property/performance relationships for these materials are rather scarce. Accordingly, it is the
objective of this thesis to assess the influence of substrate surface integrity on different mechanical
(flexural strength and contact damage resistance under spherical indentation) and tribological
(scratch resistance as well as cracking and delamination response under Brale indentation)

properties for a TiN-coated fine-grained hardmetal grade (WC-13 wt.%Co). In doing so, three
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different surface finish conditions are studied: as-sintered (AS), ground (G), and mirror-like
polished (P). Moreover, aiming for an in-depth analysis of surface integrity evolution from
grinding to coating, a relevant part of the work is devoted to document and understand changes
induced by grinding in nude hardmetal substrates. The study is also extended to a fourth surface
finish variant (GTT), corresponding to a ground substrate which is thermal annealed before being
ion etched and coated. Because residual stress induced by grinding are effectively relieved after
this high temperature thermal treatment, GTT condition allows to separate grinding-induced
effects associated with surface texture and surface/subsurface damage changes (inherited from the

G surface finish) from those related to the referred residual stresses.

A scheme illustrating the thesis layout is presented in Fig. 1.1. Following this introductory chapter,
a brief description of cemented carbides is given in Chapter 2. It includes information about
constitution, microstructure, basic mechanical properties, applications and manufacturing process
of hardmetals. Chapter 3 provides a background on the concept of surface integrity. Moreover, in
this chapter studies reported in the literature on ground or/and coated hardmetals as well as on
evaluation approaches implemented in this investigation are critically reviewed. Experimental
details, including studied materials, surface conditions and characterization techniques, are
detailed in Chapter 4. In Chapter 5 a summary of the main results of the investigation conducted

is given. Finally, Chapter 6 depicts the contribution and future work.



1 Introduction

WC-Co CEMENTED
CARBIDES

MICROSTRUCTURAL ASPECTS
Binder content, Carbide mean grain size
and metallurgical characterization

(HARDMETALS)
SUBSTRATE

INTRINSIC MECHANICAL
PROPORTIES
Elastic modulus, Hardness,
Fracture toughness

SURFACE FINISH CONDITION
As-sintered (AS)
Ground (G)
Polished (P)
Ground plus thermal treatment (GTT)

COATING DEPOSITION
Physical vapor route

SURFACE INTEGRITY CHARACTERIZATION TECHNIQUES
Surface roughness XRD
Subsurface damage —  FIB/FESEM
Residual stresses EBSD
Metallurgical alterations (binder) TEM
FUNCTIONAL RESPONSE

MECHANICAL ADHESION CONTACT DAMAGE

STRENGTH RESISTANCE

Flexural testing

Fractographic analysis Brale ind

Scratch test

Failure mechanisms

Spherical indentation
Crack nucleation
/extension

entation

Fig. 1.1 Scheme illustrating the thesis layout.
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2 Cemented Carbides

Cemented carbides are, from a technical viewpoint, one of the most successful cases of “tailor-
made” (ceramic-metal) composites ever produced. This is mainly due to their outstanding
combination of high hardness and strength together with excellent wear and abrasion resistance.
As a result, they are positioned as well-established materials for highly demanding applications:
from tools in the manufacturing industry to wear-resistant and structural components in a variety
of other industrial sectors. Cemented carbides represent a group of sintered materials where brittle
refractory carbides of the transition metals are combined with a tough binder metal. The
composites based on tungsten carbide (WC) and cobalt (Co) alloy (the most commonly used
combination) are often referred as hardmetals® and/or straight grades. Fig. 2.1 shows a typical
hardmetal microstructure. Addition of other hard carbides and carbonitrides or use of alternative
binder materials have widened the application range of cemented carbides. However, the two-

phase (WC-Co) straight grades still demonstrate their predominance in numerous applications [1].

The history of cemented carbides began in Germany during the First World War, as toughness
improvement of tungsten carbide tools was required. At that time, hardness of WC was found to
be comparable to that of diamond, but its brittleness limited the commercial use of these ceramic
tools. In the early 1920s, a significant breakthrough was made by Schroter [2]. He was able to
manufacture cemented carbides by compacting and sintering a mixture of cobalt and tungsten
carbide powders. Further development of cemented carbides involved use of other combinations,
including partial or total replacement of WC with other carbides, e.g. titanium carbide (TiC),
tantalum carbide (TaC), and/or niobium carbide (NbC), as well as use of other metallic alloys as

alternative binders (e.g. Ni, NiCr or FeNiCo).

! The German word “hartmetall” was initially coined when this new product was invented. It was then translated

into English as “hardmetal”, a nomenclature recognized internationally. Later, the term “cemented carbide” was first

used in the United States, a concept which describes the composite nature of these materials.
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Fig. 2.1 Typical microstructure of two-phase (WC-Co) straight grade.

2.1 The Two Phases: WC and Co

According to the W-C phase diagram, tungsten monocarbide WC holds a very small range of
homogeneity. The crystal structure is simple hexagonal with two atoms per unit cell. Due to the
different spacing of [1010] directions in tungsten and carbon, there are two sets of three equivalent
(1010) planes. The microhardness of WC is highly anisotropic, in agreement with the non-
centrosymmetric crystal structure. Elasticity modulus of WC is extremely high (well above 700
GPa), only exceeded by that of diamond. Very interesting, thermal conductivity of WC is also
quite elevated (1.2 J cm™ ST K1) [3].

Cobalt has been a superior and exclusive material choice as binder phase in cemented carbide
production. It should be highlighted that cobalt exhibits two allotropic modifications: a close-
packed hexagonal (hcp) form, stable at temperatures below approximately 400 °C; and a face
centered cubic (fcc) form, stable at higher temperature. The existence of one or another may affect
the mechanical properties of the whole composite material [3]. For example, WC-Co alloys show
higher transverse rupture strength and toughness as cobalt binder phase has a relatively higher
proportion of the more ductile a-Co (fcc) phase. Phase transformation temperature depends
critically on purity and heating/cooling rate. Higher tungsten and carbon contents, dissolved within
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the cobalt matrix, result in an increase of phase transformation temperature; and thus, stabilization
of the fcc phase [4]. Moreover, other factors like cobalt content and binder mean free path also
influences the transformation temperature. Thus, cobalt powders may partly keep a cubic structure
at room temperature. Even in conventional solid cobalt subjected to either hot or cold deformation,
and subsequently annealed and slowly cooled to room temperature, crystal structure will not be
entirely hexagonal. A proportion of the metastable cubic phase will always be present [5].

2.2 Microstructural Aspects

The microstructure of two-phase (WC-Co) straight grades may be quantitatively described on the
basis of several parameters [2,6]: carbide grain size distribution and mean carbide size (dwc),
volume fraction of the individual phases, binder mean free path (Aco), and carbide contiguity (Cuc).
Mean carbide size and binder volume fraction are the principal parameters used to characterize the
microstructure of hardmetals. However, they are frequently varied simultaneously, and correlation
between property and microstructure requires of additional two-phase normalizing parameters,
such as binder mean free path and carbide contiguity. The distribution of the binder phase is related
to the spacing between the carbide crystals. In this regard, Aco is determined from the mean linear
intercept (at carbide/binder interfaces) in the binder, and refers to the mean size of the metallic
phase. On the other hand, Cwc is determined as the ratio of grain boundary surface (WC/WC
interface) to total surface (WC/WC+WC/Co interface); and thus, describes the interface area
fraction of WC carbides that is shared by them. It is indeed a quantitative measurement of the
continuity of the carbide phase skeleton
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2.3 Mechanical Properties

Basic mechanical parameters and response of hardmetals include hardness, elastic moduli, wear
resistance, deformation behavior, fracture mode, fracture toughness and strength. These properties
are usually measured at room temperature and serve as quantitative basis for comparison of the
materials and their production technologies [7]. Fig. 2.2 is a scheme comparing hardness and
transverse rupture strength (with fracture toughness values also indicated) of cemented carbides,
as compared to those of other tool materials. They own an extremely high hardness which is only
surpassed by diamond, cubic boron nitride and some structural ceramics. However, rupture
strength (and fracture toughness) of hardmetals is usually higher than that measured for the referred
harder materials. In this regard, it is interesting to underline that fracture toughness of cemented

carbides exhibits similar value range as that of high speed steel.

Hardness, HV

10000 A

‘ Diamond

50004 \ Cubic boron nitride

4000
30001 Ceramics (K;, 2-8 MPa*m'?)
20007 Cemented carbides (K, 5-25 MPasm!2)
High speed steels
(K. 5-25 MPa*m'?)
1000+

1000 2000 3000 4000 5000

Transverse rupture strength, MPa

Fig.2.2 Scheme showing the hardness and strength of cemented carbides compared to other
materials. Note that fracture toughness values are also labeled. (Adapted from Sandvik’s
“Understanding Cemented Carbide” [8])
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Deformation and fracture behavior of hardmetals are dictated by the individual and combined
properties of their two constituents [6]. As the binder phase exhibits large ductility and deformation
compatibility, compared to the relative hard and brittle carbides, it commonly consumes most of
the deformation and fracture energy, despite its relatively small fraction in the composite [7]. The
metallic binder phase is known to enhance crack propagation resistance by means of toughening
associated with formation of ductile ligaments behind the crack tip [9,10]. As a result, mechanical
properties of cemented carbides, such as fracture and fatigue resistance, are strongly dependent on
the binder phase. However, specific literature information about the intrinsic mechanical properties
of the binder phase, and how they affect the mechanical and tribological response of cemented
carbides is rather scarce. This is directly related to the facts that binder usually occupies small
regions within the composite and material removal rates for ceramic and metallic phases are
different. As a consequence, mechanical characterization of the metallic phase is not an easy task,
in terms of either metallurgical sample preparation or measurement of properties at small length

scale.

2.4 Tooling Applications

Cemented carbides hold a wide range of unique properties on the basis of different combinations
of microstructure and composition. It enables them to meet different sets of requirements in general
engineering applications. A sound example of this statement is the role that hardmetals play as
backbone tool materials for the metal cutting industry. Other examples are their application as
forming or mining tools, as well as wear resistance components [11]. Fig. 2.3 shows the application
range of hardmetals, as a function of carbide grain size and binder content. Generally, hardness
increases with decreasing grain size and binder content. Unfortunately, this will always be at the
expense of reduced toughness. In truly abrasive applications, hardness is a good measure of wear

resistance.
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Fig. 2.3 Application range of straight cemented carbides grades. (Adapted from Sandvik’s
“Understanding Cemented Carbide” [8])

Straight WC-Co grades are classified according to their cobalt content and WC grain size. The
proportion of carbide phase is generally between 70-97 % of the total weight of the composite and
its grain size averages between 0.4 and 10 um. This range of cemented carbides can be subdivided

into its major application areas as follows [12]:

Nano, Ultrafine and Submicron grades: Grades with binder content in the range of 3-10 wt.% and
carbide grain size below 1 um. They have the highest hardness and compressive strength values,

combined with exceptionally elevated wear resistance and reliability against breakage. These
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grades are used in a wide range of wear part applications as well as cutting tools designed for
metallic and non-metallic machining, where a combination of high strength, wear resistance and

sharp cutting edges are essential.

Fine and Medium grades: Grades with binder content between 6-30 wt.% and carbide grain size
of 1-3 um. They are also used in wear parts and cutting tools, but within applications where

improved strength and shock resistance is required.

Medium Coarse, Coarse and Extra Coarse grades: Grades with binder content between 6-15 wt.%
and carbide grain size above 3 pum. They are used in oil and gas, and mining applications, where

resistance to high impact stresses and abrasive wear are required.

2.5 Manufacturing Process

Cemented carbides are produced by means of a Powder Metallurgy (PM) process. The starting
materials for manufacturing cemented carbides are hard refractory carbides and a metal alloy, both
in the form of powders. A flow chart of how the cemented carbides is produced is shown in Fig.2.4
[2,13].

Weighing-in of

: . Milling ~ Compaction ~ Soft Machining
the ingredients 7 Y 4

PM semi-finished axRisiing S Goating >

component

Fig. 2.4 Flow chart of the production process of the cemented carbides.
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Weighing the ingredients and milling: After weighing the carbide and metal (WC and Co in straight
grades) powders as well as other additives, to prescribed composition and cemented carbide grade,
the mixture is wet milled. The primary object of ball milling, apart from particle size reduction, is
to ensure that every particle is coated with the metal alloy. In addition, it creates new active

surfaces and an increased defect structure for both carbide and metal binder phases.

Compaction: Green compacts are prepared by pressing loose powder mass using an external
pressure. This gives shape to the compacts as well as dimensional control. Following green
compaction of cemented carbides, uniaxial die pressing, cold-isostatic pressing and extrusion are

applied, depending on the application requirements of the final product.

Soft-machining: In the production of cemented carbide components, it is occasionally necessary
to carry out a number of shaping operations before final sintering. Green compacts can then be
produced in simple shapes, such as rectangular and round blanks, by means of conventional

methods such as turning, drilling, and grinding.

Sintering: The sintering is the final step in which cemented carbides achieve their full density and
hardness as a high strength engineering material. The practical sintering temperature of technical
WC-Co hardmetals is over 1350 °C, which is above the melting points of W-Co-C and Co-C
eutectics. In this case, molten cobalt is combined with WC phase. As a result, part of WC dissolves
into Co during sintering, and precipitate after cooling. Diffusion rates, wetting of WC by cobalt,
solubility of WC in cobalt, and volume percent of the liquid phase increase above the liquids
temperature, whereas the liquid viscosity decreases. All these factors contribute to strong

temperature sensitivity in sintering, as all of them favour rapid densification.

Machining: During the sintering process, the cemented carbide piece may shrink as much as 20 %
linearly (or nearly 48 % by volume), as a result of pore elimination, but retaining its shape. After
sintering, the corresponding blank has achieved its full density and hardness, and it is ready to be
dispatched. Most blanks need to be further finished to the desired shape, size, flatness, and surface
finish by either diamond wheel grinding or diamond lapping and polishing. Grinding will be

discussed in detail later (Chapter 3). Moreover, electrical discharge machining (EDM) is
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increasingly used by cemented carbide suppliers. This is a thermal process where a workpiece
electrode is shaped through the action of a succession of discrete electrical discharges which
locally erode (melt or vaporize) the material surface. It is usually implemented for the fabrication
of tools with intricate outline shapes and/or close tolerances prescribed by design [14].

Coating: After the machining stage (i.e. from grinding to polishing), cemented carbide pieces have
a precise dimension and shape that fulfill requirements in real application. However, in the case of
cutting tools, most of them are finally coated in order to enhance their lifetime and reliability.
Coating became one of the most significant developments in the history of cemented carbides,
starting in the early 1960s (TiC, TiN), and still evolving today. Coated tools have a composite-like
structure, consisting of a substrate covered with a hard, anti-friction, chemically inert and thermal
isolating layer, approximately one to a few micrometers thick. Coated tools, as compared to
uncoated ones, offer better protection against mechanical and thermal loads, diminish friction and
interaction between tool and chip, and improve wear resistance in a wide cutting temperature range
[15,16]. In practical applications, the design of the coated tools must always take into account the
coating-substrate assemblage as a composite system. The substrate determines geometry and
toughness of the tool, whereas the tribological properties depend on the coating characteristics.
The intermediate zone between coating and substrate, called interface, determines the film
adhesion. In modern industry, several coating technologies offer the possibility to deposit different
coating compositions as well as film structures. Nowadays, chemical vapour (CVD) and physical
vapour deposition (PVD) are the main surface modification routes used for deposition of coatings
in tools and components. PVD-process involves low substrate temperatures during deposition
(300 °C < T <500 °C) as well as a great flexibility of possible target materials. This is different
from CVD ones where high temperatures (T > 800 °C) are required. As a consequence, thermal
loads are imparted to the substrate and thermal stresses develop at the interface. Accordingly,
PVD-processes have gained market and popularity for coating of cutting tools in the last 15 years

[17]. PVD-process applied within this work will be described in more detail in Chapter 3.
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3 Surface Integrity

3.1 Surface Integrity: Introduction

Manufacturing process is commonly applied in practical applications, to shape a workpiece
fulfilling defined requirements. During this process, two aspects need to be taken into account: the
functionality of the machined workpiece itself and the economic efficiency. According to different
applications, the functionality that a workpiece has to achieve after the machining process, may be
divided into different groups [1]:

» Mechanical functions (capability of carrying mechanical loads)

» Thermal functions (heat resistance or temperature conductivity)

* Tribological functions (surface interaction with other media)

* Optical functions (visible appearance, light reflection behavior)

* Flow functions (influence on the flow of fluids)

Each step in a manufacturing chain influences the workpiece properties, which directly link to its
functionality. The capability of the manufacturing processes related to the workpiece functionality
can be described at four levels, from the geometry of the element to the atomic—scale/chemical
interaction [1]:

» Macroscale: accuracy in shape and dimension

* Microscale: surface topography

» Mesoscale: material structure and properties (e.g. residual stresses)

* Nanoscale: tribochemical reaction layers

Aiming to develop high-performance manufacturing methods/tools as well as to reduce the
production costs, research in this field is continuous and intensive. Henriksen [2] was among the
first to investigate the characteristics of the residual stress state in machined surface in the 1950s.
He pointed out that residual stresses remnant in the workpiece surface are one of the most crucial

factors influencing the fatigue strength. Colwell and coworkers [3] developed some experimental
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methods for analyzing the residual stresses. In the 1960s, Field and Kahles [4] brought out the
concept of surface integrity for the first time. They subsequently reviewed surface integrity issues
of different machined components, and emphasized that both conventional and nonconventional
machining process can induce changes (even metallurgical ones) in the workpiece at both surface
and subsurface levels [5]. In a follow-up publication, Field and coworkers [6] developed an
experimental procedure for approaching the surface integrity problem. Indeed, they did a

significant pioneering work in this subject and enable future researchers to follow.

Over the last two decades, surface integrity and functional performance resulting from different
manufacturing process have been studied in many publications: key review articles [7-10], book
chapters [11-13] and numerous individual papers. Brinksmeier et al. [14] measured residual stress
distributions generated by some relevant machining processes, and tried to explore the possible
sources for them. Lucca et al. [7] reported progress in both, development of characterization tools
for the assessment of surface integrity and experimental examination of surface alterations.
Griffiths [15] did a significant contribution to the field by providing a comprehensive review of
surface integrity in a monograph, serving as a superior reference to control enhanced functional
performance of machined components. Withers [8] published a state of the art contribution on
residual stress measurement methods related to structural integrity assessment. M'Saoubi et al. [9]
and Guo et al. [16] presented sound reviews of surface integrity studies in the context of machined
components for a range of work materials, including stainless steels, Ni and Ti alloys, and hardened
steels. They also analyzed modeling and simulation actions to develop predictive models for
residual stresses and means for enhancing product sustainability in terms of its functional
performance. One CIRP keynote paper by Jawahir et al. [17] summarized outcomes from the
Collective Working Group (CWG) on Surface Integrity and Functional Performance of
Components. In such contribution, authors reported the results of a three-year study as well as
recent progress in experimental and theoretical investigations on surface integrity in material

removal processes.
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According to the information gathered in the above references, surface integrity may then be
defined as the inherent or enhanced condition of a surface produced by machining or other surface
generating operations, and it has been pointed out as a comprehensive criteria influencing the
performance of the final product.

Typical surface alterations during surface generating processes may include plastic deformation,
microcracks, residual stress distribution, metallurgical changes (phase transformation), surface
morphology changes, etc. Field and coworkers [6] has specified three types or levels of data sets
to study and evaluate the characteristic features of machined surfaces:

(1) the minimum surface integrity data set, containing essentially metallographic
information supplemented with microhardness measurements and conventional surface finish
measurements;

(2) the standard surface integrity data set, including the minimum data set and deeper
properties data for more critical applications which are influenced by surface integrity, i.e. fatigue,
stress corrosion, etc. ; and

(3) the extended surface integrity data set providing data suitable for detailed design, i.e.

tensile, stress rupture and creep, among others.

Hence, to approach the surface integrity problem thoroughly, properties requiring investigation
include surface topography, surface metallurgy, mechanical properties, surface chemistry, and
other engineering properties. A brief summary of techniques and practices used to evaluate and

control surface integrity are listed in Table 3.1.
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Table 3.1 Techniques for surface integrity measurements (Based on reference [6])

Property

Techniques

Surface Topography

Surface Metallurgy
Microstructure
Microhardness

Microcracks and crevice-like defects

Static Mechanical Properties
Tensile strength & ductility
Stress rupture & creep

Residual stress

Dynamic Mechanical Properties
High & low cycle fatigue
Surface Chemistry

Other Engineering Properties
Friction
Wear
Corrosion
Electrical properties

etc.

Contact (tracer point or stylus measurement)

Metallurgical sectioning — optical microscopy
Microharness testing — Knoop/Vickers indenter
Metallurgical sectioning — optical microscopy
Nondestructive -

Macroetching  penetration

inspection, etc.

Tensile testing
Creep testing
X-ray diffraction

Layer removal- curvature measurement

Bending fatigue testing

Electron microscopy analysis, spectroscopy,

spectrophotometry, etc.

A variety of techniques have been developed to

evaluate these properties for specific applications
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3.2 Surface Integrity in Hardmetals

As described in chapter 2, the manufacturing chain of hardmetals involves several sequential
stages, from sintered state to the finished shape and dimensions. During this process, surface
integrity of the tools correspondingly changes. As a consequence, manufacturing itself affects
largely the performance and reliability of the finished tools, particularly if service conditions
involve contact loading and/or environmental interaction. Under these considerations, failure
usually comes from the surface/subsurface region in tools with appropriate bulk-like properties
[7,9,17-20]. Therefore, attempting to enhance tool performance and lifetime, it is crucial to
evaluate and understand the relation between each stage of the manufacturing process and the final

properties, on the basis of the evolving surface integrity.

This information is also beneficial for achieving appropriate surface quality at minimum cost.

Within the manufacturing chain of coated hardmetal tools, grinding is not only one of the most
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Fig. 3.1 Relative costs of each process stage involved in the manufacturing of coated powder
metallurgical tools. Adapted from reference [21].
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complex processes but also the stage that accounts for the highest relative cost [20,21]. The latter
is clearly illustrated in Fig. 3.1. There it can also be observed that coating process is the second
highest in terms of relative cost. Despite their importance, literature information on surface
integrity evolution throughout the different stages of the hardmetal manufacturing process is quite
scarce. Knowledge on how it may affect the functional response of the final coating-substrate
system is even more limited. This is particularly true for studies dealing with both grinding and
subsequent coating effects. Grinding and coating stages are described in more detail in the

following sections.

3.2.1 Grinding

3.2.1.1 Grinding Fundamentals

Grinding is virtually unchallenged for machining of materials which, because of their extreme
hardness or brittleness, cannot be efficiently shaped by other methods. In the case of cemented

carbides, machining is almost exclusively dependent on this process [22].
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Fig. 3.2 Schematic drawing showing a workpiece being ground by a grinding wheel and the
abrasive particles bonded on the wheel [23]. Note that some basic grinding parameters are also
illustrated. Reprint is permitted by © 1999 Elsevier.
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Grinding is a representative abrasive process in which a grinding wheel is used. Fig. 3.2 illustrates
a work piece being ground by the abrasive particles bonded on the wheel. Grinding wheels are
generally composed of two materials: tiny abrasive particles called grains or grits, which do the
cutting, and a softer bonding agent to hold the countless grits together in a solid mass. Each
abrasive grain is a potential microscopic cutting tool. The grinding process uses thousands of
abrasive cutting points simultaneously and millions continually [22]. The mechanism of material
removal with abrasive cutting edges on the wheel surface is basically the same as that with cutting
tools. However, the size of chips removed in grinding is much smaller than the case of cutting,
providing better surface finish and machining accuracy. The length scale of chip thickness in
grinding is far less than 0.1 mm, whereas it is larger than 0.1 mm in cutting [23]. Basic grinding
parameters involve the workpiece speed vw, the number of cutting edges per unit area on the wheel
surface C, the grinding wheel speed vg, the depth of cut hg, the wheel diameter Dy, and the grinding
width B.

Efficient grinding of high performance workpiece requires selecting operating parameters to
maximize removal rate while controlling surface integrity. Development of logical methodologies
to optimize the grinding parameters requires a fundamental knowledge of the prevailing grinding
mechanisms, and their influence on the resulting surface integrity and mechanical properties [22].

During grinding, each protruding abrasive grain interacts intensively with the workpiece surface.
A local stress field upon each contact point causes irreversible material deformation in the form of
dislocation, cracks and voids. The material removal mechanism can be commonly classified into
two categories: brittle fracture and plastic deformation [24]. In brittle fracture, material is removed
through void and crack nucleation and propagation, chipping or crushing. Plastic deformation
involves scratching, plowing and chip formation. Material-removal is accomplished in the form of
severely sheared machining chips. As a result of the interaction between the grinding grits and the
workpiece material, grinding processes may cause changes of surface integrity containing a
deformed layer, surface/subsurface microcracks, phase transformation, residual stress and other
types of variations. The strength, hardness and fracture toughness of the work material are the
governing factors that control the extent of surface variations.
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3.2.1.2 Grinding — Surface Integrity Studies

Before presenting the studies addressing grinding effects studies on cemented carbides, it is worthy
to give a brief review of similar investigation on ceramics, since the major constituent of cemented
carbides is the ceramic carbide phase. In terms of brittle and hard ceramics, the existence of
machining-induced microcracks has been evidenced in many studies [25-31]. The crack pattern is
analogous to that resulting from indentation of a brittle material by a harder indenter. However, it
is more complex since pattern is asymmetric, with a strong tensile stress near the surface behind
the contact point. In order to inspect the crack network inside ground ceramics, fractographic
analysis has been the traditional approach followed in previous studies [30-34]. In addition to
“lateral” cracks, running on planes closely parallel to the surface, a dual population of
“median/radial”cracks, developed on symmetry median planes containing the load axis, were
detected (Fig. 3.3). Stretched median cracks, made up of a series of smaller segments along, or
very near the apex of the groove, develop as longitudinal damage features. Such cracking is the
elongated version of the median cracks of a static indenter, emanating into the body from the base

of the groove caused by the motion of the abrasive particle. Radial cracks are similar to the other

diamond grit %

/ /

/ F Type of Crack Effect on Material Effect on Strength
: P i Removal Reduction

radial crack
LATERAL

(/f surface)

MEDIAN
(longitudinal)

RADIAL

(transversal)

lateral plastic zone

crack Ll- /

median
crack

Fig. 3.3 Crack pattern identified in grinding of ceramics. Adapted from [33].
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median crack of static indents, and emerge as transversal damage features, i.e. nominally normal

to the abrasive particle motion and the machining grooves, with some variable curvature.

Lateral cracks may run to the surface, yielding then material removal. On the other hand,
median/radial cracks may penetrate deeper into the bulk, inducing a potential strength reduction,
and unexpected fracture. Subsurface anisotropic damage probably results in an anisotropic
mechanical response behavior under external loading. Depth and relative elongation (shape) of
introduced damage are the dominant factors in the strength anisotropy discerned in terms of
relative orientation between machining direction and applied stress. Typically, median cracks are
substantially more elongated and often larger than the radial ones. As a consequence, lower
strength values are attained when the ground workpiece is stressed perpendicular to the grinding
direction [31,32,34].

Experimental measurement and analysis of residual stresses induced by grinding are complex; and
thus, studies dealing with it are rather limited. Nevertheless, it is well-established that grinding-
induced residual stresses are compressive within a layer near the surface, and become tensile
underneath [34]. The origin of these residual stresses may be understood by considering the
machining damage as an accumulation of a large number of isolated sharp particle contact events
[35]. An isolated elastic/plastic contact gives rise to a radially compressive residual field, with
tangential tension outside the plastic zone which surrounds the contact site. The overlap of residual
fields from neighboring damage sites in a machined surface gives rise to a layer of residual
compressive stress. Underlying it, residual tension exists as a compensation effect.

The competing influence of surface flaws and the residual-stressed layer defines the strength-
controlling damage. The depth of this layer, the relative amount of residual compression and
tension implicit to it, and the geometry of the surface crack are important parameters which control
the strength of the machined ceramic. Samuel et al. [36] studied nickel-zinc ferrite, tetragonal
zirconia polycrystal, and two grades of silicon nitride ground by diamond wheel. They showed
that compressive surface stresses from 400 grit diamond grinding (with a 200 mm depth of cut)
extended over 10-20 um below the surface. Underneath, the stresses rapidly became tensile and

gradually fell off to zero at larger depth. Using fracture mechanics, grinding-induced crack sizes
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may be calculated. In most of the ceramics considered, these cracks are embedded in the
compressive residual stress zone. Hence, the compressive residual stresses usually translates in a

strength increase for ground ceramics.

Grinding is a very complex process with a large number of interacting characteristic parameters.
Hence, in order to optimize it, i.e. to maximize productivity and minimize machining costs and
induced damage, special attention has been paid to establish the quantitative relationships among
grinding variables, machining damage and flexure strength of ground ceramics [32,34]. Because
physical relationships are not accurately definable in grinding, pure physical modeling is seldom
used. Contrarily, empirical models are commonly proposed on the basis of regression analysis of
experimental data attained from direct grinding tests. Even in those cases, they accurate describe
one machining application exclusively. Further research and knowledge on issues like non-
uniformity of the grinding interface, crack measurement, thermal effects, microstructural features
and interaction between machining flaws and residual stress state are clearly needed for better

modeling and simulation of grinding operations of ceramics [32,34].

Similar to the case of ceramics, research on grinding-induced surface integrity and its relation with
mechanical performance for cemented carbides is also quite limited [37-42]. Alike findings
regarding surface integrity, in terms of induced damage and residual stresses, have been reported
for ground hardmetals. However, cemented carbides have their own complexity since they are
ceramic-metal composites, i.e. materials consisting of both brittle and ductile phases whose

relative content may be varied.

Hegeman et al. studied the grinding behavior of WC-Co hardmetals [40]. They reported that WC
grains are cracked and pulverized by the high-applied (tensile) stresses of the diamond abrasive
grains. Moreover, it was evidenced that part of the carbide grains are pulled-out, leaving some pits,
and others are plastically deformed by the compressive stresses in front of the abrasive grains.
Analysis of fractured cross-sections indicated the presence of a deformed layer consisting of
fragmented and pulverized grains, embedded in a matrix of cobalt which is smeared out on top of
the ground surface (Fig. 3.4a). As grinding evolves, it is proposed that such layer is partly removed

from the surface together with WC grains and fragments. However, this cross-section
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fractographic analysis did not enable direct inspection of some subsurface damage issues, like
those associated with cracking. Hence, plastic deformation (in terms of slip traces) and cracking
of WC grains were detected by removal of the deformed surface layer following a surface etching
procedure (Fig. 3.4b and 3.4c). Nevertheless, detailed information about binder phase, depth and
distribution of cracks, and microstructure-damage interactions cannot be captured from simple
inspection of fracture surfaces or either by further etching step. In this thesis, FIB (focused ion
beam) milling was applied to reveal grinding-induced damage in WC-Co. Although it was usually
done for getting information on single cross-sections, FIB tomography, i.e. serial SEM (scanning
electron microscopy) imaging and subsequent 3D reconstruction and visualization, was
implemented for examination of specific issues such as distribution and orientation of grinding-
induced cracks. Detail procedures are discussed in chapter 4 and results are shown within
corresponding contributions, particularly in Annex 2.

deformed layer

grinding _
direetion
—

Fig.3.4 Grinding behavior of WC-Co hardmetals studied by Hegeman et al. [40]: (a) fractured
cross-section showing the surface deformed layer, (b) this surface deformed layer was etched to
reveal the subsurface region and (c) plastic deformation and crack of WC detected inside the etch
pit. Reprint is permitted by © 2001 Elsevier.
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X-ray diffraction technique is the most commonly used method for determining residual stresses
for cemented carbides [37-42]. It is non-destructive, relatively fast, and easy to operate. Normally,
residual stress induced by grinding are measured in the WC phase exclusively. Diffraction peaks
from the cobalt-base binder phase are usually weak and broad, due to its relative low content,
yielding then non-conclusive stress measurements. However, data taken from WC phase represent
a good approximation of the deviatoric macrostresses in the surface, since the magnitude of the
intrinsic microstresses in the carbide phase is relatively small compared to that of the macrostresses
induced by grinding. Detailed principles about the x-ray residual stresses measuring process are
described in chapter 4. In general, it has been reported that grinding generates compressive stresses
within a surface layer of several microns in thickness. Distribution of residual stresses of WC
grains at the subsurface of cemented carbides, ground using diamond wheel with different grits
grain size, was studied by Takeyama et al [39]. They reported that compressive residual stresses
existed and decrease gradually into the subsurface. Both magnitude and depth of induced residual
stresses are more pronounced as grain size gets coarser. Stress-induced phase transformation of
cobalt binder was also detected from identification of hcp phase at different depths beneath the
surface. It was thus concluded that tool grinding gives rise to plastic flow and work hardening in
the binder phase, these phenomena taken place within a layer of thickness close to 10 pm.
Moreover, in this study the effect of the surface properties of ground cemented carbides regarding
brittle fracture under cyclic impact test was investigated. A beneficial effect of grinding was found
in terms of suppression of microcrack initiation associated with work hardening. Furthermore,
deceleration of microcrack propagation was also evidenced, as related to the existing compressive

residual stresses.

The relevance of machining-induced residual stresses on the mechanical response of cemented
carbides is further supported by the work of Jiang et al. [41]. In this study, residual stresses and
flexural strength of either ground or electrical discharge machined (EDMed) hardmetals were
assessed. It was found that relative differences in strength values measured for ground and EDMed
hardmetals was directly related to the significant compressive and tensile residual stresses induced,
respectively, during implementation of both machining routes. However, a systematic analysis of
relative strength changes from a fracture mechanics perspective (i.e. taking into consideration

effective stress state, machining flaw, microstructure and fractographic data) was not conducted.
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3.2.2 From Grinding to Coating Deposition

As presented in chapter 2, following the machining stages (i.e. grinding and other less intensive
operations such as lapping and polishing) that yield required geometry and dimensions of
hardmetal tools for a given application, most cutting tools are coated to enhance their performance
and lifetime. Deposition of ceramic films provide higher wear/oxidation resistance, thermal

isolation and lower friction between the tool and the workpiece.

3.2.2.1 Cathodic Arc Evaporation Principles

Cathodic arc evaporation is the most common method employed to deposit coatings on cutting
tools at industrial scale. This technology is able to produce dense compound coatings with high

rates and good adhesion to the substrate.

The fundamentals of cathodic arc evaporation are based on the use of arc discharging between the
cathode and the anode to induce evaporation of material from the target source (cathode), and its
subsequent deposition on the substrate. A schematic figure (Fig. 3.5) shows the cathodic arc

evaporation process. A high current, low voltage arc is ignited by the separation of a contact
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Fig.3.5 Schematic figure showing the cathodic arc evaporation process.
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between the two electrodes carrying an electric current. When the contact breaks, the current
flowing between the electrodes melts and vaporizes the last small point of contact, named as arc
spot. The arc possesses an extremely high power density resulting the formation of plasma (i.e.
positively charged ions and electrons), neutral particles, clusters and macro-particles (droplets).
Each cathode spot is active for a very short period. Electric current flowing through the electrodes,
transported by the generated plasma, enables the arc to be self-sustained. Self-extinguish and re-
ignition phenomena in a new area, close to the previous crater, cause the apparent motion of the
arc. One disadvantage of the cathodic arc evaporation is the creation of macro-particles. These
usually have an adverse effect on the mechanical and tribological performance of the coated
system, since these heterogeneities are poorly attached to the coating and can extend downwards.
Uniform erosion and fast movement of the arc can reduce the generation of macro-particles. Hence,
in practice, a magnetic field is always applied to control the rapid motion of the arc over the entire
surface of the cathode [43].

TiN is the first and still most commonly implemented arc coating, due to its decorative golden
color with excellent wear and corrosion properties. It is widely deposited on cutting and forming
tools as well as on wear parts, either as a single layer or combined with other types of films. In this
thesis, a single layer of TiN was deposited on the studied hardmetals. The deposition of TiN film
by cathodic arc evaporation is achieved by reactively evaporating a pure Ti cathode in the presence
of a high partial pressure of nitrogen. A degree of control over the mechanical properties of the
films is achievable by varying substrate temperature, substrate bias, and partial pressure of nitrogen
[44].

An industrial reactive cathodic arc evaporation system MZR323 was employed in this work. Its
configuration is schematically illustrated in Fig. 3.6. The cathodes are placed on the chamber walls,
and samples are mounted on a rotating cylinder against the cathodes. A reactive gas, i.e. N2, is
introduced into the system through the upper gas inlet for the reactive cathodic arc evaporation.

During the arc evaporation process, the cathodes are water cooled through a Cu-plate back support.
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Fig. 3.6 Scheme of the deposition system used to synthesize the TiN coating in this thesis.

The microstructure and morphology of the deposited coating depends largely on the growth
parameters, direct function of two main variables: ion energy and temperature. Four structure
zones are defined to illustrate common features within films. Depending on the normalized energy
flux E* and the generalized temperature T*, the microstructure of the grown coating is controlled
by shadowing effect (zone 1), surface diffusion (zone T and zone 2), and bulk diffusion (zone 3)
[45]. In zone 1, the adatom mobility is low, leading to continued nucleation of grains. This results
in a fine-grained structure of textured and fibrous grains. Zone T exhibits dense fiber grains,
resulting from the improved diffusion of the adatoms. Zone 2 contains uniform columnar grains,
led by surface diffusion. The grain size increases with temperature and may extend all the way
throughout the film thickness. In zone 3, bulk diffusion and recrystallization generate dense films

with large grains.
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Mechanical properties of thin films, such as cohesive strength and adhesion to the substrate, are
critically affected by the intrinsic film stresses. The direct link between energetic issues during the
deposition process and film microstructure determines the nature and magnitude of the stress.
Tensile stress is generally observed in zone 1-type porous films, and is explained in terms of the
grain boundary relaxation model. On the other hand, compressive stress discerned in zone T-type
dense films, is associated with the atomic peening mechanism [46]. In general, dense films grown
under energetic particle bombardment are typically in a compressive stress state, a finding that has
been related to the defects created during the collision cascade [47].

In order to ensure adequate coating functionality, adhesion must be optimized. In this regard,
substrate surface must be pretreated such to be vacuum- and coating-compatible. Pretreatment may
involve several operations: surface cleaning, optimization of roughness profile, and removal of
surface layers. For cathodic arc evaporation, intensive cleaning of the surfaces to be coated is
generally needed, since unlike thermal CVD process, the coating temperature is not high enough
to completely destroy organic pollution. Qil, grease and other coarse contaminations are removed
by wet-chemical means in ultrasonic bath. Following the wet-chemical step, ion cleaning is applied
inside the vacuum chamber to achieve extremely good adhesion through removal of reaction layers
and surface activation. An extremely dense inert gas (generally Ar) plasma is generated and a

negative bias voltage to the substrate is applied, resulting then in ion bombardment cleaning [48].

3.2.2.2 Surface Integrity Issues on Coated Cemented Carbides

It is well-established that successful functionality of a hard coating system depends not only on
composition, microstructure and architecture of the layer itself [49-53], but also on the surface
integrity of the supporting substrate as well as on the interface nature and strength. Within this
context, existing literature concentrates on the influence of the former aspect. On the other hand,
only a few investigations address the influence of surface topography or subsurface integrity
resulting from changes induced at different manufacturing stages, particularly regarding those
implemented prior to coating deposition, i.e., grinding, lapping, polishing, blasting and peening
[54-62].
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Operation of cutting tools under service conditions may involve, besides gradual abrasive wear,
different failure phenomena which lead to an immediate halt of production. One type of failure is
adhesive, given by coating delamination resulting from poor adhesion strength. The other one is
rather cohesive, as it involves flaking of coating material with adhering substrate. In general,
cohesive damage occurs at shorter service times; and thus, has great influence on productivity,
reliability and safety. Furthermore, coating re-deposition on tools exhibiting adhesive-like failure
is not only suitable but also commonly done. This is not clearly the case when cohesive failure

takes place.

Surface integrity, mainly in terms of residual stress state, and its impact on performance of cutting
tools has been addressed in the literature. In this regard, it has been proven that higher compressive
stresses in both coating and substrate have a positive effect on tool life [61] (Fig. 3.7).
Nevertheless, after PVD coating a tensile stresses may arise in the upper substrate surface just
under the film. Then, in some cases, a superposition of the external stresses imposed during
operation and those left after coating may yield cohesive failures. Accordingly, the existence of
effective compressive residual stresses at the substrate subsurface after coating deposition, should
be aimed if cohesive failure and cutting tool lifetime want to be prevented and improved,

respectively.

The intrinsic properties of the substrate are also relevant for the final functional response of the
coated system. Knotek et al. [55] investigated the influence of substrate properties on the
performance of arc-PVD-coated cemented carbide indexable tips under interrupted-cut machining
conditions. They found that higher substrate toughness, existence of compressive stress within the

substrate subsurface, and substrate protective ionic etching reduce the risk of cutting-edge

chipping.

After the coating deposition stage, the residual stresses on the substrate subsurface depends on the
history of all the previous manufacturing steps. As a rule, mechanical loads cause compressive
residual stresses, whereas thermal loads induce tensile ones. In some special cases, also mechanical
issues can lead to a shift in direction to tensile stress. Denkena and Breidenstein [61,62] developed

a model in order to explain the contributions of each single stage to the development of residual
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Fig. 3.7 Tool path depending on coating and substrate residual stresses. Taken from [61],
reproduced under creative commons license.

stress (Fig. 3.8). A traditional manufacturing process: i) sintering— 1ii) grinding— iii) ion-
etching— 1v) coating, was illustrated. A detailed description of the evolution of residual stresses
during the manufacturing process of a coated tool is given as follows. First, in the sintering stage,
both high mechanical and thermal loads exist and as a result, their effects concerning residual
stress balance each other, so the surface has no or few residual stress. Second, during grinding,
mechanical loads shift the residual stress to the compressive direction, whereas thermal effect is
largely suppressed by the coolant. This stage generates penetrating cracks as described previously.
Third, during the surface pretreatment before coating — etching, there are strong thermal effects,
while mechanical loads relieve the WC grains by setting back the Co binder. Then, the residual
stress would be more shifted to the tensile direction. Some surface damage within the shallow layer
may be eliminated. Fourth, during the PVVD-coating process, thermal effect dominates and leads
the residual stress of the substrate surface into the tensile direction. To compensate the stronger
compressive residual stress in the coating, the substrate surface generates an additional effect to
tensile direction. However, here it is worthy to highlight that although this higher compressive
stress in the coating itself may induce a region of the substrate surface shifting to a tensile direction;

the coating still have a beneficial effect on the strength of the entire coated system. Casas et al.
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Fig. 3.8 Schematic model for the generation of residual stress in the substrate and subsurface
damage evolution during the sequential process of tool manufacturing. Adapted from [61].

[63] reported a beneficial effect associated with coating on the flexural strength of EDMed
cemented carbides. The advantageous influence of coating was discussed on the basis of less
severe defects (compared to pit-like ones previously introduced by EDM) by recourse to the filler
role played by the coating material and the high compressive stresses within the coating layer.
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Concerning manufacturing stages such as grinding or EDM, it must be pointed out that surface
topography of coated hardmetals is usually inherited from previous steps. Hence, if surface texture
and/or damage still exists, it will be kept after coating deposition and have an adverse influence
on the adhesion strength of the coating [64]. Fifth and finally, during the tool use stage, external
tensile loads superimpose the residual stresses, whereas the high application temperature may

soften the material, then both effects may lead to earlier failure of the tool.

It should be noticed that some of these steps illustrated in Fig. 3.8 may be skipped or reduced in
intensity, depending on tool geometry and specific application, i.e. some of the tools may not be
coated and/or grinding intensity may vary as a function of material removal conditions as well as
hardmetal composition and microstructure. Correspondingly, residual stresses and other surface
integrity factors will follow different evolution routes. In this case, it is necessary to conduct a
detail exploration of each stage effect.
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3.3 Surface Integrity Assessment in This Work

Assessment of the influence of grinding and coating stages on the performance of hardmetal tools
requires the evaluation of surface integrity and micromechanical properties at different three
coating/substrate levels: (1) substrate surface/subsurface; (2) coating/substrate interface; and (3)
coating surface. In each case, attention was paid to different mechanical issues: fracture strength,

adhesion behavior and contact damage response.

3.3.1 Fracture Strength

Fracture strength is a relevant mechanical parameter for quality control and validation of material
production and design. At room temperature, hardmetals exhibit brittle fracture behavior at the
macroscopic level, due to the large volume fraction of the carbide phase. However, at the
microscopic one, ductile fracture features are evidenced within the metallic binder phase. In
general, fracture of hardmetals takes place through catastrophic propagation of either preexisting

(processing) or service-induced defects.

Strength is defined as the stress level at which unstable extension of a critical flaw occurs [65]. It
is commonly measured as the transverse rupture strength (TRS) under bending test. In this thesis,
four-point bending is applied on rectangular specimens, with inner and outer spans of 20 and 40
mm, respectively. The typical test configuration is illustrated in Fig. 3.9. The bottom longitudinal
section is the one subjected to the maximum tensile stress in bending. The fracture strength in the
test-piece is calculated from the force applied at the moment of fracture and the dimensions of the
test-jig and the test-piece, using a simple formula based on thin-beam bending:

_ 3F(Ly—L4)

O'f .y (31)

where F is the break force, L, and L1 are the outer and inner span respectively, b is the width of
test-piece, and h is the thickness of test-piece in direction of bending.
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Fig. 3.9 Scheme illustrating typical four-point bending test configuration.

It is well established that strength of hardmetals is determined by microstructural parameters,
which define fracture toughness as an intrinsic material property, as well as the nature, shape and
dimensions of processing flaws (e.g. pores, inclusions, large carbides, phase clusters, etc.). It has
been reported that, for WC-Co grades with binder content between 3 and 25 wt.%, that TRS
initially increases with binder mean free path Aco, until reaching a maximal value from which
subsequently decreases for higher values of Aco [66]. Under external loading, stress concentration
easily occurs at existing defects. The effective size, shape and distribution of these flaws influence
largely the strength, resulting then in scatter strength values under certain loading mode.
Quantitative description of this brittle fracture behavior is usually done on the basis of Weibull
analysis. It is a form of extreme value statistics dealing with a weakest link situation, where the

failure of a single element of a specimen causes failure of the whole specimen.

In addition to the above factors affecting strength of hardmetals, this parameter is particularly
sensitive to surface integrity resulting from grinding and coating stages, especially in terms of
subsurface damage layer and compressive stresses. Within this context, strength is effectively
defined by the combined influence of depth and magnitude of residual stresses within the
subsurface, geometry of the induced cracks, and the synergic interaction of these features with
microstructure and processing defects. Such brittle-like fracture behavior of cemented carbides is
commonly rationalized on the basis of linear elastic fracture mechanics. Within this framework,

failure is defined when the applied stress intensity factor K,,,,, reaches a critical value K.:
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Kapp = Kic =Yop\/ma, (3.2)

where Y is a geometry factor, oy is the fracture strength, and a is the critical flaw size. In the case
of existence of residual stress, the total stress intensity factor K, may be estimated as the
superposition of the two stress intensity factors, Ky, and K., induced by the applied bending

stress and the residual stress respectively:

K = Kapp t Kyes = Y(Uapp + Ures) vita (3-3)

where g, is the applied stress, o, is the residual stress, a is the size of the flaw where the above
specific stresses localized. When fracture takes place, i.e. K; reaches the critical value K;., 4y,
becomes the fracture strength o acting on the critical flaw. From equation 3.3, the influence of
grinding-induced surface integrity may be analyzed. On one hand, compressive residual stresses
should result in enhanced facture strength. On the other hand, however, grinding-induced damage
could also act as failure origin, besides any existing microstructural heterogeneity or processing
defect. Furthermore, depending on the magnitude and distribution of the grinding-induced residual

stresses, it is possible that nature/location of critical flaw may change too.

In this thesis, extensive fractography of all the broken samples is conducted to identify fracture
origins as well as to characterize critical flaws. Such information is then used to correlate data
collected on surface integrity, fracture strength and microstructure.
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3.3.2 Adhesion Behavior

Adhesion strength plays a significant role in determining the functionality and lifetime of a coated
system [21,53]. It is well recognized that the intermediate zone between coating and substrate,
usually referred to as interface, determines film adhesion. Under external shear and abrasive
loading, “practical (extrinsic) adhesion” strength is a response not only of the film itself, but also
of substrate surface and subsurface properties [54, 56, 59, 67, 68].

For well-adhered thin coatings, scratch is by far the most common method to assess adhesion,
since it is easy to perform and yield comparatively quick results. Scratch test is based on ASTM
standard [69]. There, a diamond stylus of defined geometry (normally Rockwell C, a conical
diamond indenter with an included angle of 120° and a spherical tip radius of 200 um) is employed
to slide across the coated surface under an increasing normal load mode. In doing so, the stylus
produces progressive mechanical damage in the coating and the substrate (Fig. 3.10). Different
critical loads, termed as L, are identified as related to well-defined failure events. Usually in-situ
and post-failure inspection are employed to examine the failure mode evolution and involved
mechanisms. Failure modes during scratch testing of hard coatings can broadly be split into three
categories, depending on the properties of both substrate and coating (Fig. 3.11). A first category
is given by through-thickness cracking - including tensile cracking behind the indenter, conformal
cracking as the coating is bent into the scratch track, and Hertzian cracking. A second one includes
spallation - including compressive spallation and/or buckling spallation ahead of the indenter, or
elastic recovery induced spallation behind the indenter. Finally, a third category may be defined
by chipping in the coating (alike to lateral cracking in bulk ceramics). In general, scratch testing
is successfully implemented for hard coatings on substrates, where plastic deformation of the

coating does not occur to any great extent [70,71].
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Fig. 3.10 Scheme of scratch test method.

Scratch response is directly influenced by diverse factors such as coating thickness and its
roughness, the substrate hardness and its roughness prior to coating, friction force and friction
coefficient [64]. The individual effect of each factor may be separated by fixing the other
parameters. Here, the influence of substrate hardness is depicted as an example. The extent of the
coating-substrate assembly deformation caused by the scratching point is mainly dictated by the
substrate deformation. During the scratch test, the maximum of the von-Mises stress moves
downwards to the substrate due to the increasing normal load. Once von Mises exceeds the yield
strength of the substrate, plastic deformation in terms of yielding takes places. This initial failure
of the system will lead to general failure of the coating later. The coating progressively loses its
support, and is more and more stretched at the surface. At a given point, cracks occur from the
surface straight downward to the coating-substrate interface. Therefore, as substrate hardness
increases, higher load is needed to cause the same plastic deformation, and then crack initiation

could be delayed.
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Fig. 3.11 Scratch test failure map depending on coating and substrate hardness. Adapted from [71].

Sveen et al. [68] used scratch testing for studying coating failure mechanisms on different substrate
hard materials: high speed steel (HSS), cemented carbides (CC) and polycrystalline cubic boron
nitride (PCBN). The practical adhesion of the TiAIN coatings to the underlying substrate material,
as determined from the critical normal load corresponding to substrate exposure, was found to
increase in the following order: PCBN — HSS — CC. They reported that coating failure does not
necessarily correspond to interfacial cracking leading to adhesive failure. On coated PCBN
sample, presence of subsurface microcracks at the interface serves as stress concentrators and
promotes high local stresses. It deteriorates the cohesive strength of the substrate surface and
subsurface region, promoting bulk fracture in connection to the interface. This finding illustrates
the significance of substrate surface finish prior to coating, i.e. grinding/lapping process and the
amount of damage they can induce. Both substrate load carrying capacity (hardness) and cohesive
strength of the substrate surface and subsurface region affect the critical normal load. While the
former becomes critical for metallic substrates, e.g. HSS, the latter results to be relevant for

significantly harder substrates, e.g. PCBN.



3.3 Surface Inteqgrity Assessment in This Work 45

Conical indenter

Coating fracture: . .
with 120° tip angle

brittleness \

Coating —

delamination: adhesion

————_____ Coating on

substrate

Fig. 3.12 Scheme of indentation technique using Brale conical indenter (top) and a corresponding
indentation imprint from surface view point (bottom).

Indentation technique is another simple and practical technique widely used for assessing adhesion
of hard coated systems. It is particularly cost effective for industry and often more than adequate
in determining the adhesion properties of coatings during commercial processing [72]. This test
method uses a standard Rockwell-C hardness tester (maximum applied force 150 kgf) employing
a Brale conical shape diamond indenter with a 120° tip angle to facilitate its use in a production
environment [73] (Fig 3.12). It is prescribed by the VDI 3198 norm and DIN CEN/TS 1071-8
standard [74,75], as a destructive quality test for coated compounds. The indenter penetrates into
the coating-substrate system, induces massive plastic deformation in the interface, and causes
damage in the film, adjacent to the boundary of the indentation. The resulting fracture of the
coating and delamination area are parameters used for evaluation of brittleness and adhesion of
the film, respectively. The type and volume of the failure zone can be adequately examined by
means of conventional optical microscopy. A more specific quality control can be conducted by
scanning electron microscopy [76]. The explicit and comprehensive stress-strain field during

indentation’s loading/unloading process is of great importance, as it is intimately correlated to the
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failure modes of the coated systems. At low loads, elastic-plastic deformation generates
circumferential tension, resulting in radial cracks in brittle materials. As indentation load is
increased, shear stresses develop at the coating/substrate interface causing micro- and macro-
delamination [77]. The set of parameters defining the overall performance of each specific coated
assembly is broad: bulk mechanical properties of the component materials and their mismatch,
film thickness, chemical affinity between the coating and the substrate, and many others. The
elastoplastic indentation response can be examined using analytical methods, considering that this
kind of problem is associated with three non-linear sub-aspects, i.e. plastic deformation of the
substrate, anisotropic behavior of the compound and contact problem itself. Nevertheless, the test
can be easily performed and evaluation of the results easily depicts the film brittleness and the

interfacial adhesion.

Compared to the dynamic scratch test, the indentation technique imposes a static and less severe
contact load. It was reported that indentation testing enables a more appropriate method for
assessing of the intrinsic fracture resistance of the coating material and coating/substrate adhesion
whereas the scratch testing, stimulating the sliding contact condition, is preferably used for

evaluating the load carrying capacity of a coating/substrate composite [77].

Although the indentation technique has been widely used for investigate the influence of coating
characteristics, i.e. chemical nature, layer architecture, deposition route, crystallographic and
microstructural texture, etc. (e.g. Refs. [72,73,76,78-84]), literature information about substrate-
related effects, in terms of either microstructure or surface finish, on the indentation response of
coated hardmetals is scarce [76,77,85]. Larsson et al. [77] assessed the indentation response of
TiN coated HSS, exhibiting five different substrate hardness levels. Radial crack initiated at a
lower load for a softer HSS substrate than for a hard one, whereas adhesive failure occurred earlier
on the coated compound with the harder substrate. They discussed the results on the basis that the
compressive state built up in the coating, and the interfacial shear stress during indentation increase
with the substrate yield strength (i.e. substrate hardness). Li et al. [85] reported indentation
behavior of diamond coatings grown on laser-modified tungsten carbide hardmetal under different
shots of laser irradiation. It was detected that diamond coatings with pulsed-UV-laser substrate

pretreatment have much smaller cracking areas than those on substrates without any laser
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pretreatment. This phenomenon was related to the characteristic surface morphology produced by
pulsed-UV-laser surface ablation, in terms of effective mechanical keying benefits, increased

interface contact and altered chemical nature.

In this thesis, scratch of coated hardmetals with different substrate surface finishes are investigated.
The failure mechanisms are systematically analyzed aiming to reveal the substrate surface finish
role under such loading modes. In the case of static indentation test, in addition to distinct substrate

surface finish, two microstructurally different substrates are also studied.
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3.3.3 Contact Damage Resistance

Many applications of cemented carbide tools involve complex service conditions. Among these,
contact loading plays a significant role, as in wear components, hard body impacts, rollers, ball
bearings, gears, etc. It induces irreversible deformation and small fissures, leading to structural
integrity degradation. It is therefore essential to understand how the contact loading-induced
damage initiates and evolves in these tool materials, because it affects directly not only

performance but also reliability of hardmetal tools.

In order to study contact damage phenomena in hard materials, it is common practice to follow
testing protocols based on spherical indentation (Hertzian contact). Here, a spherical indenter is
implied to deliver concentrated stresses over a small area of specimen surface such that typical

“pblunt” service-like conditions are simulated. This enables one to follow the entire evolution of

Spherical indenter

1 Cone cracks

[~ Subsurface

L e e

Fig. 3.13 Hertzian contact of sphere on coated specimen. Beyond elastic limit, contact initiates
cone fracture (“‘brittle mode’’) or subsurface deformation zone (‘‘quasi-plastic mode’’). The
bottom image shows the cross-section of a Hertzian indented imprint.
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damage modes, as a progressive transition from initial elasticity to full plasticity. It has been used

extensively by the ceramic community, especially by Lawn and coworkers (for a review see Ref.

[86]).

Considering the frictionless contact of a sphere on a flat continuum specimen, the stress field is
initially elastic. As indentation load increases beyond a critical value, two types damage may
emerge: as either a Hertzian cone crack (“brittle solid”) or a subsurface deformation zone (“plastic
solid”) (Fig. 3.13). The basic Herztian elastic contact stress field has been well documented. The
principle normal tensile stresses concentrate in a shallow surface region, with maximum value at
the contact circle. The principle shear stresses are constrained beneath the contact, with widely
spaced contours and maximum value along the contact axis. These two stress components are
responsible for the two types of damages. The tensile stresses at the contact circle will generate a
ring crack around the indentation imprint, extending shallow depth (usually a few micrometers)
into the subsurface. As load increases, such crack propagates inside the material with a truncate
angle to the surface, following the tensile stresses trajectories. This results in the well-known cone
crack. The other quasi-plastic deformation damage can be developed by the shear stress at a depth
below the surface, around half of the contact area radius. Macroscopically, this deformation region
is analogous to the plastic zones that occurs in metals. Microscopically, this damage consists of an
array of “closed” mode Il cracks with internal sliding friction (“shear faults”) at the weak planes
within the microstructure. The type of damage that finally appears at the lowest load depends
directly on the mechanical properties of the material under consideration. Brittle materials with
low fracture toughness tend to exhibit cone cracks under spherical indentation. On the other hand,
in tougher ones, quasi-plastic damage is more likely to occur. Meanwhile, a decrease of indenter
radius (sharpening), implies an increasing applied stress and prominence to brittle cone crack
formation [86,87]. Consequently structural integrity effects (e.g. strength lessening) are found to
depend on the nature of the induced contact damage. Ideally brittle homogeneous materials
experience abrupt strength losses once the critical load for cone crack initiation is reached.
Meanwhile, for tough heterogeneous ceramics strength decrease is rather gradual and continuous,

as microdamage cracking associated with a quasi-plastic response develops.
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In Paper 3, controlled damage (ring/cone cracks) is induced under a series of increasing loads,
and the contact damage resistance is assessed on the basis of crack nucleation at the coating surface
as well as its subsequent extension into the hardmetal substrate. This technique then allows to
evaluate the influence of substrate surface integrity (microcracks, residual stresses, etc.), while

keeping all other indentation and material variables unchanged, on contact damage response.
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4 Materials and Characterization Technigues

4.1 Materials in This Study and Surface Finish Conditions

The substrates studied here correspond to two commercial WC-Co hardmetal grades (supplied by
SECO Tools AB) with similar fine grain size, but different binder content: 6 wt.% and 13 wt.%.
They are here referred as 6F and 13F respectively. Nominal chemical composition, mean carbide
grain size, as well as their basic bulk mechanical properties such as elastic modulus, hardness and
fracture toughness values for the hardmetal grades investigated are listed in Table 4.1. Carbide
grain size was determined by using an electron back scattered diffraction (EBSD) system
manufactured by HKL using their Channel 5 software. Elastic modulus was measured by the
method of the resonance frequency of the material. This procedure is simple and quickly
implemented. It is performed on the basis given in ASTM E-1876 [1], which consists in measuring
the natural frequency of vibration of the material from its transient response to slight mechanical
impulse. Hardness was measured using a 30 kgf (294 N) Vickers pyramidal diamond indentation.
Toughness measurement was conducted through three-point bending test of Chevron-notched
specimens. Experimental details regarding microstructural, hardness and toughness
characterization of the substrate materials are given in Ref. [2]. Fig. 4.1 shows the microstructural
aspects for the two hardmetal grades studied.

Table 4.1. Mean and standard values for basic microstructural and mechanical parameters for the
cemented carbides (WC-Co) studied [2].

Nominal Mean WC Elastic Hardness Fracture
Hardmetal o
’ binder content  grain size modulus HV30 toughness
rade
J (wt.% Co) (um) (GPa) (GPa) (MPavVm)
6F 6 0.70 678 17.8 9.4

13F 13 0.67 599 14.8 11.2
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Fig. 4.1 Microstructural aspects of the two grades under consideration: (a) 6F and (b) 13F.

Considering that bending strength will be a reference test procedure, the WC-Co grades
investigated were provided in the form of rectangular bars of dimensions 4 x 4 x 50 mm. Fig. 4.2
schematically outlines the surface preparation steps followed to obtain the different surface finish
variants investigated. There are two different surface finish conditions directly received from
SECO Tools AB: as-sintered without any machining process (condition AS), and ground
(condition G). The grinding operation, using a diamond abrasive wheel and coolant, followed an
industrial protocol. It is commonly implemented for inserts by SECO Tools AB. Additionally, a
reference condition has been obtained at the laboratory, by means of conventional grinding and
polishing (condition P) with diamond abrasive and silica colloidal. The referred surface
preparation procedure consisted of grinding the samples with diamond disks 220 #, 600 # and 1200
#, followed by polishing with diamond paste of 6 and 3 um, and then finished with silica colloidal
(0.2 um). Aiming to investigate a damaged-like ground condition without residual stresses, some
of the originally ground specimens were heat-treated at 920 °C for 1h in vacuum. This ground and
thermal treated condition is referred to as condition GTT.

The TiN coating was deposited by means of an industrial reactive cathodic arc evaporation system
MZR323. Before deposition, the substrates were cleaned in ultrasonic baths of an alkali solution

and alcohol. Subsequently, substrates with the four surface finish conditions were mounted at the
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Sintering Commercial grinding Laboratory polishing

WC-Co —— AS > G . P

Fig. 4.2 Scheme of the process steps used to obtain the different surface finish variants
investigated: AS, G, P and GTT. Images below are obtained by means of optical microscopy to
illustrate surface conditions.

same height with respect to the cathodes on a rotating cylinder. The system was evacuated to a
pressure of less than 2.0 x 107 Pa such that the substrates were Ar ion etched with about 500 eV.
After all those above steps, the deposition was performed from pure Ti cathodes in a N>
atmosphere at a pressure of 2 Pa. A substrate bias of -50 V was used to accelerate the Ti-ions

towards the substrate and the temperature was maintained at 450 °C.

4.2 Surface Texture

Surface roughness represents the shape and size of irregularities on a machined surface. It is one
of the primary surface texture parameters used to describe the surface finish produced by
machining processes. Roughness plays a significant role in understanding the nature of two contact
surfaces, and has a major impact on controlling the performance of the end product regarding

issues such as friction, durability, operating noise, energy consumption, and air-tightness.

Many parameters have been established to quantify surface irregularities, and they are categorized
in terms of height, depth, and length interval. They are analyzed by a predetermined method and
calculated according to measurement standards. In this thesis, R, and Ry were selected to compare
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the different surface texture among the studied surface finish variants. Average roughness, Ra, is
the most commonly specified parameter for surface finish measurements. It describes the
arithmetic average deviation of a surface from a mean line, and provides a good general guide for
part performance over a wide range of applications. Maximum peak to valley height value is
represented by the Ry parameter, and it can be measured to distinguish the profiles. Furthermore,

Ry is also utilized where extreme height of roughness profile is important, i.e. precision tolerance

[3].

Measurement techniques of surface texture may be broadly divided into two categories: contact
and non-contact types. On the microscopic scale of surface measurement, a contact type stylus
profiler (SP) using electronic amplification is the most popular. In SP technique, the stylus is
loaded on the surface to be measured, and then moved across the surface at a constant velocity to
obtain surface height variation [4] (Fig. 4.3). A stylus type, surface texture measuring system was

employed in this thesis.

Traverse
direction

sy
.

Fig. 4.3 Scheme of stylus-type roughness instrument.
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4.3 X-ray Diffraction

X-ray diffraction is a widely used method to measure residual stresses. It is nondestructive and
requires no sample preparation. It measures the diffraction angle variation A#, and this is translated
into the plane spacing change Ad. As a consequence, the strain ¢ can be calculated, and the stress

o can be derived through elasticity theory.

4.3.1 X-ray Scattering From Atomic Planes

Fig. 4.4 shows a scheme of diffraction of x-rays by a crystal. When an x-ray beam with wave
length A impinges on a crystal where the (hkl) planes are parallel to the surface, the periodic
distribution of atoms on planes cause constructive interference of the coherent component of the

scattered radiation from the individual atoms, i.e. diffraction occurs when Bragg’ law is satisfied:

N A= 2dn sin 0 4.2)

where n is an integral multiple, dna is plane spacing and & is the angle of incidence and reflection.
In the case of an actual three-dimensional crystal of finite dimensions, which contains a large
number of atomic planes, several mutually reinforcing beams cause appreciable diffracted x-ray
intensity at the correct angles. In a laboratory 6-20 scan, plane spacing may be derived from

equation 4.1, and crystal structure of the material can then be determined.

Incident beam Diffracted beam

Fig. 4.4 Scheme of diffraction of x-rays by a crystal.
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4.3.2 Elastic Stress-Strain Relations

Consider stress tensors on the faces of a homogeneously loaded unit cube at static equilibrium
within an isotropic material (Fig. 4.5). A normal stress aii will cause a tensile strain ¢ii along the
stress direction, and compressive strains ¢jj along the transverse one, according to Hook’s law in

the form:

1 v . .
&i = 7 0y, &j=— 70y 1. (42)

The proportionality constants E and v are Young’s modulus of elasticity and Poisson’s ratio,
respectively. Based on equation (4.2), the normal strain is the sum of the one produced by the
stress in that direction, plus those caused by the stresses existing in the transverse direction,

expressed as:

1 v ( N )
&1 = =01 —— (o o
1= o~ g (02 33
1 v
€2% 02— % (011 + 033) (4.3)
1
€33 E 033 — E (011 + 022)
033
O3
031 0s3
5))
013
J‘—b 0, |92
Oy

Fig. 4.5 Definition of sample-related stress tensor cj;.
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Shear strain exists when shear stain oij , 1 # j is applied and is given by:

gl'j = — O'l'j, | 7‘—'] (44)

Here, the proportionality constant x is the shear modulus, and for isotropic materials, it is equal to
E2(1+ v).

Combination of equations (4.3) and (4.4) yields the expression of each tensor component in one

formula, as follow:

1+v v
€ij = — 0y — Oij — Ok (4.5)

where k is the dummy suffix and implies summation for all k; and &;; equals to 1 if i = j, otherwise

it is zero. This is a generalization of Hook’law and constitutes the basis for derivation of strains

and stresses.
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4.3.3 Stress Determination From X-ray Diffraction Data

The experimental geometry setup for stresses measurement in x-ray diffraction is schematically
shown in Fig. 4.6. Si and L represent two orthogonal coordinate systems. In the specimen system
Si, Sz is normal to the sample surface, whereas S1 and Sz are in the sample surface. The laboratory
system L, is defined such that L3 is orthogonal to a family of x-ray diffracted {hkl} planes. L is
in a plane parallel to the sample surface, and makes a rotation angle ¢ with S». This rotation angle
@ measures the azimuth of the sample in the surface plane. The titling angle v quantifies the amount
of the tilting of the Sz with respect to the scattering vector Lz. Once the lattice spacing d,, of the
reflection planes {hkl} is determined through Equation (4.1), the strain &,,, along L3 will be defined

as:

depy—d
E<.01p= WSO 0 (46)

where the do is the lattice spacing in the unstressed plane.

Fig. 4.6 Scheme of experimental geometry setup for stresses measurement in x-ray diffraction.
Adapted from [5].
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Alternatively, such strain measured in the laboratory system, can also be expressed in terms of the

strains components gjj in the sample reference frame { Si } by tensor transformation, according to

[5]:

Equ = €11C0S*@SIN*Y + £1,5In2@sin*P + £13c05@sin2y
+ £,,SIN2QSIN*Y + £,35INQPSIN2Y

+ £53c05%@ (4.7)

In this general equation for x-ray strain determination, substituting the strain components &j; and

gy USING equations (4.5) and (4.6) yields:

dey—d 1+v
ey ~%o 2 ; in2 i1 2
~a " F {011c05°@ + 01, SIN2Q + 0,,5iN“@ — 033}Sin“YP
1+v 1%
+— 033 — 7 {01102+ 033}

+1Y {013c05@ + 0,35in@} * sin2y

g (4.8)
This is the so-called fundamental equation for x-ray residual stress analysis. The biaxial stress
model using a single in-plane stress component is sufficient to account for the full stress tensor for
stress field measured in a thin layer, due to the fact that penetration depth of x-ray inside the WC

material is approximately several micrometers.

This assumption can also be justified by the equilibrium conditions that the stress tensor has to

obey [6]. In this case, the stress tensor is in the form of:
c 0 O
0 0 O

which indicates that only in-plane components exist: 011 = 622 = 0. Accordingly, equation (4.8) is

simplified to:
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doy—do _ 14V _ . o2 2V
o~ & asin“y 4 (4.10)

This becomes the well-known d-sin? y» method for measuring the residual stresses. d,,, against sin?
w plot will show a linear relationship, and the corresponding slope will be equal to 1% o. Fig. 4.7

shows d-sin? y plot measured for (220) peak of TiN film used in this work at eight different tilting
angles. A least-squares line fitted to experimental data was drawn. To calculate the stress o from
equation (4.10), three parameters need to be known: the unstressed plane spacing do, and the elastic
constants E and v, corresponding to the diffracted planes. do can be measured from thermal-
annealed material powder in the same composition. However, in practice it may not be available;
thus, it is commonly substituted by the lattice spacing assessed at yw=0. Such substitution is
validated by the fact that at most 0.1% difference in elastic strain between true do and d at any
could be introduced. Furthermore, as do is a multiplier factor for calculating stresses in equation
(4.10), the total error yielded associated with this subsititution will be less than 0.1%. It is
negligible compared to the error caused by other sources. Elastic constants E and v may be obtained
from the literature for a given material and its specific reflection plane. Otherwise, they can be
measured experimentally or calculated from single crystal elastic constants using various
approximations [5]. Elastic constants E and v used in this work for WC (211) peak and TiN (220)

peak were obtained from reference [7].

From equation (4.10), it is derived that the measured stress is independent of the azimuth angle ¢,
under the assumption of a biaxial stress model. However, if the surface treatment/deposition
process for thin film is asymmetric, off-diagonal stress factors may be introduced where gij #0,
for i=#]j. In this case, it is evident from equation (4.8) that the measured results will be dependent
on the azimuth angle ¢. Off-diagonal stress factors are revealed such that peak position shifts with
varied rotation angle ¢. In order to elucidate this effect, the peak position can be measured for both
positive and negative tilt angles, corresponding to ¢=0° and ¢=180° [6].
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Fig. 4.7 d-sin? y plot measured for (220) peak of TiN film. A set of tilt angles y was selected such
that sin? y yielded 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, and 0.7 values. At each tilting angle v, four azimuth
angles - 0°,90°,180°,270° - were applied to rotate the sample.

4.4 Microscopy

Microscopy technique is a common approach in materials characterization to reveal
metallography, structure, phases and composition. In this work, scanning and electron back

scattered diffraction, together with transmission electron microscopy, were extensively utilized.

4.4.1 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is intensively used in this work to characterize surface
topography and cross-sectional structure, as well as fractography of the (coated) hardmetals. SEM
permits the observation of a variety of materials from micrometer to nanometer scale. In SEM, a
finely focused electron beam is swept in a raster across the target specimen to form images. The

types of signals collected from the interaction of the electron beam and the sample surface include
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secondary electrons, backscattered electrons, characteristic x-rays, and other photons of various
energies, coming from specific emission sample volume [8]. The two most interesting signals are
the secondary and backscattered electrons. The former is very sensitive to the surface topography
and provides contrast in the height variations. On the other hand, the latter reveals more contrast
between different elemental compositions. The different images obtained from these two modes

can be discerned from Fig. 2 in Paper 4.

4.4.2 Electron Back Scattered Diffraction

The electron back scattered diffraction (EBSD) technique is particularly implemented in this work
to identify phase transformation phenomenon of the cobalt binder, considering its low content and
relative small thickness between the carbides. EBSD is an accessory system attached to a SEM
unit. It can provide quantitative microstructure information associated with grain size, grain
boundary character, grain orientation, texture and phase identification. The spatial resolution can
reach 20 nm with reasonable accuracy for a modern field emission SEM equipment (FE-SEM).

A typical arrangement including electron beam, sample stage and detector used in EBSD is
schematically shown in Fig. 4.8 [9]. A stationary electron beam illuminates a flat sample surface
which is steeply tilted (typically 70° from the horizontal), in order to collect the maximum pattern

FElectron beam

q

\'\ Diffracting planes

“Kikuchi” lines

Tilted Sample

Phosphor screen

Fig. 4.8 Scheme of typical arrangement among electron beam, sample stage and detector using in
EBSD.
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intensity. When the primary beam interacts with the crystal lattice of the sample, both diffraction
and channeling of electrons induce the electrons to form very flat cones which intersect with a
phosphor screen. As a final result, diffraction patterns are revealed. A typical EBSD pattern
consists of a large number of parallel lines ("Kikuchi lines"). These lines contain unique
crystallographic information, such that the line pairs represent planes within the crystal structure,
and their intersecting point denotes the zone axes. These patterns are then indexed with specialized
computer software (Channel 5 in this work). This is done by determining all possible orientations
within each phase, and reporting the best fit as the identified phase and orientation.

EBSD maps are typically presented to interpret the specific issues of the material microstructure,
such as crystal distribution of orientations, phases, grain boundaries and strain state, among others.
They are comprised of “components”, based on the underlying data recorded. In this work, EBSD
maps consisted of components including phases, pattern quality (band contrast) and orientation
(inverse pole figure). Band contrast (BC) is a pattern quality factor related to brightness level of
each diffraction band with respect to the overall background. It is affected by the diffraction
intensity for a phase, dislocation/crystallographic defect density and orientation. BC maps are
generally grey-scale images that appear similar to coarse SEM micrographs, showing the
microstructure in a qualitative way. Grain boundaries are normally visible as poor BC quality and
appear dark in the map [10]. In this work, the two allotropic structures of cobalt, fcc and hcp
phases, were designated to two different colors. They were overlapped with the BC map, aiming
to elucidate the phase transformation phenomena (see Fig. 3 in Paper 5 and Fig. A3.1 in Annex
3).

4.4.3 Transmission Electron Microscopy

Transmission electron microscopy (TEM) is an advanced characterization technique
conventionally employed in materials research field for investigating microstructure (substructure)
and deformation mechanisms, particularly within the submicron and nanometer length scales.
These are in direct relation to the high spatial and analytical resolution of this technique, which

can achieve 0.1 nm.
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In its operation, a high voltage accelerated convergent electron beam is directed towards a very
thin specimen (normally < 200 nm). The incident electrons interact with the specimen to form
scattered (either elastic or inelastic) electrons, besides a direct transmitted beam. The wave of the
electrons experiences changes in both amplitude and phase, resulting then in image contrast.
Besides imaging the microstructure details, diffraction patterns (DPs) can be collected by using
diffraction contrast, resulting from the difference of the diffracted beams in distinct regions of the
specimen. These DPs contain direct crystallographic information in the select diffracted area. This
capability is one of the most significant features of TEM, because it permits to relate

crystallography features to attained images [11].

Precession electron diffraction (PED) is a new promising technique that has been developed in
TEM analysis field recently. Fundamental basis behind it is that parallel incident electron beams
are forced to precess rapidly on a cone surface, such that only a few reflections are simultaneously
excited and dynamic effects are strongly reduced (Fig. 4.9). Hence, PED intensities are quasi-
kinematical, likewise to x-rays, which permits “ab-initio” solving of crystalline structures [12, 13].
The collected PED patterns can be solved through semi-automatic matching with theoretically
generated templates, which is much less time-consuming than a conventional manual way. One
interesting method applied with PED technique is the combined generation of the orientation/phase
mapping through ultra-fast collection of precessed electron diffraction patterns, obtained on
preselected area with a point spread nanoscale resolution. Indeed, the principle is analogous to the
SEM based EBSD technique. However, such EBSD-like tool for TEM includes a much higher

resolution (within the nanometer range), without the need of additional surface sample preparation.

In this work, PED - TEM analysis was utilized to characterize the microstructural alterations
induced by grinding within the binder phase (see Fig. A3.2 — A3.4 in Annex 3). Appropriateness
of using such technique was based on the consideration of the small area occupied by the cobalt
phase and the severe deformation area just beneath the surface, which can be preserved by TEM
lamella preparation using the focused ion beam approach.
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Fig. 4.9 Scheme of precession electron diffraction (PED) technique in TEM. The parallel incident

electron beams are forced to precess rapidly on a cone surface.

4.5 Focused lon Beam and 3D Tomography

Focused ion beam (FIB) and combined FIB/SEM dual systems are invaluable tools in materials

analysis field. They can be used for in-situ observation of structural cross-sections, preparation of

TEM lamella and atom probe specimens, generation of microstructural data in three dimensions,

and nanofabrication of devices and prototypes [14,15]. In this work, FIB has been intensively

utilized to characterize grinding and coatings effects on the subsurface features of the hardmetal
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Fig. 4.10 Scheme of a dual FIB/SEM beam system configuration.

studied. Moreover, it has also been implemented for sequential image acquisition (i.e. data for 3D
tomography) as well as preparation of TEM lamella.

Fundamentally, the FIB system produces and directs a stream of high-energy ionized atoms of
relatively massive elements (usually Ga), bombarding the target sample and sputtering atoms out
of the target for etching or milling purpose [16]. In the case of a dual beam system configuration
(Fig. 4.10), the electron column is mounted vertically inside the vacuum chamber, whereas the ion
column aligns with the electron column at angle of 54°. The sample is arranged so that it lies in
the coincidence point of the two beams, with a working distance of typically 4.9 mm. In this
configuration, the two beams are co-focused and the area of interest will be fixed when being tilted,
as it lies in the eucentric plane. In practical operation, milling parameters are arranged under the
ion beam mode, and during milling process in-situ cross-sections are directly observed using the

electron beam.
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Aligning — Image filters —> Segmentation —> Surface reconstruction

Fig. 4.11 A work flow scheme showing the 3D construction procedure in Avizo.

The dual beam system is extremely useful for generating 3-dimensional visualization of material
microstructure. It is appropriated for characterizing microstructural features in the length-scale
range from ~100 nm to 10 pum, requires no sample preparation, and is ready to be applied to a
wide range of materials. Sequential milling of layers using the ion beam and simultaneous
examination of site-specific cross-sections using the electron beam, permits to gather a batch of
2D images, also called 2D tomos. Subsequently, these 2D tomos are loaded into a commercial
software package (Avizo in this thesis) for 3D image reconstruction. It finally generates a 3D
visualization of the volume examined. This software contains different modules that operate with
data objects. A work flow scheme (Fig. 4.11) has been drawn to show the construction procedure
in this work. As a first step, a data object containing all the raw data (2D tomos) is created. These
images are aligned with respect to each other using an Align Slice module. Second, different filters
module are applied to improve image quality, particularly in terms of reduction noise level caused
by brightness variation, compensation for distortions arising from foreshortening of the images,
and adjustment of grey level for a particular feature to ensure their consistency throughout the
dataset. Third, different regions defined by grey ranges are segmented and assigned to a specific
color. In this work, grinding-induced cracks are of particular interest. Accordingly, they are
isolated out of the surrounding microstructure. In the situation when the automatic segmentation
is not good enough to distinguish the cracks, manual segmentation is necessary. Finally, once all
cracks in each tomo are well-defined, SurfaceGen module computes a mesh of total volume,
forming a 3D view. Moreover, with some analysis modules equipped within Avizo software, it is
possible to carry out some quantitative study. For example, MaterialStatistics module can be used
to obtain volumetric information (volume of each region and volume per slice), and SurfaceArea

module is helpful to study surface statistics of interfaces.
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Fig. 4.12 TEM lamella prepared from the ground hardmetal sample using FIB milling approach.

Conventional method for preparing TEM lamella includes slicing and grinding of thin sections
from bulk, followed by further profile thinning using ion milling or electron polishing. However,
such a process could certainly alternate the ground superficial layer of the studied material,
resulting in an undesirable loss of information. Moreover, because relative hardness difference
between carbide and binder phases, non-uniform removal rates under mechanical polishing are
usually discerned. On the contrary, FIB milling method is capable of being not only operated with
extreme precision onto the area of interest, but also uniformly implemented in heterogeneous
materials with a rapid processing time [14,15]. In this work, FIB is then employed to prepare the
TEM lamella for the examination of grinding-induced microstructural changes in the subsurface

layer.

The “lift-out” approach was used to prepare TEM specimens. The area of interest is selected and
surface edge is protected by depositing of a Pt layer. Two trenches are milled at the front and at
the back of the Pt layer to generate two sides of a membrane. A further series of mills are performed
to thin this membrane. Sequentially, the membrane is removed from the milled trench using an in-
situ micromanipulator, and is attached to a Cu grid. Afterwards, this membrane is further polished
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on its two sides using very fine and gentle milling. Main objective is to leave it clean and electron
transparent. Fig. 4.12 shows the TEM lamella prepared from the ground hardmetal sample and
placed onto the Cu grid. Two regions have been milled for getting electron-transparent. However,
the left one was found to be better prepared, and thus it is the one used for the TEM inspection in

this work.
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5 Summary of The Results

5.1 Surface Integrity Resulting From Grinding and Subsequent
Coating

Surface integrity becomes altered and evolves through the different process stages of hardmetal
tools, i.e. from sintered state to coating of final piece. Within the manufacturing chain, substrate
grinding and coating deposition represent key steps, as they are critical for defining the final
performance and relative tool manufacturing cost. In this regard, this investigation addresses the
influence of substrate surface integrity on different mechanical (flexural strength and contact
damage resistance under spherical indentation) and tribological (scratch resistance as well as
cracking and delamination response under Brale indentation) properties for a TiN-coated fine-
grained hardmetal grade (WC-13 wt %Co). In some particular case, the study is extended to

another hardmetal grade with a lower binder content.

Results reported in Paper 1 indicate that grinding strongly affects surface integrity of the fine-
grained WC-13 wt.%Co hardmetal studied. It is found that grinding yields roughness values one
order of magnitude higher than those achieved for a reference mirror-like finish condition. At the
subsurface level, it is discerned that a thin deformed/damaged layer, containing fragmented
carbides and microcracks, is generated. From a stress state viewpoint, changes are also introduced
in terms of relevant compressive residual stresses, with maximum levels close to -2 GPa at the

surface and extending (although decreasing with depth) until subsurface levels of about 12 um.

Grinding-induced surface integrity was further explored in Annex 2 and Annex 3. There, emphasis
were placed on quantifying crack distribution using 3D FIB tomography and assessing cobalt
phase deformation/transformation activity by means of EBSD/TEM, respectively. 3D image
reconstruction reveals that: (1) a superficial tribolayer of approximately 200-400 nm in thickness,
containing pulverized WC grains and smeared Co phase, is revealed; (2) microcracking beneath

this superficial tribolayer is found to extend down to approximate 2.5 pm depth into the bulk; and
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(3) crack distribution is highly anisotropic, with most of the cracks being lateral/near lateral ones
running parallel to the ground surface. Concerning phase transformation within the binder phase,
cross-section EBSD illustrates that grinding induces changes from the original fcc phase into the
hcp one. It concentrates within a 5 um thick subsurface region, and decreases gradually with depth.
Nevertheless, a few individual hcp grains can be observed until 10 um depth approximately. Such
phase transformation can be related to distribution of the residual stresses along the specimen.
Crystal orientation and phase maps for the binder phase, obtained by means of TEM using the PED
technique, confirm fcc to hcp phase transformation of Co in the subsurface region. Grinding is also
discerned to induce severe plastic deformation within the binder at the surface level. It leads to the
formation of nanocrystalline and ultrafine grains. These experimental findings point then out the
existence of a correlation between ultrafine microstructure and crack formation at the subsurface

level.

In order to highlight the influence of residual stresses in ground hardmetals, a damage-like ground
condition, but free of residual stresses, was generated by heat-treating some of the originally
ground specimens. Surface integrity of this surface condition was also explored. Such annealing
treatment may also be associated with practical implications, as hardmetals tools are usually
exposed to high temperature during both processing (i.e. coating deposition) and effective
operation. Results shown in Paper 1 prove that annealing at 920 °C for 1 h effectively relieves the
grinding-induced compressive residual stresses, leaving the undesirable damaged surface layer
unchanged. Investigation presented in Paper 5, involving FIB/SEM and EBSD studies, indicates
that thermal treatment also induces changes in the binder phase, as discerned by the emergence of
an unexpected microporosity within the surface tribolayer together with metallurgical alterations:
development of a recrystallized subgrain structure and reversal of the grinding-induced phase

transformation.

Results reported in Paper 4 includes assessment of substrate microstructure by considering a
second hardmetal degree with lower cobalt content (6F). First, surface integrity scenario for 6F
material was studied and found to be qualitatively alike to that discerned previously for 13F grade,
regarding roughness, surface topography, subsurface damage and residual stresses. However,

changes in roughness and altered subsurface layer seems to be less pronounced for the 6F grade.
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Moreover, different from 13F material, damage in 6F grade is exclusively evidenced in terms of
microcracking, running through either binder or carbides. It is suggested that differences observed
between ground 6F and 13F samples should be related to the fact that material removal was done
under same grinding conditions; and thus, less material becomes affected for the harder and more

brittle grade.

After grinding, the following ion etching and coating process provides the final coated system a
new surface condition. The corresponding surface integrity have been reported in Papers 2, 3, 4
and Annex 1. It may be summarized as follows: (1) as a consequence of the presence of
microparticles in the TiN film (grown by cathodic arc evaporation), after coating deposition
roughness values for P specimens rise up to levels similar to the ones assessed after grinding; (2)
grinding-induced topography associated with unidirectional groove-like features is still clearly
visible in the coated specimens; (3) despite ion etching (sputter cleaning process) relieves some
material from the surface, grinding-induced damage was not completely removed from the
substrate subsurface; (4) ion etching and coating deposition reduces the grinding-induced stresses
by half degree (to -0.9 GPa level); (5) there is not any evidence of damage and/or residual stresses
for both AS and P conditions, on either uncoated or coated ones; and (6) as expected for the GTT
condition, residual stresses were not discerned at the substrate surface level in the coated
specimens. Finally, it should be highlighted that intrinsic residual stresses of the TiN film
deposited was measured as high as about -3.3 GPa, being independent of hardmetal substrate

microstructure and surface finish.

5.2 Grinding and Coating Effects on Fracture Strength

The correlation existing among grinding, surface integrity and flexural strength is investigated in
Paper 1. It is found that ground hardmetals exhibit a significant fracture strength enhancement, as
compared to the reference polished condition. However, such beneficial effect may not be
rationalized by superposition, at the shaped surface, of the grinding-induced residual and the
externally imposed stresses. Such simple approach yields estimated fracture strength values much

higher than the ones experimentally measured. Extensive fractography reveals that enhanced
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strength mainly stems from grinding-induced changes on effective location of strength controlling
flaws, from the surface level into the subsurface one. On the other hand, strength improvement
attained after grinding is lost after heat treating the ground specimens, as a direct consequence of
the residual stress relief induced by annealing.

Coating deposition effects on mechanical strength of ground hardmetals were investigated In
Annex 1. It is discerned that ion etching and subsequent film deposition processes diminish the
relative strength differences among the various substrate surface finishes. On one hand, the
grinding-induced strength rise is reduced because the compressive residual stresses are lessened.
As a consequence, nature and location of failure initiation flaws are also changed, i.e. critical
defects are now associated with grinding-induced damage at the surface level. On the other hand,
strength of the coated GTT samples is increased, as compared to that determined for the
corresponding uncoated ones. Such a change is postulated to occur because the large compressive

residual stresses intrinsic to the deposited ceramic film.

5.3 Influence of Grinding on Cracking and Delamination
Response

The influence of substrate surface finish on scratch resistance of coated hardmetals and associated
failure mechanisms is investigated in Paper 2. The study addresses four different substrate surface
finish conditions: AS, G, P and GTT. For G and GTT conditioned samples, scratch tests are
conducted both parallel (//) and perpendicular (L) to the direction of the grinding grooves. Coated
AS, G and P samples are found to exhibit similar critical loads, as related to initial substrate
exposure, as well as alike failure modes (brittle - recovery spallation). However, differences are
evidenced regarding failure scenario. On one hand, pronounced and continuous substrate exposure
is discerned for AS and P conditions. On the other hand, G samples are characterized by rather
discrete and quite localized damage features. Interfacial cracking discerned at the spallation site
highlights the adhesive failure nature for coated AS, G and P surface finish conditions. Coated
GTT samples shows a lower critical load and changes in failure modes: buckling cracks emerge

for GTT-L condition, and cohesive fracture through the substrate subsurface arise for GTT-//
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condition. Relative orientation between scratch and grinding direction affects the corresponding
scratch response of ground and coated hardmetals. In this regard, substrate exposure tends to be
more elongated and continuous as scratches are conducted parallel to the grinding groove
direction. Furthermore, under these testing conditions, the probability of cohesive damage, through

the substrate subsurface, increases.

Brale indentation technique is another simple and practical method widely applied for assessing
adhesion of hard coated systems. In Paper 4, it is proposed and validated as an effective approach
for evaluation of substrate microstructure (6F and 13F grades) and substrate surface finish (G and
P variants) effects on the indentation response of the coated hardmetals. Aiming to understand the
intrinsic influence of substrate brittleness/hardness on the indentation response of coated
hardmetals, uncoated substrates were also indented under similar testing conditions. Deformation
and fracture pattern evolution under the indentation is qualitatively similar in all the coated
hardmetal systems studied. As load is increased, irreversible deformation, radial cracking, and
finally spallation are sequentially evidenced. However, load levels at which cracking and
delamination emerge, the type of cracking pattern developed, and how fracture mechanisms evolve
with increasing load are clearly dependent on the substrate microstructure and substrate surface
finish. As binder content decreases, polished and coated hardmetals exhibit more brittleness (radial
cracking) and lower adhesion strength (coating delamination). Such microstructural effect is
related to the brittleness/hardness of the substrate itself (as discerned under Brale indentation
testing of uncoated substrates). Moreover, the direct relationship between substrate yield strength
and effective shear stresses generated at the coating/substrate interface, during loading/unloading
under elastic-plastic conditions, must be recalled for explaining the experimental findings.
Concerning substrate surface finish, compared to the polished condition, grinding is found to
inhibit radial cracking. However, it is accompanied by an easier delamination. Such a response is
discussed on the basis of the interaction between elastic-plastic deformation during indentation
and several grinding-induced effects: remnant compressive stress field, pronounced surface texture
and existence of a thin microcracked subsurface region. As a final result, film delamination on
ground and coated hardmetals seem to be the more effective mechanism for dissipating energy

stored during elastic-plastic indentation.
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5.4 Beneficial Grinding Effects on Contact Damage Resistance

The contact damage resistance of coated hardmetals with different substrate surface finishes: G, P
and GTT is studied in Paper 3. It is done by means of spherical indentation under increasing
monotonic loads. Contact response is assessed in terms of crack prevention (nucleation) and crack
containment (extension). Substrate grinding is found to enhance contact damage resistance of
coated hardmetals: crack emergence is delayed and its extension to the subsurface is particularly
inhibited, as compared to the response exhibited with other substrate surface finishes. The
discerned behavior is discussed on the basis of the grinding-induced compressive residual stresses
remnant after ion-etching and coating deposition stages. This idea is supported by the finding of
much deeper crack penetration on coated GTT specimens, where grinding-induced compressive
residual stresses have been relieved by the heat treatment process. Moreover, the results point out
that such remnant stress state overcomes the potential deleterious effect expected from surface

texture (peak/valley stress raisers) or pre-existing grinding-induced damage.

Considering that crack path was observed to be less localized (and thus critical) for the G condition
than for the P one, the interaction between grinding-induced surface integrity (especially as related
to pre-existing distributed damage) and the propagating external contact-induced cracks was
further analyzed. It was done by flexural testing of previously indented coated specimens.
Although in both cases, it was found that ruptures were associated with indentation-induced
damage, interaction between extrinsic damage and failure path were different. While rupture in the
coated P system is characterized by going along previously identified surface ring, fracture for the
coated G condition transverses the inner contact orthogonally (i.e., following grinding-induced
grooves). As extrinsically induced damage is maximum (regarding depth and localization) in the
contour periphery, these findings would point out a beneficial effect of grinding-induced changes

with respect to effective damage tolerance of the coated hardmetals studied.
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5.5 General Conclusions

Grinding induces significant alterations in the surface integrity of the hardmetals studied. It results
in high roughness and emergence of a topographic texture; anisotropic distribution of microcracks
within a thin subsurface layer; severe deformation, microstructure refinement and phase
transformation of binder regions; and large compressive residual stresses. Additional changes in
surface integrity are induced during subsequent ion etching and coating deposition. In general,
removal of material from the surface during sputter cleaning and heat treatment during film
deposition resulted in a significant residual stresses decrease. However, damage induced by
grinding was not completely removed, and some microcracks were still left on the substrate surface.
On the other hand, high temperature annealing (GTT condition) resulted in a complete relief of the
referred residual stresses, but without inducing any additional change in terms of existing
microcracks and depth of damaged layer. This was not the case for the metallic binder phase where
such treatment induced an unexpected microporosity, development of a recrystallized subgrain

structure and reversion of grinding-induced phase transformation.

Strength of hardmetals was significantly enhanced by grinding, as compared to AS and P
conditions. Such beneficial effect is partly lost during the subsequent ion etching and coating
deposition stages. On the other hand, strength of coated GTT condition increases compared to that
determined for the corresponding uncoated one. Systematic residual stress analysis combined with
extensive fractographic inspection reveal that strength variations measured after individual
manufacturing chain or heat treatment steps (grinding, ion-etching, coating and/or thermal
annealing) may be rationalized on the basis of effective residual stress state and location, either at

the surface or at the subsurface, of strength-controlling flaws.

Independent of substrate surface finish under consideration, coated AS, G and P samples exhibit
similar critical load for initial substrate exposure as well as same predominant failure mode as they
get scratched. However, clear differences in the failure scenario were evidenced. Scratch track for
G samples exhibited discrete and localized substrate exposure, compared to the more pronounced

and continuous exposure for AS and P ones. On the other hand, GTT samples showed lower critical
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load and changes in the mechanisms for the scratch-related failure; the latter depending on the

relative orientation between scratch and grinding directions.

Coated hardmetals exhibit more brittleness and lower adhesion strength, under Brale indentation
tsting conditions, with decreasing binder content. Grinding is discerned to promote delamination,
compared to the polished condition, but also to strongly inhibit radial cracking. Such a response is
analyzed on the basis of the interaction between elastic-plastic deformation imposed during
indentation and several grinding-induced effects: remnant compressive stress field, pronounced

surface texture and microcracking within a thin microcracked subsurface layer.

Contact damage resistance of coated hardmetals, subjected to spherical indentation, is enhanced
by grinding of the substrate previous to coating stage. Such beneficial effects are discerned
regarding both crack nucleation at the coating surface and subsequent propagation into the
hardmetal substrate. The grinding-induced compressive residual stresses are pointed out as the
main reason for the improved response against contact loading. Such statement is sustained by the
lower damage resistance evidenced in coated GTT specimens.
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6 Contributions and Future Work

Main contributions of this thesis to the field, in the author’s opinion, are the following:

Specific surface integrity changes ascribed to each stage within the manufacturing chain of
coated hardmetal tools are documented, analyzed and understood. Furthermore,
investigation includes a systematic and comprehensive analysis of the influence of such
surface integrity — manufacturing stage correlation on different mechanical and tribological
properties. This information is critical for defining final performance and relative
manufacturing costs of coated hardmetals in tool and component applications.

Advanced characterization techniques have been successfully implemented on the
characterization of surface integrity as well as on the evaluation of mechanical and
tribological response of coated hardmetals. On the microstructural and damage
characterization side, such techniques include 3D tomography and image reconstruction,
FIB/FESEM, XRD, EBSD and TEM (including PED). On the other hand, nanoindentation,
microscratch, conical and spherical indentation, fully-articulated (four-point) flexural
testing, stress-relief thermal treatments, use of samples with artificial interfaces (BIT) are
some of the protocols and techniques employed for assessment of mechanical and
tribological parameters. They allowed to overcome relevant difficulties on the
characterization of the studied materials, including binder-related features, cracking

distribution, and failure micromechanisms, among others.

Ground hardmetals are exposed to high temperatures during both processing (e.g. coating
deposition) and effective application (e.g. as a cutting tool). From this perspective, surface
integrity characterization of ground plus thermal treated (GTT) condition in this work,
particularly regarding features associated with the metallic binder, provides novel
knowledge on the synergic influence of service and manufacturing conditions on final

performance.
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6 Contributions and Future Work

Future Possible ideas for future work may be summarized in the following three issues:

Assessment of surface integrity — manufacturing — performance correlation on the basis of
additional mechanical and tribological parameters. Within this context, fatigue response
should be highlighted as cyclic loading is frequently involved in applications of coated
hardmetals.

Consideration of environmental effects as an additional variable. This could include either

lubricants for reducing friction or corrosive media within the given application.

Evaluation and analysis of the influence of secondary surface treatments, either mechanical
or thermal, at both coating and substrate (previous to film deposition) levels, on the
correlations here determined.
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Abstract

In this study, the correlation existing among grinding, surface integrity, and flexural strength is investigated for WC-Co cemented
carbides (hardmetals). A fine-grained WC-13 wt % Co grade and three different surface conditions: (1) ground, (2) mirror-like
polished (reference), and (3) ground plus high-temperature annealed, are investigated. Surface integrity and mechanical
characterization is complemented with fractography. The grinding strongly affects both surface integrity and flexural strength.
During grinding, a damaged thin layer together with high compressive residual stresses is introduced. The layer results in
considerable strength enhancement compared to the reference polished surface condition. Fractography reveals that the improved
strength mainly stems from grinding-induced changes on effective location, from surface into subsurface levels, of the strength-
controlling flaw.
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1. Introduction deformation, microcracking, phase transformation, and

residual stresses at both surface and subsurface levels

WC-Co cemented carbides, often simply termed as
hardmetals, represent one of the most successful
composite materials ever developed. Due to their two
distinct constituents: hard carbide particles embedded in
a tough metallic binder, they exhibit an excellent
combination of hardness, strength, and fracture
toughness together with unique wear and abrasion
resistance. As a result, they are frontrunner candidates as
tool materials for many cutting and forming operations
of metal alloys (e.g. Refs. [1-3]).

Diamond wheel grinding of hardmetals is well
established as a primary process used to achieve a
particular tool geometry and/or close tolerances
prescribed by its design. However, as it is also the case
for other hard and brittle materials (e.g. Refs. [4,5]),
surface integrity of ground cemented carbides commonly
becomes altered. Grinding-induced changes include

[6-11]. On the other hand, it is also known that strength
of hardmetals is controlled by the effective loading
condition, microstructure, flaws and their interrelation
[12-15]. In this regard, literature information about
grinding effects on fracture behavior of these materials is
not only scarce but also limited to reports on strength
enhancement associated with induced compressive
residual stresses [16-18]. It seems necessary and
essential to extend the knowledge in this area if the
performance and reliability associated with tool and
structural applications of hardmetals are to be improved.
Following the above ideas, it is the objective of this
study to explore the correlation existing among grinding,
surface integrity, and flexural strength for a WC-Co
grade. In doing so, surface integrity and mechanical
characterization is complemented by a detailed
fractographic analysis of the broken samples.
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2. Materials and experimental procedure

The material studied is a fine-grained WC-13,,,,Co
experimental grade. It was supplied as rectangular bars
with dimensions 4x4x53 mm. Three different surface
conditions (on the 4x53 longitudinal section) were
investigated: ground (G), mirror-like polished (P) and
ground followed by high temperature annealing (G+TT).
Plane surface grinding was performed using commercial
diamond abrasive wheel and coolant, the latter for
preventing heat generation. On the other hand, P optical
finish condition (reference) was produced by a three-step
grinding sequence using diamond-containing disks,
followed by another three-step polishing sequence
employing initially diamond suspension and finally a
silica colloidal one. Aiming to investigate a damaged-
like ground condition without residual stresses, some of
the originally ground specimens were heat-treated at
920 °C for 1h in vacuum [14,15,19-21].

Surface  integrity  characterization for each
investigated condition was conducted in terms of
roughness and residual stress assessment as well as
damage inspection. Surface roughness was measured by
employing a stylus type, surface texture measuring
system (Model Surftest SV512, Mitutoyo). Five
measurements were performed per sample. Roughness
parameters R, (arithmetic deviation from the mean line
through the complete profile) and Ry (maximum profile
depth) were recorded.

Subsurface deformation and microcracking were
inspected by means of focused ion beam (FIB). Cross-
section preparation and microscope investigation was
conducted using a dual beam Workstation (Zeiss Neon
40) within a FIB — field emission scanning electron
microscope (FESEM).

Surface residual stresses were determined by X-ray
diffraction (XRD) with a Panalytical Empyrean four-
circle diffractometer using a Cu-K, radiation. Under
these conditions, the X-ray penetration depth was
approximately 1.1 pm with 50% of the diffracted
intensity scattered from a layer extending to the
penetration depth. Accordingly, aiming to evaluate the
grinding-induced residual stress profile, measurements
were performed at different depths (in 2-micron steps
approximately down to about 12 um) below the surface.
The different depths were achieved by systematic layer
removal by mechanical polishing using 1 pm diamond
suspension. The residual stress measurements were
performed in y-geometry and point focus mode. Stresses
were only determined in the WC phase due to a relative
low amount of the binder phase, mainly cobalt, resulting
in too weak and broad diffraction peaks and hence
inconclusive stress measurements. The WC 211-peak
position (206~117°) was recorded for 4-8 w-angles
between 0 and 57° by fitting a Gauss or Pseudo-Voigt

function to the diffraction data. The stresses were then
calculated by applying the sin’y-d method using X-ray
elastic constants for WC 211-peak from Eigenmann and
Macherauch [22] (E=491 GPa and v=0.20). At this
stage, it must be noticed that effective grinding effects
from the residual stress values determined for the WC
phase should take into consideration the intrinsic
microscopic residual stresses existing between the
ceramic and metallic phases due to differences in
expansion coefficients and processing route for these
materials (i.e. sintering at high temperatures and
subsequent cooling). In this regard, and according to
literature reports using both XRD and neutron
diffraction [20, 23-25], baseline values in the range from
-100 to -500 MPa are expected for the WC phase in a
reference surface condition where machining-induced
residual stresses could be disregarded-

Flexural strength was measured to evaluate grinding-
induced effects on the fracture resistance of the studied
material. It was assessed under four-point bending with
inner and outer spans of 20 and 40 mm, respectively. For
all the surface conditions, the longitudinal section
shaped was the one subjected to the maximum stress in
bending. Before testing, the longitudinal edges of all the
specimens were chamfered. Flexure tests were
conducted using a universal testing machine (Model
8511, Instron, Ltd.) in a room-air environment. At least
twelve specimens were tested for each surface condition.

Extensive and discriminative fractography of all the
broken samples was conducted by FESEM (Model
JSM7001F, JEOL) to identify the sites of fracture origin
as well as to characterize, when it was possible, the
critical flaws. Experimental data were finally used for
evaluating the correlation between surface integrity
resulting from grinding (i.e. subsurface damage and
residual stresses state) and fracture resistance for the
hardmetal studied.

3. Results and discussions
3.1. Surface integrity characterization

Grinding is well-established as the primary abrasive
machining process for hardmetals. It involves abrasive
grits (diamond particles with sharp edges) bonded into a
wheel that rotates at high speed. The mechanism of
material removal caused by the abrasive cutting edges on
the wheel surface is basically the same as that with
cutting tools. During grinding, the WC grains are either
cracked by the high-applied (tensile) stresses of the
diamond abrasive grains, or plastically deformed by the
compressive stresses in front of the referred grains. The
relatively soft metal binder is smeared out over the
surface with the pulverized WC grains and may be partly
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removed from the surface together with the WC grain
fragments [8,26]. Roughness features for the ground and
polished conditions studied are intimately related to the
resulting surface texture. Average and mean roughness
values are given in Table 1. From the results, it can be
seen that grinding yields roughness values one order of
magnitude higher than those achieved for the optical
finish condition.

Fig. 1 shows the subsurface features associated with G
and P surface conditions. Transverse-sections were made
perpendicular to the grinding direction by FIB milling.
Microstructural changes as well as cracking are clearly
discerned for the G condition. Grinding-induced damage
is intense within a thin subsurface layer (around 400 nm)
where fragmented WC particles are the main features.
Moreover, damage is also evidenced in terms of carbide
microcracks, following either transgranular or
intergranular (between contiguous particles) paths, up to
depths of approximately 0.1 um. These findings are in
agreement with those reported by Hegeman et al. [8].
Such scenario is completely different from that observed
for the P surface condition, tagged as reference, where
any surface damage is hardly observed. Finally, G+TT
condition showed similar surface texture and subsurface
damage features to those described for the G condition.
As heat treatment does not imply any mechanical action
or crack healing, such inheritance from G condition was
expected.

The residual stresses measured at the surface level for
the three different surface conditions are presented in
Fig. 2. The grinding process leads to compressive
residual stresses of about -1.8 GPa (+ 0.2 GPa). It is one
magnitude higher than those assessed at the surface of
the reference P condition, approximately -0.1 GPa
(£ 0.1 GPa). On the other hand, similar deformation-free
state is discerned for the G+TT condition, validating
then the effectiveness of 920 °C / 1 h (i.e. temperatures
above 800 °C [19]), as high temperature annealing for
relieving mechanically induced residual stresses in
hardmetals.

In general, residual stress levels measured at the
surface of ground specimens are in satisfactory
agreement with those reported in previous studies
[8,16,27]. Although mechanical and thermal loads both
exist during grinding, the former predominates as
thermal effects are suppressed by the coolant [28]. The
origin of these residual stresses can then be understood

Table 1. Nomenclature, involved machining operations, and roughness
parameters associated with the surface conditions studied.

Condition ~ Machining operations R, (um) Ry (um)
G Diamond wheel grinding ~ 0.19+0.07 1.05+0.35
P Polishing up to optical 0.01£0.01 0.11+0.04

finish

(52 25 Fob 2013
I I

Mag= 6000 K X
48mm
500KV

e S8 = 0.0 ym

Fig.1. Surface integrity (transverse to machined surface) resulting from
different process chains: (a) G; (b) P and (c) G+TT. Fragmented
carbide particles and microcracks within grinding-induced damaged
layer, are pointed out with arrows.

by regarding the irreversible deformation, as well as
fracture, induced by a large number of isolated sharp
particle contact events during the grinding. Each isolated
elastic/plastic  contact gives rise to a radially
compressive field with tangential tension outside the
plastic zone which surrounds the contact site. As a
result, cracks form on median planes within the tensile
field, and overlap of residual fields from neighboring
damage sites in the machined surface gives rise to a
layer of compressive residual stresses [29]. This is
exactly the surface integrity scenario discerned for
ground hardmetals in this investigation. On the other
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hand, sequential removal of material (beyond the
damaged/deformed layer) by soft abrasion, i.e. gentle
polishing employing finer, looser abrasives in fluid
suspensions, yields an ideal undamaged and unstressed
reference surface condition. Similar deformation-free
state is attained by annealing at 920 °C for 1 h, which is
above the temperature (about 800 °C) when the binder
phase becomes too soft to carry any load and residual
stresses are relieved by local creep [20]. However, as
neither mechanical action takes place nor temperatures
are extremely high for any possible crack healing, the
damage inherited from grinding is retained.

As changes in the stress state at the surface may also
induce variations in nature and site of the strength-
controlling damage, assessment of residual stresses was
extended to subsurface levels. Indeed, reliable
experimental information on this key issue is scarce
[30], possibly because the quite limited penetration
depth of Cu-K,, radiation in WC (about 1-3 um) requires
sequential material removal and corresponding XRD
analysis for attaining a depth profile of the residual
stress. This was performed here by mechanical (and
quite gentle) polishing using 1 um diamond suspension.

The depth resolved residual stress profile for the G
surface condition is given in Fig. 3. Very interesting, a
ground-related compressive stress state (i.e. above -300
MPa) is assessed to persist at the subsurface down to
depths as large as 12 um, i.e. well beyond the thickness
estimated for the deformed/damaged layer. Such a
finding is in agreement with results recently published
by Denkena et al. [30]. The compressive stress profile
describes a rather smooth variation (30% lessening) in
the first 6 um depth, pointing out an overcompensating
effect to the undesirable damage concentrated in the
layer just below the surface. On the other hand, it
exhibits a rather rapid change from about -1.3 GPa to
baseline values (-0.3 GPa approximately) within the next
6 um depth range. The effective influence of this

G P G+TT

-300 4
-600 +
-900 4

-1200 4

c,..(MPa)

-1500 4

-1800 4

-2100 4

Fig. 2. Residual stresses at the surface for G, P and G+TT conditions,
measured by X-ray diffraction in the tungsten carbide phase using the
(211) reflection and Cu Ka radiation.
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compressive layer, regarding magnitude and depth
profile, on the strength of ground specimens will be
discussed below.

3.2. Grinding effects on flexural strength

Mean and standard deviation values (o), as well as
Weibull parameters (characteristic strength o, and
modulus m) for the flexural strength of the surface
conditions investigated are shown in Fig. 4. It may be
stated that strength of the hardmetal studied is enhanced
by grinding, as compared to the intrinsic one measured
for the P reference condition. On the other hand, such
strength increase is completely lost after annealing the
ground specimens. Hence, measured flexural strength for
the G+TT condition yields strength values even lower
than those determined for the P condition, although
differences between both surface conditions may not be
accounted as statistically significant. Considering that
grinding has been found to induce relevant compressive
stresses at the surface (where maximum stress is applied
in bending tests), a strength increase was somehow
expected. However, and in agreement with previous
findings by other authors [16, 17], it should be noticed
that improved behavior is relatively lower than the one
estimated by assuming simple superposition of residual
stresses to the applied stress, on the basis that critical
flaws are linked to induced surface damage.

Regarding Weibull analysis of the experimental data,
as expected, o0 (stress value for a failure probability of
63.2%) values are higher than those corresponding to of,
(failure probability of 50%). More interesting is the
finding of a significantly higher m value for the G+TT
condition (close to 30) as compared to those determined
for G (12.7) and P (5.4) conditions. Higher m values are
the result of less scattered data, and this is directly

Depth from surface (um)
0 0 2 4 6 8 10 12

/.

-300 1
-600 4
-900 4

-1200 ~

s_(MPa)

res

-1500 /{
-1800 +

1/

-2100 +

Fig. 3. Depth resolved residual stresses profile measured (in WC
phase) for the G surface condition.
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Flexural strength (MPa)

P
Surface conditions

Fig. 4. Flexural strength o, characteristic Weibull parameters: 6, and
m for surface conditions studied.

related to how narrowly the failure scenarios among the
tested specimens vary.

Aiming to provide additional information for analyzing
surface integrity - strength correlation, extensive
fractographic analysis of all the broken specimens was
conducted. The main goal behind this was to identify the
type and location of flaws governing the strength of the
cemented carbides for each of the surface conditions
studied. FESEM micrographs showing typical examples
of failure initiation sites for G, P and G+TT surface
conditions are given in Fig. 5. Several observations may
be listed. First, for both G and P specimens fracture
initiation sites are always associated with intrinsic
processing flaws (pores or large carbides) with sizes of
about 10-20 pm. Second, while flaw location for the P
condition is rather undefined (i.e. at the surface or close
to it at variable depths), for the G specimens it is always
at the subsurface. Third, subsurface critical defects in G
specimens are usually located deeper (always beyond 10
um and in some cases even down to 300 pm from the
surface) than in P samples. Fourth, identification of
discrete critical flaws for G+TT specimens is scarcely
achieved, although its location is clearly discerned at the
surface and affiliated to grinding-induced damage.
Moreover, this fractographic analysis is quite compelling
as they reveal that enhanced strength measured for
ground specimens is not a direct effect of the induced
compressive stresses (i.e. simple superposition of stress
fields acting on generated surface damage) but rather an
indirect one associated with changes promoted by them
on the effective location of the strength controlling flaw
(from surface into subsurface levels). This statement is
supported by the results documented for the G+TT
condition, where it is evidenced that grinding-induced
surface damage becomes critical if compressive residual
stresses are relieved by heat treatment.

Finally, it should be underlined that fractographic
findings just described are also basic for understanding

Fig. 5. FESEM micrographs of failure initiation sites: intrinsic
processing defects at depth around 260 pum for G specimen (a) and at
near the surface for P sample (b); and grinding-induced surface
damage for G+TT specimen (c).

the statistical (Weibull) behavior presented above. In
general, Weibull modulus is directly associated with
how variable nature, size, geometry and location of
critical defects are. Hence, the relatively high m value
for the G+TT condition is clearly associated with well-
defined and uniform (from specimen to specimen)
grinding-induced damage features being always
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responsible for failure. On the other hand, the rather low
Weibull modulus exhibited by the P condition is the
result of the intrinsic variability on microstructural
heterogeneities for the hardmetal studied, including their
nature, geometry and location (e.g. elongated versus
rounded pores, the former randomly oriented, located
either at the surface or in the bulk). Such dispersion is
decreased for the G surface condition (higher m value
than for P condition) as the high compressive residual
stresses induced by the grinding process not only impose
all strength-controlling flaws to be uniformly located (in
the bulk) but also rise the mean strength value used as
reference for evaluation of relative variability of the
determined data.

4. Conclusions

The present study focused on the assessment and
understanding of grinding effects on surface integrity
and flexural strength of a fine-grained WC-13%Co
hardmetal grade. The main findings are summarized as
follows:

1. Surface integrity of the hardmetal studied is
strongly affected by grinding: generation of a thin
deformed/damaged layer containing fragmented carbides
and microcracking; and introduction of a relevant
compressive stress field with maximum levels close to
-2 GPa at the surface and extended (although decreasing
with depth) until subsurface levels of about 12 um.
Subsequent annealing at 920 °C for 1 h effectively
relieves the machining-induced compressive residual
stresses but without any beneficial effects on the
damaged surface layer.

2. Ground specimens exhibit a noticeable strength
enhancement, as compared to the values determined for
the reference P condition. However, improved
mechanical behavior is relatively lower than the one
estimated by assuming simple superposition of residual
damage and externally applied stresses on generated
surface. On the other hand, the experimentally measured
strength increase is lost after relieving the surface
compressive residual stresses by heat treating the ground
samples.

3. Extensive inspections of fractured specimens reveals
that enhanced strength measured for ground specimens
mainly results from grinding-induced changes on
effective location, from surface into subsurface levels, of
the strength controlling flaw.
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Abstract

Ground hardmetals are exposed to high temperatures during both processing (e.g. coating deposition) and use (e.g. as a cutting tool). However,
studies on thermally induced changes of surface integrity are limited. Here we address this by means of FIB/FESEM and EBSD investigation,
with special focus on the binder phase characterization. Our findings indicate that thermal treatment causes two main surface modifications. First,
an unexpected microporosity appears in the binder within the subsurface layer when ground surfaces are heated. Second, the metallic phase
underneath the ground surface experiences metallurgical changes, in terms of grain and crystallographic phase structures. The mechanisms
responsible for these modifications of the binder are discussed in terms of grinding-induced and thermally-reversed phase transformation as well
as recrystallization phenomena. We also note that no additional heat treatment related changes such as microcracking and carbide fragmentation

in the subsurface layer, are discerned.

© 2016 The Authors. Published by Elsevier B.V.
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1. Introduction

WC-Co cemented carbides, often termed as hardmetals, are
composite materials containing ceramic particles embedded in
a metallic binder. As a result of such unique combination, they
exhibit excellent mechanical and tribological properties, such
as high hardness, strength, fracture toughness, and wear
resistance. In modern industry, hardmetals serve as the
backbone material for cutting and metal-forming tool
applications [1,2].

Due to its relatively high hardness, diamond wheel grinding
is commonly applied to machine hardmetal tools and
components. As a consequence of such abrasive operation, it is
now established that surface integrity of cemented carbides is
altered, particularly in terms of surface texture, subsurface
damage and residual stress state; and thus, mechanical and
tribological performance are also affected [3,4].

During both processing (i.e. coating deposition) and
effective operation of hardmetal tools, large amount of heat is

2212-8271 © 2016 The Authors. Published by Elsevier B.V.

typically generated [2,4,5]. For instance, temperatures at the
cutting edge of inserts during machining may reach values
ranging from 650°C to 1200°C [5,6]. Such high temperatures
could result in material degradation and affect the tool life.
Within this context, it is essential to study how the surface
integrity is affected by grinding and a subsequent exposure to
high temperature.

The mechanical properties of WC-Co cemented carbides,
such as toughness and fatigue, are strongly dependent on the
local mechanical response of the metallic binder phase (even
though it is the minority phase) [7]. In grinding-related studies,
however, no special attention has been considered on possible
alterations taking place in the binder, as compared to those
occurring in the hard/brittle carbides and the global damage
such as, e.g., microcracks that develop both at the surface and
subsurface levels.

In this study, the main objective has been to evaluate
thermally induced effects on the surface integrity of ground
hardmetals with emphasis on the microstructural and
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metallurgical changes induced within the binder. It should be
noted that the relief of grinding-induced compressive residual
stresses, by means of thermal annealing, is not addressed in this
investigation. Related to this issue, the authors has reported on
studies concerning mechanical strength, scratch resistance and
contact damage response of hardmetals elsewhere [8-10].

2. Experimental details

The hardmetal studied in this work is a WC-13wt.% Co
grade with a carbide mean grain size of about 0.7 pm. Fig. 1
schematically outlines the process steps used to obtain the
different surface finish variants investigated. The grinding
operation using a diamond abrasive wheel and coolant followed
an industrial protocol, commonly implemented for inserts by
SECO Tools AB. The resulting surface condition is referred to
as G in this study. To assess thermally-induced changes of the
ground hardmetal surfaces, some G specimens were heat-
treated at 920 °C for 1 h in vacuum [11,12]. The ground and
thermal treated condition is referred to as GTT.

Subsurface features of the two conditioned samples were
examined using a dual beam Zeiss Neon 40 work station,
equipped with focused ion beam (FIB) and field emission
scanning electron microscopy (FESEM). A series of cross-
sections orthogonal to the grinding surface were FIB-milled,
and imaged by FESEM.

In order to explore more details about the deformation
phenomena within the binder phase, electron back scattered
diffraction (EBSD) was used to inspect the cross-sections.
EBSD data acquisition was conducted using a Zeiss Supra 40
high resolution SEM, using 20 kV voltage. In doing so, the
specimen was tilted 70° against the electron beam. Data was
collected across an area 30 x 20 um? in size with a step size
ranging between 31 - 35 nm. Crystallographic phase maps were
then constructed by employing the Channel 5 software.

3. Results and discussions

Grinding is a severe abrasive process, involving thousands
of diamond grains with sharp edges cutting the workpiece
surface. Meanwhile, the ascribed thermal effect is inhibited by
the cooling lubricant. The corresponding subsurface damage
scenario may be assessed by direct examination of FIB-milled
transverse-sections, perpendicular to the grinding direction
(Fig. 2). A well-defined thin (in-depth) surface layer, highlight-
ed by dashed white lines, is clearly distinguished for the G sur-

Hardmetals  —> E&ULGIEGEIRUEHTTES —> BNE

md GTT

Fig. 1. Scheme of material removal and thermal annealing processes followed
for attaining the surface finish variants studied.

200 nm

200 nm
|
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-

Fig. 2. FIB cross-sections showing subsurface damage: (a) G; and (b), (c) GTT.
Cracks following either WC/Co interface or transgranular paths are indicated
by red and yellow arrows in (a) and (b), respectively. Subsurface layer
containing fragmented WC grains and smeared Co phase is identified, from the
underneath bulk material, by dashed white lines. Dashed rectangle at the left
bottom corner in (b) is the enlarged view of the dashed rectangle at the left top.
Black outlined arrows in (a) and (c) point out the representative Co region to
highlight its morphology features, respectively.
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face condition (Fig. 2a). It includes fragmented carbides,
microcracks and smeared binder. Crack paths are identified to
be either WC/Co interfaces (red arrows) or through WC-grains
(yellow arrows).

Thickness of the referred layer as well as cracking scenario
are not affected by the subsequent heat treatment (Fig. 2b). This
is somehow expected since heat treatment does not imply any
mechanical action. However, one distinct change discerned in
the GTT condition is the presence of microvoids within the
subsurface layer, as indicated by the dashed rectangle in Fig.
2b. A closer examination reveals that those microvoids are
localized in the binder phase. Besides the apparent subsurface
features described above, another significant difference
between G and GTT specimens relates to the morphology of the
binder phase underneath the surface layer. Aiming to clarify
this issue, another cross-section image of GTT Fig. 2c,
containing a relatively larger area fraction of the metallic binder
than the one presented in Fig. 2b, was chosen to highlight
deformation features within this phase. The Co phase exhibits
severe plastic deformation in the ground sample, especially at
the near surface region. It is evidenced by pronounced image
contrast at length scales smaller than the binder thickness
between the carbide grains (e.g. binder regions pointed out by
black outlined arrows in Fig. 2a). Main reasons for the referred
image contrast may be either formation of subgrains or
existence of regions with high density of deformation features,
including slip and twinning traces, as well as induced phase
transformation from the metastable fcc structure to the stable
hcp one. Nevertheless, detailed information for supporting such
hypothesis  requires  additional  transmission electron
microscopy analysis which is out of the scope of this study. In
general, this is observed within a subsurface region deeper than
the one where cracks are detected. The WC phase is also
expected to deform accordingly, in agreement with the residual
stress profile (down to depths as large as 12 um) reported for
this surface state [8]. This deformation morphology of the
binder phase vanishes after thermal annealing. Instead the Co-
phase display a larger lath-like structure, indicating
metallurgical alterations in terms of phase transformation and
recrystallization [13-15]. Moreover, these changes are also
postulated to be responsible (at least partly) for relief of the
grinding-induced residual stresses.

Phase transformation resulting from thermal annealing is
directly supported from EBSD phase mapping of the Co phase
for G and GTT specimen (Fig. 3). In the band contrast map of
EBSD patterns, WC grains are presented in greyscale, whereas
the red and blue color scales are applied to show the pixels
indexed as fcc and hcp Co phases, respectively. It is found that
grinding-induced phase transformation, from original fcc into
hcp phase is concentrated in a 5 um thick subsurface region
(Fig. 3a). The situation is reversed in the GTT specimen
(Fig.3b). Within this context, it should be highlighted that such
phase transformation is accompanied by a slight (anisotropic)
volume change from one crystal structure to another. Based on
these observations we propose that this phase transformation
together with the expected recrystallization (at 920 °C for a he-
avily cold-worked material with melting temperature around

Fig. 3. EBSD phase map overlapped to the band contrast map for the metallic
Co binder with red and blue colors denoting the fcc and hcp Co phase,
respectively, for samples with two different surface finish: (a) G and (b) GTT.
Scale marker = 10 pm.

1330 °C), as the main reasons for the microvoid formations
within the binder phase. This is supported by recalling that
microvoids are only found in the severely deformed surface
layer of GTT specimens and the close similarity between the
size of the microvoids and grain substructure within the binder.
From a performance viewpoint, such microvoids may be
detrimental especially under service conditions involving high
temperature and tribomechanical exposure, as then creep-like
phenomena could also become operative. Similar systematic
study has not yet been conducted in cutting tools after being
subjected to working conditions, although research in this
direction is currently under progress. However, above ideas are
somehow validated by the findings of Denkena and
Breidenstein [16,17] on cohesive damage, i.e. flaking of the
coating with adhering substrate material of PVD-coated
hardmetal. This failure mode is different from the adhesive one,
i.e. simple flaking off of the coating material. In this regard, the
explanation of cohesive failure of ground and coated tools,
observed by them during cutting tests, should not only consider
residual stress distribution issues, but rather the combined
effect of all the thermal-induced surface integrity changes here
reported.
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4, Summary

The influence of thermal treatment on the surface integrity
of ground WC-Co hardmetals has been investigated. In doing
so, advanced characterization techniques such as FESEM, FIB
and EBSD have been employed. It is found that thermally
induced effects are localized in the binder phase and within a
thin subsurface layer. They are described in terms of emergence
of an unexpected microporosity together with metallurgical
alterations: development of a recrystallized subgrain structure
and reversal of a grinding-induced phase transformation. We
suggest that these phenomena are related to each other. On the
other hand, grinding-induced damage such as microcracking
and carbide fragmentation is not affected by exposing the
hardmetal to high temperature.
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1. Introduction

WC-Co cemented carbides, often simply termed as hardmetals, represent the backbone of the tool
manufacturing industry [1]. They exhibit exceptional combinations of hardness, toughness,
strength and wear resistance, which are the result of the different properties of their two
interpenetrating constituents: hard and brittle tungsten carbide, and soft and ductile cobalt-base
binder [2-5].

Hardmetal tools are produced through a powder metallurgy, liquid-phase sintering route. In the
case of cutting tools, the final product usually includes machining to the desired geometry and
coating deposition to achieve improved wear resistance during service [6-8]. Diamond wheel
grinding has been the industrial primary choice for machining the hardmetals. It involves an
intensive abrasive action that introduces alterations at the surface and subsurface levels: damage,
residual stresses as well as microstructural and metallurgy changes [9-11]. On the other hand,
surface integrity inherited from grinding may be further modified during ion etching (surface
cleaning step prior to deposition) or film deposition. In both cases the surface is subjected to
bombardment of energetic ions, which may affect both the hardmetal substrate and the deposited
coating [12, 13]. Investigating and understanding the specific surface integrity changes ascribed
to each manufacturing stage; and in turn, their effect on mechanical and tribological properties,
are critical for defining the final performance and relative manufacturing cost of cutting tools
[6,7,14-17].

It is well-established that strength of hardmetals results from the fracture mechanics correlation
involving fracture toughness (intrinsic property directly related to microstructure) and critical flaw
size (e.g. refs. [3,18-21]). It includes consideration of the effective stress state acting on the failure-
controlling defect, which depends on the nature and location of the existing flaws. However,
investigations addressing the influence of machining, either abrasive (grinding) or non-abrasive
(e.g. electrical discharge machining), on strength of cemented carbides are rather scarce [22-27].
Studies reporting the combined influence of grinding and coating on induced changes in residual
stress state, adhesion strength, and contact damage resistance exist [16,28-31]. However,

information of how grinding and coating collectively affect the fracture resistance is limited for
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these materials [32,33]. In this paper we report a systematic approach to assess the influence of
grinding and subsequent coating on the flexural strength of a WC-Co cemented carbide grade.
Four different surface finish conditions were characterized with respect to surface integrity and
fracture resistance. The rupture tests were evaluated by fractographic analysis on both uncoated

and coated samples.

2. Experimental Details

The WC-Co hardmetal studied in this work comprises 13 wt.% metallic binder content and a mean
carbide grain size of 0.7 um. The Vickers hardness (HV30) and fracture toughness (Kic) of this
material are 14.8 GPa and 11.2 MPaVm, respectively [34]. Test specimens were manufactured as
bars with the dimensions 4 x 4 x 53 mm?2. Prior to coating deposition, four substrate surface finish
conditions (applied on the 4 x 53 longitudinal side) were prepared: as sintered (AS), ground (G),
polished (P) and ground plus thermal treatment (GTT). The G condition was obtained by means
of conventional abrasive diamond wheel grinding of AS samples, and using a liquid coolant to
prevent heat generation. The P surface finish results from further and sequential material removal
stages, using diamond-containing discs, diamond suspensions down to 3 um, and a final step with
a 45 nm silica colloidal suspension. The GTT condition was attained by annealing several G
specimens in vacuum at 920 °C for 1 h [2,22,36,37]. TiN coating was deposited on all the
substrates, independent of surface finish condition, using an industrial scale MZR323 reactive
cathodic arc evaporation system. Prior to deposition, all the specimens were ultrasonically cleaned
in an alkali bath and alcohol followed by sputter cleaning using ~500 eV Ar-ion etching. The arc
deposition was conducted from pure Ti-cathodes in a N2 atmosphere (2 Pa) using a substrate bias
of -50 V, and a substrate temperature of 450 °C.

The surface integrity was evaluated in terms of surface roughness and topography, subsurface
damage, and residual stress. Roughness was recorded with a stylus type, surface texture measuring
system (Model Surftest SV512, Mitutoyo) for each substrate surface finish (AS, G and P) and each
individual step of the manufacturing chain, i.e. after abrasive material removal (uncoated), ion

etching, and coating deposition. Roughness parameters Ra (arithmetic deviation from the mean
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line through the complete profile) and Ry (maximum profile height) were assessed. Confocal laser
scanning microscopy (CLSM, Lext OLS3100 Olympus) and field emission scanning electron
microscopy (FESEM, model JEOL JSM-7001 F) were used to measure the surface topography.
Examination of subsurface features was conducted on cross-sections milled with a focused ion
beam (FIB) Zeiss Neon 40 system. Residual stress was measured by x-ray diffraction (XRD) in
the WC phase (211 reflection, v = 0.2 and E = 491 GPa) of the substrate surface and the TiN
coating (220 reflection, v = 0.2 and E = 424 GPa), using a Panalytica Empyrean four-circle
diffractometer, Cu-K, radiation, and the sin®y method [27,29]. Although the biaxial residual
stresses were only measured in the WC phase, the results represent a good approximation for the
surface grinding-induced deviatoric macrostress [9,35,38]. Based on previous reports [39-42],
microstress values in the range from -100 to -500 MPa are to be expected in the WC phase, which
are caused by the differences in elastic properties and coefficient of thermal expansion between
WC and the binder. The expected small changes in microstress caused by machining and coating
are implicitly captured in the biaxial stress state measurements.

Mechanical tests were conducted to evaluate the correlation between surface integrity and flexural
strength of all the specimens studied. The strength was measured with a fully articulating jig fixture
in a four-point bending configuration, with inner and outer spans of 20 and 40 mm, respectively.
The longitudinal section with the surface finish of interest was the one subjected to the maximum
tensile stress. Flexure tests were conducted using a universal testing machine (Model 8511, Instron,
Ltd.) in a room-air environment. Before testing, the longitudinal edges of all the samples were
beveled. A variable number of specimens, between five and thirteen, were tested for each surface
condition. Finally, extensive and discriminative fractography was conducted by optical method
and FESEM. For each specimen, possible fracture initiation sites were first traced back, at low
magnification, from sequential sets of fracture surface markings. Particular areas of interest were
then examined at higher magnification in order to characterize, when it was possible, strength-

limiting flaws.
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3. Results and Discussion

3.1 Surface integrity changes associated with sequential grinding, ion-etching and film deposition

Grinding may induce significant alterations in the surface integrity of materials, including
cemented carbides. Both mechanical and thermal loads are involved; the later ones being often
suppressed by using a coolant. These changes may include plastic deformation, microcracking,
phase transformations and residual stresses generation at both surface and subsurface levels [9-
11]. Additional changes are induced during the subsequent ion etching and coating deposition
process steps, yielding a new surface condition [7,16].

The influence of these different manufacturing stages on roughness, subsurface integrity and
residual stress state has previously been reported for the hardmetal grade studied [29,30]. The main
findings related to grinding may be summarized here. Surface roughness was strongly affected
with resulting Ra and Ry values being smaller than the relatively high initial values exhibited by
the AS surface finish, but one order of magnitude higher than those obtained after polishing (P
condition). Meanwhile, presence of a topographic texture emerged, associated with unidirectional
groove-like features induced by the relative movement of the grinding wheel with respect to the
hardmetal substrate. Regarding grinding-induced damage and residual stresses, Fig. Al.l
illustrates them using the same depth scale. On one hand, microcracked carbides embedded in a
heavily deformed metal binder are found within a subsurface layer of about 1 micron in depth. On
the other hand, compressive residual stresses are discerned from the surface into depths well-
beyond the thickness estimated for the deformed/damaged layer. Such residual stresses are not
homogeneously distributed, as they gradually decrease from -1.8 GPa at the surface to baseline
values at depths about 10-12 microns. Finally, surface integrity of GTT specimens corresponded
to a damage scenario inherited from G samples, but free of surface and subsurface residual stresses.

Concerning the subsequent ion etching and coating process steps, a significant roughness increase
for coated P specimens was observed with levels similar to the ones assessed after grinding. It is
related to presence of macroparticles in the TiN film, introduced during the cathodic arc
evaporation process [43]. Fig. Al.2 presents FIB-milled cross-section view of a ground, ion-

etched and finally coated hardmetals. Although ion etching removes material from the surface,
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Fig. A1.1 Schematic graph showing thickness of subsurface layers where grinding-induced
damage and residual stresses are evidenced. Dashed line indicates the deepest location where
microcracks are observed. Note that grinding-induced residual stresses extend well beyond the
thickness estimated for such deformed/damaged layer.
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Fig. A1.2 Cross-section view of a ground, ion-etched and finally coated hardmetal. Note that FIB

milling was made perpendicular to the grinding marks, and grinding-induced damage is pointed

out with arrows.

grinding induced damage in terms of microcracks was still apparent after coating deposition. This

was also the case for surface texture originally produced by grinding.

Significant changes of the surface residual stress levels at the WC-Co substrate were observed and
associated with ion etching and coating processes. Values measured in the WC phase, at the surface
level of substrate, for each surface condition and coating process step: uncoated; ion-etched (+I-
E) and coated (+C), are given in Fig. A1.3. As observed, during ion etching, the grinding-induced
stress is reduced about 50 % (down to -0.9 GPa), as a combined effect of material removal and
thermal treatment during etching. Residual stress values further decrease after the coating process
due to the combined effect from extended thermal exposure and stresses caused by the difference
in coefficient of thermal expansion between substrate and coating. On the other hand, baselines
values (lower than -0.3 GPa) measured for all the AS and P specimens (uncoated, ion-etched and
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coated) point out that residual stresses at the substrate surface for these two variants can be
neglected. This is also the case for all GTT-related specimens, as referred above. Coated P and
GTT samples exhibit a residual stress level slightly lower than the ones prior to coating. It could
result from internal balance of the residual stress state at the interface level, where the high intrinsic
compressive residual stresses assessed for the TiN film (about -3.3 GPa, independent of surface
finish) may play an important role [15,16]. This balance effect may also contribute to the lower
residual stresses for coated G specimens, in addition to the referred stress annihilation due to

thermal effect during coating.
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Fig. A1.3 Residual stresses measured in the WC phase at the hardmetal surface (uncoated and ion-
etched [I-E] conditions) or at the interface level (coated [C] variants) associated with different

hardmetal surface finish conditions: AS, G, P and GTT.
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3.2 Coating deposition effects on fracture behavior of ground hardmetals

Mean and standard deviation values for the flexural strength (or) of all the surface variants
investigated are shown in Fig. Al1.4. AS and P samples are considered to display the intrinsic
flexural strength of the hardmetal here studied, since neither surface damage nor additional surface
residual stresses exist for these conditions. The G specimens exhibit a noticeable enhancement of
the flexural strength compared to that of the AS and P samples. This behavior is in good agreement
with previous studies on uncoated ground specimens [23,25]. In the referred studies, the strength
enhancement was directly related to the high compressive surface residual stresses. However, the
as-measured strength enhancement in this study is less than what was expected from estimations
made by assuming a superposition of residual and externally applied stresses acting on the existing
surface defects introduced by grinding.
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Fig. ALl.4 Flexural strength of uncoated (blue columns) and coated (yellow columns) WC-Co

specimens, corresponding to the different surface conditions studied.
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Fig. AL.5 FESEM micrographs of representative failure initiation sites for uncoated specimens:

(@) internal large carbide grain for G sample, (b) surface pore for P sample, and (c) grinding-
induced surface damage for GTT sample (indicated by arrows).

After the ion etching and coating processes, the ground and coated specimens show lower flexural
strength values than the uncoated ones. The decay in strength is expected since the grinding-
induced surface residual stresses is reduced during sputter cleaning and film deposition (Fig.
Al.3). However, the reduction of residual stress does not match with the difference in flexural
strength for the corresponding uncoated and coated samples. The strength for the AS and P samples
does not change after ion etching and coating deposition. In addition, a significant increase of
strength was detected for the etched and coated GTT samples, even though the residual stress of
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Fig. A1.6 FESEM micrographs of representative failure initiation sites for coated samples: (a)

damage-like flaws located at the surface hardmetal substrate for coated G sample (indicated by
arrows); (b) intrinsic pore near the surface for coated AS sample; and (c) grinding-induced surface
damage for coated GTT sample (indicated by arrows).

hardmetal surface for the GTT surface condition was unaffected by etching and coating deposition.
Nevertheless, the strength for coated GTT samples was still found to be lower than that of the
coated G samples. These facts emphasize the beneficial role of the originally grinding-induced

residual stresses, remnant after ion etching and coating (about -0.9 GPa).
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A systematic fractographic examination of all the broken pieces from the rupture tests was
conducted. It was done in order to improve the understanding of surface integrity by identifying
the nature and location of the flexure strength controlling flaws for the different surface condition
used in this study. Overall, with the objective to understand the ion-etching and coating effects on
flexure strength, a baseline of the behavior for the uncoated specimens needs to be established.
Fractography results for uncoated G, P and GTT samples have previously been reported [27].
Representative failure scenarios are given in Fig. AL1.5, and can be summarized as follows: (1) for
G and P specimens, failure initiation is always associated with intrinsic processing flaws (pores,
inclusions or large carbides); (2) for G samples, critical flaws are always subsurface located (at
depths between 10 and 300 pum); (3) for P specimens, the location of critical defects is undefined
since they are found either at or below the surface for different specimens; and (4) for GTT
specimens, failure initiation site is clearly located at the surface, while discrete critical flaws cannot
be determined since they are embedded within larger areas of grinding-induced damage. The
failure scenario for the AS specimens is similar to that for the P samples. By combining the residual
stress and flexural strength measurements with the above failure scenarios indicate that the
improved strength for the G specimens mainly results from an effective shift in location of the
failure controlling flaws from the surface to subsurface levels. This is further validated by the fact
that, once the residual stresses are relieved by a subsequent annealing (GTT), the location of the
flaw initiating failure is shifted back to the surface and correlated to grinding-induced damage, i.e.,

the fracture is initiated where maximum tensile stress is applied during the bending test.

Fig. AL1.6 shows the nature and location of critical flaws for coated specimens with the different
surface finish condition. Several observations may be highlighted. First, different from the typical
scenario found for uncoated G samples, only a few coated specimens display critical flaws located
at the subsurface level, and instead locations at the surface dominates, i.e. at the interface between
the substrate and coating. It means that the failure scenario of the coated G specimens is similar to
the one seen for uncoated GTT specimens (Fig. Al.6a). Hence, the lower strength observed for
coated G specimens is related to the change in nature and location of the critical flaws. This is not
the case for AS and P samples, where intrinsic processing defects (pores or inclusions), located at
either the surface or subsurface are still the flaws controlling strength (Fig. Al.6b). As a

consequence, the effects of applying a coating on the flexural strength of AS and P samples are
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negligible. Finally, coating deposition does not seem to affect the nature and location of the critical
flaws for GTT specimens, i.e. they remain linked to grinding-induced surface damage (Fig. Al1.6c¢).
However, a slight strength increase for coated GTT samples was measured. Considering that both
uncoated and coated GTT samples did not exhibit any difference in surface residual stress, the
observed strength increase should be rather ascribed to factors intimately associated with the
presence of the TiN-coating, i.e. a dense film with high compressive stresses within the coating
layer, the extremely good adhesion existing on the studied coating-substrate systems [29], and a
geometry-related less severe nature of the effective critical flaw [32].

4, Summary

A systematic experimental test program was conducted to assess the influence of grinding surface
pretreatment and the subsequent application of an arc-deposited TiN coating on the flexural
strength of a fine-grained WC-Co substrate. Four different surface pretreatment conditions were
considered, i.e. as sintered (AS), ground (G), polished (P), and ground plus high temperature
annealing (GTT). It was found that ion etching and coating stages clearly affect surface integrity
previously induced by grinding. In this regard, removal of material from the surface during ion
etching, extended thermal treatment, and the presence of a coating resulted in a significant residual
stresses decrease (about half of its original value). However, damage induced by grinding was not
completely removed, and some microcracks were still left on the substrate surface (close to the
interface). On the other hand, high temperature annealing (GTT) yielded a complete relief of the
grinding-induced residual stresses, but without inducing any additional change in terms of existing

microcracks and depth of the damaged layer.

The flexure strength enhancement observed for ground WC-Co, as compared to AS and P
conditions, was partly lost for the corresponding coated specimens. The coating effect on strength
was correlated to the reduction of residual stress level triggering a shift in the location of the critical
flaw from the subsurface to the surface region. This was not the case for AS and P specimens,
where strength was always controlled by intrinsic defects for both uncoated and coated specimens
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indicating that the effect of ion-etching and film deposition on flexural strength was negligible for
these conditions. However, after etching and coating, a small increase of the fracture resistance
was observed for the GTT treated WC-Co (the condition that most closely mimics the situation of
a cutting tool in operation) and interpreted as a beneficial effect of the deposited film on the surface
residual stress state. As a final result, the differences in fracture resistance ascribed to changes of
the grinding-induced surface integrity were effectively reduced during the ion etching and coating

processes.
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3D FIB/FESEM tomography of grinding-induced damage in WC-Co

composites
Annex 2
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1. Introduction

As described in chapter 3, the fact that grinding induces damage in hard and brittle materials is
well-established. In this regard, extensive research conducted on fracture origins in single crystal
and polycrystalline ceramics points out the existence of a dual population of cracks, oriented
approximately perpendicular and parallel, respectively, to the grinding direction [1-3]. This
anisotropy in terms of damage can result in quite distinct strength values, as a ground workpiece
is stressed in various directions. However, literature information about nature and distribution of

grinding-induced microcracks in cemented carbides is scarce [4].

Over the past years, focused ion beam combined with scanning electron microscope (FIB/SEM)
systems have emerged as a useful advanced technique for characterizing microstructure, surface
modification and deformation/damage in a wide range of materials. It has shown to be extremely
versatile for preparation and direct observation of structural cross-sections as well as transmission
electron microscope (TEM) and atom probe tomography (APT) specimens, generation of
microstructural data, and nanofabrication of devices [5-8]. In the case of cemented carbides, it has
been successfully implemented for quantifying microstructure, evaluating tribological and

mechanical phenomena, and assessing fatigue crack growth and corrosion behavior [9-14].

Grinding-induced damage in WC-Co using cross section view by FIB milling has been previously
reported [15-18]. However, detailed information about crack distribution and microstructure-
damage interaction cannot be captured from inspection of single cross-sections. On the other hand,
FIB has recently shown to be a suitable technique for three-dimensional (3-D) image
reconstruction of small-scale scenarios [11,13,14]. This is related to its ability to perform site-
specific and sequential SEM cross-sections. Compared to other conventional sectioning methods,
such as x-ray-, TEM-based and atom probe tomography, FIB-based protocols require little or no
specimen preparation, and is readily applicable to a wide range of materials. Moreover, it permits
to be combined with other advanced techniques, such as electron dispersive spectroscopy (EDS)
or electron back scattered diffraction (EBSD), to provide chemical and crystallographic data in 3D
[19].
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Following the above ideas, it is the purpose of this study to implement FIB tomography, i.e. serial
SEM imaging and subsequent 3D reconstruction and visualization, for examination of specific
grinding-related damage issues. In doing so, special attention is paid to study and document the
distribution and orientation of the induced cracks as well as the corresponding microstructure-

damage interaction.

2. Experimental Details

The hardmetal studied in this work is a WC-13 wt.%Co grade with a carbide mean grain size of
0.7 pum. Grinding was done following an industrial routine commonly applied by SECO tools. It
was implemented by means of a commercial diamond abrasive wheel, with coolant ejected

simultaneously such to minimize heat generation.

Grinding-induced subsurface damage was inspected using a dual beam Zeiss Neon 40 work station
equipped with foused ion beam and eletctron beam. The focused ion beam was used to sequential
milling, whereas the electronic beam took images of 2D x-y serial sections (Fig. A2.1a). Before
ion milling, a platinum layer was deposited on the region of interest to prevent re-deposition,
erosion and curtain effects during milling (see Fig. A2.1b). A frontal trench was opened using the
ion beam for generating a cross-sectional surface (normal incidence to the sample surface and
grinding groove direction). Afterwards, periodical removal of the material by FIB serial cutting
was done, within the region underneath the Pt layer parallel to the cross-sectional surface. A 10 x
10 x 10 um? volume was ion milled and about 500 2D cross section images were taken. Grinding-
induced microcracks were identified and traced in each 2D image. Then, based on the batches of
serial images, a 3D reconstruction of the damage scenario was realized, using commercial Avizo
software. Image processing consisted of different steps: image alignment, implementation of
several filters to improve image quality as well as differentiate the three regions (WC, Co, and

cracks), and final assignment of specific colors to each phase.
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Fig. A2.1 (a) Schematic of FIB serial sectioning process; and (b) SEM image of frontal trench
opened by FIB. Note that Pt deposited square area is the region being serial sectioned later.
Grinding direction is marked by a white arrow.
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3. Results and Discussion

3.1 Subsurface features: 2D analysis

Fig. A2.2 shows a series of representative cross-sectional images. It should be noticed that grinding
direction is orthogonal to the screen in this configuration. Several observations may be highlighted
from inspection of these 2D images. First, grinding damage is localized within a superficial layer
of approximately 200-400 nm in thickness, containing pulverized WC grains and smeared Co
phase. This observation is in good agreement with those reported by Zufiega et al. [20]. In such
study, a tribolayer composed of fragmented nano-sized WC grains embedded in a Co metallic
matrix was generated as a consequence of multi-scratch testing, using a diamond indenter. Such
tribolayer was reported as a completely novel finding and was speculated to exist as a possible
protective layer or self-healing mechanism for the WC-Co hardmetals when abraded at very low
speeds at room temperature. The protective and/or self-healing description was coined, because it
seemed to be helpful in arresting further extension of the discerned damage into the bulk material
underneath the tribolayer [20]. Second, microcracking was identified to follow different
microstructural paths: either WC/Co interfaces (black arrows) or transgranular within the carbide
phase (white arrows), the former being more predominant than the latter. Similar findings to those
identified after grinding have been reported under abrasive wear in previous studies. For instance,
systematic microscopic examination of rock drilling WC-Co tool bits has been done and the results
pointed out that abrasive wear occurs by preferential removal of the cobalt metal binder from
between the WC grains, followed by carbide spalling mainly by intergranular fracture [21]. Third,
close inspection of the subsurface, just beneath the subsurface tribolayer, reveals severe plastic
deformation within binder phase, as evidenced by pronounced image contrast at length scales

smaller than the binder thickness between the carbide grains.
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Fig. A2.2 Representative examples of multiple parallel 2D FIB cross-sections, showing the
evidenced subsurface damage. The viewing angle is 36° from the milled plane. Cracks following
either WC/Co interface or transgranular paths are indicated by black and white arrows respectively.
The surface layer containing fragmented WC grains and smeared Co phase is differentiated from
the underneath bulk material by dashed white lines.
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3.2 Grinding-induced crack distribution network: 3D view

Fig. A2.3 presents the 3D reconstruction of the microcracking network. It is shown from two
different view perspectives, depending on the orientation of grinding direction with respect to the
screen: perpendicular (Fig. A2.3a), and inclined some degree (Fig. A2.3b). A schematic diagram
of the cracking features observed at the subsurface level is outlined in Fig. A2.3c, to illustrate some
relevant aspects. Reference points, regarding different grinding grooves peaks/valleys, are also
identified in Fig. A2.3. Surface region examined contains two grooves. Reference points B and D
represent the bottom of the two residual grinding grooves, whereas A, C and E correspond to the
groove edges, where some material is piled-up. Note that the tribolayer discerned in the 2D images

was not sketched in Fig. A2.3c.

Analysis of 3D reconstruction together with implementation of the material statistic module in the
AVISO software allows to quantify different parameters related to the microcracking scenario. On
one hand, shape and distribution of the microcracks, the latter in terms of orientation with respect
to grinding direction, may be characterized. On the other hand, volume fraction and geometry
dimensions of microcracks may also be measured. Main findings are now summarized. First,
although the 3D microcrack map is complex and crack paths are rather tortuous, damage induced
by grinding is evidenced to be highly anisotropic. In this regard, most of the cracks observed are
completely or near- lateral ones, parallel to the ground surface. Meanwhile, only few cracks
completely or near- orthogonal to the ground surface are discerned. Second, relative volumetric
content of the “phases” considered: WC, Co and cracks (as quantified by means of mathematical
module within AVIZO software) yield values of 80.46, 19.41 and 0.13 vol. %, respectively. The
binder-related value is comparable with the theoretical volume percentage of Co phase (i.e. 21
vol.%). Third, the highest frequent length of the discerned cracks is 28 nm, and over 90 % of them
exhibit a length within the range of 5 to 60 nm.
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Fig. A2.3 3D reconstruction of the microcrack network, within the interpreted volume. It is shown
from two different view perspectives depending on the orientation of grinding direction with
respect to the screen: (a) perpendicular, and (b) inclined some degree. The dimension of the
interpreted region is listed. A schematic diagram of subsurface crack types, observed beneath
ground surface, are given in (c). Labels (A)—(E) denote surface regions discussed in the text.

The anisotropic cracking network here evidenced should be a direct result of the plastic/elastic
deformation and the strain mismatch inside the bulk matrix, as well as the strain interaction
between the two different phases within the composite itself. Studies carried on static indentation,
scratch and grinding of monolithic ceramics reported that median/radial cracks initiate from flaws
at the deformation boundary, and are driven by the residual stress field arising from the strain
mismatch of the plastically deformed zone embedded in the surrounding elastically restraining
matrix [1-3,22-27]. Within this context, the role played by the phase assemblage of hardmetals:
two interpenetrating networks with quite distinct individual properties, should be invoked for
analyzing the discerned cracking scenario. On one hand, the ductile nature of the Co binder phase
may be speculated to impede stress concentrators and crack nucleation. Furthermore, it may also
yield a more gradual residual stress field evolution; and thus, a less pronounced strain mismatch

between the plastically deformed zone and the surrounding elastically restraining matrix. Under



4 Summary 175

these conditions, nucleation and extension of median/radial cracks would be partly suppressed or
even inhibited. On the other hand, random distribution of carbides may also translate in more

effective obstacles, since median crack initiation and growth need to cross intragranular paths too.

From a practical viewpoint, the anisotropic nature of the microcracking network must be assessed
as beneficial for effective machining of cemented carbides. In this regard, the correlation between
prominence of lateral crack and more material removal would point out that spalling-like failure
micromechanism exhibited by the hardmetal studied implies a relatively lower energy
consumption during the grinding process. A positive assessment may also be invoked from a
mechanical integrity viewpoint, as lower frequency of median cracks results in less pronounced
effects regarding strength lessening, when the ground material is subjected to external stresses

under service conditions.

4. Summary

3D FIB/FESEM tomography has been successfully implemented for visualizing and characterizing
the microcracking network induced by grinding of a WC-Co hardmetal grade. The existence of a
thin surface layer containing pulverized WC grains and smeared Co phase is confirmed. Below it,
a complex microcracking network is discerned. The observed microcracks follow different
microstructural paths: WC/Co interfaces and transgranular through carbides. The most relevant
finding is the highly anisotropic character of the microcrack distribution. In this regard, completely
or near- lateral cracks (parallel to the ground surface) are found to be the predominant damage
feature, whereas only few completely or near- orthogonal (perpendicular to the ground surface)
cracks are discerned. It is suggested to be related to the strain mismatch inside the bulk matrix as

well as the strain interaction between the two different and interpenetrated constitutive phases.
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Grinding-induced metallurgical alterations within the binder phase
of WC-Co cemented carbides: Assessment by means of EBSD and
TEM
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1. Introduction

The outstanding mechanical and tribological performance of hardmetals results from the feasibility
of combining the advantageous properties, without retaining the negative ones, of their two distinct
constituents: hard micrometer-sized tungsten carbides embedded in a tough cobalt-rich binder
[1,2]. In spite of the relatively small fraction of the binder phase within cemented carbides
(commonly between 3 and 30 wt.% in commercial grades), this constituent is responsible for the
exceptional toughening behavior exhibited by these materials. In this regard, plastic stretching of
crack-bridging binder enclaves developed at the wake of stably extending cracks [3,4] results in a
rising crack growth resistance behavior which yields not only higher toughness values but also
reduced strength scatter for these materials [5,6]. Within this context, fracture mechanics and
mechanisms related to crack-microstructure interactions in hardmetals as composite materials,
under both monotonic and cyclic loading, are now well-established and understood [3-8]. On the
other hand, much less attention has been paid to study the deformation response and mechanisms
within the metallic binder, as individual phase, when hardmetals are subjected to external loads
[9-13]. This is particularly true in the case of alterations induced in ground and/or scratched (i.e.
under sliding contact service-like conditions) cemented carbides. Here, existing information is
scarce and mainly focused on either changes within the hard/brittle carbides or generic composite-
related damage, such as microcracks developed at both surface and subsurface levels (e.g. Refs.
[14,15]).

Assessment of substructural changes within the binder phase of cemented carbides is not an easy
task. The two phases of hardmetals are assembled as interpenetrating networks. Thus, the minority
phase is indeed present in the microstructure as very thin (usually submicrometric length scale)
layers between the carbides particles. At the micromechanical level, it also implies marked region-
to region variation in the deformation structure observed as well as a wide range of distribution of
local residual microstresses [13,16-19]. Furthermore, because hardness levels of ceramic and
metallic constituents are significantly different, material removal rates for both phases are quite
distinct too. This indicates an additional experimental characterization difficulty from the
viewpoint of sample preparation for electron microscopy analysis. Finally, it should be highlighted

that main deformation micromechanism for Co-base grades is reported to be the martensitic phase
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transformation of the fcc stabilized form into the hcp room temperature stable one [9-13].
Accordingly, understanding of deformation response and changes induced by the application of
external loads in these materials requires approaches combining complementary advanced
characterization techniques, such as transmission electron microscopy (TEM) and electron back-
scatter diffraction (EBSD). The individual use of each of these techniques has already been proven
to be successful for characterizing substructural issues in cemented carbides [9-13,20-23]. In this
study, EBSD and TEM inspection of cross-sectional specimens are combined to assess grinding-
induced microstructural and metallurgical changes within the binder phase of a fine-grained
hardmetal. In doing so, special attention is paid to map cobalt phase deformation/transformation
activity. The potential correlation of the experimental findings with microcrack/residual stresses

formation is finally discussed.

2. Experimental Details

The hardmetal studied in this work is a WC-13 wt.% Co grade with a carbide mean grain size of
0.7 pm. Grinding was done following an industrial routine commonly applied by SECO tools. It
was implemented by means of a commercial diamond abrasive wheel, with coolant ejected
simultaneously such to minimize heat generation. A reference mirror-like polished sample was
also produced. It was attained through sequential mechanical polishing stages, with a final one

using a silica colloidal suspension.

Aiming for a surface finish suitable for EBSD inspection, an alternative surface preparation route
was followed. As before, it consisted of initial mechanical polishing steps, using diamond-
containing disks and diamond suspensions (final grit size 1 um). Then, surface was finally
subjected to argon ion milling in a cross-section polisher (mode JOEL SM-09010) at 6 keV and
with a mean beam current of 30 pA. EBSD data acquisition was performed using a Zeiss Supra 40
high resolution SEM, using a 20 kV voltage. The specimen was tilted 70° against the electron
beam. Data were collected across an area 30 x 20 um? in size, with a step size ranging between

31- 35 nm. Crystallographic and orientation maps were constructed by using Channel 5 software.



2 Experimental Details 183

Lamellae suitable for TEM examination were prepared using FIB (dual beam Zeiss Neon 40 work
station) by means of pre-thinning and lift-out technique. Before milling, a protective and strip-
shaped Pt layer was deposited, with its longitudinal direction orthogonally to the grinding-grooves,
on the surface region of interest. Afterwards, two adjacent square blocks (10 x 10 um) were milled
out of the surface using 30 keV Ga" ions, yielding as a result a thin membrane. Then, subsequent
milling series were performed until the referred membrane became electron-transparent. The final
dimensions of the lamellaec were approximately 7 um in width, 10 pm in depth and 60 nm in

thickness.

Substructural characterization was performed in a TEM (JEOL J2100Labe) operated at 200 kV.
Besides TEM imaging and selected area electron diffraction (SAED), precession electron
diffraction-assisted automated crystal orientation mapping was also implemented. The latter was
done using Nanomegas hardware and software package. It provides full crystallographic
information of the material at a specific region of interest, with a point spread resolution in the
nanometer range. PED is performed by precessing electron beam on a cone surface. It allows to
strongly reduce dynamical effects in electron diffraction and to critically enhance the quality of
the diffraction pattern [24,25]. The electron beam is then scanned across the area of interest, and
diffraction patterns are collected using an ultrafast charge-coupled device (CCD) camera. All the
patterns acquired are finally indexed using an automatic matching software, preinstalled with

theoretical templates from a database.
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3. Results and Discussion

3.1 Grinding-induced phase transformation within the Co phase: EBSD assessment

EBSD phase map for the ground sample is shown in Fig. A3.1a. For comparison purposes, the
corresponding EBSD phase map assessed for the reference polished condition is given in Fig.
A3.1b. WC grains are presented in greyscale, determined by the band contrast map of the EBSD
patterns. On the other hand, red and blue color scales are applied to reveal the pixels indexed as
fcc and hep Co phases, respectively. The percentage of pixels indexed as fcc and hep (after clean-
up) are 9.55 % and 3.25 % respectively, for the G sample. Index data corresponding to fcc Co
remarkably increases to 14.1 % in the polished surface condition. Here, the amount of Co
hexagonal phase identified is negligible. Direct comparison of findings presented in Fig. A3.1a
and A3.1b points out that grinding induces the transformation from the original fcc stabilized phase
into the hcp one within the Co-base binder. This is sustained by the fact that presence of hcp phase
is mainly concentrated in the O - 5 um depth region, and decreases with depth. Very interesting,

few individual hcp grains may still be observed at a depth of 10 um approximately.

The relative distribution of fcc/hep phases in the binder, as determined from the EBSD phase map
for the G sample, concords with the profile of residual stresses measured for this surface condition
(as presented in Paper 1). First, grinding-induced residual stresses extend down to depths of about
12 um approximately, i.e. well-beyond the severely damaged/cracked zone. This is in agreement
with the finding of cobalt phase transformation until about 10 um depth. Second, residual stress
profile exhibits two defined regimes: a rather smooth variation (30 % lessening) along the first 6
um, followed by a sharp decrease to baseline values afterwards. This directly corresponds to the
finding that fcc-hcp phase transformation is concentrated in the first 5 um in depth, as well as its
gradual decrease until negligible values beyond 10 um depth.
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Fig. A3.1 EBSD phase map overlapped to the band contrast map for the metallic Co binder phase.
Red and blue colors denote the fcc and hcp Co phase respectively, for samples with two different
surface finishes: (a) ground and (b) polished. Scale marker = 10 pm. A dashed white line was
drawn in (a) to delineate the 0-5 um depth region, where hcp Co phase is concentrated.
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3.2 Grinding-induced metallurgical alterations within the Co phase: TEM inspection

Fig. A3.2 presents mapping results attained within a subsurface region of 3 um in thickness. A
combined phase and reliability map is given in Fig. A3.2a. There, a dashed line has been drawn to
distinguish the Pt protective layer from the targeted material. Red, blue and green colors represent
W(C, fcc Co and hep Co phases, respectively. The major Co area detected corresponds to the green
hcp structure, whereas fcc Co is identified, in blue, only in small regions. This is consistent with
the EBSD findings. Correlation index map is presented in Fig. A3.2b. It is mainly used to
emphasize substructural details. In this regard, it must be highlighted the observation of small
crystals with different orientations, speculated to result from the severe deformation imposed on
Co grains. This is particularly clear in the areas just underneath the surface. In order to reveal this
highly deformed binder phase region clearer, an additional surface mapping (Fig. A3.2c) focused
on the area illustrated by the dashed rectangular in Fig. A3.2b was reanalyzed. It indicates that the
severe deformation induced by grinding leads to the formation of nanostructured binder phase,

consisting of crystallites with sizes ranging between 50 and 100 nm.

Fig. A3.3a shows a SAED pattern taken from the highly deformed Co binder in the top surface
layer. It consists of sharp rings directly related to randomly oriented nano-sized crystallites within
the examined region. This is different from the SAED pattern shown in Fig. A3.3b, taken from a
deeper region (at approximately 2 um from the top surface). Here, a quasi-ring feature with streaks
at each diffraction spot is discerned. The less continuous character of the rings together with the
discrete spots discerned point out a less random distribution of crystallographic orientations,

possibly related to coarser (but still in the fine length scale) grains.

A TEM map scan corresponding to the subsurface region covering depths between 5 and 8 um is
shown in Fig. A3.4. As before, red, blue and green colors represent WC, fcc Co and hep Co phases,
respectively. It is clear that phase transformation, from fcc to hcp, is not found for all the Co

regions, and fcc structure is more predominant than in Fig. A3.2a.
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Fig. A3.2 Map scanned from the surface to the 3 um deep subsurface region: (a) phase and
reliability combined map indexed as WC in red, fcc Co in blue and hcp Co in green, a dashed line
was drawn to distinguish the Pt protective layer from the targeted material and (b) correlation
indexes map. (¢) An additional surface map reanalyzed only including the area illustrated by the
dashed rectangular in (b).
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Fig. A3.3 SAED patterns taken from the areas corresponding to the highly deformed Co binder (a)
in the top surface layer and (b) at a depth around 2 um from the top surface.

v & Hm

Fig. A3.4 Phase and reliability combined map, attained from a subsurface region extending from
depths between 5 and 8 um. WC grains, fcc Co and hcp Co are indexed in red, blue and green
colors respectively.
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Table A3.1 Summary of Co phase microstructural evolution at various depth

Depth Co phase microstructural evolution

0~1 pum almost all hcp Nano-grained substructure
1~3 um mostly hcp Fine-grained substructure

5~8 um hcp and fcc fcc to hep transformation

Based on the combined results of EBSD and TEM studies, evolution of the substructural changes
within the Co phase, as a function of depth, are summarized in Table A3.1. In Annex 2, it is
reported that grinding-induced microcracking exists within a subsurface layer of 2.5 um in
thickness. It would allow to state that such cracks form within the region where hcp phase
concentrates. Indeed, considering the results shown in Figs. A3.2 and A3.3, microcracking must
also be related to the relevant grain nanostructuring phenomena taken place in such subsurface
region (Figs. A3.2 and Fig. A3.3). Under these conditions, microcrack nucleation as a result of
stress concentrators associated with dislocation pile-ups within grains, could be rationalized by the
combined effect of the existence of highly misoriented grain boundaries within a less ductile

metallic binder (hcp structure as compared to fcc one).

4, Summary

Cross-section EBSD reveals that grinding induces phase transformation of the original fcc
structure into the hcp one within the Co-base binder. The referred phase transformation is mainly
concentrated in the 0 - 5 um depth region, and relative hcp/fcc phase distribution decreases with
depth down to baseline values at 10 um approximately. This phase transformation is directly
related to the residual stress distribution discerned after grinding in the hardmetal studied.

Above findings are further sustained from crystal orientation and phase mapping of the binder

phase, as obtained from PED-TEM examination. Furthermore, it is evidenced that severe plastic
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deformation induced by grinding yields a relevant microstructural refinement, down to nanoscale
values just beneath the surface. The observed metallurgical alterations are suggested to be related
to the microcracking scenario discerned at the subsurface (within a layer of 3 micron in thickness
approximately) of ground specimens.



References 191

References

[1] Roebuck B, Almond EA. Deformation and fracture processes and the physical metallurgy of
WC-Co hardmetals. Int Mat Rev. 1988;33:90-112.

[2] Gurland J. New scientific approaches to development of tool materials. Int Mat Rev.
1988;33:151-66.

[3] Sigl LS, Exner HE. Experimental-Study of the Mechanics of Fracture in WC-Co Alloys.
Metall Trans A. 1987;18:1299-308.

[4] Sigl LS, Fischmeister HF. On the fracture toughness of cemented carbides. Acta Metall.
1988;36:887-97.

[5] Tarrag6 JM, Jiménez-Piqué E, Schneider L, Casellas D, Torres Y, Llanes L. FIB/FESEM
experimental and analytical assessment of R-curve behavior of WC-Co cemented carbides.
Mater Sci Eng A. 2015;645:142-9.

[6] Tarragdb JM, Coureaux D, Torres Y, Casellas D, Al-Dawery 1, Schneider L, Llanes L.
Microstructural effects on the R-curve behavior of WC-Co cemented carbides. Mater Des.
2016;97:492-501.

[7] Shatov AV, Ponomarev SS, Firstov SA. 1.10 - Fracture and strength of hardmetals at room
temperature. In: Sarin VK, Mari D, Llanes L (Eds.) Comprehensive Hard Materials. Oxford:
Elsevier; 2014. Vol. 1, p. 301-43.

[8] Llanes L, Anglada M, Torres Y. 1.11 — Fatigue of cemented carbides. In: Sarin VK, Mari D,
Llanes L (Eds.) Comprehensive Hard Materials. Oxford: Elsevier; 2014. Vol. 1, p. 345-62.

[9] Sarin VK, Johannesson T. On the deformation of WC-Co cemented carbides. Met Sci.
1975;9:472-6.

[10] Vasel CH, Krawitz AD, Drake EF, Kenik EA. Binder deformation in WC-(Co, Ni) cemented
carbide composites. Metall Trans A. 1985;16:2309-17.

[11] Rettenmayr M, Exner HE, Mader W. Electron microscopy of binder phase deformation in
WC-Co alloys. Mater Sci Tech. 1988;4:984-90.

[12] Schleinkofer U, Sockel HG, Go'rting K, Heinrich W. Microstructural processes during
subcritical crack growth in hard metals and cermets under cyclic loads. Mater Sci Eng A.
1996;209:103-10.



192 Annex 3

[13] Kursawe S, Pott P, Sockel HG, Heinrich W, Wolf M. On the influence of binder content and
binder composition on the mechanical properties of hardmetals. Int J Refract Met Hard Mater.
2001;19:335-40.

[14] Hegeman JBJW, De Hosson JTM, de With G. Grinding of WC-Co hardmetals. Wear.
2001;248:187-96.

[15] Zufiega JCP, Gee MG, Wood RJK, Walker J. Scratch testing of WC/Co hardmetals. Tribol
Ind. 2012;54:77-86.

[16] Drake EF, Krawitz AD. Fatigue damage in a WC-Nickel cemented carbide composite. Metall
Trans A. 1981;12A: 505-13.

[17] Fischmeister HF, Schmauder S, Sigl LS. Finite element modelling of crack propagation in
WC-Co hard metals. Mater Sci Eng A. 1988;105/106:305-11.

[18] Schleinkofer U, Sockel HG, Gorting K, Heinrich W. Fatigue of hard metals and cermets —
New results and a better understanding. Int J Refract Met Hard Mater. 1997;15:103-12.

[19] Paggett JW, Krawitz AD, Drake EF, Bourke MAM, Livescu V, Claussen B, Brown DW. In
situ loading response of WC-Ni: Origins of toughness. Int J Refract Met Hard Mater
2006;24:122-8.

[20] Mingard KP, Roebuck B, Bennett EG, Gee MG, Nordenstrom H, Sweetman G, Chan P.
Comparison of EBSD and conventional methods of grain size measurement of hardmetals. Int
J Refract Met Hard Mater. 2009;27:213-23.

[21] Mingard KP, Roebuck B, Marshall J, Sweetman G. Some aspects of the structure of cobalt
and nickel binder phases in hardmetals. Acta Mater. 2011;59:2277-90.

[22] Mingard KP, Jones HG, Gee MG, Roebuck B, Nunn JW. In situ observation of crack growth
in a WC-Co hardmetal and characterisation of crack growth morphologies by EBSD. Int J
Refract Met Hard Mater. 2013;36:136-42.

[23] Borgh |, Hedstréom P, Odqvist J, Borgenstam A, Agren J, Gholinia A, Winiarski B, Withers
PJ, Thompson GE, Mingard K, Gee MG. On the three-dimensional structure of WC grains in
cemented carbides. Acta Mater. 2013;61:4726-33.

[24] Rauch E, Veron M, Portillo J, Bultreys D, Maniette Y, Nicolopoulos S. Automatic crystal
orientation and phase mapping in TEM by precession diffraction. Microsc Anal. 2008; 22:S5-
8.



References 193

[25] Portillo J, Rauch EF, Nicolopoulos S, Gemmi M, Bultreys D. Precession electron diffraction
assisted orientation mapping in the transmission electron microscope. Mater Sci Forum,
2010;644:1-7.



	Abstract
	Preface
	Included Papers and Author’s Contribution
	Annexes
	Related, not Included Publications
	Acknowledgements
	Symbols and Abbreviations
	1 Introduction
	2 Cemented Carbides
	2.1 Τhe Two Phases: WC and Co
	2.2 Microstructural Aspects
	2.3 Mechanical Properties
	2.4 Tooling Applications
	2.5 Manufacturing Process

	3 Surface Integrity
	3.1 Surface Integrity: Introduction
	3.2 Surface Integrity in Hardmetals
	3.2.1 Grinding
	3.2.1.2 Grinding – Surface Integrity Studies

	3.2.2 From Grinding to Coating Deposition
	3.2.2.1 Cathodic Arc Evaporation Principles
	3.2.2.2 Surface Integrity Issues on Coated Cemented Carbides


	3.3 Surface Integrity Assessment in This Work
	3.3.1 Fracture Strength
	3.3.2 Adhesion Behavior
	3.3.3 Contact Damage Resistance


	4 Materials and Characterization Techniques
	4.1 Materials in This Study and Surface Finish Conditions
	4.2 Surface Texture
	4.3 X-ray Diffraction
	4.3.1 X-ray Scattering From Atomic Planes
	4.3.2 Elastic Stress-Strain Relations
	4.3.3 Stress Determination From X-ray Diffraction Data

	4.4 Microscopy
	4.4.1 Scanning Electron Microscopy
	4.4.2 Electron Back Scattered Diffraction
	4.4.3 Transmission Electron Microscopy

	4.5 Focused Ion Beam and 3D Tomography

	5 Summary of The Results
	5.1 Surface Integrity Resulting From Grinding and Subsequent Coating
	5.2 Grinding and Coating Effects on Fracture Strength
	5.3 Influence of Grinding on Cracking and Delamination Response
	5.4 Beneficial Grinding Effects on Contact Damage Resistance
	5.5 General Conclusions

	6 Contributions and Future Work
	Paper 1
	Paper 2
	Paper 3
	Paper 4
	Paper 5
	Annex 1
	Annex 2
	Annex 3
	2 Substrate surface finish.pdf
	Substrate surface finish effects on scratch resistance and failure mechanisms of TiN-�coated hardmetals
	1. Introduction
	2. Materials and methods
	3. Results and discussion
	3.1. Surface integrity characterization: roughness, subsurface damage and residual stresses
	3.2. Scratch resistance and failure mechanisms
	3.3. Heat treatment of ground hardmetals (prior to TiN coating deposition): influence on scratch resistance and failure mechanisms

	4. Conclusions
	Acknowledgments
	References


	3 Contact damage published.pdf
	Contact damage resistance of TiN-�coated hardmetals: Beneficial effects associated with substrate grinding
	1. Introduction
	2. Experimental procedure
	2.1. Materials and substrate surface finish conditions
	2.2. Surface integrity assessment
	2.3. Evaluation of contact damage resistance

	3. Results and discussion
	3.1. Surface integrity characterization: roughness, subsurface damage and residual stresses
	3.2. Spherical indentation and surface damage
	3.3. Subsurface indentation damage
	3.4. Substrate surface finish effects on contact damage resistance

	4. Conclusions
	Acknowledgments
	References


	4 Brale Indentation_Wear.pdf
	Influence of substrate microstructure and surface finish on cracking and delamination response of TiN-coated cemented...
	Introduction
	Experimental materials and procedures
	Results and discussion
	Surface integrity of coated hardmetals: grinding and substrate microstructure effects.
	Indentation response
	Substrate microstructure effects
	Substrate surface finish effects


	Conclusions
	Acknowledgments
	References


	Blank Page
	Blank Page
	Blank Page
	p. 121 (101).pdf
	Paper 2
	Paper 2

	p. 136 (115).pdf
	Paper 3
	Paper 3

	p. 121 (101).pdf
	Paper 2
	Paper 2

	P. 149 (127).pdf
	Paper 4
	Paper 4




