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RESUME

Depuis leur développement dans les années 1990 en tant qu’alternative aux alliages de nickel, les
composites de titane a matrice métallique sont des matériaux difficiles a usiner. De nombreux
défauts subsistent sur la surface meulée, certains étant étroitement liés a la présence des particules
de renforts dans ces matériaux. De maniére générale, ces particules de renfort sont choisies plus
dures que la matrice et présentent un comportement fragile. Dans la littérature, des études ont été
menées en vue d’améliorer le fini de surface des pieces meulées, notamment la rugosité de surface.
Ces études utilisent des meules conventionnelles telles que les meules en alumine blanche, alumine
fondue rose, corindon microcristallin, ou encore des meules superabrasives comme la meule en
nitrure de bore cubique. Or, les composites de titane a matrice métallique sont des matériaux qui
présentent une sensibilité a I’augmentation de température et qui induisent une usure rapide des
meules. Parmi les abrasifs répertoriés, le diamant est le matériau le plus dur répertorié a ce jour et
possede une excellente conductivité thermique. Les meules en diamant s’avéreraient donc adaptées
au meulage des composites de titane a matrice métallique, d’autant plus que des performances

intéressantes ont été observées dans une étude récente [1].

La présente étude s’intéresse aux performances de meulage de meules en diamant galvanisées sur
des composites de titane a matrice métallique renforcés de carbures de titane (TiC). L’objectif vise
a étoffer les connaissances relatives au meulage des composites de titane a matrice métallique, et
améliorer la compréhension du comportement de ces matériaux lors du meulage. Pour ce faire, une
¢tude d’aptitude au meulage a été réalisée en termes de forces de meulage, consommation de
puissance, rugosité de surface, energie spécifique et analyse microstructurale. Cette étude s’est
étendue a la morphologie et I’intégrité des surfaces meulées ainsi qu’au calcul des différentes
composantes des forces normales et tangentielles, visant a valider les observations relatives a la
morphologie et a I’intégrité de surface. Cette validation s’est faite par le biais de I’utilisation de

modeles analytiques.

Les résultats des différentes études menées dans le cadre de ce projet doctoral ont permis de mettre
en évidence des forces de meulage, une consommation de puissance et une rugosité de surface
inférieure a celle d’un alliage de titane, et ce, pour des conditions expérimentales similaires.

L’usure de la meule était également inférieure pour le composite de titane a matrice métallique que
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pour I’alliage de titane. Permettant de conclure quant a 1’aptitude du composite de titane a matrice
métallique a étre meulé par une meule galvanisée en diamant. L observations des rayures réalisees
avec un seul grain abrasif ont permis d’identifier certains mécanismes relatifs a 1’enlévement de

matiére responsables de la morphologie et de ’intégrité de surface de la surface de travail.

Le calcul des composantes des forces normales et tangentielles relatives a ces essais a permis
d’appuyer les observation des essais de rayure, notamment la prédominance de la déformation
plastique de la matrice et de sa capacité a se re déposer sur la surface. La comparaison des forces
calculées pour un essai de meulage avec les forces mesurées expérimentalement a permis de mettre

en évidence la précision du modeéle utilisé.
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ABSTRACT

Titanium metal matrix composites (TIMMCs) were developed as an alternative to nickel-based
alloys and are classified as difficult to machine/grind materials. The main issues encountered
during the machining of the TIMMCs are related to the difference in mechanical properties between
the matrix and the reinforcing particles. Studies in the literature focused on the improvement of the
surface quality by comparing conventional (white alumina, pink fused alumina, microcrystalline
corundum) and superabrasives (cubic boron nitride) grinding wheels. However, the TIMMCs are
heat sensitive and fast cutting tool wear materials. Due to its high hardness and thermal
conductivity, diamond would be the most suitable abrasive in grinding TIMMCs. In order to
improve the grinding performance on heat sensitive and fast wear materials, namely the TIMMCs,
the aim of this study was to provide insights and understanding of the grinding performance of
TiMMC with electroplated diamond wheels. The grindability of TIMMCs with diamond wheels
was studied in terms of wheel wear, power consumption, forces, surface roughness, and
microstructure. The morphology and integrity of the ground surfaces were also studied through
scratching tests to understand the TIMMCs behavior during the grinding. As a complement to these
observations, the normal and tangential forces produced during the scratching tests were

calculating using an analytical model.

The results of the study showed that the grindability of the TIMMC with an electroplated diamond
wheel is better than that of a Ti alloy in the same grinding conditions. Indeed, the consumption in
power, specific energy, the electroplated diamond wheel wear and the surface roughness as a
function of the workspeed were lower for the TIMMC. Also, the surface roughness was found to
decrease with the increase in workspeed. It could be attributed to the three-body abrasion occurring
during the grinding and due to the presence of the reinforcing particles, as well as to the mixture
of the ploughed matrix with the broken reinforcing particles redeposited on the ground surface. A
higher material removal rate was found achievable by decreasing the depth of cut while increasing
the workspeed or by increasing the grinding fluid pressure. Specific energy values ranged from 16
to 34 J/mm? under all the tested conditions due to the usage of high-pressure grinding fluid. The
experimental study on the morphology and integrity of scratched surfaces on TIMMCs combined
with the results of the analytical calculation of the components of the normal and tangential forces

showed that the ploughing of the matrix was the higher force component, and so was the
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predominant mechanism during the scratching tests. The comparison of the experimental and

calculated grinding forces has shown the good accuracy of the model.
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CHAPTER 1 INTRODUCTION

Titanium metal matrix composites (TIMMCs) were developed as an alternative to nickel-based
alloys for applications in the aerospace and automotives industries. They exhibited improved
mechanical and chemical properties such as high specific strength, high specific modulus, high
temperature and wear resistance [2], due to the addition of titanium carbide as reinforcing particles
in a titanium alloy matrix. Despite attractive mechanical and chemical properties, the machining
of the TIMMCs remained challenging owing to the higher hardness and brittle behavior of the TiC
particles. The difference in mechanical properties between the matrix and the reinforcing particles
caused machining issues such as premature wear of the tools, micro-cracks, broken particles and

voids formation on machined surfaces [3, 4].

1.1 Motivation and research objectives

Developing an efficient machining process to obtain high surface quality was of interest in research
activities on TIMMCs [5]. The surface roughness and wheel wear mechanisms were compared for
different types of grinding wheels in most studies [4, 6-8]. Conventional abrasives, namely, white
alumina, pink fused alumina, micro-crystal corundum as well as cubic boron nitride (CBN)
superabrasives wheels, were used in these studies. Numerous defects were found on ground
surfaces after grinding tests and some of them were caused by the presence of reinforcing particles.
It was shown that the presence of the reinforcing particles increased the grinding force ratio under

the same grinding conditions as well.

The grinding of an aluminum metal matrix composite (MMC) with diamond wheel provided more
stable grinding forces and less sub-surface damage under the ground surfaces [9]. Since the use of
diamond abrasives induced a few particle-related defects on the ground surfaces, they were
recommended for producing high surface quality in machining MMCs [10, 11]. It was shown that
the number of reinforcing particles had a noticeable effect on the surface roughness, tool wear,
grinding forces as well as specific energy. For example, the specific energy obtained for diamond
and CBN wheels under the same testing conditions on workpieces with different amount of
particles (10% vol and 26% vol) were compared [12]. The specific energy for the diamond wheel
was found to be lower than that of the CBN wheel with the decrease in particle amount, while the

reverse trend was observed for the CBN wheel. The study concluded that when sharp and hard



abrasives grains were used, the surface roughness is not related to the grinding parameters only.
Another study compared super-abrasives (diamond or CBN) and conventional (silicon carbide and
alumina) wheels [13]. It was showed that higher surface roughness and grinding forces were

obtained for superabrasives wheels.

TiIMMCs are heat sensitive and fast wheel wear materials. Diamond is the hardest material known
so far and diamond abrasive possesses the highest thermal conductivity among all listed abrasives,
which makes diamond wheels more suitable for grinding TIMMCs. A recent study [1] which
reported the good performance of electroplated diamond wheels on titanium alloys motivated this

thesis.

The overall objective of this study is to provide insights and understanding of the grinding
performance of TIMMC with electroplated diamond wheels.

The specific objectives of the present research are:

e To investigate the grinding of TIMMCs with diamond wheels in terms of wheel wear, power
consumption, forces, surface roughness, and microstructure.

e To enhance the knowledge of the grinding performances of TIMMCs.

e To reveal the morphology and integrity of scratched/ground surfaces on TiIMMCs using single
grain scratching tests.

e To use the calculation of the normal and tangential forces to improve the understanding of the
morphology and integrity of scratched/ground surfaces.

1.2 Original contribution of the study

The grinding area requires further investigation on the performance on TiIMMCs with diamond
wheels. The grindability of TIMMCs with diamond wheels was implemented in terms of wheel
wear, power consumption, forces, surface roughness, and microstructure. The present study also
investigates the morphology and integrity of the ground surface to understand the effect of the
removal mechanisms which took place during the grinding on the ground surface. For the first time,
the morphology and integrity of the ground surface of TIMMCs which are of importance were
studied in depth through scratching tests and microscopic observations and then, were related to
the tool tip geometry and to the application of grinding fluid. The different aspects of the
morphology and surface integrity were individually studied by single grain scratching tests. The

understanding of the microscopic observation was completed by analytical modeling of the normal



and tangential forces. The results made it possible to identify the aspect of the morphology and

surface integrity in grinding by multi-grain abrasives.

1.3 Thesis outline

The previous section presented a general introduction on the machining/grinding of TIMMCs.
Machining difficulties were addressed as well as a brief description of the objectives, and the

original contribution of the study.

A comprehensive literature review on machining TiIMMCs with primary emphasis on the material
properties, difficulties encountered when machining Discontinuously Reinforced Titanium Matrix
composites (DRTIMMCs), turning, milling, and grinding of TIMMCs was presented in Chapter 2.
This literature review, which was the subject of a publication, was briefly presented and added in
appendix A. Based on the literature review, the research methodology is established. The following
chapters are organized by research papers. In Chapter 3, the grindability of the TIMMCs in terms
of wheel wear, power consumption, forces, surface roughness, and microstructure is presented. The
investigation of the morphology and the integrity of the scratched/ground surfaces on TIMMCs
was addressed in Chapter 4. The analytical calculations of normal and tangential forces verifying
the observations made in Chapter 4 are presented in Chapter 5.

Finally, Chapter 6 presents conclusions of the overall research as well as the recommendations.



CHAPTER 2 LITERATURE REVIEW
2.1 Titanium metal matrix composites

2.1.1 Introduction

Titanium alloys are important materials in a wide range of applications, including automotive and
aerospace industries. The high specific strength, chemical stability and good biocompatibility of
the materials allow various applications (structural, petrochemical, biomedical etc.). Titanium
metal matrix composites have been developed to offer an alternative combining high specific
strength, rigidity, and weight reduction. For example, TIMMCs based on titanium aluminides keep
their strength at 760 ° C. They allow a weight reduction up to 50% compared to super nickel-based
alloys while maintaining equivalent strength and stiffness. These properties are required for

applications in high temperature compressors, and jet engine propulsion systems.

In the 1990s, NASA and the Titanium Matrix Composite Turbine Engine Composite Consortium
(TMCTECC) made significant research efforts to increase their use in industrial applications such
as large gas turbine engines. Although production costs are still high, the incredible properties of

TiMMCs are a current research topic and the subject of development programs worldwide [2].

2.1.2 TiIMMCs categories

The unique properties of TIMMCs are explained by the presence of non-metallic reinforcements
in a titanium matrix or a titanium alloy. This combination results in the better properties of
TiIMMCs than a monolithic material [14]. Reinforcements are produced in different forms and
allow TiMMC:s to be distinguished under two main categories. The first one is the Continuously
Reinforced TIMMCs (CRTiMMCs), whose reinforcing elements are continuous fibers. The second
category, Discontinuously Reinforced TIMMCs (DRTIMMCs), has staple fibers or particles as

reinforcements. These two categories are illustrated in Figure 2.1.1 [2].
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Figure 2.1.1 Schematic representation of different types of reinforcements [2]

The reinforcing particles used can be of various sizes or shapes. Most of the time, the particles are
dispersed randomly, which makes it possible to give the composite isotropic properties, unlike
reinforcements in the form of fibers, which have a preferential orientation. Table 2.1.2.1 present
the mechanical and physical properties of common discontinuously reinforcements. The most used
reinforcements are ceramics [2, 14, 15].

Table 2.1.2.1 Example of DRTiIMMCs reinforcements [2]

Reinforcements Melting Density Elastic modulus | Coefficient of thermal

point (°C) | (g/cm?3) (GPa) expansion (x10°K-1)

TiB 2200 4.50 425-480 8.60

TiC 3160 4.99 440 6.52-7.15 (25-500°C)

TiN 3290 3.97 420 8.30

SiC 2697 3.19 430 4.63 (25-500°C)

TiB: 2980 4.52 500 4.60-8.10

Graphene ~3852 2.00 ~1000 -

CNTs ~3379 1.70-2.00 | ~1000 -

B4C 2447 251 445 4.78 (25-500°C)

La203 2217 6.51 - 5.8-12.1 (100-1000°C)

Discontinuously Reinforced Titanium Composites (DRTCs) were developed in recent years. The
craze is due to the less difficult and cheapest manufacturing than CRTiMMCs. The particles can
be mixed with the matrix more efficiently and in greater proportion while avoiding rupture or
delamination of the reinforcements [14, 16]. Many particles such as Al20s, SiC, TiN, ZrC can be
used, and carbon nanotubes. TiB and TiC are the most used [2, 17-21]. Some particles studied in

the literature are classified as unstable like SisN4, which react at high temperature to form titanium



silicide [2, 22]. Thermal stability is an essential criterion for the design of TIMMCs which will be

exposed to high temperatures in aeronautical applications.

2.1.3 Mechanical properties

The mechanical properties of TIMMCs are related to the reinforcement used. The properties of
titanium or titanium alloy used for manufacturing as bulk material are widely known. The addition
of reinforcements will change these properties by their state (fiber, particle, whiskers), their
chemical composition and affinity with the matrix. Shypitsa and al [23] argued that the mechanical
properties depend on the hardness and the mode of rupture of the reinforcement particles and, are
defined by the interactions between the particles and the matrix.

2.1.3.1 Fatigue behavior

The primary objective of the emergence of TIMMCs was to develop a material with a good fatigue
resistance under high stresses and high temperatures, such as rotating components of jet engine
compressors [2, 24]. Fatigue resistance is linked to stiffness. This is why ceramics with high
stiffness are chosen to produce TIMMCs.

The fatigue behavior of TIMMCs is however quite difficult to assess and interpret because the
rupture mechanisms are different from those presented by isotropic materials such as metals.
Indeed, different from metals, the accumulation of damage for a TIMMCs is not done by the
propagation of a single macroscopic crack, but by the accumulation of general damage within the
composite. The different types of damage commonly encountered for DRTiMMCs are cracking
matrix or particles matrix debonding. The difficulty in interpreting the mechanisms lies mainly in
the interactions between these different mechanisms and their own speed propagation. Especially
since the mechanisms can be different in different orientations, in particular for TIMMCs with fiber
reinforcements [25] or clusters of reinforcement particles for DRTiIMMCs. It is well known that
the proportion of reinforcements, the homogeneous distribution or not have a significant impact on
the fatigue strength of the composites. Numerous studies have shown that the inhomogeneous
distribution of reinforcements affected considerably the fatigue service life [26]. The clusters of
particles will promote the formation of microcracks and lead to the propagation of premature
cracks. As with metals, surface roughness has been shown to play an important role in the initiation



of fatigue cracks and their propagation. In addition to the distribution of reinforcements, the
manufacture approach of the composite plays a predominant role in its resistance to fatigue, for the
propagation of cracks in the matrix and the interfacial adhesion between the matrix and the

reinforcement [27, 28].

The parameters affecting the fatigue life of TIMMCs are crucial for the interpretation of the fatigue
life of composites. Indeed, even if certain facts are well known, there are no American Society for
Testing and Materials (ASTM) standards allowing to regulate and normalize the fatigue behavior
of TIMMCs composites. This is why it is common to see that the fatigue strength of DRTMMCS
is assessed in an equivalent way to that of bulks materials [2, 29, 30]. Although the results can be
consistent for DRTIMMCs, this is not the case of TIMMCs reinforced with fibers. The fatigue
strength of DRTiMMCs is dependent on the proportion of particles contained in the composite [18,
31]. The studies of Premkumar, Hashimoto, Ritchie et al. [32-34] showed that the higher the
proportion of particles, the higher the stress-number of cycles (S-N) curve shifts to higher stress

amplitude curve, to the detriment of ductility and toughness fracture [18].

The effects of particles on the fatigue life of DRTiMMCs are discussed in the literature. In fact, the
improvement in fatigue life has not been observed by all the authors. Some highlighted the
dependence on the shape and size of the particles [35]. Others rely on improvement in high cycle
fatigue as well as on significant deterioration in fatigue performance cycle [36]. Others like
Soboyejo et al. [37] argued that TiB whiskers lead to premature fatigue cracking despite improved
general mechanical properties. Whiskers, unlike particles, do not seem to bring any noticeable

improvement in the fatigue properties of TIMMCs.

2.1.3.2 Creep properties

TiIMMCs designed to be used in high temperature environments, their creep properties are
essential. A large proportion of TIMMCs present three stages of creep: the initial (primary),
secondary (steady state), and tertiary (matrix creep and unnoticeably creep of particles, fibers, or
whiskers). The second stage is the most important because that is when the creep strain
(deformation) occurs. Generally, this stage is interesting for aeronautical applications because the

reduction of the creep rate provides a better creep resistance.



As with fatigue resistance, improving the creep resistance of DRTIMMCs is questionable. Hayat
et al. [2] showed that reinforcing particles do not necessarily improve the creep properties. Figure
2.1.2 from their study shows a significant improvement in creep properties when the particles are
added in pure titanium, but also a reduction in creep properties when added in Ti-6Al-4V. In

addition, Ti-6AL-4V has better creep properties without reinforcements [38].
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Figure 2.1.2 Comparative creep rate properties at 550°C[2]

Zhu et al. [39] and Tsang et al. [38] proposed the following three phenomena operating in TIMMCs
reinforced by particles in order to improve the resistance of composites based on pure titanium: as
for TIMMCs reinforced with continuous fibers, there is transfer of charge towards the
reinforcements which are stiffer, which allows a higher modulus; interactions between
reinforcements and dislocations which introduce a threshold stress and finally the former
mechanism. The creep resistance of Ti-6Al-4V composites can be explained according to the
authors, by the grain size, the morphology of the a and B phases, and the proportion of these phases,
which constitute a considerable obstacle to the displacement of dislocations.

Finally, other authors like Wang et al. [40] have shown that the use of whiskers in TisAlsV could
slow the creep rate. Their work showed that the distribution and use of a suitable volume of
reinforcements made it possible to slow the deformation of the matrix and thus considerably
improve the creep resistance. Thus, the break occurs only once the debonding between the whiskers

and the matrix occurs and that the cracks are sufficiently large.



2.1.3.3 Charpy impact behavior

Although impact resistance is not one of the main requirements of TIMMCs, it is imperative that
they have enough impact strength. Indeed, for applications in aeronautics, it is possible that the
parts used are subject to impact damages as bird strikes. Impact behavior for DRTIMMCs has not
been widely studied in the literature. The study available in the literature compare the impact
strength of Ti alloys and fiber reinforced TIMMCs [41]. The results showed that impact resistance
is less good than for TIMMCs, due to the deleterious effect of the reinforcing fibers. The fibers
break during impact which leads to interfacial cracking and finally to the propagation of cracks

leading to rupture.

2.1.3.4 Static properties

For DRTiIMMC:s, although the improvement in UTS (Ultimate Tensile Strength) is not as important
as when using reinforcing fibers, improvement is prominent at high temperature. The presence of
reinforcing particles or whiskers does not allow a considerable increase in UTS as in the case of
fibers. These reinforcements make it possible to improve the UTS by being an obstacle to the
movement of dislocations [2]. Figure 2.1.3 compares DRTIMMCs with monolithic alloys at

different temperatures.
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Figure 2.1.3 Ultimate tensile strength for TIMMCs reinforced with TiB whiskers or TiC particles
[2]
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The literature [17, 18] showed that the most effective reinforcements for improving the UTS of
DRTIMMCs are TiB whisker and TiC particles. Their effectiveness is based on their chemical
compatibility with titanium, high modulus, and hardness, but also, a coefficient of thermal
expansion and a density close to those of titanium. In most cases, TIMMCs mechanical properties
are limited by the temperature resistance of the matrix. Thus, increasing the proportion of
reinforcements in DRTIMMCs would increase their high temperature strength at the expense of
ductility and oxidation-resistance. The solutions in the literature have therefore been developed in
order to obtain better mechanical properties at high temperature without damaging other aspects.
Some authors [42-44] recommended the use of particles of different natures to combine the
advantages of each type of particle. Others [45] have shown that tailoring reinforcement
distribution is a solution for improving the ductility, deformability and high temperature strength
of DRTIMMCs. Finally, Liu et al. [46] meanwhile, proposed a solution combining the two previous
improvements. They used TiC particles and TisSiz ultrafine needles as reinforcements. Their results
showed an improvement in the properties which they explain by the hybrid strengthening effect,
the tailored network structure, and the solid solution strengthening effect.

2.1.3.5 Wear and tribology

The low hardness of titanium and titanium alloys does not make it a favorite material for wear
resistant applications. However, the addition of particles increases their hardness. And as for the
mechanical properties seen previously, the hardness of TIMMCs is proportional to the volume
percentage of ceramic reinforcements. The tribological and wear properties of DRTIMMCs are
widely reported in the literature [43, 47-51]. Kim et al. [43] highlighted the effects of the content
of reinforcing particles on the wear properties. They have shown that a high content of reinforcing
particles makes it possible to reduce the wear resistance and thus improve the friction
characteristics. As for Chaudhari et al [42] and An et al. [52], they focused on DRTiMMCs with a
controlled microstructure. The two studies showed that the wear mechanisms depend on the size
of the network formed by the reinforcement particles, and that the control of these microstructures
makes it possible to expect the ideal properties for applications where resistance to wear is

important.



2.1.4 Material under study and manufacturing

11

The material used in this study is a titanium metal matrix composite manufactured by Dynamet

Technologie Inc. It is the well-known titanium alloy TieAlsV reinforced with TiC particles of

irregular shape and 10-20 pm size. These particles are present from 10-12% by volume fraction.

The chemical composition is presented in %mass in Table 2.1.4.1.

Table 2.1.4.1 Chemical composition of the TIMMC used in this study [53]

Aluminium

Vanadium

Carbon

Oxygen

Fer

Nitrogen

Hydrogen

%mass

5.55

3.84

0.97

0.26

0.004

0.21

<0.003

The mechanical properties are presented in Table 2.1.4.2 below. The material is the same as used

in the study conducted by Maryam Aramesh [14] and Kamalizadeh et al [53].

Table 2.1.4.2 Mechanical properties of the TIMMC used in this study and produced by Dynamet

technology Inc. [14]

Yield Tensile Elastic Shear Thermal Specific Density
strength strength modulus modulus | conductivity heat (kg/m™)
(MPa) (MPa) (GPa) (MPa) (W/mK) (I/kgK)
1014 1082 135 51.7 5.8 610 4500

The manufacturing process used is the CHIP process (Cold and Hot Isostatic Pressing) which

provides parts near “net shape” [14]. Figure 2.1.4 illustrates the different stages of this process.
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Figure 2.1.4 Schematic representation of the CHIP process [14]
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First, the powders of the base materials are mixed and compacted at room temperature by high
hydrostatic pressure. This is the CIP (Cold Isostatic Pressing). The cold pressed mixture is then
heated under vacuum at high temperature below the melting point. At this stage the material is
densified by the diffusion of the powder until the formation of the alloy or the MMC. The last
manufacturing step is the HIP (Hot Isostatic Pressing). It consists in applying a medium
temperature and hot argon gas pressure. This will reduce the residual porosity and improve the
mechanical properties of the product. Finally, as illustrated in Figure 7 other processes can be used
at the end of the process to obtain the final shape of the product [14].

2.2 DRTIMMCs and machining

The section below is based on the paper in appendix Al.

The nature of DRTIMMCs makes them difficult to cut. The difference in mechanical properties
between the reinforcing particles and the matrix significantly affects the surface quality, material
removal rates, and tool life. As shown in the paper, the literature review is not very exhaustive on
the machining of TIMMCs. The purpose of this section is to provide an overview of the difficulties
encountered in processes other than grinding. The other processes presented in the literature for the
machining of TIMMCs are mainly milling and turning.

The papers on milling of TIMMCs are mainly concerned with tool wear, surface roughness, and
chip morphology. Studies on tool wear [53, 54] have shown that a combination of optimum
parameters makes it possible to minimize it. However, different wear mechanisms have been
observed depending on the nature of the tool. Carbide tools showed adhesion as the main wear
mechanism while PCD tools showed edge chipping, abrasion, and peeling. Even if studies talk
about an acceptable tool wear, TIMMCs remain very poor thermal conductors. The high
temperature close to the cutting-edge during milling results in high tool wear. This increase in
temperature induces phenomena such as the chemical wear mechanism due to the chemical affinity
between the tool material and the TIMMCs, or even oxidation. The chemical wear mechanisms are
mainly chemical reactions, diffusion, and adhesion of the cutting tool [55]. The chip formation
does not allow the evacuation of all the heat generated [56] and the scraped melted materials adhere
to the tool [57]. These mechanisms, associated with the presence of abrasive particles and the high

resistance to plastic deformation of a TIMMC, are the main ones responsible for the rapid wear of
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cutting tools regardless of their composition (PCD, CBN, etc.). Surface roughness also appears to
be dependent on the type of tool used. Asgari et al. [53, 54] showed in their study that when using
a carbide tool, the feed rate is the cutting parameter that has the most impact on roughness.
Whereas, with a PCD tool, roughness depends on a set of parameters, not a particular cutting
parameter. TIMMCs reinforced with carbon nanotubes, for their part, showed that the surface
roughness was dependent on the cutting speed. However, the study does not specify the nature of
the cutting tools and does not allow comparison [58]. The comparison of the mechanisms which
operate during milling involves the study of chip morphology. The literature has shown that
serrated chips are characteristic of the machining of TIMMCs. Kamalizadeh et al. [53] observed
that the serration level increases with milling time, as do the cutting forces, friction force, and
temperature. When turning TiMMCs, serrated chips are also obtained, and the serration level is
dependent on the cutting speed [53, 59, 60].

Studies on the turning of TIMMCs are also mainly concerned with tool wear, surface roughness,
chip morphology, but also the mechanisms of the first moments of cutting, unconventional
techniques such as Laser Assisted Machining (LAM), or even dust emission. In most cases, studies
on tool wear [54, 61] have shown a high wear rate for carbide and PCD tools, tool chipping as well
as tool failure. However, these studies have also shown that increasing cutting speed helps reduce
tool abrasion and thus tool wear. At higher cutting speed fewer particles are broken, and the simple
displacement of particles results in less abrasion wear of the tool. Beyond 180 m / min, the
mechanisms change and the increase in cutting speed no longer makes it possible to limit tool wear.
LAM has also been shown to be effective in reducing tool wear, although this leads to other wear
mechanisms such as diffusion, or adhesion of the tool to the machined part [62]. In the study
conducted by Duong et al. [63], adhesion and diffusion during the first moments of cutting are
effective in increasing the life of the tool thanks to the formation of a "wear shield" on the surface
of the tool. This "wear shield" will act as a wear protection until it is itself consumed by wear and
thus increase the tool life. In addition to limiting tool wear, increasing cutting speed results in a
better surface roughness with lower roughness [60]. This can be explained by the decrease in
particle breakage. Indeed, at low machining speed, a lot of particles are broken and therefore leave
many pieces of particles on the surface, explaining the increase in surface roughness. While at high
speed, if the particles are less broken and displaced in the matrix, fewer pieces of particles will
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remain on the surface and therefore reduce the roughness. No particle debonding was observed
whatever the turning conditions. Cutting speed also plays an important role in chip formation [64].
The breakage or no breakage of the particles causes differences in the formation mechanisms of
the chips in addition to the increase of the segmentation of the chips with the increase of the cutting

speed.

Dust emission is of major interest for compliance with health and safety standards at work. Turning
of the TIMMCs showed the emission of fine and fine particles under different conditions of the
grinding fluid. The lowest particle emission would be at greater grinding fluid rate, at the expense

of the surface roughness.

2.3 Grinding of TIMMCs

Since DRTIMMCs are difficult to cut materials due to the mechanical properties difference
between the matrix and the reinforcing particles, grinding machinability has been studied in recent
years as an alternative to conventional or heavy machining operations. Although the literature is
not exhaustive on the grinding of TIMMCs, the main subjects seem to have been studied. The
following paragraphs present the subjects discussed in the literature for DRTiMMCs in general and
then for TisAl4sV/TiCp (TisAlsV reinforced with particles of titanium carbides) more particularly.

2.3.1 Generalities about grinding Discontinuously Reinforced TiIMMCs

The material under study in this thesis is a titanium-based metal matrix (TisAlsV) composite
reinforced with TiC particles. This paragraph briefly describes what has been studied for
composites which do not have a titanium base matrix, or which have types of reinforcement other
than TiC particles. Studies in the literature range from experimental observations to the

development of numerical models to describe removal behavior.

Since grinding is a machining method used to improve surface integrity [11], studies in the
literature are particularly interested in surface roughness. Despite the grinding difficulties linked
to the difference in behavior between the reinforcement particles and the matrix, some authors [65]
argued that Al/SIC composites have better results in grinding than aluminum alloys without
reinforcements. Their observations revealed a better surface roughness and a lower tendency to

clog the wheel. Soft materials like aluminum are known to have poor grindability. During grinding,
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the clogging of the wheel is caused by chip adhesion [12, 66]. The efficiency of the different types
of wheels for grinding aluminum matrix composites was therefore of interest. The study conducted
by Di llio et al. [13] on an Al / SiC composite revealed that the use of conventional wheels showed
better performance than super abrasives: including a better surface roughness, lower grinding
forces, and lower wheel clogging. Experimental observations have shown that the lower tendency
to wheel clogging is mainly due on the one hand to a most open structure among the employed
wheel, and on the other hand to the higher notch effect associated with the grinded composite. The
authors suggest that if the wheel selection criteria is the minimum tendency for clogging, then the
choice would be a conventional abrasive wheel. The cutting data tendency such as grinding forces
or grinding temperature are of greatest importance, in terms of tool life or quality of the surface
roughness. Thiagarajan et al. [67] studied the influence of particle volume on grinding forces,
grinding temperature, and surface roughness for an Al / SiC metal matrix composite. They observed
that an increase in the particle content led to an increase in grinding forces, temperature, and surface
roughness. Their study showed that a high wheel and workpiece velocities induced a low grinding
force and made it possible to obtain an improvement in surface roughness and a damage-free
surface (without microcrack). The presence of micro-cracks on the ground surface has been studied
in the literature, in particular in creep-feed grinding of a titanium alloy with an abrasive SiC wheel
[68]. The study showed that optimum grinding parameters allow cracking-free surfaces. Hood et
al. [69] obtained similar results in a different study with a single-layer electroplated diamond wheel.
Either the absence of cracks or fractures in surface area and subsurface of the workpiece in creep-
feed grinding. Creep-feed grinding is recognized for significantly enhance the removal rate or the

surface quality, which are benefits for applications in aerospace [68, 70].

The study of the chip formation mechanism was carried out for an Al / SiC metal matrix composite
[71]. The authors saw that the formation of the chip depended on the nature of the machined phase:
matrix or reinforcing particle. Indeed, the aluminum matrix has a ductile behavior while the SiC
particles are fragile. Four kinds of motion traces of grit were observed, resulting in four different
types of chips: Al-matrix chips, SiC particle chips, and Al-SiC mixed chips: chunky chips or saw-
tooth chips. Other authors have also studied the SiC / Al composite chip formation. Some authors
[72] were interested in the shape of the chips without looking at the formation mechanisms, while
others like Joshi et al [73] also investigated the formation mechanisms of the chips and in particular
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the impact of cutting parameters such as cutting depth. An analytical model was used to study the
surface roughness on a GT35 (steel matrix based) with TiC reinforced particles [74]. Four stages
of material removal were revealed by the results: ductile removal of the matrix, ductile removal of
the particles, brittle fracture, and pull-out of the particles. According to the authors, plowing
striations and fracture zones occurred at the same time. They were also able to determine the critical
undeformed chip thickness for the transition from ductile to brittle behavior of the particles. Their
experimental results have confirmed the importance of this critical value. Indeed, at small,
undeformed chip thickness the particles present the ductile removal mode. Beyond this value, the
brittle fracture of the particles occurs and considerably increases the surface roughness. The results
of the model and experimental results are consistent. They helped to highlight the dependence of
the surface roughness the feed rate and grinding depth.

The studies presented in the literature deal with different subjects such as chip formation or the
influence of the different cutting parameters on the surface roughness, the grinding forces or

temperature. These parameters have significant effects on the surface roughness.

2.3.2 Grinding of TIMMCs
The section below is based on the paper in appendix A.

The aim is to present the different aspects of Ti6AI4V / TiCp or Ti6AI4V / TiCp + TiBw (TiMMCs)
grinding which have been discussed in the literature. This information is subject to publication, a
summary of the importance of each grinding parameter, material removal mechanism, or

experimental observation will be presented to highlight the gaps in the literature.

Grinding could be used for finishing or heavy machining operations. Mastery of a single process
would limit the costs associated with subsequent machining operations such as milling or turning
[13, 75]. The surface roughness is therefore a recurrent parameter when grinding TIMMCs and is
often discussed in the literature. Microcracks, pile up, grinding scratches, or cavities [7] were
observed on the ground surface after grinding. These surface defects significantly affect the surface
roughness. Li et al [7] showed that the state of the grinding forces, as well as the size of the
undeformed chip thickness, influence the ground surface morphology, in particular the presence of
microcracks. Some surface defects affecting surface roughness are related to the presence of
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particulate reinforcements. Increasing the reinforcing particle content decreases surface roughness,
according to the work of Blau et al [76]. As for the cutting parameters that influence the cutting
force, these are mainly the depth of cut and the cutting speed. A comparison of the cutting forces
between a cut at 120 m/s and 20 m/s showed that an increase in cutting speed led to lower cutting
forces [7, 77]. This decrease in cutting forces is due, according to the authors, to a lower friction
coefficient. Although increasing the cutting speed will reduce cutting forces, this does not only
bring benefits for the grinding of TIMMC:s. Indeed, the increase in cutting speed also increases the
action of grinding grains in the contact zone per unit of time as well as a drop efficiency of the
coolant, increasing temperature. A grinding temperature too high [6, 78, 79] affects the
microstructural or mechanical integrity and can cause the creation of surface microcracks [4]. The
main changes observed following a too high grinding temperature are a microstructural change
under the surface of the cutting part and a change in the microhardness values [6, 8]. Studies on
cutting parameters altering microstructural and mechanical integrity [6, 8] on the part have shown
that the depth of cut is the parameter that induces a higher microstructure variation. The
undeformed chip thickness is a grinding parameter that influences many parameters such as the
grinding force, grinding temperature, surface roughness, and material removal mechanism [4, 7,
80]. Observations in the literature show that an increase in undeformed chip thickness will produce
deep and wide cavities on the ground surface, but also lateral cracks. These dependencies increased
surface roughness [7, 8]. Studies on chip morphology have shown that the material removal
behavior is divided into three main stages [8, 80]. The first and last stages correspond to a ductile
regime removal of the matrix with serrated chip formation. The second stage corresponds to the
brittle regime removal, for which the brittle fracture, crack initiation, and crack propagation take
place. Ding et al [80] also showed that the chip morphology is dependent on the cutting speed. An
increase in cutting speed led to finer and discontinuous chips. Finite element (FE) analysis studies
[7, 8] on material removal mechanisms have shown that particle crushing depth is affected by

undeformed chip thickness, especially in high-speed grinding.

The grinding wheel performance is one of the main concerns when addressing the grinding of
TiMMCs. The presence of TiC particles causes premature wear of tools by abrasion. The various
studies in the literature [4, 6, 81] were interested in the grinding wheel performance in terms of
force, temperature, and energy, but also of ground surface roughness. Theses research aim to find
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the most suitable tool, which has the longest life according to precise cutting conditions and
produce a low surface roughness. These studies compare the effectiveness of conventional grinding
wheels (white alumina (WA), pink fused alumina (PA), and micro-crystal corundum (SG)) [6],
with super abrasive wheels in CBN (Cubic Boron Nitride) [4, 81]. In high-speed grinding, the
brazed CBN wheels are those with the largest removal rate, the lowest cutting force and cutting
temperatures, and which minimize the presence of surface defects. For grinding at conventional

speed, the SG wheel is the one that minimizes surface defects (grooves and voids).

2.4 Research objectives

Based on the literature review on the grinding of TIMMCs, the research plan is intended to address

the following objectives:

Objective 1:

- Investigate the grinding of TIMMCs with diamond wheels in terms of wheel wear, power
consumption, forces, surface roughness, and microstructure (Objective 1.a)
- Enhance the knowledge of the grinding performances of TIMMCs (Objective 1.b)

o To investigate the wear of the wheel and the effects on the grinding performance.

o To explore the effect of workspeed on power and surface roughness.

o To investigate the limits of the process by varying the depth of cut and the
workspeed to obtain the higher material removal rate while maintaining a good
surface quality.

o To find out the maximum depth of cut achievable by varying the grinding fluid
pressure without ground surface defects.

o To compare the grindability of the TIMMC and a Ti (titanium) alloy.

These goals under Objective 1 were accomplished in Chapter 3.

Obijective 2:

- Reveal the morphology and integrity of scratched surfaces on TIMMCs using scratching
tests (single abrasive grain)

o Toinvestigate the effect of tool tip shape and use of grinding fluid on the scratched
surfaces morphology and integrity.

o To identify the surface morphology and integrity of the scratched surfaces, and by
comparison, identify the surface morphology and integrity of the ground surfaces.

o To reveal the effect of wheel wear on the surface morphology and integrity in
grinding TIMMC:s.
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These goals under Objective 2 were accomplished in Chapter 4.

Objective 3:

- Improve the understanding of the morphology and integrity of scratched/ground surfaces
on TIMMCs

o To predict the normal and tangential forces related to the scratching tests using an
analytical model.

o Perform the calculation for the scratching tests.

o To reveal the similarity between the calculated forces and the morphology and
integrity of scratched/ground surfaces on TIMMC:s.

o Verify the accuracy of the model with experimental grinding forces from Chapter
3.

These goals under Objective 3 were accomplished in Chapter 5.

2.5 Research methodology

The objectives mentioned above incorporate mainly experimental investigations. The different
phases and steps of investigation to conduct this research are presented in Figure 2.5.1. The entire
research was split into three phases. Phase 1 included the experimental part which led to the
achievement of the objective 1, the grindability study of the TIMMC with a diamond wheel. The
results were examined in terms of grinding force, temperature, tool wear, surface roughness and
microstructure to evaluate the efficiency of the grinding performance. Phase 2 was the scratching
tests, and the evaluation of the morphology and integrity of the scratched surfaces. The SEM
observations led to the identification of the surfaces particularities and were an input for the
identification of the particularities of the ground surfaces from phase 1. Tool tip shape and grinding
fluid use has been considered for the identification of the morphology and integrity of the scratched

and ground surfaces. The results obtained completed the Objective 2.

Finally, Phase 3 used the experimental parameter from phase 1 and 2 to calculate the normal and
tangential forces of scratching tests. The results which included the sliding, ploughing and cutting
components of normal and tangential forces, completed the understanding of the morphology and

integrity of the scratched surfaces identified in Phase 2. Then, the normal and tangential forces of



20

the grinding tests from phase 1 were also calculated to compare them with the experimental results
to determine the accuracy of the model used. These results led to the achievement of the objective
3.

Research methodology
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Abstract

An experimental study is reported on the grinding of a titanium metal matrix composite (TiIMMC)
using electroplated diamond wheels. Flat surface grinding experiments were performed at a fixed
wheel speed vs = 20 m/s, various depths of cut a = 0.03 - 0.08 mm, and workspeeds vy = 10 - 100
mm/s. Additional tests were also conducted on titanium alloy (Ti alloy) for comparisons. The wheel
wear and its effects on grinding forces, power, surface roughness, and workpiece microstructures
are presented. The process limits were also investigated. It was revealed that steady state wheel
wear on TIMMC was slightly slower than on Ti alloy. Low specific energy ranging from 16 — 34
Jimm?3 was obtained for both materials. It was found that surface roughness decreases for TIMMC,
but increases for Ti alloy, with increasing workspeeds. Plastic deformation leads to microstructural

change in the form of twinning below ground surfaces.

Keywords: Grinding, titanium metal matrix composite, electroplated diamond wheel, wheel wear,

surface integrity

This paper is a revised and expanded version of a paper entitled Performance of Electroplated
Diamond Wheels in Grinding Titanium Metal Matrix Composites, presented at the 23rd

International Symposium on Advances in Abrasive Technology, 30 Nov. - 3 Dec. 2021, Hokkaido.
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3.1 Introduction

Titanium metal matrix composites (TIMMCSs) are an alternative to Ti alloys for use in the
automotive and aerospace industries as they exhibit excellent mechanical and chemical properties
such as high specific strength, high specific modulus, high temperature and wear resistance [2, 82].
However, machining TIMMCs is challenging due to the difference in properties between the matrix
and the reinforcing particles. The difference leads to ductile removal of the matrix material and
brittle removal of the particles. The issues encountered during machining of TIMMCs include
mainly premature wear of cutting tools, voids, pileups, not to mention micro-cracks, broken
particles, and microstructural changes [3, 4, 6, 8]. Research on machining TiIMMCs was focused
on developing efficient machining processes to get high surface quality [5]. Several studies [4, 6-
8] compared the performance of different types of grinding wheels in terms of surface roughness
and wheel wear mechanisms. The studies were carried out with either superabrasive wheels, in
particular cubic boron nitride (CBN) wheels, or conventional abrasive wheels such as white
alumina, pink fused alumina, or micro-crystal corundum. Numerous defects were found on ground
surfaces with all the tested wheels. Some of these defects were caused by the presence of TiC or
TiB reinforcing particles. It was shown that their presence increased the ratio of normal to
tangential grinding forces compared to TisAlsV for similar grinding parameters. Studies on
grinding metal matrix composites (MMCs), including TIMMCs, were reported. But none of them

was concerned with the radial wheel wear, which is of importance for estimating wheel life.

Grinding aluminum MMC with diamond wheels was found to provide lower and more stable forces
in both fine (220-grit) and ultra-fine (3000-grit) grinding [9]. It was showed that lower grinding
forces led to less sub-surface damage to the ground samples. A few particle-related defects were
present in the ultra-fine grinding. But particle debonding from the matrix was not found. Hence the
use of diamond abrasives was recommended for obtaining an ultra-smooth surface roughness in
grinding MMCs [10]. The specific energy was compared under an identical removal rate (Qw’ =
2.5 mm?/s) and conditions on grinding aluminum MMC with diamond and CBN wheels. The
specific energy (25 J/Jmm?) for the diamond wheels was higher than that of the CBN wheel (15
J/Imm?3) on the material with a 26% vol of reinforcement. The trend is reversed when the percentage
was reduced to 10%. It was revealed that the surface roughness was not strongly dependent on the

grinding parameters when sufficiently hard and sharp abrasive grains were used [12]. It was
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showed that lower grinding forces, surface roughness, and percentage of wear flat area were
obtained with conventional wheels (SiC and Al,Oz3) than with superabrasives wheels (diamond or
CBN) [13]. Another study recommended using SiC wheels to conduct initial rough grinding and
fine-grained diamond wheels for finishing operations [11] in order to obtain both high material

removal rate and good surface roughness.

Diamond is the hardest material known so far and possesses the highest thermal conductivity
among all abrasives. Such properties of diamond make diamond wheels more suitable for grinding
heat sensitive and fast wheel wear materials. TIMMCs are among this type of materials. It was
recently showed that electroplated diamond wheels performed very well on grinding Ti alloys [1],
which motivated this study. The present paper is concerned mainly with the grinding performance
in terms of forces, power consumption, wheel wear of TIMMCs with a diamond wheel, as well as
the workpiece microstructure. The objective is to investigate the grinding of TIMMCs with
diamond wheels and to enhance the knowledge of the grinding performance of TIMMCs. The

grinding of a Ti alloy and TiMMC under identical conditions are compared throughout the paper.

3.2 Experimental Setup and Test Conditions

Straight flat surface up-grinding tests were performed on a Makino A88E high-speed and high-
power machining center. The wheel was a 120-grit electroplated diamond wheel of diameter ds =
50.8 mm and width bs = 38 mm. Figure 3.2.1 shows the experimental setup. A water-based grinding
fluid of 7% soluble oil was applied at a flow rate of 140 L/min and a pressure of 2.8 MPa (400 PSI)
through a rectangular nozzle with an opening width of 15 mm and a height of 2.5 mm. The
workpieces were rectangular blocks of TIMMC with a length of 76.2 mm (3 inches) along the
grinding direction and a width of 12.7 mm (0.5 inches). The TIMMC is composed of TisAlsV
matrix reinforced with 10 - 12% vol of TiC particles. The average size of the TiC reinforcing
particles is 10 - 20 um. Figure 3.2.2 (a) shows the bimodal microstructure of the material. The
globular o phase is surrounded by Widmanstétten platelets. Widmanstatten structure (a+p) is
composed of retained B phase lying between the a platelets. The TiC reinforcing particles are
distributed in the matrix. Tests were also conducted on TisAlsV (hereinafter referred to as the Ti
alloy). Figure 3.2.2 (b) shows the Ti alloy microstructure. The microstructure of the Ti alloy has

the same phases as the matrix of the TIMMC.
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25pm

(@) (b)
Figure 3.2.2 Microstructure pictures of (a) TIMMC and (b) Ti alloy

Four sets of tests were performed at a fixed wheel speed vs= 20 m/s. The first set of experiments
was to investigate the wear and its effect on the grinding performance of the wheel. The workspeed
was fixed at vw= 50 mm/s and the depth of cut at a = 0.05 mm. The second set of experiments was
to explore the effects of workspeed. The workspeed was varied from vy = 10 to 100 mm/s
corresponding to a specific material removal rate of Qy’ = 0.5 - 5 mm?/s. The third set of
experiments was to investigate the limits of the process by varying the depth of cut and the
workspeed to obtain the combinations of the parameters allowing higher material removal rates
while maintaining a good ground surface quality. The last set of tests was to find out the maximum
depth of cut achievable by varying the grinding fluid pressure. For these tests, the workspeed was
fixed at viw = 50 mm/s. Additional tests were conducted on the Ti alloy with the conditions of the
first and the second sets of tests to compare the grindability of TIMMCs and the Ti alloy. The Ti
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alloy workpieces were selected to have the same shape and size as those of the TIMMC workpieces.
A different width section of the same wheel used for grinding the TIMMC was utilized to grind the
Ti alloy. Conducting the tests on both materials using the same wheel, instead of two nominally
identical wheels, was helpful for eliminating the effects of the inevitable variations of nominally

identical wheels.

Grinding Power, forces, surface roughness, and radial wheel wear were measured. A universal
power cell was used to measure the electrical power of the spindle motor, and a Kistler 9255B
dynamometer for the forces. The forces and power measured in this way included net components
for material removal, and non-grinding components due to the impact of grinding fluid and various
frictions. The net components, which are of the interest for the data analysis, were extracted
following a previous approach [83]. An example showing the total components of forces and
power, the non-grinding components, and the net components for the 100th pass in the first set of
tests on TIMMC is presented in Figure 3.2.3. The average net horizontal and vertical forces were
Frn =36 N and Fv= 89 N, respectively. The average net power was P = 0.56 kW corresponding to
a specific energy of u = 17.6 J/mm?3. The large non-grinding forces were apparently due to the
impact of high-pressure fluid jet. Radial wheel wear was measured by grinding a graphite specimen
wider than the workpieces. The section of the wheel width not used for grinding the workpieces
provided a reference surface to measure the wear. The wear depth was obtained by making a stylus
trace across the grinding track of the specimen using a Taylor-Hobson profiler [84]. An example
of the radial wheel wear profile is presented in the Figure 3.2.4. This profile was measured after
400 wear passes and showed a wear depth of about 20 um. Three measurements of roughness for
each test were conducted with a portable Taylor-Hobson Surtronic 3+ surface roughness checker.
The microstructural observations and evaluations of surface integrity were done with an optical

microscope Keyence VHX-7000, after mirror polishing and chemical attack with Kroll's reagent.
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3.3 Results and discussions

A total of 800 passes were conducted in the wheel wear tests. It should be noted that the wheel was
still in its good condition at the end of the tests and could grind more passes. But the wear tests
were stopped following the completion of the 800th pass to save the workpiece material. The results
for the vertical force Fy, horizontal force Fn, power P, surface roughness R,, and radial wear depth
w in the wear tests are summarized in Figure 3.3.1. The initial radial wheel wear after the first pass
was about w = 16 pm for the TIMMC and 5 pum for the Ti alloy. The radial wear exhibited a clear
transient run-in from the start up to the 50th pass for the Ti alloy and increased throughout the tests.
Small increases were also observed at the 200th and 600th pass. For the TIMMC, only small
increases are observed at the 100th, 400th, and 800th pass. A weak steady state was reached by the
end of the 800th passes for Ti alloy and the TIMMC. In a previous study [85] on Ti alloy, the initial
radial wheel wear was around 10 pum. Initial wear is affected by the initial wheel conditions and
grinding forces. It is due to the pull-outs of weakly bound diamond grains. A larger grinding force
and/or a wheel with more weakly bonded grains lead to more grain pull-outs and hence a higher
initial wear value. This might explain the initial wear values reported in this study. The higher
initial wheel wear value obtained for the TIMMC was consistent with the higher grinding forces
measured. At the end of the tests, the wear depth reached w = 28 um for TIMMC and 27 um for Ti

alloy, respectively.

Power, forces, and surface roughness changed progressively due to the continuing radial wheel
wear. In the case of the TIMMC, the vertical and horizontal forces stabilized after the end of the
initial transient run-in at the 100th pass. The vertical force varied between F, = 76 and 92 N at the
beginning and then increased gradually up to Fv = 98 N at the 800th pass. The horizontal force
followed a similar trend with its value varying between F, = 33 and 40 N, and then gradually
increased to Fn = 40 N. The forces for the Ti alloy were more stable and its trend did not coincide
with that of transient radial wheel wear. The vertical force was Fy = 73 N at the first pass, then
increased to Fy = 82 N at the 5th pass and gradually reached Fy = 85 N at the 800th pass. The
horizontal force followed the same trend, the values ranged from Fn = 32 to 37 N. The horizontal
and vertical forces obtained for the TIMMC were of the same order of magnitude but slightly higher

than the corresponding forces of the Ti alloy. For example, the vertical forces with the TIMMC
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were 3 N at the 100th pass and 18 N at the 800th pass higher than the corresponding forces of the

Ti alloy.
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The power values for both materials were quite close. The power for the TIMMC was just slightly
higher than that for the Ti alloy from the 5th to the 50th pass, and in the 800th pass. They presented
a maximum difference of 6.5% except in the first pass, for which a difference of 32.7% was
observed between the values. The power for the TIMMC reached P = 0.76 kW in the first pass and
then decreased down to P = 0.57 kW in the 100th pass. After that, it increased progressively to P
=0.65 kW at the 800th pass. The power trend here was different from the general power trend with
electroplated superabrasive wheels, in which the power increases progressively with continued
grinding or wheel wear. The power signal in the first pass was analyzed again to investigate the
violation of the general trend. It was found that the pass was conducted with a workspeed of vy =
65 mm/s, instead of the planned vw = 50 mm/s. The measurement of the initial power for the
workspeed v = 50 mm/s was repeated with a new wheel. The initial power was about P = 0.35 kW
and presented as "TiIMMC 2" in the Figure 3.3.1. The repeated measurement followed the general
power trend. It should be noted that the original result was previously published [86] for the
workspeed vw = 50 mm/s. The abnormal power trend was not clear in that publication, and it was
mentioned that further investigation would be needed.

In the case of the Ti alloy, the value was P = 0.52 kW in the first pass and gradually increased
reaching P = 0.64 kW in the 800th pass. It is worth mentioning that the power values in the present
study are of the same magnitude of the power obtained in a previous study on the grinding of the
same Ti alloy with a nominally identical diamond wheel [1]. The power values for the first and the
800th passes from the previous study were P = 0.60 kW and P = 0.95 kW, respectively, which
were slightly higher than obtained in the present study, which were P = 0.52 kW and P = 0.64 kW.
As mentioned above, the tests were carried out with two nominally identical grinding wheels. The
slight difference between the power values can be attributed to the difference of the initial wheel

conditions.

The surface roughness for the TIMMC decreased quickly from its initial value Ra = 3.71 down to
2.39 um in the 100th pass and then decreased slowly reaching Ra = 2.08 um at the end of the wear
tests. The surface roughness for the Ti alloy followed a trend similar to that of the TIMMC.
However, it decreased faster from its initial value Ra = 4.27 um down to 2.25 pm in the 50th pass
and reached Ra = 2.04 pm at the end of the tests as shown in Figure 3.3.1. It is well known that
surface roughness in grinding with electroplated superabrasives wheels is closely related to radial
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wheel wear. A large radial wheel wear leads to a smoother wheel surface and hence lower ground
workpiece surface roughness. The surface roughness and radial wheel wear obtained in this study
agreed well with the above-mentioned relationship. The initial surface roughness for the TIMMC
was lower than that for the Ti alloy, which was consistent with the radial wheel wear of w = 16 pm
for the TIMMC and w = 5 um for the Ti alloy. The almost equal radial wheel wear of w = 28 um
for the TIMMC and w = 27 um for the Ti alloy, at the end of the wear tests resulted in almost equal
surface roughness values, Ry = 2.08 pum for the TIMMC, and Ra = 2.04 um for the Ti alloy.

The measured radial wheel wear in Figure 3.3.1 was used to calculate the G-ratio, which is the
volumetric ratio of the material removal and wheel wear. A higher G-ratio value indicates a higher
wheel wear resistance. The G-ratios calculated from the total wear depths were 680 and 710 for the
TiIMMC and Ti alloy, respectively. It should be emphasized that the above G-ratios were calculated
from the total wear depth, which included the initial wear depths and were affected by the initial
wheel conditions. To exclude the effect of the initial wheel wear, the G-ratios were further
calculated using the wear depths from the 50th to the 800th passes, which is more suitable for
comparing the G-ratios from different materials. The G-ratio values reached 1648 and 1026 for the
TiMMC and Ti alloy, respectively. In a previous study on grinding the same Ti alloy under identical
conditions [1], the total and the 50th to 800th passes G-ratios were respectively 944 and 1884. They
are slightly higher compared with the present study. The difference can be attributed to the wheel

conditions.

As mentioned in the previous section, the present tests were conducted with different width sections
of the same wheel. Therefore, differences in the G-ratios for the two materials can be considered
from the materials only. The G-ratio for the TIMMC from the 50th to the 800th passes was higher
than that of the Ti alloy, which might be attributed to the three-body abrasion phenomenon found
in grinding of superalloys and ceramic [87, 88] and turning of MMCs [89-92]. Three-body abrasion
Is a sub-category of abrasion wear and is defined as the wear caused by a free particle at the
interface between a solid body and a counter-body [93]. Dislodgments and/or breakages of the
reinforcing TiC particles in MMCs have different effects during grinding. The particles help the
removal of workpiece material through three-body abrasion on one hand. On the other hand, they
cause wheel wear. The abrasion resistance of a cutting tool depends on the relative hardness of the
materials [89]. Diamond, being much harder than TiC (Knoop microhardness: 54 — 84 GPa for
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diamond and 20 — 30 GPa for TiC), was much less subject to the additional abrasion wear than
MMC matrix, which is softer than the TiC particles. The combined abrasion effects to the wheel
and the workpiece eventually led to a higher G-ratio with the TIMMC.

Specific energies are also shown in Figure 3.3.1. As mentioned earlier, the measurement for the
initial pass on the TIMMC was repeated in order to obtain the power for the planned workspeed v
= 50 mm/s. The specific energy calculated from the repeated measurement was about u = 11.0
JImm?, It increased progressively to 20.5 J/mm?3 at the end of the tests. The initial value for the Ti
alloy was u = 16.4 JJmm?® and gradually increased to u = 20.2 J/mm?. Similar to the power, the
specific energy for the TIMMC was slightly lower than that for the Ti alloy. This was expected
since the tests for both materials were conducted under an identical material removal rate. The
specific energy values reported in literatures were generally higher than those in the present study.
Specific energies between 88 and 288 J/mm?, i.e. 4 to 14 times more than obtained in the present
study, were reported in a study on the grinding of a TIMMC with a conventional wheel [6]. The
specific energy values in the present study were also lower than those of other metal materials such
as hardened steel and nickel alloys ground with various types of wheels and conditions [94]. The
low specific energy values in the present study can be attributed to the usage of high-pressure
grinding fluid and the wheel surface cleaning by the high the pressure fluid spray. The combined
effect of the high-pressure fluid and wheel surface cleaning avoided the wheel surface loading with
sticky chips, which were mainly responsible for the high specific energy with titanium-based

materials in other studies.

The results of power and surface roughness for the effects of workspeed in the second set of
experiments are shown in Figure 3.3.2 for both materials. For each of the tested condition, two
grinding passes were conducted. No variations were observed in power between the two passes.
The power values at the workspeed v = 10 mm/s were P = 0.22 kW for the TIMMC and 0.17 kW
for the Ti alloy. The power increased with increasing workspeed and reached P = 1.37 kW and
1.93 kW, respectively, at the maximum tested workpseed v = 100 mm/s. It can be seen that the

power for the TIMMC was lower than that for the Ti alloy, except at the workspeed v = 10 mm/s.
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6 Workspeed effect on power and roughness
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Figure 3.3.2 Workspeed effect on power and roughness

As mentioned in the previous section, the second set of tests were conducted following the wheel
wear tests where the wheel reached its steady wear stage. The wheel wear by the very limited
number of grinding passes in the second set of tests can be neglected, which provided the basis to
precisely compare the effects of materials in the tests. The power for the 800th pass in the first set
of tests on the TIMMC was compared with the power at the workspeed vw = 50 mm/s in the second
set of tests. The power was P = 0.64 kW for the 800th pass, and 0.67 kW in the second set of tests.
The power values were almost equal, which confirmed that the wheel wear caused by the second

set of tests can be neglected.

The roughness was Ra = 2.24 pum for the TIMMC at the workspeed v = 10 mm/s and 2.05 pm at
100 mm/s. The corresponding values for the Ti alloy were Ra = 2.27 pm and 2.46 pm, which is
higher than the values of the TIMMC. Different trends were clearly observed. The roughness
increased with increasing workspeed for the Ti alloy, which was consistent with the general
findings of the roughness and workspeed relationship. For the TIMMC, the roughness, however,

decreased with the increase in workspeed. To confirm the trends, SEM observations were made on
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the ground surfaces. As an example, the SEM pictures of the surfaces ground in the 20th passes for
both materials are shown in Figure 3.3.3 with the same magnification. The surface of the TIMMC
exhibited grooves, pileups, and defects, especially embedded particles. Similar grooves and pileups
were also observed on the surface of the Ti alloy, but at much large scales. This led to the higher

surface roughness with the Ti alloy.

(a) (b)
Figure 3.3.3 Ground surface pictures at the 20th pass for the (a) TIMMC and (b) Ti alloy with the

same magnification

As mentioned above, broken, and dislodged TiC particles trapped between the grinding wheel and
the workpiece participated in the grinding of the TIMMC through three body abrasion. Similar to
the abrasive grains in lapping operations, the particles, which were much smaller than the diamond
grains, led to a smoothening effect on the grooves, ridges, and pileups and eventually the reduced
surface roughness. The surface roughness trend for the TIMMC can be explained with the
dependence of chip size on the workspeed. It is well known that increasing workspeeds leads to a
larger size of chips without changing the total chip number. A larger chip for sure has a larger
surface area than a smaller one and hence shed more TiC particles during grinding. This results in
more particles trapped in the grinding zone, which increased effect of the three-body abrasion and
produced smoother ground surfaces with a higher workspeed.
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To confirm the existence of broken particles, SEM observations were made on chips. SEM pictures
of a TIMMC chip is shown in Figure 3.3.4. The chip morphology revealed characteristic of the low
thermal conductivity of titanium alloy, which led to adiabatic shear and the formation of segmented
chips [60]. The close-up picture revealed the presence of broken TiC particles. This observation is

similar to what was found in turning or milling on the same material [61].
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Figure 3.3.5 Process limits from workspeed and depth of cut combinations



35

Figure 3.3.6 Ground TiMMC surface with defects (vw = 100 mm/s, a = 0.05 mm)

The process limits for grinding the TIMMC are given in Figure 3.3.5 showing the depth of cut and
workspeed combinations dividing feasible and infeasible regions. The tested conditions leading to
good ground surfaces are also included in the figure. A feasible region is formed by all the
combinations producing ground surfaces without defects. As an example, a picture of a ground
surface with defects produced by a combination in the infeasible region is presented in Figure
3.3.6. Searching for the limits was started with the workspeed vw = 50 mm/s and depth of cut a =
0.05 mm. The depth of cut was first increased by intervals of 0.005 mm up to signs of high grinding
temperature or surface quality degradation. Sticking chips were found on the ground surface at the
depth of cut a = 0.06 mm. The workspeed was then reduced to find the maximum one without
defects while fixed the depth of cut at 0.06 mm. Eventually, surfaces without sticking chips were
produced at the workspeed vw = 12.5 mm/s. The process limits were found by repeating this

procedure.

The results for the effects of grinding fluid pressure on the maximum depth of cut achieved without
ground surface defects in the last set of tests on the TIMMC are summarized in Figure 3.3.7. It
should be noted that the tests were conducted with the same nozzle. This means that increasing the
fluid pressure led to increases of fluid flow rate too. The flow rate corresponding to the lowest
tested pressure 1.38 MPa (200 psi) was 95 L/min (25 GPM). This flow rate was more than needed
for the tested removal rates. Therefore, the effect of the increases in flow rate can be neglected. At
the lowest pressure of 1.38 MPa, the maximum depth cut without ground surface defects was a =

0.04 mm. As expected, the maximum depth of cut increased with increasing fluid pressure and
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reached 0.08 mm at the highest tested pressure of 5.52 MPa (800 psi). The improvement in depth
of cut was apparently due to the deeper penetration of the fluid into the grinding zone at higher
pressures. It should be emphasized that all the other tests in this study were conducted at the
pressure 2.8 MPa (400 psi), which were much higher than normally used in other studies in

literatures. This was one of the reasons for the lower specific energy achieved in this study.

Fluid pressure, (MPa)

1.38 2.76 4.14 5.52
T T T T
E 0.090  V.=20m/s -
£ v,, =50 mm/s
© 0.075 | ) ) -
= Infeasible region
(&)
s 0.060 - -
IS . .
© 0.045 | Feasible region
o
0.030 — L L L
200 400 600 800

Fluid pressure, (psi)

Figure 3.3.7 Effect of fluid pressure on the maximum depth of cut achievable

a) Ground surface

¥

Plane XY

Figure 3.3.8 Sample cutting planes a) and microstructure after 400 passes on the b) YZ and ¢)
XY plane

To study the microstructure, TIMMC samples for the 400th pass were cut using EDM
perpendicular (YZ plane) and parallel (XY plane) to the direction of the workspeed, as shown in
Figure 3.3.8. Only minor changes in the sub-surface microstructure were observed. As an example,
pictures of the microstructure are presented in Figure 3.3.8 (b) and (c). Plastic deformation of the
globular structure of the o phase and the Widmanstétten platelets occurred either in the ZY and XY

planes from the ground surface up to 3 um in depth. Twinning, which is a mechanism of plastic
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deformation leading to atomic rearrangements in a parent gain, also took place under the ground
surface as shown in Figure 3.3.9. For the Ti alloy, the plastic deformation happened from the
ground surface up to 5 um in depth. Different from the TIMMC, twinning was not observed in
spite of the deeper plastic deformation with the Ti alloy. Diamond is an excellent thermal
conductor, it helps conduct the heat away from the grinding zone and lower grinding temperatures,

which might be responsible for the minor changes of microstructure.

b)

Parent grain

Figure 3.3.9 Twinning formations under the ground surface at YZ plane a) general view, b)

enlarged view of a parent grain and twinning

3.4 Conclusion

An experimental study on the grinding of a TIMMCs and a Ti alloy with an electroplated diamond

wheel was carried out. The following can be drawn:

e Electroplated diamond wheels wear slower on TIMMCs than on Ti alloys. Under the tested
condition, steady state G-ratios of 1,648 and 1,026 were obtained for the TIMMC and the

Ti alloy, respectively.

e Grinding the TIMMCs consumes less power and specific energy than grinding the Ti alloy
under identical grinding and wheel wear conditions. Lower specific energy ranging from
16 to 34 J/Jmm? was obtained under all the tested conditions in this study for both tested

materials, which can be attributed to the usage of high-pressure grinding fluid.

e Surface roughness decreases with increasing workspeed for the TIMMCs. But, it increases
with the workspeed for the Ti alloy. The roughness values for the TIMMCSs under different



38

workspeeds were lower than the corresponding values of the Ti alloy. The differences are
due to the effect of three body abrasion with the TIMMC.

Decreasing the depth of cut while increasing the workspeed is in favour of achieving higher
material removal rates. Material removal rate can also be improved by increasing grinding

fluid pressure.

Broken particles were found on both chip and ground surfaces. Twinning due to plastic

deformation was observed under the ground surface for the TIMMC.
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Abstract. An experimental study is reported on the surface morphology and integrity in scratching
of TIMMCs. Experiments were performed at a fixed scratching speed vs=20 m/s, and given depths
of scratching ranging from 0.004 to 0.024 mm. Scratching tools with round and conical tips were
selected for the tests with and without grinding fluid. Microscopic observations of the tool tips and
the scratches were conducted. It was revealed that ploughing of the matrix and the re-deposition of
the matrix on the scratched surface led to the mixing of the matrix with broken TiC particles. The
use of grinding fluid influenced the TiC removal mechanisms in terms of “‘comet tail” phenomenon
and different severities of the particle breakage. The depth of scratch had a greater effect on the
cupules formation. Comparison of the bottom of the scratches and the ground surfaces showed that
the wheel wear had significant effects on the ground surface morphology and integrity. No

evidence of whole particle dislodgements was observed.

4.1 Introduction

Titanium metal matrix composites (TiIMMCSs) were developed in the early 1990s as an alternative
to Ti-based alloys for the aerospace and automotive industries. Despite possessing excellent
mechanical and chemical properties such as high specific strength, light weight, high wear and
chemical resistance, and high thermal stability [2], machining of the material remained challenging.

The main issues encountered during machining were premature wear of the tools, broken particles,
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and void formations on machined surfaces [3, 4] due to the difference in mechanical properties

between the matrix and the reinforcing particles.

A few studies have addressed the fundamental understanding of the material removal behavior.
Publications on the grinding of TIMMCs with cubic boron nitride (CBN) wheels [7, 8, 80],
suggested that the removal mechanism of TIMMCs included the ductile removal of the matrix and
the brittle removal of the reinforcing particles in two stages that were sequentially repeated along
workpiece surfaces. The first stage corresponded to the ductile removal of the matrix dominated
by the serrated chip formation. The second stage was led by crack initiation and propagation,
characteristic of the brittle removal of reinforcing particles. These removal mechanisms were also

predicted by finite element modelling (FEM) and experimentally validated.

Another study [95] modeled the simultaneous actions of two abrasive grains on a CBN wheel
during the grinding of a TIMMC. In this model, if the reinforcing particle had a residual crack, the
results showed that the second pass of an abrasive grain propagated the crack up to the tensile
failure of the particle and led to its breaking off from the matrix. If a reinforcing particle did not
have a residual crack, the second pass would not induce the tensile failure of the particle, instead
brittle removal occurred. The presence of a residual crack affected the maximum Von mises strain
in the second pass. This maximum stress caused the tensile failure of the particle during the passage

of the second grain.

Other studies on grinding TIMMCs with CBN grinding wheels were focused on the experimental
understanding of the material removal behavior. The results showed that the material removal
behavior is closely related to the undeformed chip thickness [4, 7, 8, 80]. A small undeformed chip
thickness caused a tiny fracture of the reinforcing particle and thus, a shallow cavity on the ground
surface. On the other hand, a large undeformed chip thickness led to a larger fracture, inducing a
deeper and wider cavity on the ground surface, and therefore a higher surface roughness. According
to Li et al. (2016), the undeformed chip thickness led to lateral crack formation resulting in micro-
cracks on ground surfaces. A larger undeformed chip thickness induced deeper lateral cracks which
interacted each other and emerged on the ground surface resulting in higher surface roughness. The
presence of micro-cracks on ground surfaces were also attributed to severe residual stresses on the

ground surfaces [7].
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Surface morphology and integrity are of importance in grinding TIMMCs. Studies in this aspect,
however, are very limited. Previous studies on material removal mechanisms/behaviors on grinding
TiIMMCs were somewhat related to ground surface morphology and integrity. But, these studies
were not sufficient enough to reveal the surface morphology and integrity in depth. As part of an
investigation on grinding TIMMCs with electroplated diamond wheels, the present paper is
concerned with the surface morphology and integrity of scratches on TIMMCs with focus on the
effect of scratching tool tip geometry and the application of grinding fluid. The results from the
scratching tests were also compared with what were obtained in grinding (removal by multiple

abrasive grains).

4.2 Experimental Setup and Test Conditions

Single grain up-scratching tests were performed on a Makino A88E high-speed and high-power
machining center. A rotating disk mounted with single grain tools, instead of a grinding wheel of
multiple abrasive grains, was used in the tests. The tools were single point diamond dressing sticks
and diamond indenter. Each dressing stick had a single diamond grain with a tip included angle of
75°. The indenter had a 50 um radius ball tip. The dressing tools were selected to simulate the
pointed and sharp grains in new wheels while the indenter to simulate grains in worn wheels. These
tools were mounted on a round disk of 225.4 mm (8.86 inches) diameter, with a counterweight
installed on the opposite end of the diameter to avoid unbalance. The tool tip protruded 14.30 mm
above the disk peripheral surface leading to a tool tip rotating diameter of 254.0 mm. Figure 4.2.1
shows the experimental setup. For the tests with fluid, a film of water-based grinding fluid of 7%

soluble oil was applied on the sample surfaces prior to the tests.
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Figure 4.2.1 Experimental setup with an enlarged view of the tool and sample

The experiments were conducted at a fixed tool tip speed of vs= 20 m/s and workspeed of vw= 175
mm/s. The workspeed was selected to obtain two to five distinct scratches in each scratching pass
depending on the given depths of scratch. A total of six scratching passes were conducted on each
sample. The depth of scratch was set to 0.004 mm for the first pass and increased by 0.004 mm for
each subsequent pass. A total of four sets of tests were carried out to investigate the effect of tip
shapes (spherical and pointed) and grinding fluid on the scratched surface morphology and
integrity. The tests were first performed with the dressing tool with grinding fluid for six passes.
Then, a new tool was used to run the same conditions but with grinding fluid in the second set of
tests. After that, the third and the fourth sets of tests were conducted with diamond indenters using

the conditions of the first and the second sets of tests, respectively.

The test samples were rectangular blocks of TIMMC with a length of 30 mm (1.2 inches) along the
workspeed direction and a width of 25.4 mm (1.0 inch). The sample surfaces were mirror polished
before the tests to eliminate the effects of the presences of pre-test scratches. The TIMMC used in
this study was composed of Ti6Al4V matrix reinforced with 10 - 12% vol of TiC particles. The
size of the TiC reinforcing particles was between 10 and 20 um. Figure 4.2.2 shows the matrix of
the material composed of the globular a phase (the lightest feature) surrounded by Widmanstitten
platelets. Widmanstitten structure (o+f) consisted of retained B phase (brown) distributing
between the a platelets (white). The TiC reinforcing particles were randomly distributed in the

matrix.
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Figure 4.2.2 Optical microscopy image of the TIMMC microstructure

Samples from a previous study in grinding TIMMC with an electroplated diamond wheel [86] were
also used for comparison and identification of the surface morphology and integrity in multi-grain
grinding. The workpiece surfaces of these samples after 20, 400 and 800 wheel wear grinding
passes were observed to reveal the effects of wheel wear. Also, a section view parallel to the
grinding direction was used to evaluate the aforementioned mechanisms that cannot be studied
from the top view of the scratched surfaces. The depths of the scratches were measured by 3D
scanning with an optical Keyence VHX-7000 microscope. The scratches and chips were observed
with optical and scanning electron microscopy (SEM) (Hitachi TM3030). The SEM observations
were performed with the lower secondary electron detector (LEI) and the low angle backscattered
electron detector (LABE). The former focused on the topographic contrasts and the latter on the

chemical contrast and helped differentiate the TiC particles from the matrix while.

4.3 Results and discussions

A total of 80 scratches were obtained to determine the surface morphology and integrity of the
TiMMC under single scratch tests. The actual depth of the scratches ranged from 7 to 20 um for
the dressing tools, and 6 to 44 um for the indenters. It should be noted that the tips of the tools,
most notably the dressing tools, deteriorated after 6 - 8 passes in tests with and without the grinding
fluid.

SEM images were taken to show the worn tips of the tools (Figure 4.3.1). For the dressing tool

(Figure 4.3.1 a)), the tip was broken, and chip accumulation was seen on the tip. The darker circular
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area around the tip showed the worn part of the tip. For the indenter (Figure 4.3.1 b)) the worn part
was also seen (darker part) with chips sticking on it (lighter part on the worn surface). Unlike the
dressing tool, only a small piece of the tip was broken off. It is important to note that more chip

accumulation was observed on the sharper dressing tool tip than on the round indenter.

Figure 4.3.1 SEM pictures of tool tips after tests without grinding fluid a) the dressing tool, and
b) the indenter

An example of a scratch profile across the scratching pass corresponding to the broken dressing
tool is presented in Figure 4.3.2. This profile was used to analyze the effect of tip breakage on the
scratch profile. The profile confirmed an irregular tip with a step corresponding to the edge created
by its breakage. Pile-ups were also observed on each side of the scratch, which were due to the

plastic flow of the material on the side of the tool.

Profile height, (um)

0
0 100 200 300 400 500

Profile width, (um)
Figure 4.3.2 Scratch profile obtained from the broken dressing tool

Abrasive grains on wheel surfaces are not necessarily pointed, but have sharper edges or random
profiles, such as those seen in the broken tool tips. The results obtained with the broken dressing
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tools were used in the present study and they were considered to be more representative of service

conditions than a brand-new pointed tool.

The following sections present observations and discussions of the morphology and integrity of
surfaces in singe grain scratching of TIMMC with and without grinding fluid as well as a

comparison with multigrain grinding.

4.3.1 Ground surface morphology and integrity

As mentioned in the previous section, ground samples from a previous study [86] were observed
for the surface morphology and integrity, which cannot be studied from the top view of the
scratched surfaces. Observations of these samples are helpful for investigating the scratched

surface morphology and integrity in single grain testing.

The images from the section view parallel to the grinding direction under the ground surfaces after
20, 400 and 800 passes are shown in Figure 4.3.3. The particles contained in the matrix appeared
darker, and the matrix brighter. It is well known that the matrix is subject to plastic deformation
forming grooves on the ground surface due to grinding actions. Breakages of TiC particles below
the ground surfaces were observed in the images (Figure 4.3.3). This observation contradicted to
what was reported in literatures [80, 95] which concluded that the contact between the tool and the
TiC particle was the precursor of the brittle fracture of the latter. Figure 4.3.3 of the workpiece
cross-sections showed that particles were cracked and broken up to 40 um in depth below the
ground surfaces. These broken particles were ground leading to the mixing of the pieces of the
broken particles with the plastically deformed matrix. Then, the mixture is either ploughed forward
and re-deposited on the surface or removed by forming a chip. It is well accepted in the literature
that the material removal behavior of the TIMMC matrix is dominated by serrated chip formation
[53].
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Figure 4.3.3 Workpiece cross-section showing the microstructure under the ground surface after
a) 20, b) 400, and c¢) 800 passes

The aforementioned SEM observations revealed the ploughing of the matrix related to its plastic
deformation, and re-deposition of the matrix on the scratched surface. The ploughing and re-
deposition of the matrix induced its mixing with broken TiC particles, which is of importance and
constitutes the basis for understanding the results and discussion in the following sections for

scratch testing with and without grinding fluid.

4.3.2 Scratches of tests without grinding fluid

The scratch morphologies for the dressing tool and the indenter without grinding fluid are presented
in Figure 4.3.4 a) and b), respectively. The typical scratch obtained for the dressing tool has grooves
at the bottom of the scratch, which were due to the irregular shape of the broken tip. Significant
pileups were observed on the most pointed side of the tip. The typical scratch obtained from the
indenter was much more regular and had a smoother appearance, as well as smaller pileups on each

side of the scratch.

Sample surface
= y ¥ ; P
o -

P

Sed L7

pileups

Scratch bottom

Figure 4.3.4 a) Dressing tool scratch, b) indenter scratch, and c) chip re-deposition for the
dressing tool, on the edge and at the bottom of the scratch
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Chip re-deposition was observed at different scratch depths. For the dressing tool, chip re-
deposition took place at both the bottom and on the edges of the scratches, while for the indenter it
took place only on the edges of the scratches, as indicated by the arrows in Figure 4.3.4 b) and c),
respectively. An increase in depth of scratch resulted in the re-deposition of the chips on the

pileups, for the dressing tool.

As mentioned in the previous section, the matrix was subject to plastic deformation during the tool
passes which push broken particles resulting in a mixture of the matrix and the broken particles.
The pushing of the broken particles by the matrix at the bottom of the scratch is presented in Figure
4.3.5. At small scratch depths (<10um), the broken particles were visible close to the particle from
which they originated from. They were pushed and embedded in the neighboring matrix in the
direction of scratching, especially for the dressing tool. This shape was similar to the “comet tails”
observed in sample polishing. For the indenter, the broken particles were observed close to the

particle they came from without forming “comet tails”.

—
Scratching direction

Figure 4.3.5 a) Broken particles pushed in the matrix in the scratching direction, b) and c)

enlarged views of the square areas in a)

On the edge of the scratches, the pileups formed from the plastic flow of the material on the side
of the tool led to an accumulation of the plastically deformed matrix and the mixture (matrix with
pieces of broken particles) on the pileups. The matrix was no longer able to act as a binder (leading
to the breakage of the pileup), or the re-deposited chip stuck on the pileup, which indicated that the
density of broken particles was too high comparatively to the amount of matrix. In other words,
the plastic flow of the matrix was hindered by the increase of particles or the density of broken
particles. This phenomenon was also observed at the bottom of the scratches, generating surface
defects due to high density of broken particles. Examples of this phenomenon at the bottom of the

scratch and on the pileups are presented in Figure 4.3.6.
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Figure 4.3.6 a) Hindering of the matrix plastic flow by the particles density increase at the

bottom, b) on the edge of the scratch, and c) an enlarged view of the squared area from b)

At larger depths of scratches (>10 pm), a larger amount of material was pushed by the tool resulting
in larger pileups and greater chip production. This is supported by a previous study on grinding
MMCs [80]. In the present study, the pileup size was greater than 26 um for both tools. Beyond 10
um depth of scratch, the quantity of chips produced, and the size of the pileups remained constant
(between 10 and 15 pm). The quantity of sticky chips on the tools and deposited on the edges of
the scratches did not increase at larger depths of scratch either. Observations at the bottom of the

scratches revealed that the layer of the plastic flow of the matrix was thicker.

——
Scratching direction
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Figure 4.3.7 a) Matrix waves and cupules at large scratch depth for the indenter, and b) matrix

waves for the dressing tool

Cupules, characteristic of the plastic deformation, as well as matrix “waves” were observed for the
scratches obtained with each of the tools. Matrix waves around the particles might be due to the
action of lateral force during the test from the tool or due to the re-deposition of a large quantity of
the mixture of matrix and particles at the bottom of the scratches. The exact causes of the matrix
waves are unclear at this stage of the study and require further investigation. Figure 4.3.7 show
matrix waves at scratch depth greater than 26 um for the dressing tool and the indenter. The
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accentuated presence of these ductility markers at the bottom of the scratches indicated that a
greater quantity of matrix was deformed. Observations carried out on the particles also revealed
the presence of a larger matrix thickness. As explained in the experimental section of this paper,
the LABE detector of the SEM highlighted the atomic contrasts of the alloy on the surfaces. This
chemical contrast showed a clear difference between the particles and the matrix (Figure 4.3.8).

When the plastic flow of the matrix is thicker it covered the particle resulting in weaker contrast.

T
Scratching direction

< Particle covering
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Figure 4.3.8 Chemical contrast picture showing the covering of particles by the matrix

The LABE detector was used for several depths of cut to observe particles. Figure 4.3.9 a) and b)
show the observations of the dressing tool and Figure 4.3.9 c¢) of the indenter using the Labe
detector. For the dressing tool, below 10 um, the depth of the scratch had no influence on the
severity of particle breaking, the particles were only cracked or broken into pieces. The severity of
particle breakage might depend on the size of the particle itself and the surrounding matrix phase.
For example, if a large TiC particle (>10 um) or a+f phase was near a small particle, the small
particle cracked and broke into pieces but retained its integrity. While a small particle or a phase
near the particle induced the breakage of this particle which did not keep its integrity as shown in
Figure 4.3.9 a) and b). This behavior might be due to the nature of the neighboring phases. The
alpha phase has a lower hardness than the a+3 phase and tends to deform plastically during the
process. The a+fB phase is harder due to the alternation of the phases and hence blocks the
dislocations, which led to reduced plastic deformation of the matrix and allowed the particles to
maintain their integrity [96]. For the indenter, below 10 um of scratch depth, the small and big
particles were mainly cracked, and rarely broken into many small pieces (Figure 4.3.9 c)).
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Figure 4.3.9 a) and b) Images of particles near o and o+p phases for the dressing, and c) for the

indenter

SEM images taken from both detectors on the same location of a scratch bottom are presented in
Figure 4.3.10. Cracks were seen on the image taken by the LEI detector (Figure 4.3.10 a)). These
cracks were further confirmed to be from broken particles as shown in the image taken by the
LABE detector (Figure 4.3.10 b)). As mentioned previously, the matrix flows plastically during
the action of the tools. The level of plastic flow of the matrix, as well as the depth of the layer of
plastic flow at the bottom of the scratch, depended on the depth of the scratch. The broken particles
at the bottom of the scratch were covered by the plastic flow of the matrix. It is well known that
materials have a fracture point. When passing the tool through the particles, the pieces of broken
particles were unstable and there was a lack of matrix supply to maintain the continuity of the
plastic flow of the matrix. The combination of the instability of the particles and the previous plastic
flow of the matrix caused the matrix to reach its fracture point resulting in residual cracks on the

surface.

e — e
Scratching direction @ B) Scratching direction

Figure 4.3.10 Cracks at the bottom of the scratch for dressing tool from a) LEI detector, and b)
LABE detector
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Figure 4.3.11 shows cupules of plastic deformation of the matrix on the edge of a particle before
reaching its fracture point. Previous studies on TIMMCs with CBN grinding wheels attributed the
presence of “micro-cracks” to the large residual stresses on the ground surface [4, 80]. However,
the observation of the present study closely correlated the presence of these “micro-cracks” to the
fracture point of the matrix. Areas with a lot of broken particles showed a higher density of surface
cracks (Figure 4.3.10). Peeling of the matrix pieces was also observed in some areas (Figure
4.3.12). This might be attributed to various factors such as the instability of the broken particles on

which the matrix was ploughed, or even a spring-back of the matrix.

! —
Broken particle Scratching direction

\

cupules

Figure 4.3.11 Cupules of plastic deformation of the matrix on the edge of a particle before

reaching its fracture point

Figure 4.3.12 a) Peeling of the matrix pieces which covered the broken particles, b) and same
observation with the LABE detector

There was no evidence of whole particle dislodgements as it was reported in turning TiIMMCs [60].
Only partial particle dislodgement was observed. This partial particle dislodgment corresponded to

the broken parts of the particle that was carried away by the tool and/ or the flow of the matrix
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plastic deformation. Figure 4.3.13 shows the evidence of partial particle dislodgment with the
LABE and LEI SEM detectors.

Scratching direction Scratching direction

Figure 4.3.13 Evidence of partial particle dislodgement for the dressing tool with a) LABE
detector, b) LEI detector, and for the indenter with, c) LABE detector and d) LEI detector

The aforementioned observations of morphology and integrity of surfaces were done for surfaces
of scratch tests without grinding fluid. The next section presents the mechanisms for testing with

grinding fluid.

4.3.3 Scratches of tests with grinding fluid

Tests performed with grinding fluid gave similar results to those without the grinding fluid. But, a
few differences were observed. For the dressing tool, grooves were observed at the bottom of the
scratches whereas smoother surfaces were observed for scratches with the indenter. For both types
of tools, re-deposited chips and pileups on the edges of the scratches were observed. Chip re-
deposition at the bottom of the scratches for the dressing tool with grinding fluid was not present.
The grinding fluid prevented chip sticking to the tools.
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The behavior of the particles with the dressing tool and grinding fluid was comparable to that
observed with the indenter without grinding fluid. The broken particles were not embedded in the
neighboring matrix in the scratching direction at either a small (<10 pum) or big (>10 pm) scratch
depth. The “comet tails” phenomenon was not observed. The broken particles are pushed with the
matrix inducing a reduced number of particles at the bottom of the scratch for the dressing tool.
On a larger scale, the reduced number of broken particles might be a significant factor for the

reduction of surface roughness.

Regardless of the size of the particle or the depth of the scratch, the particles at the bottom of the
scratches are broken and maintain their integrity for the dressing tool with grinding fluid. They
were broken, but did not break into a multitude of broken pieces, thus explaining the absence of
comet tails. Different from observed with grinding fluid, the severity of the particle breakage did
not depend on the neighboring phase or the size of the particle itself. The presence of grinding fluid
cooled the matrix at the bottom of the scratch, reducing the plasticity of the matrix. The limited

plastic flow of the matrix led to particle breakage, but to a lesser extent.

The accumulation of the matrix and broken particles mixture still occurred with grinding fluid
creating pileups at the scratch edges. The presence of grinding fluid for the dressing tool might
facilitate the flow of the material towards the edges of the scratches. The pileups were larger. The
approximate height of a pileup for the dressing tool was around 4 um without grinding fluid, and
minimum 10 um with grinding fluid. In the case of the indenter, the pileups were smaller (7 pm)
than those without grinding fluid (around 10 um) regardless of the depths of scratch. The decrease
in the number of the chips and pileups for the indenter implied that the matrix flow took place at
the bottom of the scratch. An increase in the depth of scratch led to a higher covering of the particles
by the matrix plastic flow. Also, a reduced number of cracks at the bottom of the scratches were
observed for the indenter. Cupules of plastic deformation and matrix waves were formed at the
bottom of the scratch, even at low scratch depth (<10 um) for the dressing tool, but only at higher

scratch depth for the indenter (>10 pum).

An increased number of broken particles in the pileups was observed. Unlike the scratches
performed without grinding fluid, the broken particle pieces were not partly embedded in the matrix

(comet tail) and were part of the mixture of matrix and broken particle pieces. This might justify
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the increased density of broken particles in the pileups. The holes indicated in Figure 4.3.14 were
evidence of partial particle dislodgement observed with grinding fluid. The images obtained with
the LEI and LABE detectors were compared to highlight the missing particle pieces.

Broken particles
‘with missing parts

B x

Figure 4.3.14 Evidence of partial dislodgement of broken particles. a) Holes observed with

secondary electron detector, b) same observation with LABE detector

The results and discussions for the single grain tests have been highlighted in the previous sections
by SEM image analysis. A comparison between the images of the single grain test for the dressing
tool and the indenter, with the images of the ground surfaces of the previous paper is presented in
the next section. The goal was to identify the morphology and integrity of surfaces for multigrain
testing (conventional grinding with a wheel).

4.3.4 Comparison with ground surfaces

The ground surface images from the previous study [86] were compared with the images obtained
from the scratching test. The ground surfaces for the 20, 400, and 800th passes for the same
TIMMC are presented in Figure 4.3.15 and Figure 4.3.16 and compared with Figure 4.3.4 a) and
b) from the previous section, which showed the bottom of the scratches obtained from the dressing
tool and the indenter.

The comparison showed that the grooves on the ground surface after the maximum 800 passes
were smoother and had morphology similar to that of the scratches from the indenter. While after
20 and 400 passes, the ground surface exhibited a large number of small grooves similar to the

grooves in the scratches produced by the dressing tools. The general view of the ground surfaces
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in Figure 4.3.15 also showed the presence of pieces of particles at 20 and 400 passes (appear as

small asperities) compared to 800 passes.

Figure 4.3.15 Ground surfaces after a) 20, b) 400, and c) 800 passes

The observations in Figure 4.3.16 revealed that the matrix plastic flow and the behavior of the
particles were the same as that observed at the bottom of the scratch. The comparison of the ground
surfaces at 20, 400 and 800th passes showed that an increase in the number of passes, or more
wheel wear, induced a particle behavior closer to that observed with the indenter. Whereas at a low
number of passes (20 and 400 passes) the behavior of the particles was closer to what observed
with the dressing tool. Namely, the particle pieces pushed and embedded in the matrix and the
presence of comet tails. There was also chip re-deposition at the bottom of the scratches and,
marked pileups due to an important matrix flow and containing broken particles. The particles at
the bottom of the scratches were, however, covered with matrix plastic flow, as can be seen by
comparing the images obtained with the different SEM detectors. Characteristic cracks of broken

particles covered by matrix flow were rare.

At a large number of passes (800 passes), side plastic flow of the matrix was reduced. It might
indicate that the flow of the matrix occurred at the bottom of the scratches as observed for the
indenter with grinding fluid. Less chip re-deposition and cracks were also observed. There was no
evidence of partial dislodgement or comet tail phenomenon.
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Figure 4.3.16 a), c), ) LABE ground surfaces images, with b), d), and f) the corresponding LEI

images

4.4 Conclusion

An experimental study on the morphology and integrity of scratched surfaces on TIMMCs was
carried out with scratching tools of different tool tip geometries (round and conical) and tests
conditions (with and without grinding fluid). The scratches were observed using SEM microscopy
and the results were compared with those of the ground surfaces from a previous study. It was
found that the morphology at the bottom of the scratches was affected by the geometry of the tool
tips. Smooth scratches were obtained with tools of round tips. Irregular grooves were generated
with tools of sharp tips. Ploughing of the matrix, related to its plastic deformation, and re-deposition
on the scratched surface were found led to the matrix mixing with broken TiC particles. The surface
morphology and integrity were affected by the application of grinding fluid. Without the grinding
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fluid, “comet tail” phenomenon and different severity of the particle breakage were observed. The
severity of the particle breakage depended on the neighboring phase or the size of the particle itself.
Cupules, matrix waves, and cracks related to the plastic deformation of the matrix and the depth of
scratch were also observed. The comparison of the morphology at the bottom of the scratches and
on the ground surfaces showed that the morphology and integrity of surfaces were dependent on

the wear of the grinding wheel.
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CHAPTER 5 ADDITIONAL RESULTS

This section presents additional results that have not been published in the paper presented in a

previous chapter (Chapter 4).

5.1 Analytical forces calculation

An analytical force study was conducted to determine the forces during scratching and grinding
tests. The main objective of this study was to determine the normal and tangential forces on an
abrasive grain during scratching tests and then, find the experimental value of the grinding wheel

forces measured during grinding tests in paper 1 (Chapter 3) by calculation.
5.2 Analytical model

5.2.1 Introduction

Grinding is a machining process widely used in the manufacturing industry. During the grinding,
complex interactions are involved, such as grinding wheel, workpiece, and machining parameters.
Since grinding forces are dependent on the grinding parameters, they are substantial to evaluate
grinding performance, the wheel wear of the grinding wheel, grinding specific energy, workpiece
surface quality, etc. Complex mechanical interactions take place between the wheel wear and the
workpiece. These latter are difficult to define due to the random nature of the grinding wheel,
including grain size, grain shape and the random grain distribution on the grinding wheel. As a
result, grinding force modeling is needed to understand the evolution of mechanical behavior of
the abrasive material removal process. Modelling has been studied extensively and can be divided
into several categories, namely, empirical, semi-empirical and analytical models. Analytical
models are based on the physical understanding of the model and previous models to describe the
mechanism. While empirical models do not consider the cutting mechanism [97] and are
determined from the information obtained from the grinding process. They are dependent on the
specific research conditions. Most of studies on the grinding forces are empirical, due to the random

nature of the grinding wheel.

The first empirical studies on grinding forces model were regression function between the grinding

forces and process parameters such as depth of cut, wheel speed, workspeed, wheel diameter, and
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grain density initially proposed by Werner et al [98]. Malkin et al [99] first argued that grinding
forces are composed of different components, namely chip formation and sliding forces. While Li
et al [100] proposed an improvement of the Werner’s model by considering grinding forces as
cutting and frictional forces. Later, grinding forces empirical models based on multivariate
regression analysis were also proposed by Liu et al [101] and Guo et al [102]. It is well known that
forces in abrasive machining are related to three separate mechanisms: sliding, ploughing, and chip
formation. Sliding of the abrasive grain (or tool) on the workpiece surface results in wear due to
the rubbing of the tool without penetration into the workpiece material. Ploughing is related to the
penetration of the abrasive grain in the workpiece surface, which plows the surface. It generates
wedge formation with or without removing the material. While chip formation corresponds to a
deep cut into the workpiece and result in chip carving out [103]. Younis et al [104] as well as
Durgumahanti et al [105] proposed a model for the grinding forces considering theses three
mechanisms. In this model the focus was on the ploughing effect through a variable friction
coefficient. Grinding force modelling was also investigated from different perspective as the
undeformed chip thickness [106-108], grinding hardening effect [109], grinding energy [110, 111],
etc. Mathematical models were also proposed. For example, Tang et al [112] proposed a
mathematical model which focus on the calculation of chip formation force and allows to classify
the chip formation forces into static or dynamic forces, based on Malkin’s theory and the material
cutting theory.

As a part of this project, studying the different components of the grinding forces with an empirical
model can provide additional information to the observations made in paper 2 (Chapter 4) and
improve the understanding of the morphology and integrity of the workpiece surface after abrasive
machining (grinding or scratching tests).

5.2.2 Methodology

The different steps used to determine the normal and tangential forces were as follows:

1- Calculation of the undeformed chip thickness for each tool depending on the shape of the
tool and on the depth of cut.
2- Calculation of critical penetration depths based on the material properties and tool tip

diameter.
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3- Determination of the contact mechanism for each tested condition.
4- Determination of the normal and tangential forces related to the previous steps, and the

resultant forces.

The tool references and parameters used for the calculation were those of the tools presented in
paper 1 (Chapter 3) and paper 2 (Chapter 4). Tool wear was assumed to be negligible for the

calculations.
5.2.2.1 Determination of input values for calculating the forces

5.2.2.1.1 The tool topography

Several tools were used as references for the calculation of the forces: single point diamond

dressing stick (conical), diamond indenter (sphero-conical), and an electroplated diamond wheel.

For the dressing stick, the average grain diameter d, was determine using the equations related to
a cone, and was dependent to the depth of scratch a:

a

= )

U tana

The attack angle a was calculated equal to 52.5° from the tool tip angle geometry (trigonometry).

For the indenter, the average grain diameter d, and the attack angle a were calculated with the
equations related to a sphere. As for the dressing stick, the average grain diameter varies with the
depth of scratch. It should be noted that the attack angle was also determined as a function of the
depth of scratch for the depth of scratch values below one-third of the sphere diameter D (sphero-
conical intender). Beyond one-third of the sphere diameter, the attack angle @ was considered

equal to 30° since the tool tip angle is 120° (conical part).

D
d, =2 (Z.E—a)a 2)
Where D is the sphere diameter.
For the grinding wheel, the average grain diameter d, was calculated with the well-known formula

[75]:

dg — 15.2 (3)

M
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Where M is the grit number of the wheel, or 120 in the present study.

As the grinding wheel is a multigrain abrasive tool, the number of contacting grains N., was
obtained with:

Neg = CO2.1, (4)

Where C is the cutting grain per unit area and [, the contact arc.

5.2.2.1.2 Undeformed chip thickness and grinding wheel attack angle
For the dressing stick and the indenter, the chip thickness h,, formula was determined by [113]:

hm_L=2.Li—V: di with L=:—S.lc (5)

S w

Where v, is the workspeed, v, is the wheel speed or scratching speed, and d; is the diameter of

the wheel.
For the grinding wheel, the undeformed chip thickness h,, was calculated as follow [75]:
0.51%-5
s = [23(2) ) ®
Where C and r are respectively the number of grains per unit area and the scratch width on height

ratio.

The attack angle « for the grinding wheel was calculated according to the geometry of the grain

movement [103]:

a = tan™

1 ,hm(dg_hm) (7)

d
9_
2

5.2.2.1.3 Contact mechanism

The contact mechanism was determined by calculating the critical penetration depths for the elastic,
elasto-plastic and plastic deformation [103]. The comparison of the undeformed chip thickness h,,
with these critical penetration depths allows to determine the contact mechanism and thus to select

suitable formula to calculate the normal force of sliding in the next section.
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= () (2" ®
o= (2 (2 (%) 0

_(3m\? (H\? (dg
= (5) () () (10)
Where P, E* and H are respectively the critical pressure defined by P = 0.39H, the equivalent

elastic modulus and the workpiece hardness (MPa).

5.2.2.2 Calculation of normal and tangential forces

The resultant of the normal and tangential forces was determined by adding the forces of sliding,
ploughing, and chip formation respectively. The calculation of the normal and tangential forces
was the result of a combination of several models from the literature due to the experimental

conditions which were beyond the limits of some models, making them inapplicable.

5.2.2.2.1 Normal forces

The normal forces were determined by calculation based on the Hertz Theory and previous work
from the literature [114-116]. The models used are based on the local description of the asperities
of the abrasive tools which are approximated to hard spherical indenters and consider the different
modes of deformation of the workpiece. The normal sliding force was calculated according to the
contact mechanism determined in the previous section. In the case of this study, the purely plastic
deformation was obtained. The following equation give the corresponding normal sliding force
[115]:

Where H is the workpiece hardness (MPa).

The normal ploughing force induced by an abrasive grain can be obtained with:

20/E*
H

FN—P = dg. hm (12)
Where A, is the specific adhesion energy, taken equal to 1.88 J/m2 (diamond/titanium) in this study.

The normal force induced by an abrasive grain in the chip formation stage can be expressed [116]:
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]

—[hm]*.HB (13)

Fy_¢ =

Where HB is the Brinell hardness of the workpiece.

5.2.2.2.2 Tangential forces

The tangential forces are calculated by multiplying the normal forces by the friction coefficient.
The friction coefficient of sliding was determined with the model from Bowden [117] based on the

material properties, as follow:

s =+ (14)
So, the tangential sliding force is given by:

Fr_s = Fy_sp-Us (15)
Where T is the shear stress of the workpiece.

The ploughing coefficient calculation was based on the attack angle a of the tool [118]. The
ploughing coefficient is given by:

tana

Hp = (16)

T

Therefore, the tangential ploughing force will be:

Fr_p = Fy_p.Up (17)

The chip formation coefficient can be determined by using the asperity model deformation [119].
The particularity of this model is that it agrees with the two basic laws of friction: the
proportionality of the tangential force to the normal force, and the independence of the coefficient
of friction with respect to the area of the surfaces in contact. The calculation of the chip formation

coefficient is based on the attack angle a of the tool and the interfacial friction factor f.
Uc = tan (a—in+%cos_1f) (18)

The value of the interfacial friction factor is between 0 and 1. Previous study [120] showed that

using grinding fluid decreases the value of this factor during grinding. In another study [121], it
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was showed that for dry grinding the value of the interfacial friction factor is in the range of 0.7 to
0.9. While for grinding with grinding fluid the range of the value of the interfacial friction factor
is from 0.4 to 0.7. In this study, the values of the interfacial friction factor selected for the

calculation with and without grinding fluid were respectively 0.4 and 0.7.
So, the tangential chip formation force is reported as:
Fr_¢ = Fy_c-Uc (19)

The calculation of the normal and tangential forces for the grinding wheel were obtained following
the same methodology and by multiplying each resultant force by the number of contacting grains

N4 determined in the previous section.

The resultant calculation of the normal and tangential forces for the dressing stick, the indenter and

the grinding wheel can be obtained as:

Fr = \/(FN—tot)Z + (Fr—tot)? (20)

5.2.3 Results and discussion

The proposed model was applied for different experimental conditions listed in

Table 5.2.3.1. The normal and tangential forces for the dressing stick, the indenter and the grinding

wheel are presented in Figure 5.2.1.

Table 5.2.3.1 Experimental conditions used for analytical calculation

Dressing stick Indenter Grinding wheel
v (M/s) 20 20 20
v,, (MmM/s) 175 175 50
a (mm) 0.005, 0.01, 0.02, 0.05 0.005, 0.01, 0.02, 0.05 0.05
Grinding fluid | With and without With and without With

The normal, tangential, and resultant forces changed as a function of the scratching depth in Figure
5.2.1 a) to f), h) and i) for the dressing stick and the indenter. An increase in scratching depth
induced larger scratches and thus a larger quantity of the mixture of matrix and broken particles

ploughed, re-deposited and/or chip forming. The three force components, namely sliding,



65

ploughing and chip formation, increased as well as the calculated resultant forces. The calculated

scratching forces as a function of the depth of cut presented a trend similar to those calculated in

grinding for an AISI 1060 steel in grinding in the literature [103].

Dressing Stick Indenter Grinding Wheel
a) 70 — T T T T b) 80 — T T T T g)120 = F, measured T
60 - ™ Sliding Force o == Sliding Force 100 k= Fycalculated i
3 = Ploughing Force z = Ploughing Force = F, measured
Wz 50 - Cutting Force 12 60 " o Cutting Force i g 80 = F; calculated 4
4 ol 1 v w =, measured
8 S ol {8 60 fem  Fg calculated g
€ sof 1 & 5 sl _
T 5 *
20 1
E s 20 1 20 R
Z ok 4 =
c) 0 d) Depth of scratch, a (um) 50
S 25| = Sliding Force 1= = Sliding Force h) T T T T T
= =2 Ploughing Force . 15} = Ploughing Force 1| = 25|™  Slinding Force =0.4
L 5oL ==  Cutting Force 4 & ==  Cutting Force = = Sliding force /=0.7
§ § w 20 == Ploughing Force =0.4
G 15 4 & 10 § = Ploughing Force =0.7
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o) <) £ 101
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Figure 5.2.1 Calculated a), b) Normal forces, c), d) Tangential forces, €), f) Total normal and
tangential forces, g) Calculated and measured forces comparison for the grinding wheel, h)
Tangential forces comparison for two interfacial friction factors, and i) enlargement of the square

For the dressing stick, the larger component of the normal and tangential forces was the ploughing
force followed by the sliding force and the chip formation force which remained lower than 5 N
regardless of the depth of scratch. For the indenter, the trend was comparable to that of the dressing
stick only for the components of the normal force. An increase in depth of scratch led an increase
in the sliding component which became higher than the ploughing component for a depth of scratch
of 40 um. The trend change occurred between 15 and 40 um in depth of scratch (in Figure 5.2.1
d)). This trend change highlighted the effect of the attack anglea on the sliding and ploughing

components of the tangential force. The scratch depth from which the attack angle was considered
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equal to 30° (spherical-conical indenter) correspond to the scratch depth of the trend change (one-
third of the sphere diameter). Below this scratch depth, the attack angle evolved according to the

latter.

The analytical calculation of the normal and tangential forces presented in in Figure 5.2.1 a) to f)
for the dressing stick and the indenter showed that the chip formation component is the smallest
one. The observations made in paper 2 (Chapter 4) in which chip re-deposition at the bottom of the
scratches for the dressing tool with grinding fluid was not present with grinding fluid, and minimal
without the use of grinding fluid were supported by the analytical calculation result. Also, it was
experimentally observed that increasing the depth of scratch did not increase the quantity of chips
produced. The quantity of chips sticking on the tools and deposited on the edges of the scratches
did not increase at larger depths of scratch either. Finally, the observations at the bottom of the
scratches revealed that the layer of the plastic flow of the matrix was thicker. The results of the
analytical calculations confirmed the experimental observations for chips production, and for the
large amount of mixture of matrix and broken particles ploughed and re-deposited, as the ploughing
component was the highest and the chip formation component the lowest. The effect of the
interfacial friction factor on the tangential force components is presented in in Figure 5.2.1 h) and
i). Compared to the literature [103], the use of the interfacial friction factor did not induce a
significant difference between the results of the analytical calculation. The use of the grinding fluid
or not when calculating tangential force components cannot be distinguished when using this
model. There was no difference between the results of the calculation of the tangential force

components with or without grinding fluid.

Finally, the results of the analytical calculation for the grinding wheel are presented in Figure 5.2.1
g). The values of the normal and tangential resultant forces calculated were compared to the values
of the experimental forces measured for paper 1 (Chapter 3). The calculated normal resultant force
was overestimated compared to the measured normal force. For the tangential resultant force, the
opposite trend was observed. The comparison of the resultant forces showed a decrease in the
difference between the calculated and measured forces. The root mean squared error was calculated
to evaluate the accuracy of the model used in this study by using the root mean square function on

the resultant of the forces:
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RMSE = /%‘”2 (21)

Where F, and F. were respectively the experimental and calculated values of the forces for the
grinding wheel. The accuracy of the calculated values for the resultant of the forces was 13.80%.
This value was lower than that obtained in a previous study (17.36%) on the analytical simulation
of grinding forces [103]. It was important to specify that the error obtained for the normal and
tangential forces was respectively 20.77% and 28.14%. These values showed that the analytical

model used was accurate.

5.2.4 Conclusion

An analytical methodology was proposed to calculate the normal and tangential forces for
scratching and grinding tests. The results of the analytical calculations were in agreement with the
experimental observations made in paper 2 (Chapter 4). The low chip production was verified by
a very low chip formation component compared to the sliding and ploughing components. The
large amount of mixture of matrix and broken particles ploughed and re-deposited, were verified
by a very high ploughing component as well. The estimation of the accuracy of the model was
calculated using the analytical calculation of the forces for the grinding wheel and the experimental
results obtained in paper 1 (Chapter 3). The accuracy of the proposed analytical model is 13.80%

on the resultant force for the grinding forces.
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CHAPTER 6 GENERAL DISCUSSION

The general discussion of the thesis highlights the most important results of each phase of the study
and proposes a second interpretation of the results presented in Figure 3.3.2 (Chapter 3), following

the additional results and paper 2.

The first phase of this work focussed on the grinding performance of a TIMMC with a diamond
wheel in terms of grinding force, tool wear, surface roughness, and microstructure. The results
showed lower consumption of power and specific energy, as well as lower wheel wear for the
TiIMMC compared to grinding under identical conditions for the Ti alloy. These differences were
attributed to the presence of TiC and the three-body abrasion, which in the case of grinding with a
diamond wheel, will help to erode the workpiece. This effect has also been used to explain the
decrease in surface roughness with increasing workspeed. The trend observed is inconsistent with

the general findings of the roughness and workspeed relationship.

In the second phase of this study, the evaluation of the morphology and integrity of the scratched
surfaces was performed. The behavior of the TiC particles and the matrix was highlighted for
different scratching test conditions. It made it possible to identify by comparison the morphology
and integrity of the ground surfaces obtained in phase 1. Observations showed that the matrix was
mainly pushed, mixed with the broken TiC particles, and redeposited on the surface, a phenomenon
known as ploughing. The presence of chips was very low whatever the tested conditions.

The third phase corresponds to a complementary analysis which completes the understanding of
the morphology and integrity of the scratched surfaces identified in phase 2. The calculation of the
normal and tangential forces was performed for the scratching and the grinding tests. The
comparison of the theoretical and experimental results helped to determine the accuracy of the

model used.

The combination of the results of these three phases makes it possible to discuss a second
hypothesis for the decrease in roughness with the increase in the workspeed shown in Figure 3.3.2.
It was seen in phase 1 that the increase in workspeed induces an increase in undeformed chip
thickness, and therefore an increase in broken TiC particle content at the interface between the
grinding wheel and the workpiece. During phase 2, observations showed that the matrix and the

broken particles were dragged, and redeposited on the surface, thus forming a mixture of
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matrix/broken particles. This mixture, which is denser than the matrix alone (in the case of TIMMC
vs Ti alloy), is redeposited on the surface workpiece, thus hiding, and minimizing surface defects.
An increase in workspeed induces according to phase 1 a denser mixture of broken TiC particles,
due to the increase in the undeformed chip thickness. A mixture containing more broken particles
will be denser and able to fill more surface defects. This effect combined with three-body abrasion
can explain the surface roughness decreases with increasing workspeed. This hypothesis is
supported by the results presented in the additional results. Indeed, they demonstrate a
predominance of the ploughing phenomenon during scratching and grinding tests. The components
of sliding and chip formation were very low. As experimentally the material could not be disposed

of, it was ploughed to the surface of the workpiece.
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CHAPTER 7 CONCLUSION AND RECOMMENDATIONS

7.1 Conclusion

As a concerned by the improvement of the grinding performance on heat sensitive and fast wear
materials, namely the TIMMCs, the aim of this study was to provide insights and understanding of
the grinding performance of TIMMC with electroplated diamond wheels. The grindability study of
the grinding of TIMMCs with a diamond wheel were conducted in terms of forces, power
consumption, wheel wear, surface roughness, microstructure. The results were compared with
those obtained on a Ti alloy under identical grinding and wheel wear conditions. For the TIMMC,
the consumption in power, specific energy, the electroplated diamond wheel wear, and the surface
roughness as a function of the workspeed were lower than that of the Ti alloy. Also, the surface
roughness was found to decrease with the increase in workspeed. This trend might be attributed to
the three-body abrasion occurring during the grinding of the TIMMC, and to the cover up of the
broken particles by the matrix ploughed at the bottom of the scratches. The limits of the process
showed that a higher material removal rate can be achieved by decreasing the depth of cut while
increasing the workspeed or by increasing the grinding fluid pressure. Specific energy values were
ranging from 16 to 34 J/mm? under all the tested conditions due to the usage of high-pressure

grinding fluid.

The experimental study on the morphology and integrity of scratched surfaces on TiMMCs showed
that the morphology at the bottom of the scratches was affected by the geometry of the tool tips
and by the application of grinding fluid. The application of grinding fluid mainly affected the
severity of the particle breakage. The ploughing and re-deposition of the matrix on the scratched
surface were found to led to the matrix mixing with broken TiC particles. The comparison of the
morphology observed for the scratching and for the ground surfaces, revealed that the morphology
and integrity of surfaces were dependent on the wear of the grinding wheel. Finally, the analytical
investigation of the normal and tangential forces was of interest to verify that the ploughing of the
matrix was prevailing over the sliding of the tool on the workpiece surface or the chip formation.
Also, the comparison of the experimental and calculating grinding forces has shown the accuracy

of the model used.
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7.2 Recommendations

The analytical model used was not able to predict the difference in normal and tangential forces
with or without lubrication. As the experimental observations showed a difference in the
morphology and surface integrity according to the use of grinding fluid, it is an interesting subject
to implement the model used for the calculation of the grinding forces with the data related to the

observed morphology and integrity of the ground surfaces.

Also, an experimental study focused on the determination and description of material removal
mechanisms would complement the observations related to the morphology and surface integrity

of the ground surface obtained in the present study.
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Abstract: The TiC particles in titanium metal matrix composites (TIMMCs) make them difficult
to machine. As a specific MMC, it is legitimate to wonder if the cutting mechanisms of TIMMCs
are the same as or similar to those of MMCs. Fer this purpose, the tool wear mechanisms for
turming, milling, and grinding are reviewed in this paper and compared with those for other MMCs,
In addition, the chip formation and morphology, the material removal mechanism and surface quality
are discussed for the different machining processes and examined thoroughly. Compariscens of the
machining mechanisms between the TIMMCs and MMCs indicate that the findings for other MMCs
should not be taken for granted for TIMMCs for the machining processes reviewed. The inerease
in cutting speed leads to a decrease in roughness value during grinding and an increase of the
tool life during turning. Unconventional machining such as laser-assisted turning is effective to
increase tool life. Under certain conditions, a “wear shield” was observed during the early stages
of tool wear during turning, thereby increasing tool life considerably. The studies carried out on
milling showed that the cutting parameters affecting surface roughness and tool wear are dependent
on the tool material. The high temperatures and high shears that occur during machining lead
to microstructural changes in the workpicce during grinding, and in the chips during turning,.
The adiabatic shear band {ASB) of the chips is the seat of the sub-grains” formation. Finally, the cutting
speed and lubrication influenced dust emission during turning but more studies are needed to
validate this finding. For the milling or grinding, there are major areas to be considered for thoroughly
understanding the machining behavior of TIMMCs (tool wear mechanisms, chip formation, dust
emission, etc.).

Keywords: titanium metal matrix composites; material removal mechanisms; tool wear;
surface quality

1. Introduction

Titanium and its alloys have been the subject of significant rescarch interest in different
fields. The unique properties of these alloys such as high specific strength, lightweight, chemical
resistance, and biocompatibility make them ideal candidates for biomedical, automotive, petrochemical,
and acrospace industries [1-3]. Titanium metal matrix composites (TIMMCs) are made of a Htanium
alloy matrix reinforced with fibers, particles, or whiskers [3] which provide them exceptional properties
such as a high specific modulus, high specific strength, high-temperature and wear resistance,
and potential decreased weight. Tn the last 30 years, TIMMCs have emerged as an alternative to
Ni-based alloys in acrospace applications [3-5]. They are suitable for high-performance applications
such as rotating components of jet engine compressors [6]. However, the complexities of fabrication and
high material and processing costs limit their wide industrial applications. Recent research efforts by

Materials 2020, 13, 5011; doi:10.3390/mal3215011 www.mdpl.comfjournal/materials

81



Materials 2020, 13, 5011 20f18

NASA, made it possible to implement their use in large gas turbine engines [7,8] resulting in successful
applications of TIMMCs. However, research efforts are still required on the precision machining of
TiMMCs. TiIMMCs reinforced with fibers are difficult and expensive to fabricate, industries prefer
TiMMCs reinforced with particles or whiskers which have equivalent performances but without the
disadvantages of anisotropic strength. The difference in mechanical properties between the matrix
(ductile) and the particle reinforcements (brittle, hard, and abrasive), and the high strength and low
heat transfer of TIMMCs present challenges during machining [9]. Therefore, TIMMCs parts are
generally made near net shape to avoid heavy machining operations. The issues in finishing TIMMC
parts include high tool wear [10] and poor surface finish with voids, micro-cracks, and broken particles.
The surface defects constitute crack initiation sites rendering the workpieces vulnerable to fatigue
resistance [11,12], which is essential for use in high-performance applications of TIMMCs.

The literature contains a substantial amount of information regarding the machining of metal
matrix composites (MMCs). Almost all typical machining methods have been studied in the literature,
whether it is a conventional or unconventional machining methods. The main tool wear mechanisms
were identified as abrasive wear [13], flank wear, and built-up edge [14]. The predominant tool wear
mechanism for machining MMCs is two-body abrasion and three-body abrasion [15]. The effectiveness
of different tool materials for a multitude of MMCs with reinforcing particles was also studied.
Polycrystalline diamond (PCD) tools are more suitable than polyerystalline cubic boron nitride (PCBN)
or carbide-based tool materials [16-18]. In general, studies have shown that the tool life of cutting tools
made with a material less hard than SiC particles is very limited [19]. Machining of MMCs has shown
that cutting speed is the parameter with the greatest impact. Both tool wear and roughness surface are
greatly influenced by cutting speed, in various studies [14,20-25]. Laser machining has no advantage
for the machining of MMCs. The excessive heat produced during machining negatively affects the
surface finish [260]. Even though TIMMCs are an integral part of MMCs, the substantial information
regarding the machining of MMCs is mainly focused on aluminum alloy matrix MMCs with SiC
particle reinforcements. Lately, there has been many activities on machining TIMMCs. The present
paper provides an overview of the latest advances in machining of TIMMCs. t covers the operations
of turning, milling, and grinding with focus on the cffect of different cutting parameters, material
removal mechanisms, tool wear, and the surface finish. Comparisons of the behavior during machining
between MMCs and TIMMCs are also presented and discussed throughout the paper.

2, Turning

Certain facts demonstrated for MMCs are taken for granted as being true for TIMMCs. These facts
are mainly the dependence of the turning efficiency on the workpiece material [27,28], the dependence
of the surface quality on the tool material, grain size, and other aspects such as the effect of the depth
of cut, feed rate [29], and cutting speed [15] on tool wear and surface quality. Most studies on the
turning of TIMMCs address tool wear or the quality of the machined surfaces. The difficulties related
to the machining of TIMMCs guided research efforts. Studies, which are sometimes less conventional,
were conducted to find cutting conditions to minimize tool wear while increasing the quality of the
surface finish during turning. This section discusses these topics and some characteristics for turning
the TIMMCs.

The effect of workpiece temperature on the machining performance was studied. Animprovement
in surface roughness was obtained when an Al-based MMC was pre-heated to 60 °C [26]. For TIMMCs,
a study was carried out on laser-assisted turning [9]. The laser increases the local temperature of the
TiMMCs just before cutting. During the study, the temperature was maintained below the phase change
temperature of the TigALV matrix (882 °C), between 300-500 °C. Although the surface roughness
increases by 15%, the total volume of material removal and the tool life increased. The increase in tool
life is due to the fewer number of broken particles (Figure 1) and consequently, less abrasion wear.
A high temperature (500 °C) coupled with a high cutting speed (v, = 170 m/min) can induce tool
diffusion wear to the point that it becomes the source of the cutting tool wear. The increase in tool life
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during laser-assisted turning is accompanied by reduced cutting forces. The thrust force was reduced
by around 25%. The variation in cutting forces arc recognized as a significant indicator of tool wear in
the machining process [14]. However, cutting temperature also has effect on tool wear.

—

Figure 1. Unbroken particles at surface temperature 1000 °C and v, = 100 m/min with laser-assisted
machining [9].

Tool life is affected by the nature of the tool. It is shown in [20-23] that the tool life is increased
for coated carbide tools used in MMC finishing compared to uncoated carbide tools. PCD tools are
highly recommended in the literature for turning MMCs because they are harder than the particle
reinforcements [14] and do not chemically react with the components of the part [16]. The effectiveness
of coated tools on extending tool life applied to turning TIMMCs too. A comparative study conducted
by Alireza [30] showed the effectiveness of different cutting tools for turning TIMMCs. The study
compared the tools of tungsten carbide inserts coated with TiSiN-TIAIN, cubic boron nitride (CBN)
inserts, and PCD inserts. The results showed that the carbide inserts provide a much better surface
finish than the other two types of inserts. The use of CBN inserts for the same turning conditions leads
to the surface being 150% rougher than carbide inserts: 2.29 pM versus 1.42 pM. The use of PCD inserts
is not at all suitable for turning TIMMCs. An extremely high wear rate is observed leading to tool
chipping and failure. An increase in cutting speed and depth of cut beyond 500 m/min and 0.5 mmy/rev,
leads to the catastrophic effect: The breakage of the insert. For other turning conditions (cutting speed
between 50-120 m/min and a feed rate of 0.1 or 0.2 mmy/rev) of the same TiMMCs, Bejjani [31] observed
that using PCD tools led to less rough surfaces than using carbide tools, and that the surface roughness
was more sensitive to the variation of cutting speed than feed rate. For high cutting speed conditions,
the mechanisms change and provide a better surface finish. Moreover, beyond 170 m/min, turning can
only be done with a PCD tool because the carbide tools wear rapidly [32]. Niknam et al. [33] compared
carbide and CBN inserts. Their results showed that both types of inserts are subject to flank wear and
the main wear mechanisms are abrasion and adhesion. The observation of a rapid increase of the
cutting force from 120-500 N during turning at high speed (80 m/min) with carbide inserts revealed
rapid tool wear and poor surface quality. CBN cutting tools seem to be the best choice for turning
TiMMCs due to their high abrasion and resistance to thermal load.

In the literature [15,34], two- and three-body abrasion are found to be the dominant tool wear
mechanisms for the MMCs. The presence of hard particles in TIMMCs leads to both two- and three-body
abrasion wear. TIMMCs also exhibit strong chemical reactivity due to the chemical nature of the matrix
(titanium alloy) which results in a strong affinity to almost all tool materials [35]. Adhesion is the major
damage mechanism of the tool observed during the turning of TiMMCs by Alireza [30] for carbide
and CBN inserts. Abrasion and diffusion are secondary wear mechanisms in this study. The tooltip is
protected against abrasion due to the formation of a smooth layer of adhered material. For turning at
high cutting speed, MMCs are very abrasive and tend to wear the tool rapidly [31,36]. For TiIMMCs,
a high cutting speed (170 m/min) tends to reduce tool wear. The increase in cutting speed above
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180 m/min seems to lead to a change in the cutting mechanism causing a decrease in cutting force,
and therefore a decrease in tool wear. At such a cutting speed, abrasion is the main tool wear mode.
Laser-assisted turning is a good alternative to increase tool life. The tool life is linked to particle-tool
interactions. When the matrix is heated by the laser (300-500 °C), the particles will move into the
softer matrix instead of contributing to the abrasion wear of the tool. Even though abrasion wear mode
remains the dominant wear mode, high cutting speed, and high temperature during laser-assisted
turning induced diffusion wear mode at the tocl chip interface. X.T. Duong et al. [37] reported that the
initial tool wear mechanism would significantly affect the entire tool life when machining TIMMCs.
Their subsequent study made it possible to highlight the formation of a “wear shield” on the surface
of the cutting tool from the first moment of cutting. The formation of this wear shield is due to the
adhesion of the tool on the workpiece (taking place at low cutting speeds), coupled with the diffusion
wear (chemical reactivity of the matrix), and would make it possible to limit the tool wear during
steady wear. Diffusion allows the creation of a new hard thin layer on the surface of the tool which
will constitute the “wear shield”. The main wear modes observed during the initial tool wear are
therefore adhesion and diffusion. The wear shield protects the tool against the abrasive effect of
titanium carbide particles.

The study of chip formation and particle-tool interactions clarifies the mechanisms that operate
during machining. Bejjani et al. [31] investigated mechanisms due to the tool-chip interaction, and chip
formation at different cutting speeds (from 60-230 m/min). The low thermal conductivity of titanium
alloy matrices leads to adiabatic shear and results in segmented chips. Chip formation at different
cutting speeds does not occur in the same way. At low speed (100 m/min) Bejjani et al. showed that
the chip microstructure had undergone high plastic deformation, with a plastic strain over most of
the area of the chip (Figure 2). The presence of these high stresses is sufficient to break the particles,
resulting in the formation of a multitude of small particles which contribute to the increase of the tool
weat rate (Figure 3). While at high speed (230 m/min) the microstructure shows smaller deformations,
demonstrated by a larger shear angle. At these cutting speeds, particles are displaced or cut and
result in less abrasion wear of the tool. The study also shows that at different cutting speeds there
was no cvidence of particle de-bonding. In a subsequent study, Bejjani et al. [38] investigated the
nature of chip segmentation and tool-particle interactions to confirm the mechanisms reported above.
The observation of the chip formation revealed a decrease in the segmentation of the chip with an
increase in the cutting speed: Respectively, 150 pM and 90 pM at 50 and 150 m/min. The segmentation
mechanism was observed to start from a crack on the free surface material ahead of the tool (Figure 4b).
The transmission electron microscopy (TEM) and scanning transmission electron microscopy (STEM)
studies revealed that there is an evolution of the microstructure in the adiabatic shear band (ASB)
producing sub-grains (Figure 4a). These sub-grains exhibit misorientations characteristic of rotational
dynamic recrystallization (RDXX). Calculations show that the temperature in the ASB is close to the
recrystallization temperature (500-690 °C). A microstructural evolution model of the chip is proposed
for the first time. Otherwise, the particles present in the matrix do not interfere with the formation of
the ASB.
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Figure 2. Chip microstructure with the polycrystalline diamond (PCD) tool at (a) 100 m/min;

and (b) 230 m/min [32].

Figure 3. (a) Particle broken into many other smaller particles during the chip formation at v = 60 m/min;
(b) Unbroken particle during the chip formation at v. = 180 m/min [32].

Figure 4. (a) Darkfield imaging of sub-grains inside the adiabatic shear band (ASB); (b) Sign of crack
initiation at the free surface ahead of the tool (v = 60 m/min) [38].
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Dust generation during machining is a health and environmental concern that received very little
attention in the current global context. Machining TiIMMCs produces severe tool wear and probably a
strong particulate emission. A recent study [39] reported the dust generation at micro- and nano-scales
under different lubricated modes during machining of TIMMCs. The cutting speed shows a significant
impact on the production of fine particles (2.5 uM aerodynamic particles diameter or less) while it does
not affect the specific surface concentration and mass concentration of ultrafine particles (size range of
0.1 uM). As expected, tool lubrication reduces particle emission during turning, and high levels of flow
rate (300 mL/min) combined with coated inserts lead to less ultrafine particles than with uncoated
inserts. Under dry conditions, particle emission is more important, but the analysis of the cutting
forces shows that at a high flow rate (300 mL/min) there is a thin film of lubricant formed. The presence
of this thin film of lubricant may affect the emission of particles under high lubrication modes and
high speeds (50 mymin). Finally, even if the dry condition provides a smaller roughness (around 1 pM,
versus 3 uM for a flow rate of 300 mL/min) [40], the emission of ultrafine particles and fine particles
with a coated tool remains significant compared to lubricated conditions.

3. Milling

Also, the numbers of publications on conventional milling of TIMMCs is fewer than turning,
comparison can still be done between the different mechanisms occurring during the milling of TIMMCs
and those of MMCs. As with turning, tool wear and surface roughness are the main concerns in
milling TIMMCs. The studies available in the literature provide a comprehensive comparison between
different tool materials during high-speed milling [30,41]. The tools compared are two carbide tools
(X400 and X500) and a PCD teol. Studies on the milling of MMCs have shown that carbide tools are
not very effective and have lower tool life than PCD tools [17,18]. For the milling of TIMMCs [30,41],
the carbide tools demonstrated acceptable tool wear despite the occurrence of vibration. Similar to
PCD tools, carbide tools have shown the possibility of an optimum tool wear and productivity under
certain conditions. These optimum conditions are v, = 45 m/min, { = 0.2 mm/rev, ay = 0.16 mm for
the X500 carbide tool, and v, = 70 m/min, { = 0.35 mm/rev, a; = 1.5 mm for the X400 carbide tool.
The observations made during the study showed that cutting speed is the main factor influencing the
tool wear rate for the PCD tool. Optimum tool wear is obtained at low cutting speeds (150 m/min).
It is important to note that in the cutting speed range of 350—600 m/min, PCD tools failed. The tool
wear of the carbide tools is equally highly dependent on the cutting speed, as well as the depth of cut.
These two parameters govern the tool wear rate during milling with carbide tools. These observations
do not match those made for the milling of MMCs. Indeed, studies have shown that the feed rate is
the cutting parameter that significantly affects the tool wear [42,43]. Although the cutting conditions
for both types of tools used for milling TIMMCs are similar, the wear mechanisms are not identical.
Tool wear mechanisms vary depending on the type of tool. Observations showed the presence of
oxidation on the edge of the carbide inserts, but adhesion was the main wear mechanism. While for
PCD tools, the adhesion was very slight and the main wear mechanisms were identified as edge
chipping, abrasion, and peeling.

As surface roughness is a primary concern in machining TiMMCs, cutting parameters with
considerable influence on roughness were investigated. For carbide tools, statistical analyses have
shown that the feed rate is the parameter having the most influence on roughness [41]. A feed
rate of 0.2 mm/rev permits to obtain a roughness of 1.74 uM for a X500 carbide tool. Similarly, for
milling of MMCs, the feed rate is likewise one of the cutting parameters having the most impact on
roughness [24,25]. PCD tools for milling TIMMCs do not show any dependence on one specific cutting
paramcter, but rather on a set of different cutting parameters. Optimization of these cutting parameters
is necessary to obtain a quality surface roughness. As an example, a roughness of 0.18 pM can be
achieved after optimization of the parameters. An investigation on the milling of a TIMMCs reinforced
with carbon nanotubes was conducted. It was found that the roughness is lower at high cutting speed

86



Materials 2020, 13, 5011 7of18

(v¢ = 188.4 m/min) and low feed rate (200 mm/min). Unfortunately, the cutting tool material was not
provided, which makes it impossible to compare with other investigations [44].

Chip morphology study is important in understanding the mechanisms that operate during
milling just as it is in turning. In general, the study conducted by Kamalizadeh et al. [11] shows that the
chips obtained during milling of TIMMCs are similar to those obtained during turning: Serrated chips.
Unlike chips formed during turning, milling chips have two different ¢chip compression ratios, thus
creating two main zones. The former is the Al zone and the later the A2 zone as shown in Figure 5a.
These zones are due to either the non-linear movement of chips caused by catastrophic shearing during
the segment formation (A2) or the high temperature at the tool chip interface (A1). Statistical studies
conducted on the shear slip distance and slip angle show that they increase slightly with the time
(Figure 5b). The authors attribute this phenomenon to a serration level which becomes more and more
intense with time. This is closely linked to the increase in cutting force, friction force, as well as the
rapid increase in temperature in the shearing bands characteristic of machining TIMMCs,

Saw tooth

Figure 5. (a) two distinct zones with two different compression ratios; (b) different shear slip
distances [41].

4. Grinding

The exceptional properties of TIMMCs make them good candidates for manufacturing parts
for the aerospace industry, especially for large gas turbine engines [7,8]. However, the reinforcing
particles in the TIMMCs cause the defects on machined surfaces. These defects are the seat of the
formation of fatigue cracks under repeated loading, leading to the fracture of the part. The fatigue
resistance of acronautical parts is essential to avoid catastrophic accidents. The surface finish is one of
the main concerns for TIMMCs research. As the grinding is mainly used to increase the accuracy of
the workpiece and surface quality [45,46], understanding the mechanisms operating during grinding
is essential.

Several previous studies [47-50] showed that grinding forces affect roughness, work hardening,
power consumption, grinding stresses, and surface defects, and give a qualitative indication of the
tool wear and grindability (the ease of removal material). For MMCs, the literature has shown [51]
that grinding wheel wear increases with increasing contents of the reinforcing particle because the
particles are highly abrasive. In their study on TIMMC, Blau et al. [49] showed the influence of
particle content on grinding parameters, including grinding forces. The results showed that when the
content of TiC particles increases from 0% to 10%, the grinding force increases as does the resistance to
material removal, and therefore the tool wear. The results follow the same trend as those obtained for
MMCs [52,53].

Depth of cutis the grinding parameter having the most influence on cutting forces during grinding
TiMMCs [54]. Comparisons of cutting force in high-speed grinding (120 m/s) and conventional-speed
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grinding (20 m/s) have shown that cutting forces decrease with increasing cutting speed [54,55].
Even though cutting speed is not the most influential cutting parameter, it has a significant influence
on cutting forces. Different types of defects such as microcracks and pile-ups can influence roughness;
in particular, through the grinding scratches and cavities related to the ductile deformation of the
matrix and the fragile behavior of the reinforcing particles [55]. The grinding forces [56] and the
size of the undeformed chip thickness [55] play an essential role in the propagation of microcracks,
in particular lateral crack propagation. The presence of microcracks on the ground surface is due
to severe residual stresses from the large mechanical-thermal loads occurring during grinding [57].
Zheng Li et al. [55] compared the ground surface morphology obtained in conventional-speed grinding
(20 m/s) and high-speed grinding (120 m/s}. They observed that grinding scratches and cavities are
related to the ductile deformation of the matrix and the fragile behavior of the reinforcing particles.
The formation of pile-ups is due to the slide flow of the material during grinding. High-speed grinding
induces a decrease in the presence of pile-up thanks to the increase of active grains per unit of time,
The size of the pile-up is highly dependent on the depth of cut or on the undeformed chip thickness,
which is consistent with previous studies [58-60] and studies on MMCs [61].

The content of reinforcing particles in the composite also has an influence on the roughness of
ground surfaces. The surface roughness of MMCs increases with the content of reinforcing particles [52].
However, the roughness for the TIMMCs decreases [49]. It can be assumed that the difference in
roughness tendency is due to the nature of the particles and the matrix. TiC particles are harder than
SiC particles, and Tig Al:V is more ductile compared to an Al alloy. During grinding, SiC particles can
easily break up into a multitude of small particles that become encrusted in the ground surface of the Al
alloy, increasing the roughness. TigAlyV is more difficult to machine due to its high ductility. Without
particles, its ductility can induce the formation of pile-ups as well as numerous grooves. The presence
of TiC particles limits the formations of pile-ups and grooves. The very hard nature of the TiC particles
seems to promote the dislodgement of the particles instead of their breaking, which is favorable to the
reduction in roughness. Table 1 presents some of the roughness measurement data from articles of
interest to illustrate the point.

Table 1. Effect of particles content on roughness.

Blau et al. [49] Thiagarajan et al. [52]
Particle %  TisALV +0% TiC T, ALV +10% TiC  Alalloy +2%S5iC Al alloy + 12% SiC
Ra (M) 1.68 0.86 0.20 0.60

One might think, instinctively, that the grinding temperature depends on the grinding forces.
However, Zheng Li et al. [54,55] showed that the same cutting parameters influence the grinding
temperature and the grinding forces, but in a different way. When the grinding speed increases
from 20-120 m/s, the grinding forces decrease by up to 50% but the grinding temperature increases.
The authors attributed the decrease in grinding force to the lower friction coefficient in high-speed
grinding, which is questionable. Conversely, the grinding temperature increase is caused by the
increased action of the grinding grains in the contact zone per unit of time coupled with the drop-in
efficiency of the coolant. The drop-in efficiency of the coolant is due to an air barrier that forms around
the abrasive wheel, thus preventing the cooling fluid from entering the grinding zone leading to very
poor efficiency of the coolant and at an increase in the grinding temperature. The effect of the different
grinding parameters on the grinding temperature is shown in Figure 6. Different from grinding speed,
the parameters of workpiece speed and the depth of cut have the same effect on both grinding forces
and grinding temperature.
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Figure 6. Effects of grinding parameter in high (FISG) and conventional (CSG) speed grinding on
grinding temperature [55].

Temperature variations during grinding can have significant impacts on the microstructural
or mechanical integrity of the material. Large temperature variations can lead to the presence of
residual stresses on the subsurface as well as microstructural transformations [62-64]. The presence of
micro-cracks on the ground surface is characteristic of severe residual stresses [57]. Zheng Li et al. [62]
observed residual compressive stress, work hardening on the ground surface, and microstructural
changes in the subsurface. The microstructural changes observed are the bending and elongation of the
crystal lattice as shown in Figure 7. These changes are mainly related to the strong plastic deformations
and rapid cooling effects that occur on the surface during grinding. The authors showed that the depth
of cut is the parameter that induces the higher variation in the microstructure.

Figure 7. Changes in microstructure: (a) vs = 25 m/s, vy = 300 mm/s, ap = 0.3 mm; (b) vs = 20 m/s,
vw =300 mmy/s, ap = 1.0 mm (vs = cutting speed, vy = speed of the workpiece, and ap = cutting depth) [62].

Microstructural changes were also observed in the study by Xinxin Xi et al. [65]. Microstructural
changes were highly dependent on the same grinding parameter, or the depth of cut. When the
depth of cut is 0.020 mm, the distinction of the grain boundary is difficult due to the microstructural
changes (up to a thickness of about 20 uM), when the depth of cut is 0.002 mm the microstructure is
slightly altered (up to 5 uM) deep below the surface. Microhardness tests were also carried out by
the authors to validate their microstructural observations. The results showed that microhardness
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increases (from 250-425 HV) with the decreasing depth below the ground surface (from 225-10 uM,
respectively). This increase in hardness reflects significant residual stresses and/or a microstructural
change linked to grinding.

Similar to turning and milling, the understanding of chip morphology and the material removal
mechanisms in grinding is important for the optimization of grinding parameters. Ding et al. [56]
studied the material removal behavior. Their results show that the material removal behavior is divided
into three stages. Stages one and three belong to ductile regime removal of the matrix, dominated
by serrated chip formation. Meanwhile, stage two belongs to the brittle regime removal dominated
by brittle fracture, crack initiation, and crack propagation. The authors extended their study to
investigate the effect of grinding speed on material removal mechanisms. The results show that the
chip morphology varies with the grinding speed. The chip morphology is continuous and thicker at
the speed of 20 m/s. It becomes discontinuous and thinner at 120 m/s. Athigh-speed grinding (120 m/s),
the material removal behavior is dominated by a high strain and strain-rate hardening which induces
a weakened and brittle plastic flow. Similar results were obtained by Xinxin Xi et al. [65]. Specifically,
the material removals behavior observed are the same, namely: The ductile removal of the matrix,
ductile removal of the particle and brittle behavior, fracture, and crack propagation for the particles.
Moreover, these different stages of material removal mechanism are the same as those observed for
MMCs in the study conducted by Huang et al. [66].

Most studies on material removal mechanisms of grinding are based on experimentally validated
finite element (FE) models. The work of Huan et al. [67] modeled for the first time the simultaneous
action of two abrasive grains of a CBN wheel in high-speed grinding (120-140 m/s). All relevant
details of the material removal behavior during grinding are developed. During the grinding by
the first grain of CBN, there are two possible outcomes: Either the TiC reinforcement has a residual
crack, or it does not. In the case of a residual crack during the passage of the second grain, the FE
simulation showed that the maximum stress of Mises was located at the point of the crack in the
reinforcement particle, regardless of the distance between the grain of the grinding wheel and the
interface. The residual crack spreads during the passage of the second grain of the wheel until the
tensile failure of the TiC particle. Then the reinforcement particle breaks off the matrix. During
these conditions, stress concentrations are present but do not continuously exchange between the
matrix and the reinforcement. These mechanisms are illustrated in Figure 8. In the case of no residual
crack, there is no stress concentration which leads to the tensile failure of the particle. The position of
the maximum Mises strain is located at the point of contact between the grain of the wheel and the
workpiece. The grinding action of the second grain therefore causes the plastic removal of the matrix as
well as the brittle removal of the TiC particle. Figure 9 shows a schematic of the mechanism. The results
also show that for the passage of the first grain of the wheel that the crushing depth is affected by the
undeformed chip thickness. The more the undeformed chip thickness increases, the more the crushing
depth of the particles increases in high speed grinding.
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Figure 8. Evolution of the crack propagation for the second grinding grain. (a) initial stage, (b) developing
and (c) complete [67].
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Figure 9. Material removal mechanism details from stage (a) to (f); (a) grinding the matrix, (b) the
initial contact between the CBN grain and the TiC particle, (c) initial grinding of the particle, (d) particle
removal process, (e) particle failure completed, (f) grinding the matrix [67]

Other studies have shown that the undeformed chip thickness influences many parameters, notably
the grinding force, grinding temperature, surface roughness, and material removal mechanism [55-57].
The trend of the results obtained showed that the grinding forces decrease and that the grinding
temperature increases with the decrease in the undeformed chip thickness. Observations of the
surfaces after grinding revealed that when a small undeformed chip thickness (0.3 uM) is employed,
the particles are subject to a tiny fracture which generates a small and shallow cavity on the ground
surface. When the undeformed chip thickness is large (1.2 uM), the cavities of the ground surface
are deep and wide. These differences in material removal mechanism result in the differences in the
ground surface roughness. A wide undeformed chip thickness will increase surface roughness [55].
Besides, they observed that the lateral crack formation is dependent of the undeformed chip thickness.
The larger the undeformed chip thickness, the deeper the depth of the lateral crack becomes. A deeper
depth of the lateral crack leads to an increase of the interactions between cracks which can cause them
to emerge on the ground surface and alter the roughness [55]. The influence of the undeformed chip
thickness on the depth of the voids left by the fragile rupture of the particles was also observed by Xinxin
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et al. [65]. Their study in high-speed grinding showed that the bigger the undeformed chip thickness,
the larger and deeper the cavity produced on the ground surface. The results of the finite clement
modeling were verified experimentally for similar grinding conditions and presented in Figure 10.
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Figure 10. Effect of undeformed chip thickness on ground surface. Experiment versus simulation.
(a) and (b) ap = 1.2 pM, (¢) and (d) ap, = 0.7 pM, and (e) and (f) ap = 0.2 uM [65].

Ding et al. [50] employed the undeformed chip thickness to study the specific grinding energy
which is a fundamental parameter for the characterization of the grinding process. The results showed
that the specific grinding energy is slightly smaller for the TIMMC compared to TigAlyV (around
20 J/mm? lower). They highlighted the fact that the specific grinding energy is dependent on the
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mechanical properties of the material under grinding conditions [68]. 1t is well known in the literature
that the complete ductile-mode removal of the material during the grinding requires a higher specific
grinding energy compared to brittle-mode removal. As presented by Malkin et al. [69], when brittle
fracture takes place during grinding, the specific grinding energy is lower than that for ductile behavior.
The presence of brittle breaking of the reinforcements in the TIMMCs explains the observations made
by the authors. The results also showed that the more the undeformed chip thickness increases, the
more the specific grinding energy decreases. This is explained by the dependence of specific grinding
energy on the following parameters: Energies consumed in chip formation, elastic deformation of the
workpiece, sliding, and plowing [50,69].

The grinding wheel performance in terms of wheel life, grinding performance (forces, temperature,
energy), and ground surface finish is one of the main concerns in machining TIMMCs. Zheng Li
et al. [62] compared three types of conventional wheels: White alumina (WA), pink fused alumina
(PA), and micro-crystal corundum (5G) grinding wheels. The 5G wheel showed better performance,
with the lowest grinding forces and force ratio, grinding temperature, specific energy, and surface
roughness. The ground surface obtained with the SG wheel contains only a few voids and slight grooves,
while the other two wheels which presented voids, debris, adherence, grooves, and delamination zone.
The grinding temperature is closely related to the thermal conductivity of the grinding wheel. Indeed,
Xin-Xin Xi et al. [70] compared the heat transfer characteristic of electroplated CBN wheel and vitrified
CBN wheel for high-speed grinding. 1t was shown that the grinding temperature was lower with
an electroplated CBN wheel due to its high thermal conductivity. Other authors [57] compared the
performance of wheels on TIMMCs with randomly distributed grains and linearly organized grains
(spaced 1.2 mm apart). The former is a single layer electroplated wheel and the latter is a brazed CBN
wheel. The brazed wheel showed a removal rate twice as high as that of the electroplated wheel, it had
the lowest grinding forces, grinding temperature, and less ground surface defects as well. The brazed
wheel showed a better potential for high-speed grinding, without burning at the ground surface.

5. Conclusions

This paper presents a critical review on the machining of TIMMCs with focus on tool wear
mechanisms, material removal and chip formation mechanisms, and machined surface quality for
turning, milling, and grinding operations. The following conclusions can be drawn:

e Machining of TIMMCs presents challenges due to the presence of hard abrasive particles in a
softer and sticky matrix and the low thermal conductivity of the matrix material. TiIMMCs are
significantly different from other types of MMCs. The findings from the machining of other MMCs
cannot be taken for granted for machining of TIMMCs.

e The information in the literature about the turning of TIMMCs is quite comprehensive and the
mechanisms that operate during the process are well understood. However, research efforts still
need to be made regarding the emission of particles. In the milling and grinding of TiIMMCs,
the literature is very limited. There is a bright future for further investigations.

e  Tor turning operations, tool wear tends to decrease in high-speed turning. No evidence of particle
de-bonding was observed in turning of TIMMCSs regardless of the cutting speed. The segmentation
of the chip starts at the free surface ahead of the tool. The tool wear mechanisms are dependent
on the cutting speed. Adhesion wear is the main wear mode and abrasion, and diffusion are
secondary mode in conventional speed turning. Abrasion wear is the main wear mode in high
speed turning of TIMMCs. The formation of a “wear shield” on the surface of the cutting tool
from the first moment of cutting and under specific conditions results in enhanced tool life.

e  For milling operations, surface roughness dependency on the cutting parameters varies with the
cutting tool. The main wear mode is dependent on the cutting tool.

e  For grinding, wheel wear increases with increasing contents of the reinforcing particle for both
TiMMCs and MMCs. Surface roughness, however, decreases with the increase of in the percentage
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of hard particles. The undeformed chip thickness is the most important parameter which affects
the material removal mechanisms, ground surface microstructure, lateral cracks, surface cavities,
and surface roughness.

In the future, to find the effect on grinding or milling condition on tool wear would be of major
interest. The study of the efficiency of other cutting tools such as diamond tocls could provide
interesting insights in terms of TIMMCs machinability. Dust emission is also a field of study which
should not be left aside in order to comply with occupational safety standards and to limit the pollution
resulting from the processing of TIMMCs.
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Abstract. This paper presents an experimental study on the grinding of a titanium metal matrix
compostte (TiIMMC) using electroplated diamond wheels with a focus on the wheel wear and 1ts
effects on gnnding forces, power, surface roughness. and microstructures under the ground surfaces.
Flat up-mode surface grinding experiments were performed all at a fixed wheel speed v. = 20 m/s.
Wheel wear tests were first conducted with a brand-new wheel at a fixed depth of cut @ = 0.05 mm
and a workspeed vy = 50 mm/s by up to 800 grinding passes to wear the wheel. Grinding forces,
power, surface roughness. and radial wheel wear depth were measured at different gninding passes.
Additional tests were conducted by varying the workspeed from 10 to 100 mm/s to explore its effect
on TIMMC and titanium alloy. It was revealed that electroplated diamond wheels wear on TIVMMC
was comparable to titantum alloys, but 1t was slightly higher on TiIMMCs. The specific energy
calculated from measured grinding power ranged from 17 — 34 Jmm®. It was found that surface
roughness decreases for TIMMC, but increases for titanium alloy, with increasing workspeed. The
plastic deformation mduces microstructural change that was identified as twinmng under the ground
surface.

Introduction

Titanium metal matrix composites (TIMMCs) are an alternative to Ti-based alloys for use 1n the
automotive and aerospace mdustries as they exhibit excellent mechanical properties because of their
rewnforcing particles [1. 2]. However, machining TiMMCs 1s difficult due to the difference in behavior
between the ductile removal behavior of the matrix and the brittle removal behavior of the
remnforcement particles. The presence of TiC or TiB remforcing particles in TIMMCs increases the
ratio of normal to tangential grinding forces compared to T1sAlsV for similar gninding parameters [3].
The issues encountered during machining of TiMMCs include mainly premature wear of cutting
tools, voids, pile ups. and grooves on the surface, not to mention micro-cracks. broken particles. and
microstructural changes [4-7]. TiMMC parts are manufactured near net shape to avoid heavy
machiming operations. Research on machiming of TiMMCs focusses on developmg efficient
machining processes to get ugh surface quality and dimension accuracy [8]. Several studies [3-7, 9]
on grinding TIVMMCs generated results regarding the improvement of the surface finish with respect
to the grinding wheel used or the wear of the wheel They were mainly carried out with cubic boron
nitride (CBN) wheels or conventional wheels such as white alumina. pink fused alumina, or micro-
crystal corundum. However, both grinding approaches result in numerous surface defects (i.e.. high
surface roughness). Furthermore, the wear of the grinding wheels has not been studied on TiIMMCs.

Tt was showed that grinding metal matrix composites with a diamond wheel significantly reduced
grinding force [10]. It was revealed that the surface finish was not strongly dependent on the grinding
parameters when grinding with superabrasives [11]. It was recommended to use diamond abrasives
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to obtain ultra-smooth surface finish in grninding MMCs (Metal Matrix Composites) [12]. However,
this contradicts the results obtained by another study [13]. which showed lower grinding forces,
surface roughness, and percentage of wear flat area with conventional wheels (5iC and A12Os) instead
of superabrasives wheels (diamond or CBN). Another study recommended to apply first the SiC
wheels and fine-grained diamond wheels for finishing operations [14]. Studies carried out on the
grinding of MMCs with diamond grinding wheels are very limited. Diamond is harder than CBN. it
15 worth investigating whether diamond wheels provide better grinding performance. especially in
wheel wear resistance, than CBN wheels.

The present paper is concemned mainly with the grinding performance in terms of forces, power
consumption. and wheel wear of TIMMCs with diamond wheel. The objective is to explore the
feasibility fo grnd TiMMCs with diamond wheels and enhance the knowledges on the grinding
performance of TIMMCs. The aforementioned grinding parameters are also compared to a titanmm
alloy throughout the paper.

Experimental Setup and Test Conditions

In the present work, the TiMMC chosen is composed of
Ti6AMV matrix remnforced with 10 - 12%vwel of TiC
particles. The average size of TiC reinforcing particles is 10
—20 um. Fig 1. a. shows the material microstructure which
is bimodal: the globular o phase (the lightest one) is
surrounded by Widmanstitten platelets. Widmanstitten
structure (o+f) 1s composed of retained  phase (brown)
Iying between the o platelets. TiC remnforcing particles are
distributed in the material. The workpieces were rectangular
blocks with a length of 76.2 mm along the grinding direction
and a width of 12.7 mm.

Straight surface up-grinding tests were performed on a
Makino ASSE high-speed and high-power machining
center. The wheel was a 120-grit electroplated diamond
wheels of diameter d: = 50.8 mm and width b; = 38 mm_
Fig. 1. b. shows the experimental setup. A water-based
grinding fluid of 7% soluble oil was applied at a flow rate
of 140 liters/'min and pressure of 2.8 MPa through a
rectangular nozzle with an opening width of 15 mm and a
height of 2.5 mm.

Two sets of tests were performed at a fixed wheel speed
vi=20 mvs. The first set of experiments were to investigate b. Experimental sef-up
the wear and the grinding performance of the wheel The
workspeed was fixed at w= 50 mm/'s and the depth of cut at g = 0.05 mm. The second set of
experiments were to explore the effects of workspeed. The workspeed was varied from v= 10 to 100
mm/s corresponding to a specific material removal rate of Ox ' = 0.5 - 5 mm”/s. These experiments
were also carried out on titanium alloy samples for comparisons.

Grinding Power, forces, and surface roughness were measured at different grinding intervals. A
universal power cell was used to measure the electrical power of the spindle motor. and a
dynamometer Kistler 9255B for the forces. The net components of power and forces were obtained
following the approach applied in [15]. The roughness was measured with a Taylor-Hobson Surtronic
3+ surface roughness checker. Radial wheel wear was measured by taking a grinding pass in a
graphite sample with a profilometer (Form Talysurf Series 2), as presented in [16]. The
microstructural observation was done on an optical microscope Keyence VHX-7000, after mirror
polishing and chemical attack with Kroll's reagent.
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Results and discussion

A total of 800 passes were conducted for the wheel wear tests. It is well known that experimental
measurements of grinding force and power components involve non-grinding components. The non-
grinding components were subtracted from the tfotal components to obtain the net value. These
components are recorded in a complete spark-out pass. An example showing the total components of
forces and power, the non-grinding components, and the net components for the 100% pass is
presented in Fig 2. a. The peaks at the beginning and the valleys the end of the total and net power
signals reflects the actual electrical power of the motor which are due to the transient behavior of the
spindle motor when the wheel started to cut in and cut out the workpiece. For this example, the
average net horizontal and vertical forces were Fr = 36 N and Fy= 89 N, respectively. The average
net power was P = 0.56 kKW for a corresponding specific energy of # = 17.6 J/mm’. The application
of the high-pressure grinding fluid is responsible for such large non-grinding forces. An example of
the radial wheel wear profile is presented at the Fig 2. b. This profile was measured after 100 wear
passes and shows a wear depth of about 20 pm.

The results of the wear tests are summarized in Fig 2. ¢. Vertical Fy and horizontal forces Fi. power
P, surface rounghness Ry and radial wear depth w are presented dﬂgﬁmdmg on the number of passes.
The radial wear exhibited several transient ran-ins at the 100%, 400%, and 800% pass without reaching
a clear steady state wear rate. The initial radial wheel wear after the first pass was about w = 16 um,
which 15 6 pm higher than observed after one grinding pass on titanium alloy [17]. It can be attributed
to the pull-outs of weakly bound diamond grains. The presence of the TiC reinforcing particles might
mcrease this omenon and affect the ghly protruded diamond grains. At the end of the fests,
after the 800™ pass, the wear depth reached w= 28 pm.
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roughness decreases rapidly from R, = 3.71 pm at the start
of the grinding tests towards R, =2.30 um for the 100® pass.
After the 100% pass, the decrease in roughness is progressive
and reaches Ry = 2.08 pm The first transient run-ins up
{100% pass) which induced a rapid increase in radial wheel
wear from w =17 to w= 20 pm, (i.e.. the breaking of the
protruded diamond grains), has a significant impact on the
values of forces, power, and roughness.

Similar tests were carried out on a titanium allov with an
electroplated diamond wheel [17]. The roughness did not
show a transient run-in up at the 100% pass, but horizontal
and vertical forces, and power increase from the 100% pass.
The roughness reached a steady state from the 100% pass.
Even if the observed trends are not all similar, there seems
to be a correlation for the evolution of the components from
a radial wheel wear close to w = 20 pm. For the titanium
alloy studied i the previous study. the power increases up
to the 800 pass. While for the TIMMC the power drops
dramatically and then increases gradually. The presence of
TiC particles radically changes the tendency of power. Until
the 100® pass, the power decreases because the protruded

diamond grains of the grinding wheel break. The brittle fracture of diamond grains consumes less
energy than the grinding of ductile material. reducing the power required. After the 100 pass, the
power gradually increases because the protruded diamond grains have broken during the previous
passes. The power required for grinding TIMMCs takes over as the grains break. The ductile behavior

of TIMMCs matrix being more energy-intensive than the
brittle fracture of diamond grains, the power required for
grninding increases. It is important to note that the power
required for gnnding TiMMCs is less than that required for
grinding titanium alloy. This difference 15 explained by the
presence of TiC reinforcements which present a fragile type
of mupture, reducing the power. The wear depth values from
the 800 pass in Fig.2. c. were used to characterize the wheel
wear resistance. The G-ratio value was calculated as 680.
The value obtained for TIMMC was smaller than that
obtamned for titanium alloys under idenfical test conditions
mdicating that there is increased wheel wear and decreased
wheel life for TIMMCs compared to fitanium alloys [17]. It
is important to note here that G-ratio was calculated from the
total wear depth. If the initial wear of the wheel from the first
pass is removed from the G-ratio calculation. its value
reaches 1580. This shows the slow wear of the grinding
wheel when grinding the TIMMC.

Fig.2. c. also shows specific energies. The initial value
was 1 =23.0 J/mm’ and decreased until the 100 pass to 17.6
J/mny’. More investigation is needed to explain this trend.
Following the 100th pass, the specific energy increased
progressively to u=20.5 J/mm?® which is lower than the final
value obtained for titanivm afloys (20 J/mm®). This confirms
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that grinding TIMMCs is less energy intensive than grinding titanium alloys. The lower energy for
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TiMMC 1s, as explained previously, due to the presence of TiC particles which, when they break,
exhibit a brittle behavior, and actively parficipate in the reduction of energy consumption.

The results of the second set of tests are presented in Fig 3. The power P and the roughness R, are
presented according to the workspeed vw for titanium alloy and TIMMC. The initial values of the
power at vy = 10 mm/s are P = 0.17 kW for the titanium alloy and
0.22 kW for the TIMMC. The power increases as the workspeed Ground surface
mcreases and reaches P = 1.93 KW and 1.37 kW for the titanium £ =
alloy and the TiMMC respectively. In general, the power required
for grinding the titanium alloy is greater than that for grinding
TiMMC. As the wheel surface conditions where equals for these
experiments, the variations in power are due to the material. The

brittle behavior of TiC particles can explain this trend. The initial . eV | v
value for the roughness is Ry = 2.27 um for the titanium alloy ata - .
workspeed of v, = 10 mm/s and reaches 2 46 pm at 100 mm/s. The Grinding direstion

roughness increases with the workspeed. For the TIMMC, the initial ~ Figure 5. Cufting samples

value 15 B2 = 2.24 pm at we = 10 mm/s and 2.05 at 100 mm/s. The

roughness trend for TIMMC is opposite to that observed for titanum alloy: it decreases as the

workspeed increases. Grinding of titanium alloy leads to the formation of pile-ups and grooves owing

to the side flow of the material. It might be due to the presence of TiC particles which seems to limit
; this phenomenon The dislodgement and breakage of the particles lead

to surface defects which are smaller, explaining the lower roughness.

To study more closely the microstructure, samples were cut by EDM
perpendicular (YZ plane) and parallel (XY plane) with the direction of
cut, as shown in Fig 5 It was seen that the sub-surface microstructure
does not show any change for a 50 mm/s workspeed regardless of the
mmber of passes. As an example, microstructure is presented at400
passes in Fig4 The globular structure of the o phase and the
Widmanstitten platelets do not seem to have undergone any major
deformation either in the ZY and XY planes or even within a few
microns of the ground surface. However, the plastic deformation
occurred within 3 pm of the ground surface induces twins formation
during the grinding (Fig 6). Since diamond is an excellent thermal
- conductor, it helps conduct the heat away from the grinding zone.
..ﬂ_ - Extreme temperature changes, particularly related to plastic
Figure 6. Twinning deformation. are thus limited, and have only a minimal impact on the
formations are shown by pyierostructure. However, the plastic deformation which takes place at

arrows under the grownd  the syb-surface of the ground surface is the seat of the presence of
surface at YZ plane residual stress.

Conclusion

Grinding TIMMC with an electroplated diamond wheel results in lower forces, power, specific
energy, and roughness than titanium alloy. Grinding wheel wear has a significant impact above 100%
pass. G-ratios of about 680 was obtained for the specific removal rate of 2.5 mm?s. For similar
conditions, the electroplated diamond wheel wear was higher for TIMMCs than titanium alloys.
Specific energy on TiMMC slightly lower than titanium alloys. The presence of TiC particles
considerably decreases the surface roughness when the workspeed increases. Twinning formation
due to plastique deformation was observed after grinding.
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