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Wear and fracture mechanisms of coated Pc-BN inserts

Abstract

In the last years, the interest in polycrystalline cubic boron nitride (Pc-BN) as a tool material has
significantly grown, especially for turning operations involving difficult-to-cut materials. This is related
to the fact that it is the second hardest material, behind diamond, while also exhibiting high-
temperature strength, thermal stability and chemical inertness. Within this context, Pc-BN makes
possible the use of extreme cutting conditions; thus, reducing the production costs. Moreover, the
employment of hard thin film ceramic layers deposited on Pc-BN substrates extends the tool life,
yielding it an eco-friendly attribute, as it opens the possibility of reducing or even eliminate the use of

lubricant and coolants in the machining operations.

The aforementioned high mechanical properties are intrinsically linked to its microstructure. Pc-BN is
a composite material consisting of cubic boron nitride (c-BN) particles embedded in a ceramic (e.g. TiC,
TiN, WC, AIN, etc.) or metallic matrix (e.g. Co-based alloys). In general, ceramic matrices are found in
low and medium c-BN content substrates, whereas metallic ones are employed for binding high c-BN
content materials. Accordingly, ceramic matrices are commonly used in turning operations, where
continuous contact with high temperatures generated are present. On the other hand, metallic
matrices with high c-BN content are implemented in milling operations, where higher toughness is

required due to the interrupted-cutting nature (multiple impacts) involved in this machining operation.

The main objective of this project is to review and analyse the wear and fracture mechanisms of coated
Pc-BN inserts. Within this framework, critical microstructural design parameters, such as coating
chemical nature, Pc-BN microstructure and chemical nature, will be analysed. The machined work-
material and cutting operation involved will be also studied. Finally, identification and setting of
correlations among the different variables will be attempted. In order to achieve these objectives, an
in-depth literature research will be conducted. The results indicate that flank wear is the main contact-
related degradation mechanism for the coated Pc-BN systems studied. It is followed by crater wear,
and less extended notch wear. Moreover, the use of coatings in Pc-BN tools allows to subject these
tools to more extreme conditions compared to other tool materials. Unfortunately, specific
correlations among coating-substrate-workpiece have not been identified. Main reasons behind is the
extremely large number of variables involved in the different studies as well as the limited amount of

literature in this subject.

One main conclusion of the literature search and critical analysis done is that interest in Pc-BN
composite has prominently grown over the last two decades, particularly because it has proven to be
a reliable competitor for cemented carbides as tool materials in the referred applications. Although
production cost is still a variable in favour of cemented carbides, as compared to Pc-BN based tools,

the fact that the latter can be used under more extreme conditions is considered a key attribute.
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Resum

Durant els ultims anys, I'interes pel nitrur de bor cubic policristal:Ii (Pc-BN), com a material per a eines,
ha augmentat significativament, especialment en operacions de tornejat de materials dificils de
mecanitzar. Aquest fet es deu a que és el segon material més dur, darrere del diamant, fins i tot a altes
temperatures; a part de ser inert quimicament, i també presentar bona resistencia a altes
temperatures i estabilitat térmica. Sota aquest context, el Pc-BN fa possible el mecanitzat sota
condiciones extremes, reduint aixi els costos associats a la produccié. Aixi mateix, I'Us de capes fines
de ceramiques dures allarga la vida util de I'eina i fa que les operacions de mecanitzat siguin més
sostenibles mediambientalment, degut a que obre la possibilitat de reduir, i fins i tot eliminar, I'Gs de

lubricants i refrigerants en el mecanitzat.

Les propietats mecaniques que s’han mencionat préviament, estan intrinsecament relacionades a la
seva microestructura. El Pc-BN és un material compost format per particules de nitrur de bor cubic (c-
BN) lligades en una matriu ceramica (com per exemple TiC, TiN, WC, AIN, etc.) o en una matriu
metal-lica (com per exemple una basada en un aliatge de Co). En general, les matrius ceramiques es
troben en substrats amb un contingut de c-BN Baix o mitja, mentre que les matrius metal-liques es
troben en substrats amb alts continguts de c-BN. Degut a aquest fet, les matrius ceramiques
generalment s’utilitzen en operacions de tornejat, on hi ha un contacte constant i on es generen altes
temperatures. Per altra banda, normalment les matrius metal-liques amb alt contingut de c-BN es
troben en aplicacions interrompudes on la tenacitat és un dels principals requeriments, degut a I'alta

generacio d'impactes durant el mecanitzat.

L’objectiu principal d’aquest projecte és fer una revisid i analitzar els mecanismes de desgast i fractura
de plaquetes recobertes de Pc-BN. Per altra banda, també s’analitzaran els parametres critics de
disseny microestructural, com ara la composicié quimica dels recobriments, la microestructura del Pc-
BN o la seva naturalesa quimica. Els materials mecanitzats i les operacions de tall involucrades també
s’estudiaran al llarg d’aquest projecte. Finalment, s’intentaran relacionar diferents variables
relacionades amb el mecanitzat amb aquestes eines. Per tal d’aconseguir aquests objectius, es
realitzara una recerca literaria. Els estudis indiquen que el principal mecanisme de desgast pels
diferents sistemes recoberts estudiats, és el conegut com a flank wear, seguit pel crater wear, i
finalment, en menor mesura, notch wear. A més a més, s’ha comprovat que I'Us de recobriments en el
Pc-BN permet mecanitzar en condicions més extremes, comparat amb altres materials d’eines.
Malauradament, no s’han pogut identificar relacions especifiques entre els recobriments-substrats-
materials mecanitzats. Les raons principals séon que el nimero de variables en les publicacions
revisades és molt gran i que la informacié existent en aquest tema és relativament escassa. En tot cas,

una conclusié important de la revisid, és que l'interés en aquest compost ha crescut de forma rellevant
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durant les ultimes dues déecades, periode en el qual s’ha consolidat com a una alternativa molt

competitiva dels carburs cementats.
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Resumen

En los ultimos afios, el interés por el nitruro de boro cubico policristalino (Pc-BN) como material para
herramientas ha aumentado significativamente, especialmente en operaciones de torneado de
materiales dificiles de cortar. Esto se debe a que es el segundo material mas duro, por detras del
diamante, incluso a altas temperaturas; ademas de ser quimicamente inerte, y presentar buena
resistencia a altas temperaturas y estabilidad térmica. En este contexto, el Pc-BN hace posible el
mecanizado bajo condiciones extremas, rediciendo asi los costes asociados a la produccién. Asimismo,
el empleo de capas finas de cerdmicas duras prolonga la vida util de la herramienta, ademas de hacer
este material mas sostenible medioambientalmente, debido a que abre la posibilidad de reducir, e

incluso eliminar, el uso de lubricantes y refrigerantes en las operaciones de mecanizado.

Las propiedades mecdanicas previamente postuladas estdn intrinsecamente relacionadas a su
microestructura. El Pc-BN es un material compuesto formado por particulas de nitruro de boro cubico
(c-BN) ligadas en una matriz ceramica (por ejemplo, TiC, TiN, WC, AIN, etc.) o metalica (por ejemplo,
basada en una aleacidn de Co). En general, las matrices ceramicas se encuentran en sustratos con
contenido de c-BN bajo o medio, mientras que las matrices metalicas se encuentran en sustratos con
alto contenido de c-BN. Debido a esto, las matrices cerdmicas generalmente se usan en operaciones
de torneado, donde hay contacto constante y se generan altas temperaturas. Por su parte, las matrices
metalicas, con alto contenido de c-BN, se usan para el fresado de materiales donde la tenacidad es uno
de los requerimientos mas importantes, debido al corte interrumpido (impactos) que ocurren durante

esta operacion de mecanizado.

El objetivo principal de este proyecto es hacer una revisidn y analizar los mecanismos de desgaste y
fractura de plaquitas recubiertas de Pc-BN. Por otro lado, se analizaran diversos parametros criticos en
el disefio microestructural de estas herramientas, como la composicién quimica de los recubrimientos,
la microestructura del Pc-BN o su naturaleza quimica. Los materiales mecanizaos y las operaciones de
corte involucradas también se estudiardn en este proyecto. Finalmente, se intentard correlacionar
distintas variables asociadas con las herramientas recubiertas de Pc-BN. Con el fin de alcanzar estos
objetivos, se realizard una busqueda literaria. Los resultados indican que el principal mecanismo de
desgaste, por los sistemas recubiertos estudiados, es el conocido como flank wear, seguido por crater
wear, y en menor medida notch wear. Ademas, el uso de recubrimientos en el Pc-BN se ha visto que
permite el uso de condiciones mas extremas, comparado con otros materiales de herramientas.
Desafortunadamente, no se han podido identificar relaciones especificas entre recubrimientos-
sustratos-materiales mecanizados. Las razones principales de ello son que el nimero de variables en
las publicaciones revisadas es muy grande y que la informacion existente en este tema es

relativamente escasa. En todo caso, una conclusion importante de la revisidon es que el interés en este
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compuesto ha crecido de forma relevante durante las dos ultimas décadas, periodo en el cual él se ha

consolidado como una alternativa muy competitiva de los carburos cementados.
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1. Preface

The actual increase in globalization has also led to a rise of industrialization, where the manufacture
process has an important role in terms of productivity. Moreover, the constant development of new
materials or modifications of those widely used nowadays lead to improve industrial efficiency and
reduce manufacturing costs/time. Apart from that, other requirements such as quality is commonly
considered. In order to satisfy the requirements of industries, it is important to have enough
knowledge of the used material in manufacturing processes. This knowledge allows the engineers to

do different forecastings, resulting in an increase of the industrial efficiency.

In this project, coated Pc-BN tools have been studied to increase the knowledge of these tools.
Although it is a material known from long time ago, compared with other tools iPc-BN tools are still
emerging, and remain in constant development. A notable growth of the knowledge of coated Pc-BN
could allow industries to improve their efficiency, while also reducing their residues and being more

sustainable, since coated Pc-BN tools exhibit a satisfactory performance in dry conditions.

An in-depth literature review is needed, since the number of works published in this field is not large.
Furthermore, trends about the use of Pc-BN tools are not completely defined. In this regard, analysis
of the gathered information will require comparison of the different parameters of coated Pc-BN
systems addressed in the open literature. Following this approach, it is expected to identify and
establish guidelines for improving the microstructural design of coated Pc-BN, on the basis of a better
understanding of the corresponding microstructure-properties relationship, as a function of work-

material and machining operation involved.
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2. General introduction

2.1. Pc-BN as a super-hard material

In the late 1950s, the first cubic boron nitride (c-BN) was synthesized by Wentorf in General Electric’s
laboratories with the name of Borazon™ [1]. Since 1969, the c-BN has been commercially available [2].
¢c-BN is known for being the second hardest material, also at high temperatures, after diamond.
Moreover, its development was motivated by the demand of an alternative super-hard material to
diamond, due to the fact that this graphitizes when reacts with ferrous materials during cutting

operations [3].

¢-BN is commonly used as a polycrystalline aggregate (Pc-BN) which is indeed a composite material
consisting of c-BN particles embedded in a matrix with metallic (e.g. Ni, Co, Al) or ceramic (e.g. nitrides,
carbides and/or carbonitrides) nature. Consequently, it may exhibit a wide range of properties

depending on its microstructure and the chemical nature of the matrix elements used [1,4].

Pc-BN is widely employed as a cutting tool material of difficult-to-cut materials, such as hardened
steels, high speed steels, die steels, bearing steels, alloys steels, case-hardened steels, white cast irons
and alloyed cast irons among others [5]. Polycrystalline diamond (PCD), cemented carbides, high speed
steels (HSS) and other ceramics (mainly based on Al,O3 or SisN) are also used as a cutting tool material.
The implementation of hard materials as cutting tools allows the possibility of greater process
flexibility, reducing the machining time, and consequently decreasing energy consumption and final
cost [6].

In the particular case of Pc-BN as a cutting tool, an improvement on hard machining applications is
attributable to its excellent mechanical properties: high-temperature strength, thermal stability,
chemical inertness, and as previously stated above, high hardness [7]. Some of these properties are
shared with several conventional ceramic tools, which have a lower cost but at expenses of a much
shorter tool life. Main reason behind it is the high concentration of heat generated in hard machining,
which causes temperature gradients and concentrated tool wear [8]. Although PCD presents the
highest thermal conduction, it is known that Pc-BN materials have a thermal conductivity 4-5 times
higher than conventional ceramic tools [9]. On the other hand, the major advantage of Pc-BN tools
over diamond tools lies on the machinability of hard ferrous metals, due to diamond graphitization of
the latter [10]. In order to evidence the specific advantages of using Pc-BN, a comparison between the

most employed materials for these applications is shown in Figure 2.1, and summarized in Table 2.1.

Cemented carbides are the most used materials in turning operations, due to its excellent combination

of toughness and hardness as well as its low cost compared to Pc-BN tools. However, Pc-BN tools are
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preferred in hard turning operations due to its higher hardness and abrasive wear resistance. In
addition, such machining operation can be done without coolants due to their high thermal
conductivity, which can be translated in more efficient cutting [11]. Therefore, Pc-BN tools can be
placed in milling operations, replacing conventional ceramics or steels, and in many turning operations,

as an alternative to ceramic, cemented carbides or cermets [12].

Table 2.1 Properties exhibited by different tool materials. *Typical composition in vol.% unless indicated [1].

Tool material A Whisker Silicon
Tungsten Mixed
. Alumina . reinforced nitride- Pc-BN PCD
carbide alumina
Property alumina based
77%
90-95% Al0s + ) 98%
94 wt.% SisNa +
Typical Al0s + 30% TiC  75% Al2O3 c-BN +
WC+6 13% PCD +0-18% Co
composition* 5-10% +5-10% +25% SiC 2%
wt.% Co Al20s +
2rO2 2rO2 AlIB2/AIN
10% Y203
Density
14,8 3,8-4,0 4,3 3,7 3,2 3,1 3,4
[g-em?]

Hardness at

1700 1700 1900 2000 1600 4000 8000-10000
RT [HV]

Hardness at

400 650 800 - 900 1800 -
10002C [HV]

Fracture

Toughness 10 1,9 2 8 6 10 7,9
[MPa-m*/2]

Young’s
Modulus 630 380 420 390 300 380 925
[GPa]

Thermal

conductivity 100 8-10 12-18 32 23 100 120
[W/(m-2C)]
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Figure 2.1 Comparison of Knoop Hardness for different tool materials [13].

Figure 2.2 shows an example of a cutting tool insert typically used in hard machining operations. It is
mainly composed of two parts: i) the tip, placed in the cutting edges, and ii) the base (parts A and B in
Figure 2.2, respectively). The base material may be a cemented carbide, cermet, ceramic or a ferrous
material, being the first one the most common, due to its combination of relatively high toughness
(from 5 to 25 MPa-m*?) and hardness (from 7 to 24 GPa). The Pc-BN substrate is located in the cutting
edges of the insert, which are the regions subjected to major mechanical and thermal service
conditions. Within this context, Pc-BN can be placed in one, two (as seen in Figure 2.2) or four of the

edges of the insert [14-20].

Figure 2.2 Commercial twice-tipped edge Pc-BN insert, where A) is one of the two Pc-BN tips and B) the base material [14].
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2.1.1. Microstructural characteristics of Pc-BN

2.1.1.1. Crystallographic structure

The chemical bounds of boron nitride (BN) are isoelectronic with carbon, which means that they have
the same number of valence electrons. The BN could appear in different crystallographic structures:
hexagonal, cubic (also called zinc blende structure) and wurtzite. The hexagonal boron nitride (h-BN)
is more stable and is the precursor of the other two structures. For instance, c-BN and w-BN are
obtained by submitting h-BN to high pressure and temperature. While w-BN is favoured at
temperatures lower than 300 K, c-BN is found at temperatures higher than 2500 K [21]. Furthermore,
BN is comparable to carbon, where h-BN and c-BN are similar to graphite and diamond, respectively,

in terms of crystallographic structure [22][23].

In general terms, the cubic structure is one of the seven possible crystallographic structures, and stands
out for having the same lattice parameters of the unit cell, (i.e.a=b=cand a = = ¢ =909). According
to the fourteen Bravais Lattices, this structure can be found in three different ways: primitive, face-

centered and body-centered, as it is depicted in Figure 2.3 [24].

e

Cubic P Cubic F Cubic 1

Figure 2.3. Cubic form in the primitive lattice (Cubic P), the face-centered lattice (Cubic F) and in the body-centered lattice
(Cubicl) [24].

Moreover, the unit cell of the FCC is characterized for having four ions. Both FCC and HCP has the
highest atomic factor and present octahedral and tetrahedral interstices, which allow cation
implementation in the net. As a consequence, the net tends to stabilize incorporating cations in the
tetrahedral or octahedral voids. The eight tetrahedral voids can be found midway between each corner
and the centre of the unit cell. On the other hand, three of the four octahedral voids are located at the
midpoint of each edge of the cell, whereas the other one is found in the center of the cell, as depicted
in Figure 2.4. According to the positions of the atoms, the coordination number for a FCC structure is

equal to twelve [24,25].
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Figure 2.4 Octahedral and tetrahedral sites of a FCC structure [26].

According to the literature, FCC has six cleavage planes (as seen in Figure 2.5) in the lattice plane (110)
[22]. A cleavage or glide plane is characterised for being the highest atomic density plane of the
crystallographic structure, besides having both Burgers vector and dislocation line on it. Due to this
high planar atomic density, the distance between atoms is lower and the dislocation movement is

favoured in this direction. Thus, deformation and fracture tend to occur along cleavage planes [24,25].

—100—| |

>

L
(100) (200) i}’ (110

(110) (117) (102)

Figure 2.5. Different lattice planes available in the cubic structure [24].

As stated above, the c-BN is akin to diamond in terms of consisting of two interpenetrating face-
centered lattices shifted by % <1 1 1> respect each other. One consists of boron atoms placed in the
tetrahedral holes, while the other includes nitrogen atoms that define the FCC lattice [23,24]. The
lattice constant a is 3,615 A, and the density is approximately 3.45 g-cm™ [22].
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Figure 2.6 Crystal structure of the c-BN [24], where the big and small spheres represent N and B atoms, respectively.

The unit cell of a c-BN structure is shown at Figure 2.6, where the bonds between B and N atoms are

strongly covalent and tetrahedrally coordinated with and hybridization [22].

The differences between the properties of h-BN and c-BN can be explained in terms of crystal structure.
The h-BN is a soft phase built by sp?-bonded BsNs hexagonal planar layers, whereas the c-BN is a hard
sp3-bonded phase. Both structures could be described as a stacking of layers of atoms, where the
stacking sequence is ABABAB along the [001] direction and ABCABCABC along the [111] direction in
the case of h-BN and c-BN, respectively. Furthermore, atoms are linked by covalent (sp?) bonding
within the layers in h-BN, whereas bonding between the layers is of Van der Waals type. These leave a
high interplanar spacing, which is translated into a lower compacity in the c-axis. As a consequence, h-
BN presents an anisotropic behaviour due to the higher compressibility in the c-axis. On the other hand,
bonding is covalent along all directions in the c-BN, yielding then higher mechanical properties
[22,27,28].

The hexagonal structure of BN is characterised by its low density and hardness, while c-BN and w-BN
ones exhibit higher densities due to the tetrahedral arrangement. In the c-BN and w-BN structures,
each atom is in a three-dimensional lattice in a sp® hybridization, with four strong covalent bonds (o),
where weak bonds (1) are no longer available. It explains the higher compacity in the c-axis, see Figure
2.7, of these structures; and in consequence, their higher hardness. The differences between c-BN and

w-BN lie in the fact that the tetrahedral structure is obtained [27,28].
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Figure 2.7 Different forms of the BN compounds: a) c-BN, b) w-BN and c) h-BN [28].

2.1.1.2. Pc-BN as a composite material

As mentioned before, c-BN is mostly employed as Pc-BN when used as a cutting tool. The
polycrystalline cubic boron nitride is a composite material consisting of c-BN grains dispersed in a
matrix with metallic (e.g. Ni, Co, Al) or ceramic (e.g. carbides, nitrides and/or carbonitrides) nature, in
proportions from 5 to 90 vol.% [29,30].

Pc-BN can be classified according to c-BN content in: j) low c-BN content for c-BN volume percentages
below 50%, ii) medium c-BN content for c-BN vol.% in the range of 50 to 70% vol.% and iii) high c-BN
content when this is higher than 70 vol.% [31]. Furthermore, ceramic binders are usually preferred for
low and medium c-BN contents, whereas the high c-BN content is employed together with metallic
binders [32].

According to the literature, metals of the groups IV, V and VI of the periodic table, their compounds
(i.e. carbides, nitrides, carbonitrides, borides or silicates) and other elements such as aluminium (Al),
cobalt (Co) or nickel (Ni), may compose the matrix [29,33]. Although the most common matrix is Ti-
based, some other binders are widely used, i.e. TiC, TiN, Al, WC-Co, Ti, TiN-Al, Al,0s, Co and Ni [30,34].

Ceramic binders improve the density ratio and the surface finish, in terms of lower roughness, of the
composite. However, due to its characteristic brittleness its use is limited to the low and medium c-BN
content [35,36]. On the other hand, metallic binders are used for the high c-BN content, in order to
improve the fracture toughness of the composite while maintaining the wear resistance that provides
the c-BN phase [37].

The sintering of c-BN is difficult because it requires high pressures and temperatures (around 4-6 GPa
and over 11002C [29,38]), as shown in Figure 2.8 due to the covalent bonding (more information about

the sintering process could be found in Section 2.1.3). In that context, the use of binders is an
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alternative to reduce those parameters of the sintering process as well as to improve some drawbacks
of the binderless c-BN. A high purity Pc-BN, also known as binderless Pc-BN, exhibits excellent
mechanical and thermal properties, but is extremely brittle [4,39]. Binders are usually softer than c-BN
grains; thus, they decrease the composite hardness. However, binders may affect positively other
properties. For instance, it is reported that TiN and TiC improve thermal stability and wear resistance
[39]. It is demonstrated that addition of metals, such as Al or Ni, enhances the interface bonding

between cBN particles and binder phase [40].
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Figure 2.8 P, T diagram of BN: a) catalytic conversion of h-BN into c-BN, b) metastable region for the vapor-phase formation
of ¢-BN [41].

Another important role of binders is to prevent the formation of B,O, which hinders the diffusion
between the c-BN grains. Al compounds are usually used for this purpose, by protecting the inner
surface from chemical attack [38,42—44]. Nevertheless, it is reported that Pc-BN hardness can be
reduced when Al content exceeds 20 wt.% of the total binder [45]. Besides the chemical attack
protection, aluminium also gives thermal stability and is used to reduce the sintering temperature of
the Pc-BN, due to its low melting point. In c-BN-Al systems, TiN is often added to reduce grain growth
of AIN and AIB; (i.e. its thermal expansion coefficient is midway between c-BN and Al) as well as to

improve strength and wear resistance [38,45,46].

Although the presence of WC in the binder phase is rather avoided, it can only be minimized. WC binder
particles comes from the milling attrition process, which is one of the first steps of the Pc-BN
manufacture process, where the balls are made of WC. Given that c-BN is harder than tungsten carbide,
c-BN powders can pick impurities as a result of the crashed process that usually takes place at this
stage. Consequently, WC impurities are not easy to be controlled, and the final Pc-BN microstructure
could contain different amounts of WC with distinct size distributions. It leads to unpredictable

performance of the tool [29].
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2.1.2. Mechanical properties of Pc-BN

Although Pc-BN is generally defined for being constituted of BN particles in its cubic phase, some h-BN
grains can also occasionally appear in the microstructure. The retained h-BN as well as other factors
(e.g. particle grain size distribution, binder chemical nature, etc.) are reported to affect the mechanical

properties of the final Pc-BN product.

2.1.2.1. Effect of h-BN

An excess of compressed h-BN retained in the microstructure deteriorates the bonding strength of the
¢-BN grains in the Pc-BN. As a consequence, h-BN fractions higher than 0.5 vol.% results in a hardness

decrease (Figure 2.9) [4].
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Figure 2.9 Hardness at room temperature of Pc-BN as a function of the amount of retained compressed h-BN [4].

2.1.2.2. Effect of c-BN grain size

It is known that the mechanical properties of polycrystalline materials are dependent on the grain size,
which can be explained on the basis of a Hall-Petch relationship, i.e. hardness increases as grain size
decreases [25]. Within this context, as grain size is reduced, the fraction of grain boundaries gets
higher. Hence, slip between grains is reduced because grain boundaries act as obstacles to dislocation
movement, and the applied stress needed to cause plastic deformation gets higher. Hence, when
coarse grains are used, more plastic deformation may occur, and hardness is decreased. Finer grains
also improve chemical bonding between the different phases of the final material, leading to higher

strength. Thereby, the hardness is increased by reducing the grain size, as shown in Figure 2.10 [38,45].
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Figure 2.10 Hardness dependence on the grain size and the binder content of Pc-BN with Al binders [38].

Considering Pc-BN applications, the variation of the mechanical properties with temperature is another
effect to take into account. At high temperatures (above 500 2C), hardness is less affected by finer
grains, due to the greater degree of grain boundaries, which implies less deformations. The flexural
strength or transverse rupture strength (TRS) of high purity Pc-BN with fine grain size increases as the
temperature rises, which is related to the relaxation of the localized stress at crack tip given by
microplastic deformation, see Figure 2.11. Additionally, TRS is improved by grain refinement at room

temperature, while it is barely affected by temperature until 8002C [4].
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Figure 2.11 Temperature dependence of TRS of high purity Pc-BN sintered bodies (H-1: fine grained with c-BN vol% > 99,9%,
H-2: coarse grained with c-BN vol% > 99,9%, Type A: with c-BN vol% > 85-90% and Type B: with c-BN vol% > 50-55%) [4].

Fracture toughness is another mechanical property clearly affected by grain size, although its

dependence is opposite to the one exhibited by hardness. When the grain size decreases, fracture
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toughness gets also lower, contrary to hardness. This can be explained by an increasing c-BN — c-BN
particle contact, which raises brittleness of the material and consequently reduces fracture toughness,

although combined by an increase of the Young’s modulus, see Figure 2.12 [39].
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Figure 2.12 Fracture toughness dependence on the grain size and binder content of Pc-BN with Al binders [38].

Furthermore, particle shape of the c-BN grains can also have influence on the final properties. During
the sintering process, the higher pressure and temperature values used cause local deformations,
which lead to the formation of residual stress fields around individual particles. Thus, spherical c-BN

particles have more homogeneous stress distributions than irregular ones [45].

2.1.2.3. Effect of the binder content

Since it its known that binderless Pc-BN would exhibit excellent properties, the binder content is
another parameter which must be taken into account. In this regard, fracture toughness increases as
the binder amount rises. Meanwhile, as expected, other properties such as hardness, transverse
rupture strength and Young’s modulus are adversely affected, as it is depicted in Figure 2.10, Figure
2.11 and Figure 2.12. Such microstructural effect could be explained by the weaker character of the
binder, which yields larger plastic deformations. Another consequence is the rise in crack deflection.
As stated above when discussing grain size effects, it can also be explained by the decreasing number
of c-BN — c-BN particle contacts [38,45].

Hardness shows a strong dependence on c-BN content, and consequently on binder content. Since
high hardness is given by the ultra-hard phase (c-BN phase), when the binder content is increased, the
c-BN content is decreased. Thus, hardness is lowered whereas fracture toughness is rised for higher

binder contents.
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The effect of grain size on fracture toughness is larger for grades with high c-BN content. However,
when binder content increases, sensitivity of this property to grain size changes and is reduced due to
the fact that binder starts controlling toughness of the final material [38] [47]. In Table 2.2, some

mechanical properties of different Pc-BN grades, as reported in the literature, are summarised.

Table 2.2 Summary of mechanical properties of different Pc-BN materials [1,47,48].

Material %c-BN Binder E (GPa) Hv(GPa)  Kic(MPa-m*?) TRS (MPa)

BZN 8100 60 TiC 650 30 7.8 846

BZN 7000 80 AIN 709 34 7.7 512
Ni/Co

BZN 6000 90 737 37 10.8 747
alloy

2.1.2.4. Effect of the manufacturing process

Manufacturing process is essential in order to control the final microstructure, in terms of density,
homogeneity and grain size. Thus, it indirectly defines the mechanical properties of the sintered Pc-BN.
In the HPHT process, as it is the case in many other manufacturing processes, the sintering temperature
plays an important role. Within this context, low sintering temperatures cause a weak union between
the powder particles, leaving a low-density final product which deteriorates the mechanical properties.
Thereby, high sintering temperatures enhance better unions and promote densification, but also grain
growth [38,45].

It has been observed that at low temperatures the c-BN-binder interface is weak, reducing density and
hardness, as in the case of c-BN-CrsC, under 16002C (Figure 2.13). As far as the temperature does not
exceed approximately 18502C, the interphase boundaries do not achieve enough strength. However,
it has been observed that temperatures higher than 20009C also affect mechanical properties due to
grain growth, see Figure 2.12 and Figure 2.13 [49]. Poor sintering temperatures lead to porosity which

has been reported to decrease strength, because pores act as crack-initiating sites [45].
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Figure 2.13 Dependence of the A) density and B) the microhardness with the sintering temperature of Pc-BN
materials with CrsC, as a binder phase [49].

The amount of retained h-BN in the final material also depends on the sintering temperature of the
material; and thus, it also induces changes on the mechanical properties of the material. Thus, at higher
sintering temperatures, the final material has lower amount of compressed h-BN and better

mechanical properties, see Figure 2.14 [4].
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Figure 2.14 Amount of compressed h-BN and c-BN grain size of Pc-BN with the synthesis temperature [4].

It is of utmost importance to have a homogeneous microstructure in the final material, because the
presence of agglomerates acts as a defect and consequently as a crack-initiating site, decreasing the
strength of the material. The homogeneity is mainly controlled during milling and mixing processes,
where the use of ultra-fine particles is reported to decrease the mixing efficiency, because they have

high tendency to form agglomerates in the matrix [45].
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2.1.3. Manufacture of Pc-BN

The Pc-BN manufacture process could be divided in two different steps: i) the high pressure high
temperature (HPHT) direct conversion process for obtaining the c-BN through the h-BN; and ii) the
binder assisted sintering for achieving the final Pc-BN product. The sintering of c-BN is difficult and
expensive, as it needs high pressures and temperatures (around 7 GPa and 20002C) as presented
before (Figure 2.8), due to the covalent bonding [29,50]. Within this context, the use of binder is an
alternative for reducing those sintering parameters (i.e. down to 4-6 GPa and 1200-15002C) and
obtaining a more uniform Pc-BN, as binder aids to fill out the pores [21], [30], [41], [42].

The HPHT direct conversion process could be done with or without the presence of catalysts (e.g.
alkaline compounds, ammonium borates, inorganic fluorides or silicon alloys). The use of catalysts
reduces the sintering parameters of the process. Furthermore, the resulting c-BN powder is usually of
a small grain size with some catalysts residues as inclusions. In the case of producing c-BN grains
without catalysts, higher pressure and temperature are needed, depending on the particle size and the
degree of crystallinity of the starting h-BN material [15], [41]. Once HPHT process has been completely
done, c-BN particles are separated by chemical or physical methods in order to remove flux precursors,

inclusions, by-products and unreacted h-BN [22].

Afterwards, the obtention of the final Pc-BN may start. One method used is adding c-BN with a grain
size between 0.5-15 um on a pre-mixed, heat treated and sieved matrix powders with a grain size
between 1-10 um. Then, an attrition milling process is done for breaking down the precursor powders
and intimately mixing them. The resultant mixed powder is dried under vacuum or low pressures at
600 °C, in order to remove solvents and passivate metallic surfaces (such as aluminium). and then
sieved again. Finally, the powders are assembled into a capsule, and HPHT-sintered such that matrix is

melted. Figure 2.15 summarizes this processing route.

During the attrition milling, WC balls are used as milling mean. Hence, the powders could pick up milling
impurities (up to 8 wt.%) which may have detrimental effects on the final Pc-BN properties, especially
in the application of hard turning [29,45,51]. In order to remove these milling impurities, the matrix
can be milled before adding the c-BN. Then, mixing of powders could be done by dispersing them in a
solvent with an ultrasonic mixer or by dry acoustic mixing (i.e. without solvent). In the case of ultrasonic
mixing, the solvent has to be removed when the powders are intimately mixed. Following this
alternative method, c-BN is not submitted to attrition milling. As a result, low content of impurities
from the milling media are found in the final material, and more reactions between matrix and c-BN

particles occur due to the smaller grain size of matrix powders [29].

In addition, Pc-BN could be assembled in the form of disks which can be sliced in tips by EDM or laser

machining. In this way, the cost of Pc-BN tools is reduced. Pc-BN tips are then joined to a substrate
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structure (e.g. cemented carbide) and brazed into a base material
(e.g. cemented carbide, complex alloy) resulting in the final Pc-BN insert, as shown in Figure 2.16
[52,53].

1 - Pre-mix matrix powders

2 - Heat treatment

3 -Sieve

4 - c-BN addition

5 - Attrition mill

6 - Drying

7 - Sieve

8 - Assembly

9 - Sinter (HPHT)

Figure 2.15 Flow diagram of a general process for producing Pc-BN.

Figure 2.16 Example of a Pc-BN inserts for hard turning [54].

2.2. Use of coatings in tools

In the field of cutting tools, the application of advanced work materials and dry machining operations
are some of the factors which have challenged working conditions during recent years. Moreover, high
hardness and wear resistance, with good toughness and chemical stability are properties that must be
present in an ideal cutting tool. Unfortunately, no material has shown the combination of all these
properties. For this reason, use of coatings is a good alternative, in order to improve tool life while

maintaining the outstanding properties of the substrates [55-58].
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Environmental and economic factors contribute to the increasing demand of machining under dry or
minimal lubrication conditions. In these operations, where is characteristic to have high-cutting speeds
and temperatures, tools are exposed to high thermal stresses which contribute to reduce the tool life.
The use of coatings is expected to reduce chemical wear, offering better surface finishes in dry cutting
operations and during longer periods of time, and to improve machining performance and reduce
power consumption; thus, enhancing productivity [55-57,59,60]. Furthermore, the use of coatings
expands the range of both tool materials to be used in dry machining as well as work-materials to be

shaped.
2.2.1. Physical vapour deposition (PVD) and chemical vapour deposition (CVD)

Nowadays more than 80% of the cutting tools are coated by either physical vapour deposition (PVD)
or chemical vapour deposition (CVD) techniques (see Figure 2.17) [57,59—-61]. PVD consists on melting,
evaporating (or sputtering) and ionizing a solid metallic precursor, which reacts with an ionized gas.
Both components, in a plasma-like state, are deposited in a substrate with a polarized surface. High
vacuum with high purity gases, together with a good preparation of the substrate, are required in order
to obtain satisfactory results. On the other hand, CVD method consists of a coating formation from the
chemical reaction of volatile precursors in an activated environment (by heat, light or plasma). The
main disadvantage is the high temperature required in the substrate to promote chemical reaction,
which may lead to residual stresses, changes in surface and/or distortion of the substrate when it is
cooled down. As a consequence, the resulting film tends to be less uniform than the obtained by PVD
[23,62,63]. According to the literature, Al,0s, Ti(C,N), TiC and TiN are coatings usually obtained by CVD,
whereas TiAIN, TiSiN, AICrO, MoS; are rather produced by PVD [62].
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Figure 2.17 A) Physical vapor deposition process (sputtering process) B) chemical vapor deposition process [64,65].
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2.2.2. Coatings

Technology of hard coatings might be classified in five different groups: i) titanium-based coating
materials, ii) ceramic coatings, iii) super-hard coatings, iv) solid lubricant coatings, and v) soft coatings
[55]. They are described below.

Titanium-based coatings (e.g. TiC, TiN, TiCN, (Ti,Al)N) - the most popular group - are expected to
improve wear resistance by reducing friction, adhesion and diffusion phenomena. They also exhibit
good deposition rates during the coating process and shows strong bonding with most of the
substrates. While TiC provides high properties for wear resistance and have good chemical stability,
TiN offers a low friction coefficient. TiC and TiN are outperformed by TiCN coatings, which have

excellent hardness and abrasive wear resistance, with high chemical stability too [55,57,59,60,66].

Although ceramic coatings have high thermal stability and good wear resistance, they are not
extensively used due to their brittleness and poor bonding with substrates, except in the Al,Os case.
Al,Os is often compared to TiC, because it also exhibits high properties for wear resistance and good
chemical stability [55,59,60].

The other three groups are the newest ones in the coating tools list. Super-hard coatings (e.g. PCD, Pc-
BN) reduce friction and adhesion wear due to ultra-high hardness and high wear resistance. Solid
lubricant coatings (such as amorphous metal-carbon) are hard films with a very low friction coefficient.
Finally, soft coatings (e.g. MoS,, graphite) are deposited on top of hard coatings to reduce friction and

wear at early stages [55,58,67,68].

Given the excellent properties of c-BN materials, it may seem unnecessary an extra protection by
means of coating. However, the application of thin films can enhance some drawbacks, such as [68—
70]:

e Easiness to distinguish worn tip.

e Capability to machine a wider range of materials, regarding hardness.

e Improve wear resistance by reducing crater, flank and notch wear formation.

e Decrease diffusion wear.

e Extending high precision during machining, as a direct consequence of preventing the above-
mentioned wear mechanisms.

e Protect tools against high temperatures (due to thermal barrier properties exhibited by the
coating).

e Decrease friction and cutting forces, which permits the use of higher cutting speeds; thus

increasing machining performance and productivity.
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Commercial Pc-BN cutting inserts are often coated by TiN, TiC and/or TiCN with a metallic phase, such
as Al and/or Cr. The most widely used is TiN, because it provides tribological resistance, high-
performance machining, wear resistance, hardness and toughness. Moreover, it shows good adhesion
and compatibility with Pc-BN substrates. Coatings with a similar thermal expansion coefficient as Pc-
BN are preferred in order to reduce internal stresses caused by the deposition process. TiAIN is
extensively used as inner layer, since its high adhesion with Pc-BN, good wear, oxidation resistance and
chemical inertness. Another compound that may be used as adhesion layer is CrN. On the other hand,
TiN and TiCN are rather used as outer layers, owing to the light colour of the former, which helps to
identify when the wear appears, and the improvement of toughness of the latter, reducing inner
stressed at the tool and preventing crack diffusion. However, titanium degrades at temperatures
higher than 6002C producing TiO, and negatively affecting the coating properties. However, aluminium
and chromium are added in coatings composition, due to their oxidation in high temperatures (around
8509C for aluminium and 10009C for chromium) producing Al,Os; and Cr,0s. These hard by-products

are reported to improve thermal stability, oxidation resistance and chemical inertness [55,68,71-76].
2.3. Difficult-to-cut materials

In the last decades a new generation of materials has been introduced, characterised with some of the
following properties: high strength-weight ratio, high stiffness and toughness, high strength and
hardness at high temperatures, wear and fatigue resistance, corrosion and oxidation resistance, heat

resistance, etc. [77-79]

During machining processes, these materials may lead to high cutting forces, temperatures and friction
between the tool-chip and tool-workpiece interfaces. These high temperatures and stress generated
are responsible of the rapid deterioration of the cutting tools used during machining. For these reasons,
these materials are referred to as “difficult-to-cut materials”. Unfortunately, despite their excellent
combination of properties, the application of these materials is not growing as expected because
conventional methods for machining are uneconomical, and half of the final price of the product is

associated with machining [77-79].

Hard to cut materials might be classified under one of the following families: i) steels (e.g. hardened
alloys steels, high-speed steels, tool steels, cast iron, etc.), ii) titanium and its alloys, iii) superalloys
(nickel, iron-nickel and cobalt alloys), iv) metal matrix composites (known as MMCs) and v) ceramics
(e.g. mullite, zirconia, alumina, silicon nitride) [77,78]. In general, all of them are characterised by
relatively high hardness, usually above 45 HRC. These materials are well known as difficult-to-cut
materials due to the short tool life and instability of the machining process, as a consequence of its
abrasiveness which is mainly related with the carbide formation. For example, the large number of

alloying elements in steels together with high carbon concentration promotes the formation of many
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carbides (e.g. M,C,). In the case of superalloys, TiC, CrC, MoC are the most common ones. Advanced
structural ceramics are also found to be difficult-to-cut materials owing to its high wear resistance [77-
80].

In order to withstand mechanical and thermal stresses generated at high temperatures during
machining, different types of cutting materials are employed, such as ceramics, coated carbide, PCD
and Pc-BN, the one studied in this bachelor’s thesis [77,78]. In particular, Pc-BN is widely employed for
machining hardened steels (such as the Cr-based HO1, H10 and the W-based H20 and H30), cast irons
(e.g. white, grey, nodular), sintered Fe-base alloys, valve seat rings and super-alloys (Ni- and Co-based)
among others. In this regard, scientific research have focused on studying the performance of Pc-BN
tools in machining of Inconel 718, chromium white cast iron and some hardened steels such as AISI D2,
90MnCrV8, 16MnCr5.

2.4. Continuous vs. interrupted cutting

Hard cutting operations (such as turning, milling, drilling, grooving, threading and boring) are applied
on materials with hardness values higher than 45 HRC. They may be roughly classified as processes
involving continuous or interrupted cutting. In continuous operations, the contact between tool and
workpiece is constant, while in interrupted ones such a contact is not steady [11,14,31,81]. In terms of

dry machining, the interrupted cutting is preferred as it only requires air cooling [77].

In continuous operations, where abrasion is the principal wear mechanism, tools are required to have
properties like wear resistance, low friction coefficient, hardness and chemical stability at high
temperatures. Chemical stability is needed due to the exposition of the tool to high temperatures for
long periods, which could lead to diffusion wear [9,82,83]. On the other hand, in interrupted
operations, where mechanical and thermal impact conditions are severe, four main features must be
considered: tool entry into workpiece, tool exit, cyclic loading/unloading and heating/cooling (as
shown in Figure 2.18). Tool entry is considered the major harmful issue, due to the requirement of high
initial cutting forces, which can be translated into higher mechanical impact. Although in this case
saturation temperatures are not reached (unlike in continuous cutting), the presence of gradient

temperatures as a result of heating and cooling cycles lead to thermal shocks. As a consequence of the
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mentioned aspects, the main requirement for tools in interrupted cuttings is fatigue resistance [9,82—
84].

A High temperature state
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Intermittent
cutting
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Figure 2.18 Cyclical variation of tool edge temperature for interrupted cutting compared with continuous cutting [85].

Among the different options available, HSS tools would then be the main candidate for interrupted
cutting, because their relatively high toughness. Nevertheless, they are not used because their
hardness is decreased when temperature exceeds 500°C. On the other hand, ceramic tools are not
widely used in interrupted cutting because its brittle behaviour, which cause catastrophic failure. On
the other hand, Pc-BN tools have demonstrated a good performance in both continuous and
interrupted cutting, providing longer tool lifes. Main reasons for this are their high hardness, also at
high temperatures, great wear resistance and thermal stability. Within this context, high c-BN content
with metallic binder is preferred for interrupted cutting, owing to its relatively high hardness - fracture
toughness combination, whereas low c-BN content with ceramic binders is mainly used in continuous

operations, where higher chemical stability is desired [9,77,83,84].
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2.5. Wear and fracture mechanisms of inserts under service-like

conditions

Tool life is a determining factor for cost-effective cutting processes. In the inserts, the cutting edge is
the region subjected to higher stresses, temperatures and friction.
The combination of these factors leads to different wear situations. Generally, crater, flank and notch
wear are different kind of degradation mechanisms involved in cutting operations (Figure 2.19). Crater
wear, on the rake tool face, is considered for evaluating reliability of the tool and can lead to chipping
and catastrophic failure (by weakening the cutting edge). Flank wear, on the flank tool surface, is used
to define tool life owing to its large influence on the quality of the machined surface. Finally, notch

wear is a combination of both flank and rake face wear [5,17,86—94].

CED rake face

crater wear ),

flank wear

flank face
notch wear

Figure 2.19 Crater, flank and notch wear in an insert [62].

These three wear patterns are cause by one or a combination of the following wear mechanisms:

abrasion, adhesion, diffusion and tribo-chemical reactions [86,90,91,95].

e Abrasion is produced when hard particles contained on the workpiece abrade the binder of
the Pc-BN (as it is the softest part) and lead c-BN particles to detach. Abrasive wear can be
reduced by employing ceramic binders instead of metallic ones.

¢ Adhesion occurs when part of the workpiece or the generated chip during machining melt (i.e.
due to high temperatures) and attaches to the tool.

e Diffusion is also promoted by the high temperatures reached and depends on the chemical
stability of the tool and its affinity with the workpiece material. As a result, the tool material
could suffer chemical changes on its microstructure and became less wear resistant.

e Tribo-Chemical reactions among tool, work-material and atmosphere could create a layer
called built-up-layer (BUL). Unless the reaction occurs at the cutting edge, the high forces

involved in the process expelled it to the surrounding areas of the tool.
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Workpiece material, tool geometry (i.e. rake angle, edge chamfer and edge radius, as depicted in Figure
2.20), environmental conditions and thermo-mechanical loading, are factors which directly affect wear

mechanisms [5,23].

Rake
surface

Flank

Tool surtace

Workpiece

Figure 2.20 Schematic drawing of a cutting operation, with tool surfaces [96].

Although flank, crater and notch wear are the most recalled wear modes in cutting operations, other
phenomena such as chipping, thermal shock, built-up-edge (known as BUE), nose and tool breakage

are also observed.

e Chipping is caused by abrasion, which commonly occurs along the cutting edge when it
intermittently removes chips due to cyclic impact and thermal loads [17,89,91,93,97].

e Thermal cracks, which often appear perpendicular to the cutting edge, are related to
interrupted cuts and thermal fatigue wear [89,90].

e BUE formation is a dynamic process caused by adhesion, where layers from the chipped-off
particles are welded on the rake face and became a part of it (see Figure 2.21). This process
affects wear in terms of either fracture or alteration of the geometry. Fracture occurs when
shear loads are high enough and the formed bond is temporary, because it is pull-out from the
tool surface. As a result, the fracture of this generated layer removes tool particles with the
adhered material. In the case that BUE remains on the cutting edge, i.e. it is not fractured and
removed due to chip motion, it alters the geometry of the edge, changing the shear angle. This
causes instabilities in chip formation and damage the machined surface. Although BUE implies
some negative aspects, it also has some advantages, particularly in terms of the formation of

an additional layer between the tool and the workpiece, as it increases tool protection. It can
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be minimized by working under lubricated conditions and might be beneficial in rough cutting,
owing to the additional layer formed [17,87,89,93,95].
e Plastic deformation may also occur when tool material is softened due to excessive high

cutting temperatures and stresses [89,90].

BUE deposit on chip

FORMATION
OF A BUILT
UP EDGE

BUE

BUE on machined surface

Figure 2.21 Formation of a built-up-edge while machining [98].

Although some researchers have investigated wear experienced by Pc-BN tools in hard operations,
general trends are difficult to discern. In this case, not only tool geometry and cutting parameters
influence tool wear mechanisms; but also c-BN content, binder chemical nature (which is more
susceptible to suffer wear mechanisms), chemical stability and composition of the workpiece affects
tool life. In all the cases abrasion, adhesion and diffusion are usually considered as the main tool wear

mechanisms, and flank wear as the tool life criterion [90,91].

In addition, in cutting operations two types of loads are recalled: i) direct mechanical loading in the
cutting edge, which may induce fracture if load exceeds the tool material strength, and ji) frictional
loading at the rake and flank faces, when chips are produced in front of the tool by continuous shearing.
As far as cutting tool is used properly, and tool materials are also selected correctly, edge fracture
should not occur. Under these conditions, continuous wear dominates. This must be taken into account
as excessive tool wear leads to unacceptable surface tool finish or out-of-tolerance dimensions on the
machined product [5,17,90,91,95,99].
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3. Objectives

The main scope of this Bachelor’s project is to review and analyse the wear and fracture mechanisms

of coated Pc-BN inserts. It will be done by conducting an in-depth literature review to identify the

critical design parameters from a materials science point of view. In order to reach the main objective,

the following secondary objectives may be defined:

O

To provide an overview of Pc-BN as a composite material for tool applications, cutting
operations, work-materials (also referred to as difficult-to-cut materials=, and the
wear/fracture mechanisms involved in cutting operations.

To understand Pc-BN microstructure and the mechanical properties of these composites, as
well as and the correlation among them.

To determine the benefits of using a coated Pc-BN tool instead of other tool materials when
machining difficult-to-cut materials.

To identify and understand main wear/fracture mechanisms of coated Pc-BN.

To review the coatings commonly employed for commercial Pc-BN tools, as well as the ones
under study in the literature.

To investigate the most suitable conditions of the different machining operations where the
coated Pc-BN inserts could be properly used.

To identify production process of Pc-BN inserts, regarding surface modification technologies,

pre and/or post coating stages of the tools.
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4. Analysis of data base

The aim of this chapter is to collect, classify and analyse all data found and gathered within the open
literature regarding coated Pc-BN tools. Detailed information might be found in Table 0.1 in Annex A.
Database. Main goal behind it is to identify critical microstructural design parameters of coated Pc-BN

tools from the materials science point of view on the basis of observed wear/fracture mechanisms.

4.1. Advantages of using coated Pc-BN as compared with other tool

materials for machining difficult-to-cut materials

Literature review

As stated in previous chapters, carbides, ceramic and Pc-BN based tools are widely used to machine
difficult-to-cut materials. Their good combination of mechanical properties (mainly regarding hardness
and wear resistance) makes them optimal options for sustaining the high cutting forces and
temperatures reached during the operation. Depending on the cutting conditions and parameters (e.g.
cutting speed) some are more suitable than others, since their mechanical properties are not exactly
the same. For example, carbides are restricted to low cutting speeds (between 30 to 70 m/min) owing
to their poor thermochemical stability. However, by using a metallic binder or by increasing the binder
content they can be employed at high feed rate values due to their improved fracture toughness.
Similarly, alumina-based materials are often used as ceramic tools, where the combination of alumina
with TiC enhances thermal properties, enabling an increase of cutting speed (between 120 to 140
m/min), while the improvement in thermal and mechanical shock resistance is symbolic. The use of
whisker-reinforced alumina ceramic tools (Al,0s; + SiCy, known as WRA) permits achieving even higher
cutting speeds (between 200 to 750 m/min), as they present higher toughness. Additionally, silicon
nitride (SisN4) tools can be implemented at higher speeds and feed rates than alumina, because their
low thermal expansion and elevated toughness. Although PCD tools present the highest values of
hardness and thermal conductivity, i.e. they are excellent candidates for being used under the most
extreme conditions; they are not employed with ferrous workpieces, due to the graphitization of
diamond. Finally, Pc-BN coated tools, whose properties have been mentioned in the previous chapters,
may reach cutting speed values up to 350 m/min, overcoming the negative fact that their price is 3 to
4 times higher than that of carbides [100-103]. Several investigations have shown coated Pc-BN to be
the best option when machining difficult-to-cut materials, as compared to other tool materials. This

will be presented and explained now.
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Several studies have focused on comparing the performance of Pc-BN with respect to that of cemented
carbide tools. Andersson and Berg [104] analysed the machining of chromium alloyed steels, with
different grades of TiN coated Pc-BN and cemented carbides. Longer tool life (3.5 times) was found for
all Pc-BN tools. The importance of ¢-BN content was also demonstrated as the results showed tool life
longer than 50 min for high content c-BN tools, 15 times higher than for those with low content c-BN.
The addition of MnS improved life of all the used tools. Higher surface quality was obtained for all Pc-
BN tools, independently of the different depths of cut used. Furthermore, many studies have also been
performed on machining Inconel 718 with TiAIN or TiN coated Pc-BN and carbide tools, where the
cutting speed was higher for Pc-BN than carbide tools. Inconel 718 has shown excellent roughness and
more homogeneous surface finish, when it was machined with Pc-BN tools instead of tungsten carbide
tools. In addition to this, Pc-BN tools showed longer tool life than carbide tools in dry cutting conditions
[101,102]. However, Criado et al. [100] reported that when machining Inconel 718 under coolant
cutting conditions, tungsten carbide tools showed longer tool life than TiN-coated Pc-BN ones [100].
Similar trend has been shown by Ezugwu et al. [105] who analysed the performance of TiAIN/TiN-
coated Pc-BN tools when turning Ti-6Al-4V alloys. In this case, different Pc-BN tools showed lower tool
life than carbide ones. Moreover, it was reported that high c-BN content in Pc-BN leads to a decrease
in tool life, owing to the acceleration of notch wear when c-BN content is increased. Regarding wear
mechanisms, adhesion and flank wear are found to be predominant when machining chromium alloy
steels [104]; while crater wear was dominant at first stages of machining Inconel 718 with medium c-
BN content, and flank wear predominated in final stages. Apart from these wear mechanisms, chipping,
notch and BUE wear were also observed in TiAIN or TiN coated Pc-BN tools with medium c-BN content
[100-102]. Moreover, notch and chipping wear are found to be predominant when machining Ti-6Al-
4V alloys [104].

Partial conclusions

Figure 4.1 shows tool life differences among cemented carbide and coated Pc-BN tools when turning
a cold-work steel. Although it is extracted from a single paper [103], it is depicted here as an example
of the general trend of almost all of the papers gathered in the database. It can be observed how coated
Pc-BN tools present, as a tendency, longer tool life than coated cemented carbides. Additionally,
coated Pc-BN tools showed longer machined surface per unit of time and per cutting edges in almost
all cases (except at low v, around 35 m/min), and above all, in very high v. values (around 300 m/min)
[100-102,104]. Moreover, from the different works found, coated Pc-BN tools performed better in dry

conditions than in wet conditions, opposite to the results observed for cemented carbides.
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Figure 4.1 Tool life of coated cemented carbide and Pc-BN tools at different vc.when machining cold-worked steel (f=0.05
mm/rev; a,=0.1 mm; dry conditions). [103] Modified.

4.2. Review of studied/employed coating-Pc-BN systems

The aim of this section is to have an overview of the coatings most commonly used in coated Pc-BN
tools. Taking into consideration the studies where life of coated Pc-BN tools is addressed, it may be
pointed out that the capability of the coating to retain its mechanical properties under high
temperatures is the main factor that controls its effectiveness. Thus, thermal stability and mechanical
strength may be defined as the most important factors to account in the selection of the appropriated

coating in these systems [74,75].

The bibliographical review done permits to confirm the suitability of coated Pc-BN as inserts for
machining difficult-to-cut materials. As it is shown in Figure 4.2, it may be evidenced that Pc-BN is a
novel material that has attracted an increasing interest recently. This is supported by the fact that the
number of publications of scientific studies has been increasing almost exponentially in the last 20
years. In this regard, it should be highlighted that since the first paper published on coated-Pc-BN,
around 2001, the number of papers involving coated systems has increased more rapidly than those
just reporting issues of uncoated Pc-BN (see Figure 4.2 B).
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Figure 4.2 Number of papers published per year of A) coated Pc-BN systems and B) coated, un-coated and papers comparing
coated with un-coated Pc-BN.

Literature review

From the gathered database it may be confirmed that, as expected from information commented in
section 2.2, TiN is the most commonly coating deposited on PcBN tools. This is particularly true in low
to medium Pc-BN grades with Ti-based binders (mostly TiN or TiCN). However, it is observed that it is
also employed in high c-BN content substrates with metallic binders. In general, it is reported that TiN
has a speed-limited effect, as it degrades producing TiO, when the temperatures reached during the
operations exceed its thermal stability (i.e. in the range of 450 to 6002C). The same tendency might be
observed with TiCN. However, this coating is mostly employed as a multilayer coating (i.e. with TiAIN)
rather than as a single layer; where TiAIN is usually found as the inner layer in contact with the Pc-BN
substrate and TiCN as the outer layer [32,68,72,73,76,86,100-104,106—130].

TiAIN is also widely applied for coating Pc-BN inserts. Herein, it is also preferred for low cBN content
and ceramic binders Pc-BN. However, it is also reported in some medium to high ¢cBN with either
ceramic or metallic binders. Wada and Hanyu [131] indicated less tool wear progress when TiCN-Al
binders were used with low c-BN content Pc-BN tools, instead of TiN-Al binders with medium or high
c-BN contents tools. These coatings presented higher thermal stability, because it oxidizes up to 850
oC producing an oxide protective layer of Al,O0s. Moreover, it has been found that TiAIN shows higher
mechanical properties (such as higher toughness) when compared to TiN, TiSiN or AICrN coatings
[58,68,100-102,106,123,131-134].

In some publications, these coatings are not used separated, but are rather implemented as multilayer
architectures, as the previously mentioned TiCN/TiAIN coating. Hence, they are strengthened due to
such layer assemblage. Analysing the database, we can observe that the most often combinations used
are TiAIN/TICN, Al,O3/TiCN, Al,Os/TiN and TiAIN/TiN coatings.
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Some works, although in lower quantity, are also found focusing on TiSiN and AICrN coatings. TiSiN
coatings are mainly used in low content c-BN tools with ceramic binders, such as TiCN. However, they
are more brittle than the others, leading to surface crack and, as a consequence, more prone flank and
crater wear than the coatings aforementioned. In the case of AICrN coatings, apart from low c-BN
content, they are also employed with medium c-BN grades. These coatings are well known to exhibit
high thermal stability, since there is an intense chromium-diffusion to the surface, generating the oxide
protective layer Cr,0s. Furthermore, these coatings show high hot hardness and less flank and crater
wear than the mentioned above [58,68,133,135,136].

Some researchers analysed the performance of solid lubricant coatings, such as amorphous BN. This
kind of coatings are characterized for having a low friction coefficient; thus, they increase the tool life
by reducing the temperature generated during machining. They differ from the conventional solid
lubricant materials (i.e. graphite, disulfate of molybdenum or tungsten) because they present superior
thermal stability [74,137].

Nanocomposite systems have been recently introduced. These novel coatings have shown higher
mechanical properties and better performance than micron-scale films. In order to rationalize such
enhanced behavior, Hall-Petch relation together with grain-boundary creep rate, when the grain size
is decreased, have to be considered. Although mechanical properties are favoured when the grain size
is decreased, it may lead to a change in deformation mechanism, owing to the increment of grain
boundaries. Thus, both effects have to be considered in order to choose the optimal grain size. The
most accepted structure for these systems is a nanosized nitride phase in an amorphous matrix (nc-
MeN/intercrystallite binder), which usually is made of SisN4. The amorphous matrix is characterised for
suppressing grain growth of the nitride phase while maintaining the good adhesion and high strength.
However, the introduction of silicon in the matrix phase could deteriorate the mechanical properties
for contents higher than 20% due to the formation of an interlayer. The most studied systems gathered
in the database are nc-AlTiN/a- SisN4 and nc-AlCrN/a- SisNa, which show higher performance and less
crater wear than conventional TiAIN coatings [58,74,75,138]. Furthermore, Uhlmann et al. [75]
reported that nc-AlCrN/a- SisN4 coatings present less abrasion and flank wear than nc-AITiN/a- SisNg4
ones, due to their higher hardness, higher thermal stability and better adhesion. The same authors in
another study [135] stated that hardness of nanostructured coatings are twice the one of conventional
films, such as TiAIN. Figure 4.3 shows a graph summarising tool life values for different coating-Pc-BN
systems [74]. It can be concluded that nanostructured systems had higher tool life than conventional

ones.
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Figure 4.3 Influence of tool life in machining various workpiece materials: I- AISI 51200 (62 HRC), II-AlSi330 (52 HRC), IlI-AlSI
5115 (60 HRC); the tool coating composition: 1- nc-AlTiN/a- SisNa, 2- nc-TiAIN, 3- TiAIN, 4- TiN, 5- TiSiN, 6-Al,03-NbN, 7- a-BN
and 8- AICrN [74].

Partial conclusions

It is clearly noticeable that nearly all of the works conducted involve the use of low/medium c-BN
content with ceramic binders whereas, the less studied high c-BN content is used together with
metallic binders (see Figure 4.4 A). Within this context, Figure 4.4 B shows that the most popular
ceramic binders are TiN, TiCand TiCN, being them also the first ones introduced. Nevertheless, it should
be underlined that even though these binders are referred to as TiN, TiC and/or TiCN, these are the
main components of the binder. Hence, binder also includes other elements product of second
reactions between the raw materials (such as TiB, or WC, see section 2.1.2.4,). For instance, a binder
named TiN means that ceramic phase where c-BN particles are embedded consists of TiN as main
compound but together with TiC and/or TiCN, TiB; etc. This occurs since there are not many researches
that specifies this topic. Meanwhile, other elements such as Al have been recently introduced as binder
compound. Moreover, the employment of metallic matrices is much more recent than ceramic Ti-

based and Al-based binders, and the interest in them has been growing over the last 5 years.

UNIVERSITAT POLITECNICA DE CATALUNYA
BARCELONATECH
Escola d'Enginyeria de Barcelona Est

47



Report

w
o

=
—

25

= [
W o

Number of quoatations
=
o

Number of quotations

Low Medium

c-BN content

High

B Ceramic binder  ® Metallic binder

s

S O N
&
FF S

Year

B
R
B AR A

—TiC
—=TiNAI
=—=TiCNAI
=—=WC, Co, CrC

——TiC, SiC reinforced
—TiCN
— AN

TiN
=—TiCN, SiC reinforced
= Co-based
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Concerning the chemical nature of the coating, it can be concluded (Figure 4.5) that Ti-containing

coatings are the preferred ones. It is expected that these coatings enhance wear resistance by reducing

friction, adhesion and diffusion phenomena. However, over the years other elements (e.g. Si, Al and

Cr) had been introduced to the popular TiN to counteract some drawbacks of it, such as thermal

stability, oxidation resistance and chemical inertness. Finally, the two most implemented options, as

stated above, are TiN and TiAIN. It is important to take into account that in recent years, the interest

of the possibility to use nanocoatings has growth significantly.

50
40
v
5 —TiN
©
s —AI203
S 30
bl ——AICrN
o
o —TiAIN
e
g 20 TiCN
=z
—TiSiN
10 ——Nanocoatings
0
2000 2005 2010 2015 2020
Year

Figure 4.5 Number of quotations regarding the different coatings used in Pc-BN systems during the last two decades.
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When studying whether there are differences in coating chemical nature depending on the substrate
c-BN content (Figure 4.6) and binder chemical nature (Figure 4.7), no correlations have been identified.
However, it seems that coating selection is somehow related to chemical composition of Pc-BN binder.
In addition, there are three “popular” combinations binder-coating: TICN-TiN (the most), TiN-TiN and
TiN-TiAIN, as observed in Figure 4.7. Similar comment may be done when considering the machined

material (Figure 4.8 A and B), where clear trends are not identified.
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Figure 4.6 c-BN content depending on the coatings used. Bubble size is proportional to the number of quotations written
inside.
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4.3. Coated Pc-BN wear/fracture mechanisms depending on the work-

material

As it was explained in section 2.5, different types of wear may appear during cutting operations. In this
section, the information gathered in the database will be analysed to study aspects linked to the

damage observed as a function of the work-material.
Literature review

Regarding the workpiece to be machined, most of the studies address material removal operations in
high-hardness materials (i.e. from 44 to 64 HRC). This is particularly true concerning steels containing
Crand those used as tools. However, the second most relevantimplementation of coated Pc-BN inserts
is related to a non-ferrous material, i.e. Ni-base superalloys, as it may be observed in Figure 4.9 and
Figure 4.10.

The relevance of these materials within the aeronautical/aerospace industry increases the added-value
of coated Pc-BN as insert option. Moreover, regarding the values of hardness of the workpieces
machined, most of the work-materials, which are related to Cr steels, had a hardness higher than 60
HRC, as depicted in Figure 4.11. However, there is another important value of hardness to highlight,

which is 45 HRC. It is related to the second most studied workpiece, i.e. Inconel 718.
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Figure 4.9 Number of papers published and gathered in the database, depending on the work-materials machined.
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Figure 4.11 Values and percentages of hardness of the different work-materials machined.

Operations conducted with non-ferrous work-materials (e.g. Inconel 718 or the PMMC Al 2124 SiC)
generally resulted in a combination of flank, notch and crater wear, due to appearance of abrasion,
chipping, adhesion or thermal cracks. In the case of Inconel 718, researchers studied coated Pc-BN
tools by TiN, TiSiN and (Ti,Al)N with low (50 %) or medium (65 %) c-BN content and with ceramic
binders (such as TiN, TiC, TiCN, TiC whisker-reinforced SiC). Very interesting, almost all studies were
carried out under coolant conditions. Flank and notch wear were observed as the main contact-related
degradation mechanism, caused by abrasion and chipping phenomena (the abrasive chips observed

were segmented which induced variable forces and it results in fatigue wear). In addition, crater and
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BUE wear were also observed in some cases (i.e. at low feed rates of around 0.1 mm/rev), where the
unstable BUE formation led to chip formation [93,100,102,107,129,136,139,140]. Khan et al. [141]
reported that at high cutting speed conditions (up to 400 m/min) chipping wear was observed with
thermal cracks leading to fracture. On the other hand, Njuguna and Gao [142,143] studied the
performance of TIAIN/TIiCN coated and uncoated Pc-BN tools in turning Al 2124 SiC PMMC. In this case,
abrasion (due to SiC hard particles) followed by adhesion were observed as the main wear mechanisms
with chipping and fracture phenomena. The generated chips were discontinuous and dull, and with

increasing speed, it presented a granular form.

Other researchers have focused their works in turning bearing chromium steels (e.g. AISI 51XX, 50XXX
and 52XXX grades) with low and medium content coated Pc-BN tools. All these works have been
conducted in dry conditions. The used tools were commonly coated with one or a combination of the
following compounds: TiN, TiAIN, TiSiN, AICrN. Flank wear was observed as the main degradation
mechanism, along with abrasion, and crater wear which might be attributed to the presence of
carbides (i.e. chromium carbides) leading to c-BN grains detachment from the bond. However, it was
stated that the use of coatings could delay wear, owing to crater wear in coated Pc-BN tools does not
appear until the coating has been completely removed by cracking. In this case, chips were generated
in a saw-tooth and segmented form (as observed in jError! No se encuentra el origen de la referencia.)
with carbides embedded and white layers on them. Moreover, chip breakage was observed with crater
wear progression. It was also concluded that an increase in temperature, due to high cutting speeds or
high coefficient of friction, may result in enhanced wear and consequently, in a degradation of surface
quality [32,68,75,106,110,113,116,122,123,125,127,133,137,144]. This is opposite to the findings of
Saoubi et al. [68] who reported less flank and crater wear on uncoated Pc-BN than on TiN, TiSiN, TiAIN
or AICrN coated Pc-BN tools. It was attributed to the higher cutting conditions (V. = 200 m/min and f =
0.15 mm/rev) used in this study. Secondly, chromium-molybdenum steels (AISI 41XX grade) have also
been investigated with medium or high c-BN content Pc-BN TiN coated tools under dry conditions. In
this case, crater wear was observed as the main degradation mechanism, and it has been shown that
a rise in cutting speed, feed rate or in c-BN content may lead to higher chemical wear. This occurs due
to the fact that Fe diffuses into Pc-BN binder, weakening the binder and thus promoting c-BN particles
to be pull-out from the tool; and consequently, the workpiece surface roughness is increased
[112,124]. Finally, turning of nickel-chromium-molybdenum steels (AISI 43XX grade) with coated Pc-
BN tools has also been evaluated. The coatings used were commonly the following ones: TiN, TiAIN,
AICrN, TiCN or TIAIN/TIiCN. Flank wear with chipping were observed as the main degradation
mechanisms. Moreover, it has been shown that the use of coatings might decreases flank wear, as also
happens when c-BN content is increased [58,118,126,145].
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Figure 4.12 SEM micrographs of the produced chips when machining cold-worked tool steel (v. = 100 m/min, a,= 0.06 mm,
f=0.05 mmy/rev) uncoated Pc-BN and B) TiN coated Pc-BN [111].

The cutting of different tool steel grades has been analysed by several researchers. One main group
refers to cold-worked tool steels - AISI D and O grades, machined with low/medium and high c-BN
content coated Pc-BN tools, respectively. In the case of D grade steels, where TiN and TiAIN coatings
were used, abrasion was observed as the main wear mechanism, as a consequence of rubbing of hard
carbides of the workpiece, expressed in the form of crater wear. Here, adhesion was reported as a
secondary wear mechanism. At low cutting speeds, crater wear was expressed together with grooving,
also the produced chips were discontinuous. A steady plastic flow on the workpiece was present on
the tool face, generating tangled chips at high cutting speeds (as shown in Figure 4.12). The generated
chips were more intense in the case of TiN coated tools than uncoated Pc-BN tools, due to higher
adhesion [76,103,111,114,123,131]. Although in most of the studies it has been shown that the use of
coatings improves tool life, owing to less contact between tool and workpiece, there are works
reporting opposite effects [111]. However, correlations are complex as indicated by the findings of
Wada and Hanyu [131] who showed a decrease in tool’s wear when c-BN content is lowered or when
TiCN-Al binder is used instead of TiN-Al binder. On the other hand, chipping was observed as the main
wear mechanisms when O grade steel was machined, with tools coated with multilayer TICN/TiAIN/TiN
coatings [69]. Additionally, some researchers have studied the machining of hot worked chromium-
based tool steels (AISI H1X grades) with low and medium c-BN content tools, coated with TiN or TiAIN.
As it has been observed on the other workpieces, abrasion was determined as the main wear
mechanism, expressed in the form of flank and crater wear as consequence of the rubbing of the
present martensitic grains of the workpiece. At high cutting speeds, adhesion with BUE wear were also
observed. In this case, the produced chips had a saw-tooth form with white layers on their bases (as
shown in Figure 4.13) [75,117,121]. In addition to this, Dureja et al. [121] stated that Pc-BN tools are
not economical for machining these steels when the hardness of workpieces is under 47 HRC, since
excessive adhesion and plastic flow are revealed. In the case of machining water hardened tool steels

(AISI W grade) with high content TiN coated Pc-BN tools, abrasion and adhesion were observed and
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expressed in the form of chipping [109]. Finally, flank and crater wear were observed as the main
contact-related degradation mechanisms when machining high-speed molybdenum-based tool steels
(AISI M grade) with low c-BN content TiN coated Pc-BN tools with ceramic binder [119]. In Table 4.1

the different wear mechanisms found for each studied work-material are summarised.

Previous workpiece surface

2001 m

Figure 4.13 Chips generated when machining hot worked chromium-based tool steels with an uncoated low content Pc-BN
tool: A) white layer on the basis, B) segmented form of the chips and C) carbides embedded on the white layers [7].

Partial conclusions

Although the systems considered in this investigation are coated; the mechanical properties of the
underneath Pc-BN substrate are known to play an important role in the final coated tool performance.
In that sense, as mechanical properties are intrinsically linked to the microstructure parameters, c-BN
content and binder chemical nature are also included in this study for work-material/wear mechanisms

correlations.

As stated in section 444.2, clear correlations between coating and workpiece were not identified.
Nevertheless, some observations may be done when considering the Pc-BN substrate employed as a
function of the work-material. On the one hand, regarding binder chemical nature, TiCN is extensively
used when machining Cr-steel, whereas TiC is preferred for Ni-base superalloys and TiN for cold-work
tool steels (see Figure 4.14 A). Moreover, from Figure 4.14 B, it can be observed how binary coatings
are used for “low” HRC values, while ternary or quaternary coatings are preferred to machine higher
HRC work-materials. On the other hand, Figure 4.15 A shows low content Pc-BN to be the most chosen
option for all workpiece materials, except for cold-worked tool steels where the medium one is
preferred. Moreover, from Figure 4.15 B, it can be concluded that low c-BN content is used for work-

materials with “low” hardness, whereas medium c-BN content is more versatile.
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Figure 4.14 Combinations of binder chemical nature and A) work-materials and B) values of hardness of the machined
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Figure 4.15 c-BN content depending on the A) machined work-materials and B) values of hardness of the machined
workpieces. Bubble size, and the number on it, are proportional to the number of quotations.

As depicted in Figure 4.16 A, flank wear is identified as the main wear mechanisms for coated Pc-BN
tools, followed by crater and less common notch wear. They are produced by the following

damage/fracture mechanisms (Figure 4.16 B): chipping (23%), abrasive wear (23%) and adhesion wear
(20%), together with adhesion related BUE phenomena (12%).
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Figure 4.16 A) Fracture mechanisms and B) wear mechanisms found for the studied coated Pc-BN systems.
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In more detail, flank wear is the main contact-related degradation mechanism found for almost all
coated Pc-BN systems (as seen in Figure 4.17). Moreover, chipping has been observed more frequently
in coated Pc-BN tools containing high and medium c¢-BN content. Meanwhile, adhesion mechanisms
seems to be more prominent in high c-BN metallic binder tools, while abrasion one are dominant in

low c-BN substrates, as observed in Figure 4.18.
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Figure 4.17 Combinations of wear mechanisms observed and coatings used in the literature found. Bubble size, and the
number on it, are proportional to the number of quotations.
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Figure 4.18 c-BN content depending on wear and fracture mechanisms observed. Bubble size, and the number on it, are
proportional to the number of quotations.

To conclude, Table 4.1 summarises the different wear and fracture/damage mechanisms reported by
some authors depending on the machined material.
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Table 4.1. Wear and damage mechanisms for each work-material studied.

WEAR MECHANISMS OBSERVED
WORKMATERIAL DAMAGE/FRACTURE
Flank Notch Crater MECHANISMS
Chipping, BUE, abrasion,
Inconel 718 v v v adhesion, thermal cracks and
Non-ferrous fracture
Chipping, abrasion, adhesion
PMMC v = v
and fracture
Cr steels 4 - 4 Abrasion
Cr-Mo steels - - v Chemical wear
Cr-Mo-Ni steels v - - Chipping
Abrasion, adhesion,
Cold worked tool steels - - v
Ferrous grooving, chipping
Hot worked Cr-based tool steels | v - 4 BUE, abrasion, adhesion
Water hardened tool steels v - v Abrasion, adhesion, chipping
High-speed Mo-based tool
v - v -

steels

4.4. Review of machining operations and conditions for coated-Pc-BN

The aim of this section is to analyse, from the information gathered in the database, the type of

machining operations and conditions where coated Pc-BN tools are implemented.

Literature review

Concerning machining operations, it is quite clear that coated Pc-BN is an attractive candidate for facing

the challenge of dry machining, as about half of the review works consider these service conditions, as

shown in Figure 4.19.
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Figure 4.19 Percentages of dry/coolant conditions in machining operations.

From the literature, it can be observed that the most used machining operation is turning. Although
many different conditions have been tested by researchers, coated Pc-BN tools are normally used in
the following conditions: v. = 150 to 250 m/min, f = 0.1 to 0.15 mm/rev and a, = 0.2 to 0.3 mm in dry
and interrupted conditions. However, some researchers also studied the behaviour of coated Pc-BN
tools in milling or grinding operations. Taylan et al. [69] reported that the high friction generated in
hard milling makes coated Pc-BN tools not useful in this type of operations. On the other hand,
Teramoto et al. [126] as well as Derakshan and Akbari [124] stated that turning with coated Pc-BN tools
might be compared with grinding in terms of final workpiece surface roughness. Additionally, it could
be a good option for replacing grinding so that electric power consumption, environmental impact and

costs would be reduced.

As stated in the previous sections, coated Pc-BN systems are speed-limited, owing to the thermal
stability of the coatings. However, when they are used at low cutting speeds (i.e. below 150 m/min),
the cutting forces reached are higher; thus, increasing the tool wear and reducing tool life. Moreover,
cutting forces are also increased when rising either feed rates or depth of cut, being the last one the
factor which more influences the tool life. It is also observed that tool wear is usually reduced by using
minimum quantity lubrication (known as MQL) or dry conditions, since the BUE protective layer

generated is observed to not appear under coolant conditions.

Finally, it has been reported that surface roughness is adversely affected by feed rate and depth of cut.
For example, by increasing feed rate, the final surface roughness of the workpiece could be reduced,
owing to BUE layer formation. However, when higher feed rates and/or cutting speed are used, the
surface/cutting edge machined is increased, resulting in higher surface roughness. Furthermore, higher
surface roughness is found when machining operations are made in dry conditions instead than when
using coolant [93,100,102,116,118,124,129,144].

UNIVERSITAT POLITECNICA DE CATALUNYA
BARCELONATECH
Escola d'Enginyeria de Barcelona Est

61



Report

Partial conclusions

Independent of dry/coolant condition in turning, in most of the cases the use of coated Pc-BN vyields
relatively high levels of machining performance, in terms of cutting speed (v.), feed rate (f) and depth
of cut (ap). However, once again dispersion of values obtained for variable microstructures of Pc-BN
substrate (Figure 4.20 and Figure 4.21), coatings (Figure 4.22) and workpieces (Figure 4.23 and Figure
4.24) is quite large and overlap each other along the whole range of conditions studied. Nevertheless,
as shown in Figure 4.24 A, it seems that when the hardness of workpiece increases, the cutting speed
used in turning is decreased. Moreover, Si-containing coatings are also used in higher cutting speeds

than the other coated systems.
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Figure 4.20 Range of machining parameters used as a function of c-BN content: A) v vs c-BN content; B) f vs c-BN content
and C) a, vs c-BN content. Yellow lines represent the mean value of all the database considered.
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Figure 4.21 Range of machining parameters used as a function of binder chemical nature: A) v. vs binder; B) f vs binder and C)
ap vs binder. Yellow lines represent the mean value of all the database considered.
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Figure 4.22 Range of machining parameters used as a function of coating chemical nature: A) v. vs coatings; B) f vs coatings
and C) a, vs coatings. Yellow lines represent the mean value of all the database considered.
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Figure 4.23 Range of machining parameters used as a function of work-materials: A) vc vs work-material; B) f vs work-
material and C) a, vs work-material. Yellow lines represent the mean value of all the database considered.
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4.5,

Additional information about surface modification technology

In this section, additional information about pre and post coating technology will be given.

Unfortunately, information about these subjects is quite scarce in open literature, possibly because of

property rights issues. The following treatments may be an example of surface modification technology
in Pc-BN coated systems [73,123,146-148]:

O

Previous cleaning of the substrate, to remove impurities. This is proposed because remnant
impurities may result in lower mechanical adhesion during coating process. Moreover,
impurities could react with the targets and gases used during coating processes, which could
lead to the deposition of unwanted components.

Roughening of the substrate’s surface (for example by ion etching), to improve the adherence
and the durability of the coating.

Coating process might be done by PVD (processes such as sputtering or arc-ion plating) or CVD.
Arc-ion plating coating processes are preferable to form smooth layers.

Application of underlayers to prevent notch wear and improve the adherence. The
underlayers may contain compounds such as: TiN, TiC, TiCN, TiAIN, TiOCN, Al,05, CrN, among
others. The choice of Ti-based coatings as underlayers is related to their affinity to most of the
Pc-BN binders.

Blasting treatments (as shot peening) may be applied as post coating processes to reduce or
change stresses generated during the coating process. These treatments might be applied
locally, such as in the rake face. The application of shot peening treatments can change the
tensile stresses generated during coating process to compressive stresses, which is important

for reducing excessive stresses that may result in delamination.
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5. Further work

During this project, a theorical-base analysis of wear and fracture mechanisms of coated Pc-BN inserts
has been done and several conclusions have been drawn from it. However, it would be interesting to

check the experimental concordance of the trends here observed.

A microstructural and mechanical characterization at different length scales should be done in order
to check or prove the general trends identified in this project. In this regard, it should be interesting to
do a microstructural characterization before the mechanical one, aiming for an optimized
microstructural design. Subsequent mechanical characterization opens the possibility to assess the
influence of substrate microstructure and coating chemical nature on the mechanical contact response
of coated Pc-BN systems. Mechanical contact response assessment could be done by spherical
indentation, simulating service-like conditions, and micro-scratch tests, for studying the adhesion of
the coating in the substrate. Moreover, it would be interesting to inspect the different damage and
fracture micro-mechanisms observed in coated Pc-BN systems by using scanning electron microscope
(SEM) and focused ion beam (FIB). With these inspections, it would be possible to compare
experimental results with the ones found in literature under real machining conditions, including

validation of trends discerned from the literature review done here.
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Conclusions

From the critical review of the literature published on the use of coated Pc-BN as cutting tools, the

following conclusions may be drawn:

O

The amount of scientific papers addressing coated Pc-BN is rather limited. Within this context,
most than the 50% of the publications deal with mechanical performance, whereas those
following a materials science and engineering approach are quite scarce.

The suitability of coated Pc-BN inserts for machining difficult-to-cut materials is confirmed.
Metallic binders are used with high c-BN contents, while ceramic binders are present in
low/medium c-BN contents. Furthermore, low/medium Pc-BN grades are used in 86.67% of
the studies revised.

Three “popular” combinations of coating and binder are found: TiCN-TiN, TiN-TiN and TiN-
TiAIN. However, specific correlations between coating-substrate-workpiece are difficult to be
discerned.

Tools with low c-BN content are used for work-materials with “low” hardness, whereas
medium c-BN content tools are more versatile. Moreover, low c-BN contents are chosen for
almost all workpieces, except for cold-worked tool steels, where the medium one is preferred.
Ti-based coatings are the most preferred ones for Pc-BN tools, especially TiN and TiAIN films.
Flank wear is the main contact-related degradation mechanism (50%) for coated Pc-BN inserts,
followed by crater wear (36%) and notch wear (14%).

Regarding the fracture mechanisms, abrasion wear is the most common one, normally in the
form of chipping, while adhesion wear (considering BUE) is the second most prominent.
Chipping has been observed to be more prone to occur in high and medium c-BN content tools.
Coated Pc-BN inserts seem to be a good candidate for dry machining operations. Replacing
well-established tool materials, which need the use of coolants, for coated Pc-BN inserts would
increase the sustainability of these operations, making industries to follow more eco-friendly
paths and removing other problems related with the use of coolants.

Implementation of coated Pc-BN allows the use of more extreme conditions compared to
other tool materials.

Finally, Pc-BN seems to be a good option as a substitute of cemented carbides in some specific
operations, as the ones in which the use of coolant must be avoided, or in interrupted

operations.
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6. Environmental impact

The environmental impact caused during the realization of this project is related with the electrical

energy consumption.

Approximately, 500 h of electrical consumption with a laptop have been accounted for carry out his
project. Considering that consumption of the laptop is 0.88 kWh/day and the emitted emissions related

with this energy are 0.343 kg CO,/kWh, the total emissions would be worth around 18.9 kg of CO..
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Economic analysis

The aim of this section is to estimate the costs associated with resources invested in this project. In

Table 0.1 the prices associated with the time spent by each of the members are broken down.

Table 0.1 Hours dedicated by each member of the project, associated with their cost.

Member Hours Price (€/h) Cost (€)
Head of project 20 50 1000
PhD Investigator 100 30 3000
Final Degree Student 400 20 8000
Total cost 12000

In Table 0.2 the price related to electricity is depicted. In this case, the price of electricity has been

estimated to 0.1 €/kWh.

Table 0.2 Hours and cost related to electricity.

Hours Price (€/kWh) Cost (€)

Total cost 500 0.1 5.5

Thus, the total cost estimated for this project would be 12005,5 €.

UNIVERSITAT POLITECNICA DE CATALUNYA
BARCELONATECH
Escola d'Enginyeria de Barcelona Est

69






Wear and fracture mechanisms of coated Pc-BN inserts

References

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]

(11]

[12]

[13]

(14]

[15]

A.M. Abrao, D.K. Aspinwall, M.L.H. Wise, A Review of Polycrystalline Cubic Boron Nitride Cutting
tool Developments and Application, in: Proc. Thirtieth Int. MATADOR Conf., Macmillan
Education UK, 1993: pp. 169-180.

S. Malkin, Current Trends in CBN Grinding Technology, CIRP Ann. - Manuf. Technol. 34 (1985)
557-563.

J.M. Wheeler, J. Michler, Elevated temperature, nano-mechanical testing in situ in the scanning
electron microscope, Rev. Sci. Instrum. 84 (2013) 045103.

H. Sumiya, S. Uesaka, S. Satoh, Mechanical properties of high purity polycrystalline cBN
synthesized by direct conversion sintering method, J. Mater. Sci. 35 (2000) 1181-1186.

G. Poulachon, A. Moisan, LS. Jawahir, Tool-wear mechanisms in hard turning with
polycrystalline cubic boron nitride tools, Wear. 250-251 (2001) 576-586.

G.C. Benga, A.M. Abrao, Turning of hardened 100Cr6 bearing steel with ceramic and PCBN
cutting tools, J. Mater. Process. Technol. (2003) 237-241.

G. Poulachon, B.P. Bandyopadhyay, I.S. Jawabhir, S. Pheulpin, E. Seguin, The influence of the
microstructure of hardened tool steel workpiece on the wear of PCBN cutting tools, Int. J. Mach.
Tools Manuf. 43 (2003) 139-144.

Y. Sahin, Comparison of tool life between ceramic and cubic boron nitride (CBN) cutting tools
when machining hardened steels, J. Mater. Process. Technol. 7 (2009) 3478—-3489.

E. Isakov, Cutting Data for Turning of Steel, 1st ed., Industrial Press Inc., New York, 2009.

E. Kuljanic, AMST’02 Advanced Manufacturing Systems and Technology, 1 st, Springer Vienna,
Vienna, 2002.

X. Chen, J. Xu, Q. Xiao, Cutting performance and wear characteristics of Ti(C,N)-based cermet
tool in machining hardened steel, Int. J. Refract. Met. Hard Mater. 52 (2015) 143-150.

W. Chen, Cutting forces and surface finish when machining medium hardness steel using CBN
tools, Int. J. Mach. Tools Manuf. 40 (2000) 455-466.

B.J. Davies, Machine Tool Design and Research: International Conference Proceedings, 1 st,
Palgrave, London, 1981.

Sandvik Coromant, Inserts and grades. https://www.sandvik.coromant.com/en-
gb/products/pages/inserts-grades.aspx (accessed April 18, 2020).

S. Kurgin, G. Barber, Q. Zou, Cutting insert and work piece materials for minimum quantity
lubrication, in: Fourth Int. Semin. Mod. Cut. Meas. Eng., SPIE, 2010: p. 79970K.

UNIVERSITAT POLITECNICA DE CATALUNYA
BARCELONATECH

Escola d'Enginyeria de Barcelona Est

71



Report

[16] L.Jaworska, M. Rozmus, B. Krélicka, A. Twardowska, Functionally graded cermets, J. Aci. Mater.
17 (2006) 73-76.

[17]  J.R. Davis, ASM Specialty Handbook: Tool Materials, 1st ed., Michigan, 1995.

[18] G.S. Upadhyaya, Materials science of cemented carbides an overview, Mater. Des. 22 (2001)
483-489.

[19] ). Pirso, S. Letunovits, M. Viljus, Friction and wear behaviour of cemented carbides, Wear. 257
(2004) 257-265.

[20] ). Garcia, V. Collado Ciprés, A. Blomqvist, B. Kaplan, Cemented carbide microstructures: a
review, Int. J. Refract. Met. Hard Mater. 80 (2019) 40-68.

[21]  F.P. Bundy, R.H. Wentorf, Direct Transformation of Hexagonal Boron Nitride to Denser Forms,
J. Chem. Phys. 38 (1963) 1144-1149.

[22] L. Vel, G. Demazeau, J. Etourneau, Cubic boron nitride: synthesis, physicochemical properties
and applications, Mater. Sci. Eng. B. 10 (1991) 149-164.

[23] H.M. Ortner, P. Ettmayer, H. Kolaska, The history of the technological progress of hardmetals,
Int. J. Refract. Met. Hard Mater. 44 (2014) 148-159.

[24] C.B. Carter, M.G. Norton, Ceramic materials science and engineering, 2nd ed., Springer, New
York, 2007.

[25] W.D. Callister, D.G. Rethwisch, Ciencia e ingenieria de Materiales, 2nd ed., Reverté, Barcelona,
2017.

[26] A  tetrahedral wvoid in fcc is formed by atoms at: toppr.com.
https://www.toppr.com/ask/question/a-tetrahedral-void-in-fcc-is-formed-by-atoms-at/

(accessed June 16, 2020).

[27]  M.L Petrescu, M.G. Balint, Structure and properties modifications in boron nitride. Part I: Direct
polymorphic transformations mechanisms, UPB Sci. Bull. Ser. B Chem. Mater. Sci. 69 (2007) 35—
42.

[28]  N.lzyumskaya, D.O. Demchenko, S. Das, U. Ozgiir, V. Avrutin, H. Morkog, Recent Development
of Boron Nitride towards Electronic Applications, Adv. Electron. Mater. 3 (2017) 160—485.

[29] A.M. Megne Motchelano, S. Ghosh, A. Can, Sintered Polycrystalline Cubic Boron Nitride
Material, Patent GB2552408, 2018.

[30] .M. Low, Advances in Ceramic Matrix Composites, 1 st, Woodhead Publishing, 2014.

[31] T.Tamizharasan, T. Selvaraj, A.N. Haq, Analysis of tool wear and surface finish in hard turning,
Int. J. Adv. Manuf. Technol. 28 (2006) 671-679.

[32] A.G.Mamalis, J. Kundrdk, M. Horvath, Wear and Tool Life of CBN Cutting Tools, Int J Adv Manuf

Technol. 20 (2002) 475-479.
UNIVERSITAT POLITECNICA DE CATALUNYA
BARCELONATECH
Escola d’Enginyeria de Barcelona Est

72



Wear and fracture mechanisms of coated Pc-BN inserts

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

(41]

[42]

(43]

(44]

(45]

[46]

[47]

J. Angseryd, M. Elfwing, E. Olsson, H.O. Andrén, Detailed microstructure of a cBN based cutting
tool material, Int. J. Refract. Met. Hard Mater. 27 (2009) 249-255.

M. Pacella, P.W. Butler-Smith, D.A. Axinte, M.W. Fay, The allotropic transformation of
polycrystalline cubic boron nitride structures resulting from the thermal effects of pulsed laser
ablation, Diam. Relat. Mater. 59 (2015) 62—-68.

M. Watanabe, Y. Matsuo, A. Okuno, |. Fukuura, SINTERED CUBICBORON NITRIDE AND PROCESS
FOR PRODUCING THE SAME, Patent US 4375517, 1983.

Y. Sahin, A.R. Motorcu, Surface roughness model in machining hardened steel with cubic boron
nitride cutting tool, Int. J. Refract. Met. Hard Mater. 26 (2008) 84—90.

Z. Fang, Metal-matrix diamond or cubic boron nitride composites, Patent US6,319,460 B1,
1999.

A. McKie, J. Winzer, I. Sigalas, M. Herrmann, L. Weiler, J. Rodel, N. Can, Mechanical properties
of cBN-Al composite materials, Ceram. Int. 37 (2011) 1-8.

AL. McKie, Mechanical Properties of cBN-Al Composite Materials Dependence on Grain Size of
cBN and Binder Content, MSc Engineering Thesis (2009) , University of the Witwatersrand,
Johannesburg, South Africa

H. Muzammil Irshad, B. Anjum Ahmed, M. Ali Ehsan, T. Irfan Khan, T. Laoui, M. Rizwan Yousaf,
A. lbrahim, A. Saeed Hakeem, Investigation of the structural and mechanical properties of
micro-/nano-sized Al 2 O 3 and cBN composites prepared by spark plasma sintering, Ceram. Int.
43 (2017) 10645-10653.

R. Riedel, Novel Ultrahard Materials, 1994, Adv. Mater 6 (1994) 549-560.

S. Neves Monteiro, A. Lucia Diegues Skury, M. Giardinieri de Azevedo, G. Sergueevitch
Bobrovnitchii, Cubic boron nitride competing with diamond as a superhard engineering
material — an overview, Integr. Med. Res. 2 (2013) 68-74.

J. Angseryd, M. Elfwing, E. Olsson, H.-O. Andrén, Detailed microstructure of a cBN based cutting
tool material, Int. J. Refract. Met. Hard Mater. 27 (2009) 249-255.

P.F. Wang, Z.H. Li, Y.M. Zhu, Fabrication of high thermal conductive Al-cBN ceramic sinters by
high temperature high pressure method, Solid State Science 13 (2011) 1041-1046.

H.S.L. Sithebe, THE PREPARATION AND CHARACTERISTICS OF cBN CERAMICS WITH AL-BASED
BINDER PHASES, PhD Thesis (2007) University of the Witwatersrand, Johannesburg, South
Africa.

X.-Z. Rong, T. Tsurumi, O. Fukunaga, T. Yano, High-pressure sintering of cBN-TiN-Al composite
for cutting tool application, Diam. Relat. Mater. 11 (2002) 280-286.

M.P. D’Evelyn, K. Zgonc, Elastic properties of polycrystalline cubic boron nitride and diamond
by dynamic resonance measurements, Diam. Relat. Mater. 6 (1997) 812—-816.

UNIVERSITAT POLITECNICA DE CATALUNYA
BARCELONATECH

Escola d'Enginyeria de Barcelona Est

73



Report

[48] P. Shrotriya, P. Molian, CO2 Laser/Waterjet Cutting of Polycrystalline Cubic Boron Nitride,
Trans. North Am. Manuf. Res. Inst. SME. 36 (2009) 517-524.

[49] K.Slipchenko, I. Petrusha, V. Turkevich, J. Johansson, V. Bushlya, J.-E. Stahl, Investigation of the
mechanical properties and cutting performance of cBN-based cutting tools with Cr 3 C 2 binder
phase, Procedia CIRP. 72 (2300) 1433-1438.

[50] G.S. Bobrovinichii, A.L.D. Skury, S.N. Monteiro, M.G. Azevedo, Sintering of cubic boron nitride
using titanium based binders, Mater. Sci. Forum. 727-728 (2012) 446—-449.

[51] R.Komanduri, Polycrystalline diamond and CBN cutting tools, Patent number 4,690,691, 1986.

[52] J. Felba, K.P. Friedel, P. Krull, I.L. Pobol, H. Wohlfahrt, Electron beam activated brazing of cubic
boron nitride to tungsten carbide cutting tools, Vacuum. 62 (2001) 171-180.

[53] S.K.Knott, M.E. Ssemakula, AN EXPERIMENTAL INVESTIGATION INTO FACTORS AFFECTING THE
BRAZE STRENGTH OF CBN CUTTING TOOLS, Detroit. Scientific Literature Digital (2000)
https://pdfs.semanticscholar.org/8666/83e20d608e2b8f58f42¢c236612cfddac5060.pdf
(accessed June 16, 2020)

[54] D. Inserts, CBN Inserts For Hard Turning. https://diamond-inserts.com/slugger-e6-cbn-inserts-
for-hard-turning/ (accessed March 31, 2020).

[55] F.Klocke, T. Krieg, Coated Tools for Metal Cutting-Features and Applications, Annals of the CIRP
Vol. 48/2 (1999) 515-525.

[56]  Hiroshi Fujii, Akio Hara, Mitsunori Kobayashi, Yoshikatsu Mori, Coated hard metal tool, Patent
number 4,643,620, 1984.

[57] J.Rech, A. Kusiak, J.L. Battaglia, Tribological and thermal functions of cutting tool coatings, Surf.
Coatings Technol. 186 (2004) 364—371.

[58] R.T.Coelho, E.-G. Ng, M.A. Elbestawi, Tool wear when turning hardened AISI 4340 with coated
PCBN tools using finishing cutting conditions, Int. J. Mach. Tools Manuf. 47 (2007) 263—-272.

[59] C.Y.H. Lim, P.P.T. Lau, S.C. Lim, Work material and the effectiveness of coated tools, Surf.
Coatings Technol. 146147 (2001) 298-304.

[60]  F.Du, M.R. Lovell, T.W. Wu, Boundary element method analysis of temperature fields in coated
cutting tools, Int. J. Solids Struct. 38 (2001) 4557—-4570.

[61] K.-D. Bouzakis, N. Michailidis, G. Skordaris, E. Bouzakis, D. Biermann, R. M’saoubi, Cutting with
coated tools: Coating technologies, characterization methods and performance optimization,
CIRP Ann. - Manuf. Technol. 61 (2012) 703-723.

[62] M. Fallgvist, Microstructural, Mechanical and Tribological Characterisation of CVD and PVD
Coatings for Metal Cutting Applications, Dep. Eng. Sci. Appl. Mater. Sci. (2012).

[63] W. Kalss, A. Reiter, V. Derflinger, C. Gey, J.L. Endrino, Modern coatings in high performance
cutting applications, Int. J. Refract. Met. Hard Mater. 24 (2006) 399—-404.

UNIVERSITAT POLITECNICA DE CATALUNYA
BARCELONATECH
Escola d’Enginyeria de Barcelona Est

74



Wear and fracture mechanisms of coated Pc-BN inserts

(64]

(65]

(66]

[67]

(68]

(69]

[70]

(71]

[72]

(73]

[74]

[75]

[76]

[77]

S. Aldrich, Physical Vapor Deposition (PVD) - Vapor Deposition Precursors.
https://www.sigmaaldrich.com/materials-science/material-science-
products.htm|?TablePage=108832720 (accessed April 27, 2020).

Al-Quimicos: Applications of Metal Carbonyl Precursors for CVD and ALD Processes. http://al-
quimicos.blogspot.com/2013/05/applications-of-metal-carbonyl.html (accessed April 27,
2020).

K. Narasimhan, S.P. Boppana, D.G. Bhat, Development of a graded TiCN coating for cemented
carbide cutting tools-a design approach, Wear. 188 (1995) 123-129.

G.K. Dosbaeva, M.A. El Hakim, M.A. Shalaby, J.E. Krzanowski, S.C. Veldhuis, Cutting temperature
effect on PCBN and CVD coated carbide tools in hard turning of D2 tool steel, Int. J. Refract.
Met. Hard Mater. 50 (2015) 1-8.

R. M’Saoubi, M.P. Johansson, J.M. Andersson, Wear mechanisms of PVD-coated PCBN cutting
tools, Wear. 302 (2013) 1219-1229.

F. Taylan, O. Colak, M. Cengiz Kayacan, Investigation of TiN Coated CBN and CBN Cutting Tool
Performance in Hard Milling Application, J. Mech. Eng. 57 (2016) 417-426.

A.S. More, W. Jiang, W.D. Brown, A.P. Malshe, Tool wear and machining performance of cBN-
TiN coated carbide inserts and PCBN compact inserts in turning AlSI 4340 hardened steel, J.
Mater. Process. Technol. 180 (2006) 253-262.

J.-H. Wu, B.S. Phillips, W. Jiang, J.H. Sanders, J.S. Zabinski, A.P. Malshe, Bio-inspired surface
engineering and tribology of MoS 2 overcoated cBN-TiN composite coating, Wear. 261 (2006)
592-599.

J.Zhou, V. Bushlya, P. Avdovic, J.E. Stahl, Study of surface quality in high speed turning of Inconel
718 with uncoated and coated CBN tools, The International Journal of Advanced Manufacturing
Technology 58 (2012) 141-151.

Michiko Ota, Tomohiro Fukaya, Junichi Shiraishi, Tetsuo Nakai, Hisanori Ohara, Haruyo Fukui,
Coated PCBN cutting tools, Patent 6,737,178 B2, 2004.

A.S. Manokhin, S.A. Klimenko, S.A. Klimenko, V.M. Beresnev, Promising Types of Coatings for
PCBN Tools, J. Superhard Mater. 40 (2018) 424-431.

E. Uhlmann, J.A.O. Fuentes, R. Gerstenberger, H. Frank, nc-AlTiN/a-Si 3 N 4 and nc-AlCrN/a-Si 3
N 4 nanocomposite coatings as protection layer for PCBN tools in hard machining, Surf. Coatings
Technol. 237 (2013) 142-148.

M. Mandu Bonf3, E. Silva Costa, W. Falco Sales, F. Lacerda Amorim, L. Henrique Andrade Maia,
A. Rocha Machado, Evaluation of tool life and workpiece surface roughness in turning of AlSI
D6 hardened steel using PCBN tools and minimum quantity of lubricant (MQL) applied at
different directions, Int. J. Adv. Manuf. Technol. 103 (2019) 971-984.

H.A. Kishawy, A. Hosseini, Machining Difficult-to-Cut Materials, in: H.A. Kishawy, A. Hosseini
(Eds.), Mach. Difficult-to-Cut Mater., Springer, Oshawa, Canada, 2019: pp. 205-238.

UNIVERSITAT POLITECNICA DE CATALUNYA
BARCELONATECH

Escola d'Enginyeria de Barcelona Est

75



Report

[78] K. Venkatesan, R. Ramanujam, P. Kuppan, Laser Assisted Machining of difficult to cut materials:
Research Opportunities and Future Directions-A comprehensive review, Procedia Eng. 97
(2014) 1626-1636.

[79] E.O. Ezugwu, Key improvements in the machining of difficult-to-cut aerospace superalloys, Int.
J. Mach. Tools Manuf. 45 (2005) 1353—-1367.

[80] T.I FL-Wardany, E. Mohammedt, M.A. Elbestawit, CUTTING TEMPERATURE OF CERAMIC
TOOLS IN HIGH SPEED MACHINING OF DIFFICULT-TO-CUT MATERIALS, Int. J. Mach. Tools
Manufact. 36 (1996) 611-634.

[81] C. Metalworking, Interrupted Turning, (2009).
https://www.canadianmetalworking.com/canadianindustrialmachinery/article/management/
interrupted-turning (accessed April 6, 2020).

[82] ML.W. Cook, P.K. Bossom, Trends and recent developments in the material manufacture and
cutting tool application of polycrystalline diamond and polycrystalline cubic boron nitride, Int.
J. Refract. Met. Hard Mater. 18 (2000) 147-152.

[83] C.E.H. Ventura, J. Kéhler, B. Denkena, Influence of cutting edge geometry on tool wear
performance in interrupted hard turning, J. Manuf. Process. 19 (2015) 129-134.

[84] X. Cui, F. Jiao, P. Ming, J. Guo, Reliability analysis of ceramic cutting tools in continuous and
interrupted hard turning, Ceram. Int. 43 (2017) 10109-10122.

[85] Y.C.Song, K. Nezu, C.H. Park, T. Moriwaki, Tool wear control in single-crystal diamond cutting
of steel by using the ultra-intermittent cutting method, Int. J. Mach. Tools Manuf. 49 (2009)
339-343.

[86] A.E.Diniz, & Alisson, R. Machado, J.G. Corréa, Tool wear mechanisms in the machining of steels
and stainless steels, Int. J. Adv. Manuf. Technol. 87 (2016) 3157-3168.

[87] ). Paulo Davim, Modern Manufacturing Engineering (Materials Forming, Machining and
Tribology), 1st ed., Springer, Aveiro, 2015.

[88]  B.J. Davies, Machine Tool Design and Research: International Conference Proceedings, 1st ed.,
The Macmillan Press, Manchester, 1981.

[89] Sandvik Coromant, Wear on cutting edges, (2020). https://www.sandvik.coromant.com/en-
us/knowledge/materials/pages/wear-on-cutting-edges.aspx (accessed April 8, 2020).

[90] Y. Huang, Y.K.Chou, S.Y. Liang, CBN tool wear in hard turning: a survey on research progresses,
Int. J. Adv. Manuf. Technol. 35 (2007) 443-453.

[91] C. Lahiff, S. Gordon, P. Phelan, PCBN tool wear modes and mechanisms in finish hard turning,
Robot. Comput. Integr. Manuf. 23 (2007) 638—644.

[92] M.S. Kasim, C.H.C. Haron, J.A. Ghani, M.A. Sulaiman, M.Z.A. Yazid, Wear mechanism and notch
wear location prediction model in ball nose end milling of Inconel 718, Wear. 302 (2013) 1171

UNIVERSITAT POLITECNICA DE CATALUNYA
BARCELONATECH
Escola d’Enginyeria de Barcelona Est

76



Wear and fracture mechanisms of coated Pc-BN inserts

(93]

[94]

[95]

[96]

[97]

(98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

J.L. Cantero, J. Diaz-A " Lvarez, M.H. Migué Lez N, N.C. Marin, Analysis of tool wear patterns in
finishing turning of Inconel 718, Wear. 297 (2012) 885—-894.

J.P. Byers, Metalworking Fluids, Society of Tribologists and Lubrication Engineers, 2" Edition,
CRC/Taylor & Francis, Boca Raton, FL, 2006

J. Gu, G. Barber, S. Tung, R.-J. Gu, Tool life and wear mechanism of uncoated and coated milling
inserts, Wear. 225-229 (1999) 273-284.

Difference Between Rake Surface and Flank Surface, 2020.
http://www.difference.minaprem.com/machining/difference-between-rake-surface-and-
flank-surface/ (accessed April 9, 2020).

K. Kadirgama, K.A. Abou-El-Hossein, M.M. Noor, K. V Sharma, B. Mohammad, Tool life and wear
mechanism when machining Hastelloy C-22HS, Wear. 270 (2011) 258-268.

Mirage, Metal Machining Insight: Avoiding built up edge, (2018).
https://blog.miragemachines.com/metal-machining-insight-avoiding-built-up-edge (accessed
April 9, 2020).

A. Renz, I. Khader, A. Kailer, Tribochemical wear of cutting-tool ceramics in sliding contact
against a nickel-base alloy, J. Eur. Ceram. Soc. 36 (2016) 705-717.

V. Criado, J. Diaz-Alvarez, J.L. Cantero, M.H. Miguélez, Study of the performance of PCBN and
carbide tools in finishing machining of Inconel 718 with cutting fluid at conventional pressures,
in: Procedia CIRP, Elsevier B.V., 2018: pp. 634—637.

J. Cantero, J. Diaz-Alvarez, D. Infante-Garcia, M. Rodriguez, V. Criado, High Speed Finish Turning
of Inconel 718 Using PCBN Tools under Dry Conditions, Metals (Basel). 8 (2018) 192.

J. Diaz-Alvarez, V. Criado, H. Miguélez, J. Cantero, PCBN Performance in High Speed Finishing
Turning of Inconel 718, Metals (Basel). 8 (2018) 582.

M.J. Mir, M.F. Wani, Performance evaluation of PCBN, coated carbide and mixed ceramic
inserts in finish-turning of AISI D2 steel, J. Tribol. 14 (2017) 10-31.

0. Andersson, S. Berg, Machining of Chromium Alloyed PM Steels, PM2TEC2005, 23 June 2005,.
Montreal.

E.O. Ezugwu, R.B. Da Silva, J. Bonney, A.” R. Machado, Evaluation of the performance of CBN
tools when turning Ti-6Al-4V alloy with high pressure coolant supplies, Int. J. Mach. Tools
Manuf. 45 (2005) 1009-1014.

G. De Siqueira Galoppi, M. Stipkovic Filho, G. Ferreira Batalha, Hard turning of tempered DIN
100Cr6 steel with coated and no coated CBN inserts, J. Mater. Process. Technol. 179 (2006)
146-153.

V. Bushlya, J. Zhou, J.E. Stahl, Effect of cutting conditions on machinability of superalloy inconel
718 during high speed turning with coated and uncoated PCBN tools, in: Procedia CIRP, Elsevier
B.V., 2012: pp. 370-375.

UNIVERSITAT POLITECNICA DE CATALUNYA
BARCELONATECH

Escola d'Enginyeria de Barcelona Est

77



Report

[108] P. Student, Study On Machinability Of Cfrp Composite Using Tin Coated Pcbn And Uncoated
Pcbn Cutting Tool, www.iosrjournals.org (accessed April 13, 2020).

[109] W.F. Sales, L.A. Costa, S.C. Santos, A.E. Diniz, J. Bonney, E.O. Ezugwu, Performance of coated,
cemented carbide, mixed-ceramic and PCBN-H tools when turning W320 steel, Int. J. Adv.
Manuf. Technol. 41 (2009) 660—669.

[110] G. Poulachon, A. Moisan, |.S. Jawahir, Tool-wear mechanisms in hard turning with
polycrystalline cubic boron nitride tools, Wear 250 (1-12) (2001) 576-586.

[111] ML.A.Shalaby, M.A. El Hakim, M.M. Abdelhameed, J.E. Krzanowski, S.C. Veldhuis, G.K. Dosbaeva,
Wear mechanisms of several cutting tool materials in hard turning of high carbon-chromium
tool steel, Tribol. Int. 70 (2014) 148-154.

[112] A. Molinari, L. Boulanouar, F. Mahfoudi, G. List, A. Moufki, Article in International Journal of
Machining and Machinability of Materials - March, Int. J. Mach. Mach. Mater. 3 (2008) 62-79.

[113] D. Bhaduri, A.K. Chattopadhyay, Influence of grinding parameters and substrate bias voltage in
dry surface grinding with TiN-coated single layer galvanic cBN wheel, Mater. Manuf. Process.
26 (2011) 982-990.

[114] H. Bouchelaghem, M.A. Yallese, A. Amirat, S. Belhadi, Wear behavior of CBN tool when turning
hardened AlSI D3 steel, Mechanika. 65 (2007) 57-65.

[115] K. Bouacha, M.A. Yallese, T. Mabrouki, J.F. Rigal, Statistical analysis of surface roughness and
cutting forces using response surface methodology in hard turning of AISI 52100 bearing steel
with CBN tool, Int. J. Refract. Met. Hard Mater. 28 (2010) 349-361.

[116] S. Khamel, N. Ouelaa, K. Bouacha, Analysis and prediction of tool wear, surface roughness and
cutting forces in hard turning with CBN tool, J. Mech. Sci. Technol. 26 (2012) 3605—-3616.

[117] K.B.Rathod, D.l. Lalwani, Experimental investigation of flank wear and surface roughness during
hard turning of AISI H11 steel with CBN tools, Indian Journal of Engineering and Materials
Sciences 24 (2017) 171-181.

[118] S. Kumar, D. Singh, N.S. Kalsi, Surface quality evaluation of AISI 4340 steel having varying
hardness during machining with TiN-coated CBN inserts, Proc. Inst. Mech. Eng. Part J J. Eng.
Tribol. 231 (2017) 925-933.

[119] S. Girishankar, M. Omkumar, Performance Evaluation of Hard Turning for AISI M2 Die Steel with
Coated and Non-Coated CBN Inserts, Appl. Mech. Mater. 766—767 (2015) 594-599.

[120] tukasz Slusarczyk, Grzegorz Struzikiew, Hardened Steel Turning by Means of Modern CBN
Cutting Tools, Key Eng. Mater. 581 (2013) 188-193.

[121] J.S. Dureja, V.K. Gupta, Design optimisation of flank wear and surface roughness for CBN-TiN
tools during dry hard turning of hot work die steel, Artic. Int. J. Mach. Mach. Mater. 7 (2010)
129-147.

[122] A.Zawada-Tomkiewicz, B. Storch, Application of PCBN Tools in Hard Turning, Raclawicka, 2011,

UNIVERSITAT POLITECNICA DE CATALUNYA
BARCELONATECH
Escola d’Enginyeria de Barcelona Est

78



Wear and fracture mechanisms of coated Pc-BN inserts

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

https://www.researchgate.net/publication/265120157_Application_of _PCBN_Tools_in_Hard
_Turning/figures?lo=1 (accessed June 16, 2020).

E.J. Oles, K.L. Reiner, A.S. Gates Jr, E.T. Mohrbach, Coated PCBN cutting inserts, US 6,599,602
B1, 2003.

E. D. Derakhshan, A. A. Akbari, Experimental investigation on the effect of workpiece hardness
cutting speed on surface roughness in hard turning with CBN, in: Proc. World Congr. Eng., WCE,
London, 2009.

M.A. Yallese, K. Chaoui, N. Zeghib, L. Boulanouar, J.F. Rigal, Hard machining of hardened bearing
steel using cubic boron nitride tool, J. Mater. Process. Technol. 209 (2009) 1092-1104.

M. Teramoto, K. Okamura, S. Kukino, T. Fukaya, Development of sumiboron BNC100 for high-
speed cutting and Sumiboron BNC160 for high-precision cutting of hardened steel, SEI Tech.
Rev. (2008) 93-100.

A. Zawada-Tomkiewicz, Surface Roughness Produced by Hard Turning with PCBN Tools, in: D.B.
Conference (Ed.), Ind. Eng., Tallinn, Estonia, 2010: pp. 76-99.

Z. Zurecki, R. Ghosh, J.H. Frey, Investigation of White Layers Formed in Conventional and
Cryogenic Hard Turning of Steels, in: Am. Soc. Mech. Eng. Manuf. Eng. Div. MED, American
Society of Mechanical Engineers (ASME), 2003: pp. 211-220.

L.R. Silva, C.B. Soares, Performance of the minimum quantity lubrication technique in turning
Inconel 718 at high cutting speed, Int. J. Mach. Mach. Mater. 5 (2009) 401-416.

G. Poulachon, A. Albert, M. Schluraff, I.S. Jawahir, An experimental investigation of work
material microstructure effects on white layer formation in PCBN hard turning, Int. J. Mach.
Tools Manuf. 45 (2005) 211-218.

T. Wada, H. Hanyu, Tool wear of (Ti,Al)N-coated polycrystalline cubic boron nitride compact in
cutting of hardened steel, IOP Conf. Ser. Mater. Sci. Eng. 264 (2017) 53-55.

E. Uhlmann, J.A. Oyanedel Fuentes, R. Gerstenberger, H. Frank, Nc-AITiN/a-Si3N4 and nc-
AICrN/a-Si3N4 nanocomposite coatings as protection layer for PCBN tools in hard machining,
Surf. Coatings Technol. 237 (2013) 142-148.

S. Sveen, J.M. Andersson, R. M’saoubi, M. Olsson, Scratch adhesion characteristics of PVD TiAIN
deposited on high speed steel, cemented carbide and PCBN substrates, Wear. 308 (2013) 133—
141.

E. Kaya, I. Kaya, Tool wear progression of PCD and PCBN cutting tools in high speed machining
of NiTi shape memory alloy under various cutting speeds, Diam. Relat. Mater. 105 (2020)
107810.

E. Uhlmann, J.A.O. Fuentes, M. Keunecke, Machining of high performance workpiece materials
with CBN coated cutting tools, Thin Solid Films. 518 (2009) 1451-1454.

S. Leung Soo, S.A. Khan, D.K. Aspinwall, P. Harden, A.L. Mantle, G. Kappmeyer, D. Pearson, High

UNIVERSITAT POLITECNICA DE CATALUNYA
BARCELONATECH

Escola d'Enginyeria de Barcelona Est

79



Report

speed turning of Inconel 718 using PVD-coated PCBN tools, CIRP Ann. - Manuf. Technol. 65
(2016) 89-92.

[137] S.A. Klimenko, S.A. Klimenko, A.S. Manokhin, V.M. Beresnev, Special Features of the
Applications of Cutting Tools from Polycrystalline Cubic Boron Nitride with Protective Coatings,
39(2017) 88-100.

[138] E.Uhlmann, H. Riemer, D. Schréter, S. Henze, F. Sammler, F. Barthelma, H. Frank, Investigation
of wear resistance of coated PcBN turning tools for hard machining, Int. J. Refract. Met. Hard
Mater. 72 (2018) 270-275.

[139] J.Zhou, V. Bushlya, P. Avdovic, J.E. Stahl, Study of surface quality in high speed turning of Inconel
718 with uncoated and coated CBN tools, Int. J. Adv. Manuf. Technol. 58 (2011) 141-152.

[140] V. Bushlya, J. Zhou, P. Avdovic, J.E. Stahl, Performance and wear mechanisms of whisker-
reinforced alumina, coated and uncoated PCBN tools when high-speed turning aged Inconel
718, Int. J. Adv. Manuf. Technol. 66 (2013) 2013-2021.

[141] S.A.Khan, S.L. Soo, D.K. Aspinwall, C. Sage, P. Harden, M. Fleming, A. White, R. M’Saoubi, Tool
wear/life evaluation when finish turning Inconel 718 using PCBN tooling, in: Procedia CIRP,
Elsevier B.V., 2012: pp. 283—288.

[142] J.N. Muguthu, G. Dong, H. Zhaopeng, Tool Wear, Surface Integrity and Dimensional Accuracy in
Turning Al2124SiCp (45%wt) Metal Matrix Composite using CBN and PCD Tools, Artic. Res. J.
Appl. Sci. Eng. Technol. (2013).

[143] M.J. Njuguna, D. Gao, Experimental study on performance of CBN-coated, CBN-uncoated and
PCD tools in turning Al 2124 SiC (45%wt) PMMC, Key Eng. Mater. 567 (2013) 27-31.

[144] K. Bouacha, M.A. Yallese, T. Mabrouki, J.-F. Rigal, Statistical analysis of surface roughness and
cutting forces using response surface methodology in hard turning of AlISI 52100 bearing steel

with CBN tool, Int. J. Refract. Met. Hard Mater. 28 (2012) 349-361.

[145] A.E. Diniz, A. José De Oliveira, Hard turning of interrupted surfaces using CBN tools, J. Mater.
Process. Technol. 195 (2007) 275-281.

[146] G. Rutten, L. Karlsson, Coated cutting tool, US2019/0161849A1, 2019.
[147] H.Takaoka, E. Nakamura, Coated cutting tool member, EP1535680A1, 2003.

[148] Z. Ban, Y. Liu, COATED PCBN CUTTING INSERT, COATED PCBN CUTTING TOOLUSING SUCH
COATED PCBN CUTTING INSERT, AND METHOD FOR MAKING THE SAME, US2010/0255345A1,
2010.

[149] S. Asaithambi, S. Gowri, Study On Machinability Of CFRP Composite Using Tin Coated Pcbn And
Uncoated Pcbn Cutting Tool, IOSR J. Mech. Civ. Eng. (2013) 2320-334.

[150] S. Sveen, Wear of coated and uncoated PCBN cutting tools used in turning and milling,

Licenciate Thesis, Linkoping University, 2013.
UNIVERSITAT POLITECNICA DE CATALUNYA
BARCELONATECH
Escola d’Enginyeria de Barcelona Est

80



Wear and fracture mechanisms of coated Pc-BN inserts

[151] M.A.Shalaby, M.A. El Hakim, M.M. Abdelhameed, J.E. Krzanowski, S.C. Veldhuis, G.K. Dosbaeva,
Wear mechanisms of several cutting tool materials in hard turning of high carbon-chromium
tool steel, Tribology International 70 (2014) 148-154.

[152] J. Kundrak, L. Raczkoévi, K. Gydni, Machining performance of CBN cutting tools for hard turning
of 100Cr6 bearing steel, Applied Mechanics and Materials 474 (2014) 333-338.

[153] Y. Matsuda, H. Moroguchi, N. Tsukihara, K. Okamura, M. Setoyama, T. Fukaya, Coated
SUMIBORON BNC2010/BNC2020 for Hardened Steel Machining Realizing Long and Stable Tool
Life, SEI TECHNICAL REVIEW 80 (2015) 85-90.

[154] B. Ozlu, H. Demir, M. Turkmen, S. Gunduz, Investigation of Machinability of Cooled Microalloy
Stell in Qil After the Hot Forging with Coated and Uncoated CBN Cutting Tools, J. Chem. Inf.
Model. 53 (2019) 1689-1699.

UNIVERSITAT POLITECNICA DE CATALUNYA
BARCELONATECH
Escola d'Enginyeria de Barcelona Est

81






Wear and fracture mechanisms of coated Pc-BN inserts

Annex A. Database

Table 0.1 Information gathered for the database. Operating parameters: [vc] = m/min; [f] = mm/rev; [a,] = mm; [v] = mm.

Authors Coating details Substrate Workpiece / Key results
Operating
parameters
G. Poulachon 1.TiN (2 um) -Medium c¢c-BN Crsteel (38-60 -Coating has improved

etal. [5] content (57%). HRC) tool life (owing to
lower diffusion).
-TiCN binder. Turning:
vc=120-300 -An increasement of Vc
f=0.08-0.2 leads to rapid coating
3,=0.1-0.3 removing (major
Dry exposition of coating
conditions. to higher
temperatures and
abrasion).
-Flank wear is the first
one observed. When it
is constant, with higher
Vc, crater wear is
observed. Finally, tool
failure is observed.
E.J. Oles et al. 1.TiAIN(3-3.5um) 1/4. Low c-BN Cold-worked -TiAIN improved tool
[123] content (50 %) tool Steel (60- life by 80 % when
5 ALOS/TiN with TiC binder. 64 HRC) compared with an
double coated uncoated tool, due to
(5.5/1.5 um) 1/4. Medium c- Turning: lower crater wear.
BN content (70
3.TiN (2 um) %) with TiN :j;lf_z'zz -The double coating
binder. It provided the necessary
a,=0.5-0.6

thermal barrier to

improve crater wear
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resistance, giving
4. Uncoated 1/4. Medium c- Dry higher tool life than the
BN content (65 conditions. uncoated  tool. TiN
%) with TiN coating offered lower
binder. protection against
crater wear than the
2/3/4. High c-BN double coating.
content (90 %)
with AIN binder.
Z. Zurecki et al. 1.TiN (2 um) 1. Medium ¢-BN  Cold-worked  -The use of LIN cooling
[128] content (60-65 toolsteel (61 controls the thickness
2. Al,O5/TiCN %) with TiN HRC) of white/dark layers.
Both PVD coated. binder. Turning: Preventing workpiece
ve=122,213 softening and
2. Alumina- ¢_ 4 4 improving residual
based black ap=04 stress distribution.
ceramic
Dry conditions -Thinner white layers
and cryogenic and more acceptable
cooling (LIN) when machining with
alumina-based  tools
and LIN cooling than in
dry operations with Pc-
BN tools.
S. Berg [104] 1.TiN (PVD coated) 1. High c¢-BN  Bainiticand -Longer tool life was
content  with martensitic = observed with c-BN
2 Uncoated metallic binder. PM steel TiN coated Pc-BN tools
than cemented
. ' 1/2. Medium c- Turning: carbides, up to 583 %.
3.TiCN/ALLOs3/TiN
(CVD coated) BN content (57 v.=150
%) with TiCN f=0.2 -High c-BN content TiN
binder. c-BN a,=0.15 coated Pc-BN tools

grain size =0.5-2

um.

Dry/coolant

conditions.

showed higher tool life

than medium c-BN

content tools, because
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3. Cemented

carbides.

With/without
additives (MnS
and MnX).

of their higher

toughness.

-BUE elimination was
observed when cutting
fluid was used,
decreasing tool life.
Thus, higher tool life
was observed in dry

conditions.

-Wear mechanisms
observed in bainitic
steel: adhesion with
BUE formation. In
martensitic steel: flank

wear.

-The addition of MnS

extended tool life.

-Pc-BN coated tools
provided higher
surface quality and
higher productivity
than cemented

carbides.

E.O. Ezugwu et 1.

al. [105] (3.5/0.5 pm)

2. Uncoated

TIAIN/TIN 1. High c-BN

content (90 %)
with Al ceramic
binder.

Ti-6Al-4V

Turning:

vc=150-300
f=0.15
ap=0.5

With coolant.

-Pc-BN tools showed
lower  performance
than tungsten carbide

tools.

-Pc-BN tool life: low c-

BN content (uncoated)
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> high c-BN content
(uncoated) > high c-BN
content (TIAIN/TIN

coated). It may be

2. Low c¢-BN
content (50 %)
with TiC binder.

explained because
2. High BN when ¢-BN content is
content (90 %) increased, notch wear
with Al ceramic is accelerated.
binder.

-Low c¢-BN content
2. Tungsten tools are observed to
carbide. be more sensitive to

coolant pressure,
improving tool life by
150 %.

-In low c¢-BN content
tools and tungsten
carbides nose wear is
the predominant
failure mode.
However, in high c-BN
content tools
(coated/uncoated) the
predominant wear
modes observed are
notch and chipping

wear.

-No adverse effect on
surface finish is
observed with Pc-BN

tools.
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G. de Siquiera 1.TiAIN Not specified Cr steel (62 -Higher tool life
Galoppi et al. HRC) observed when cutting
[106] 5 TiN Furning: (sjpeed or feed rate are
ecreased.
v.=91-183
3. Uncoated f=0.08-0.15
a,= 0.2 -Crater wear similar in
coated and uncoated
tools.
-Coated Pc-BN tool
extended tool life
owing to crater wear
was observed when
coating was
completely removed.
R. T. Coelho et 1. TIAIN  -Low c-BN  Cr-Mo-Ni steel -Coatingsimproved Pc-
al. [58] nanocoating content (50 %) BN tool life: TiAIN
with TiC binder. Turning: nanocoating by 38 %,
5 TIAIN :c’:)ls;) TIAIN by 21 % and
’ AICrN by 12 %. The
improvement of tool
3. AlCrN life  with  the
nanocoating is related
4. Uncoated its hot hardness.

-Uncoated Pc-BN tools
had higher cutting
forces than the coated
tools, leading to higher

flank wear.
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H. 1.TiN -Medium ¢-BN  Cold-worked  -Abrasion was
Bouchelaghem content (57 %) toolsteel (60 observed as the
etal [114] with TiN binder. HRC) predominant wear
c-BN grain size = mechanism.
0.5-2 um. Turning:
vc=85-310
=008 -When v, is decreased
3,=0.5 grooving and crater
Dry wear were found,
conditions. leading to nose tool
collapse. At higher vit
was observed to occur
during the first minute.
A. E. Diniz and 1.TiN(PVDcoated) 1. Low c-BN Cr-Mo-Nisteel -Low c-BN  tools
A.J. de Oliveira content with TiN (56 HRC) offered better
[145] binder. performance than high
Turning: c-BN tools in
1. High BN :c/c:oljs f:ontinuous and sc?mi-
content  with oS !nterrupted oper.atlons
metallic binder. D"ry : in terms of tool life.
conditions.
-Interrupted
operations were
observed to improve
tool life. Moreover, no
chipping or breakage
were observed
because they had
enough toughness.
W. F. Sales et 1.TiN -High c-BN Water -Chipping, abrasion

al. [109]

content with Co-

based binder.

hardened tool

steel

Turning:

and adhesion wear and
also brittle fracture

were observed.

88

UNIVERSITAT POLITECNICA DE CATALUNYA

BARCELONATECH
Escola d’Enginyeria de Barcelona Est



Wear and fracture mechanisms of coated Pc-BN inserts

ve=60-200
f=0.03-0.1 -Diffusion was
a,=0.1 observed with an
increasement of v, due
to an increasement of
temperatures (mainly
at 150-200 m/min).
F. Mahfoudi et 1.TiN (2 um) -Medium c¢-BN  Cr-Mosteel  -Higher surface
al. [112] content (57 %) (50 HRC) roughness results were
with TiCN found when v, was
binder. Turning: increased and f
vc=300-400
decreased.
f=0.05-0.1
Dry
conditions. -Crater wear

controlled hard turning
process (mainly caused
by BUL formation at

rake face by oxidation).

-With an increasement
of v, chemical wear on
tool rake must be
considered. Moreover,
this increasement also
gave results similar to

finishing by grinding.

M. Teramotoet 1. TiAIN/TiCN
al. [126] pum)
2. TiCN (2 um)
3.TiN (2 um)

(2

1./2. Low c-BN
content (40-45
%) with TiN
binder. c-BN
grain size = 1-2

pm

Cr steel (58-62
HRC)

Turning:
ve=250
f=0.08-0.1
3,=0.07-0.1

-Medium c-BN content
tools: lower flank wear
was observed with
TiAIN/TiCN coating
than TiN coating. It also
gave higher wear
resistance than TiN

coating. It could be
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Dry used to replace
4. Uncoated 1./3. Medium c-

BN content (60-
65 %) with TiN

conditions. grinding with cutting

(J electric power used

All PVD coated = | environmental
binder. c-BN impact = |, total cost).
grain size =3 um

-Low c¢-BN content
4. low cBN tools:  TIAIN/TICN
content  (40-45 coated tool showed
%) with TiCN less flank wear width
binder.  c-BN than TiN coated tool.
grain size = 3 Also chipping
Hm. resistance was
improved by 30%, and
when compared with
uncoated it  was
improved by 50 %, due
to its coarse
microstructure.
E. D. 1.TiN(PVDcoated) -Medium c¢-BN  Cr-Mosteel -Best surface quality
Derakhshan content (57 %) (45-65HRC) was observed with
and A. A. Akbari 2 Uncoated with TiCN — high c¢-BN content
[124] binder. c-BN & tools.
grainsize=052 Ve~ 125173
um. f=0.1 '
2,=0.3 -Turning  may be
compared/replaced
-High c-BN Dry with and instead of
content with conditions. grinding.
metal binder.

-A variation in v
affected the resulting

surface roughness.
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Wear and fracture mechanisms of coated Pc-BN inserts

M. A. Yallese et 1.TiN (PVD coated) -Medium c-BN Crsteel (60  -Pc-BN inserts showed
al. [125] content (57 %) HRC) satisfactory wear
with TiCN resistance for high v..
binder. c-BN Turning: However, they are not
grain size =0.5-2 Ve=30-180 industrially
pm. f=0.08-0.2 recommended at v, >
2,=0.2-0.6 280 m/min,  the
Dry optimal v. = 120
conditions. m/min.
-When Vcwass increased
higher tool wear was
found and there is a
degradation of the
surface quality. The
temperature
generated was
dissipated through
chipping.
-Turning may be an
alternative to grinding,
because  of they
roughness results.
Thus, reducing the
production cycle and
the final costs.
L.R.SilvaandC. 1.TiN(PVDcoated) 1. High c-BN Inconel718  -Higher surface
B. Soares [129] content Pc-BN (44 HRC) roughness results
insert with a found in dry conditions
metallic binder. Turning: than in MQL
V.= 300-600 conditions.
2. Aluminia- f=0.05-0.15
based ceramic
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tool with SiC (25 a,=0.35
%) whisker

reinforcement.

-Notch wear as the
Dry and MQL predominant type of
conditions. wear in alumina-based
ceramic tools.
Additionally, in Pc-BN

tools flank wear was

3. Alumina-
based ceramic

tool with 28 % of
also observed.

TiC.
-ln  MQL conditions
lower cutting forces
were observed.
-Ceramic tools
produced better
surface finish than Pc-
BN tools.
K. Bouacha et 1.TiN -Low c-BN Crsteel (64  -Higher cutting forces
al. [144] content with TiN HRC) were observed with an
binder. increasement of f or a,
Turning: or a decreasement of
ve=124-246  '©
f=0.08-0.16
a,=0.15-0.45  -Surface roughness
was observed to be
Dry highly affected by f.
conditions.
J. S. Dureja et 1.TiN -Low c-BN Hot worked  -Abrasion wear was
al. [121] content (50 %) toolsteel (42- found to dominate at
with TiN binder. 52 HRC) low values of vcand f.
At higher values of v.it
Turning: was observed with
Vo= 100-180 BUE, which reduced
f=005015  oolwear
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Wear and fracture mechanisms of coated Pc-BN inserts

ap=0.05-0.2
-At high f, TiN oxidation
Dry was observed, leading
conditions. to the exposition of c-
BN on flank wear.
-At high values of a,
lower values of friction
were generated, due
to BUE formation.
Thus, lower wear was
observed.
A. Zawada and 1.TiN (1 um) -Medium c¢-BN Crsteel (58  -Wear started to
B. Storch [127] content (57 %) HRC) develop form the point
PVD coated with TiCN in which the cutting-
binder. c-BN Turning: edge cuts through a
grain size = 0.5-2 deformed layer (which
2. Uncoated Ve= 165 ; ;
pm. F=0.15 is determined by ap).
ap,=0.2
-Medium c-BN -Flank ~ wear  was
content with TiN Dry observed in early
binder. conditions. stages and it was very
developed due to c-BN
abrasive grains.
-The use of coatings in
J.Zhou et al. 1. TiN (5 um) -Low ¢-BN  Inconel 718 Pe-BN increased tool
content with TiN life at v. <300 m/min.
2. Uncoated binder. Turning: However, this effect
ve=200-350 was neglected in
f=0.1-0.25 higher v..
ap=0.3
-BUE generation was
With coolant.

observed with a

decreasement of f.
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-Cracking and
breakage of NbC and
TiC were observed on
Inconel 718.
F. Taylan et al. 1.TiCN/TiAIN/TiN -High ¢-BN (90  Crsteel (61 -Coated Pc-BN tool was
[69] (2-4 pm) %) with Al HRC) not useful for hard
ceramic binder. milling due to braking
PVD coated ¢-BN grain size = Milling: (friction).
22 pm. Ve=50.87
2 Uncoated f=0.05-0.15 -The failure was found
a,=0.3 to be by the fracture of
the cutting edge.
-Macrochipping  was
observed as the main
tool wear (it was
promoted by low v.or
high f).
D. Bhaduri and 1.TiN (PVD coated) Not specified. Cr steel -Uncoated Pc-BN
A. K. underwent  fracture
Chattopadhyay 2. Uncoated Grinding: wear.
[113] ve=22-45
Dry -Higher voltage in PVD
conditions. process led to denser
and compacter
microstructure in TiN.
V.Bushlyaetal. 1.TiN (2 um) -Llow cBN (50 Inconel 718 -Tool life was found to
[107] %) with TiC- (45 HRC) be highly sensitive to
PVD coated based binder. c- Ve.
BN grain size = Turning:
0.5-2 um. _ .
2 Uncoated vc.=250-350 Abrasive wear was
f=0.1-0.2 observed together
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Wear and fracture mechanisms of coated Pc-BN inserts

2p=0.3 with rake cratering
(chemical wear).
With coolant.
-Higher surface quality
was observed when
machining with
uncoated Pc-BN than
when machining with
coated Pc-BN.
However, thermal
cracks were observed.
-Delamination of the
coating was observed.
S. Khamel et al. 1.TiN (PVD coated) -Medium c-BN Cr steel (60 -Surface roughness
[116] content (57 %) HRC) was found to be highly
with TiCN affected by f.
binder. c-BN Turning:
grain size =0.5-2 Vo= 100-200
Hm. f=0.08-0.16
a,=0.2-0.6
V.Bushlyaetal. 1.TiN -Low c-BN (50 Inconel718  -Higher cutting forces
[140] %) with TiC- (45 HRC) were observed in
2 Uncoated based binder. c- coated Pc-BN insert
BN grain size = Turning: (10 % higher) than the
0.5-2 um. Vo= 250-350 uncoated one.
f=0.1-0.2
3,=0.3 -Tool life was 20 %
longer for the coated
With coolant.

system  than the
uncoated one in v, =
250 m/min. However,

it was decreased by
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250 % when v¢ = 350

m/min.

-Tool life was found to
be highly sensitive to
V¢, due to coating has a
cutting-speed limited
effect (because at
higher temperatures it

is rapidly oxidized).

S.A.Khanetal. 1. TiAIN/TIN -Low c-BN (50 Inconel 718 -Flank wear was found
[141] (1.5/0.5 um) %) with TiC (46 HRC) to be the dominant
binder. c-BN type of wear, because
2 Uncoated grain size = 2 Turning: of abrasion. However,
pm. Vo= 150-450 grooving and BUE were
f=0.05-0.2 also present at low v..
At high values of v.
With coolant. (450 m/min), fracture,
chipping and thermal
cracks  were also
observed.

-The use of coatings
didn’t provide any
significant benefit in

terms of tool life.
R. M’Saoubi et 1. TiN (2 um) -Low c¢c-BN (50 Crsteel (58-62 -Less flank and crater

al. [68]

2. TiSiN (2 um)

3. TIAIN (2 pm)

%) with TiCN
binder. c-BN
grain size = 2

um.

HRC)

Turning:
ve=200
f=0.15
a,=0.25

wear were observed in

the uncoated insert.

-The coated systems
may be classified in

terms of flank and
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Wear and fracture mechanisms of coated Pc-BN inserts

4. AICrN (2 um)

TiSiN

(owing to its brittle

crater wear:

fracture and surface

5. Uncoated crackings) > TiAIN > TiN
> AICrN (due to its high
hot hardness and

All PVD coated
oxidation resistance).

S. Asaithambi 1.TiN (4 um) Not specified. CFRP -The coated insert
and S. Gowri showed less surface
[149] PVD coated Turning: roughness, cutting
Vo= 100-200 temperatures,  wear
) Uncosted f2005-0.15 rate and higher
2,=0.25-1.25 performance than the
uncoated one.
E. Uhlmann et 1.TiAIN -Medium c-BN Hot worked  -Nanocomposite
al. [75] content (55 %) tool steel coated systems
2. ne-AITIN/a-SisNa with TiN binder. showed higher
. performance and
Turning:
e A5 Vo= 160 lower crater depth
- Nc- -l13Ng ;
£20.08 than TiAIN coated
2,203 PcBN tools.
All PVD coated
Dry - nc-AlCrN/a-SizNg
conditions. were observed to have

higher adhesion than

the other coatings,
together with high
abrasion  resistance,

hardness and thermal
stability.

-Low c-BN
content (50 %)

S. Sveen et al.
[150]

1. TIAIN/TiSiN (PVD

coated)

Cr steel (58-64
HRC)

-Crater and flank wear

were observed. Also,
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with TiCN micro-edge  chipping
2. Uncoated binder. Turning: was observed.
Vp= 0.3
-Medium c-BN -Coating with spalling
content (60 %) tendency because of
with TiCN poor adhesion.
binder.
-Higher content of
TiCN in binder led to
smooth polished
morphologies.
S. Sveen et al. 1. TiIAIN (5 um) -PM HSS. Scratch test: -Adhesion of TiAIN
[133] PVD coated coating increases in
10 mm; 10 . .
_Cemented /i the following order:
. Pc-BN — HSS -
carbide. _
Hardness test: Cemented carbide.
High BN 5 100 or 100- . .
-Major adhesive
content (90 %) 200 N
with AIN binder. fracture is observed in
c-BN grain size = Pc-BN.
22 um.
M. A. Shalaby 1.TiN (2 um) 1. Medium c-BN  Cold-worked
etal. [151] content (60 %) tool steel (52
PVD coated with TiN binder. HRC)
¢-BN grain size =
3 um. ——
2. Uncoated Turning:
v.=100-170
2.1. Medium c- ap<4
BN content (57 wv,<0.2
%) with TiN
binder.
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Wear and fracture mechanisms of coated Pc-BN inserts

2.2. Mixed
alumina ceramic
(Al,03+ TiC).
J.Kundraketal. 1.TiN -Low and Cr steel (62 -Higher tool wear
[152] medium  c-BN HRC) when v.is increased.
content (50-70
%) with ceramic Turning:
binder. Vo= 60-210
f=0.12
ap,=0.1
t. Slusarczyk 1.TiN (PVD coated) -Medium c-BN Cr steel (55 -The cutting
and G content (60 %) HRC) parameters that were
?I;%Z]Iklew 2 Uncoated with TiCN found to be highly
binder. c-BN Turning: influent in surface
grain size = 1-3 roughness were the
pm. vc=150, 100 insert material and aj.
f=0.2,0.1
-High c-BN =103 -Uncoated  systems
content  with Dry generated
metallic binder. conditions. unacceptable form of
chips.
M. J. Njuguna 1. TiAIN/TiCN (2 -Low c-BN Al 2124 SiC -Abrasion, adhesion,
and D. Gao um) content (40-45 (PMMC) flank wear, chipping
[143] %). and fracture were
2. Uncoated Turning: observed.
-High c-BN
content (90 %) ve=40-100 -PCD machined
with  Co-W-Al f=8.3 m/min workmaterial showed
binider. 3,=0.1-03 better surface finish
Dry than when machined
_PCD. conditions. with Pc-BN. However,

coated Pc-BN systems
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surface
the

gave Dbetter
finish

uncoated ones.

than

S. Girishankar
M.

and
Omkumar
[119]

1.TiN

2. Uncoated

c-BN
content (50 %)
with TiN binder.

-Low

High speed
tool steel (62-
64 HRC)

Turning: 1); 2)

-TiIN broke free in
coating system,
leading to higher tool
life due to lower c-BN

exposure.

ve=150-250; -Pc-BN coated system
80-120 produced better
f=0.05-03; surface finish and was
0.1-0.2 capable to produce
3,=0.1 300 % more number
parts than the
uncoated system,
being more  cost
effective, by 400 %.
Y. Matsuda et 1.TiCN (1.5 um) 1. Medium c¢-BN Hardened -Interrupted  cutting:
al. [153] content (55 %) steel tool life values were
2. TIAIN/TICN (2 with TiCN twice as large in TiCN
binder. c-BN . coated systems than in
pum) Turning:
grain size = 2 TiN coated inserts,
pm. ve=130 owing to less notch
3.TIAIN (2 um) f=0.11 wear and  better
2. low cBN a,= 0.6 surface roughness
0,
All PVD coated content (40 %) were observed in TiCN
with TiN binder. .
b coated inserts.
. insize= PrYy
c-BN grain size . However, TiAIN coated
1pum conditions. ]
) inserts offered the
3. Medium c-BN " . longest tool life, due to
nterrupte e hi
content (70 %) 5 its high toughness and
an

with TiN binder.
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Wear and fracture mechanisms of coated Pc-BN inserts

c-BN grain size = continuous excellent coating
5um. operations. peeling resistance.
-Continuous
operations: less notch
wear and  better
surface roughness
were observed than in
interrupted
operations,  because
coating was
maintained, and it
worked to supress
notch wear.
A. Zawada and 1.TiN (PVD coated) -Medium c¢-BN  Crsteel (58  -Hard turning with Pc-
B. Storch [122] content with TiN HRC) BN was observed to
2 Uncoated binder. give very smooth and
Turning: uniform surface.
-Medium c¢-BN
content (57 %) Ve=165 -Crater and flank wear
with Tien ~01° were observed. Edge
binder. BN T 0.2 strength and reliability
grain size =0.5-2 was preserved during
pm. the test.
S. L. Soo et al. 1.TiSiN (1.5 um) 1/2/3/4. Inconel 718  -Life advantage of 40 %
[136] Medium  c¢-BN (44 HRC) was observed in TiSiN
2. TiSIN/TIAIN (2 content (65 %) coated inserts over the
um) with TiC binder Turning: uncoated ones. The
(with SiC other coatings
whiskers ve=200-450 presented poor
3. AICrN multilayer reinforcement). f=0.15 coating integrity.
(2.25 um) 2,=0.2
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With coolant.
4. CrAIN multilayer 5. Low c-BN -No  benefit  was
(5.5 um) content (50 %) observed, except at v.>
with TiC binder. 300 m/min. At 200
All PVD coated m/min notch wear was
observed and when v,
was increased crater
5. Uncoated wear was the
dominant wear
mechanism.
S. Kumar et al. 1.TiN (6 um) -Medium c-BN Cr-Mo-Nisteel -Coated systems gave
[118] content (65 %) (40-60 HRC)  better surface quality
. . DT
5> Uncoated with ceramic (10-15 % better). Less
binder. . surface roughness
Turning:
when f is decreased.
ve=75-150
f=0.1-0.2
a,=0.2

S. A. Klimenko 1.0-BN(6um)PVD Not specified. Crsteel (50-60 -The coating reduced
etal. [137] coated HRC) the contact between
the tool and the
2. Uncoated Turning workpiece. Thus, it
acted as a solid
lubricant, reducing
coefficient of friction
and the generated
temperatures and as a
result, it reduced tool
wear and increased

tool life.
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Wear and fracture mechanisms of coated Pc-BN inserts

T.WadaandH. 1. TiAIN (PVD -Low c-BN  Cold-worked -The coated system
Haynu [131] coated) content (45 %) toolsteel (60 had smaller contact
with TiCN-Al HRC) area than the
2 Uncoated binder. c-BN uncoated one at the
grain size = 5 Turning: rake face-chip
pm. interface, which
v.=180-300 resulted in less tool
‘Medium  c-BN f=0.3 wear (even at high v¢).
content (65 %) 3=0.1
with TiN-Al Dry -Less tool wear was
binder. c-BN conditions. observed when TiCN-
grain size = 3 Al binder was used
pm. instead of  TiN-Al
binder.
-Medium c¢-BN
content (75 %)
with TiN-Al
binder. c-BN
grain size = 5
pm.
K. B. Rathod 1.TiN -Low ¢-BN  Hotworked  -vcwas found to be the
and D. l. content (50 %) toolsteel (60 dominant factor in
Lalwani [117] with ceramic HRC) flank wear.
binder.
Turning: -Best surface
roughness  obtained
Ve= 140-220 with the increasement
f=0.06-0.18 of v. and the
3=0.15 decreasement of f and
workpiece’s hardness.
Dry
conditions.
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M. Junaid Mir 1.TiN 1. Pc-BN with  Cold-worked -Pc-BN coated inserts
and M. F. Wani TiN binder. tool steel (45 showed higher wear
[103] 2 Uncoated HRC) resistance for all v,

5 Mixed and as a result higher

. . . tool life and better
alumina ceramic Turning:

(A|203+ TiC)

3. TiC/TiCN/AI,03 surface roughness

ve=110-190 than the others. Less
f=0.05 flank wear was also

3. Cemented a,=0.1 observed (owing to its

carbide ability to retain its hot

hardness and its higher
Dry

conditions. thermal conductivity).
-At low v, abrasion,
adhesion and crater
wear were observed in
coated Pc-BN tools. In
mixed alumina ceramic
tools abrasion and
adhesion were
observed, while in
cemented carbide
abrasion, adhesion,
chipping, and failure

were observed.

-No premature failure
by chipping was

observed.

E. Uhlmann et 1. nc-AlTiN/a- -Low c-BN Cr steel (62 -Coatings gave life
al. [138] Si3sN4/TiN (1.9 um)  content (50 %). HRC) advantage of 38% and
a thermal insulator

Turning: effect.
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Wear and fracture mechanisms of coated Pc-BN inserts

2. nc-AlTiN/a- vc=100 f -Bests results obtained
SisNa/TiN/TiAIN =0.08 with coatings 2 and 3,
(1.6 um) 3,=0.25 due to their high
hardness and abrasive
3. o resistance. Together,
AITiCr/CrN/AICIN with coating 5, were
(1.5 um) the coatings which
showed the highest
tool life.
4, AITiN-
ML/AICFN/TiN (1.8
um)
5. TiSiN/TiN/ nc-
AITiN/a-SisNs (1.5
um)
6.
AICrON/CrN/AICrN
(1.7 pm)
7. Uncoated
B. Ozlu et al. 1.TiAIN -Low c-BN Cr steel -Higher cutting forces
[154] content (50 %) and surface roughness
2 Uncoated with ceramic Turning: were observed in the
binder. coated insert. The
surface roughness
Ve=120-240  optained with TIAIN
f=0.04

coated Pc-BN was 130
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3,=0.6 % higher than in the
uncoated Pc-BN.
Dry

conditions.
J. Diaz-Alvarez 1. TiAIN/TiN 1. Tungsten  Inconel 718  -Wear observed in
etal. [102] carbide. (45 HRC) carbide: chippinig,
2. TIAIN (6 pm) notch and flank wear
2. Medium ¢-BN 1. Turning: and _ BUE. Wear
3TN (2 m) (65 %) in WG, ) evolution | led to
Co, CrCbinder. V= 50-70 catastrophic breakage
f=0.1-0.15 by  chipping. An
4. Uncoated (x2) a,=0.25 increasement in vcor f

3. Low c¢-BN (50
%) in TiCN
binder.

4. Medium c-BN
(60 %) in TIiCN
SiC  reinforced
binder.

4. Medium c-BN
(65 %) in TIiCN
SiC  reinforced
binder.

2/3/4.Turning:

Ve=250-300
f=0.1-0.15
a,=0.15

In all cases in

dry conditions.

decreased tool life and

surface quality.

-Wear observed in Pc-
BN systems: chipping,
notch and flank wear
and BUE. Flank wear
was dominant in the
final stages and crater
was observed after the
first 5 minutes. An
increasement in v

decreased tool life.

-Less and

chipping

notch wear were
observed with the
decreasement of c-BN
content (owing to
toughness is
increased). Thus, tool

life was longer.
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Wear and fracture mechanisms of coated Pc-BN inserts

V. Criado et al. 1. TiAIN/TiN
[100]

2. TiN (2 um)

All PVD coated

1. Cemented

carbide.

2. Llow

c-BN

content (50 %)
with TiN binder.

Inconel 718

(45 HRC)

1. Turning:

v.=50-70
f=0.1-0.15
ap=0.25

2.Turning:

vc=250-300

f=0.1-0.15
ap,=0.15

In all cases in

-Less tool life was
observed for Pc-BN
tools. However, the
used v, was up to 4-6
times higher than the

used for cemented

carbide.
-Higher machined
surface/edge was

obtained when f was

increased.

-Best combination of

machining parameters

coolant was when f was
conditions. increased and v
decreased.
J. L. Cantero et 1. TiAIN/TiN 1. Tungsten Inconel 718 -With an increasement
al. [101] carbide. (45 HRC) of a, lower tool life was
2. TIAIN (6 um) observed (less effect
2. Medium c-BN 1. Turning: was observed with ).
o
3. TiN (2 um) (65 %) in WC, V= 35.50
Co, CrC binder. ¢ -Most frequent wear in
f=0.1-0.15 Pc-BN tools was notch
All PVD coated 3. Low BN (50 ap=0.25-0.5 wear and chipping.
%) in  TICN 2341 Adhesion and crater
4. Uncoated (x2) binder. Turning: wear were also
present. Together with
NTK JP2, they were not
3. NTKJP2. ve=300 f industrially viable.
=0.15
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ap=0.15-0.15
4. Medium c-BN -Although carbides
(60 %) in TIiCN operated in lower v, f
SiC  reinforced 4.2 Turning: and ap, their industrial
binder. Vo= 200-300 viability was
F205 confirmed.
4. Medium c-BN  a,=0.15-0.5
(65 %) in TIiCN -All  were negatively
SiC  reinforced affected  with the
binder. In all cases in increasement of v..
dry conditions.
M. Mandu et 1.TiN(PVDcoated) -Low c-BN  Cold-worked -Abrasion and
al. [76] content (50 %) toolsteel (59 adhesion were the
with  TiN+Al,Os3 HRC) dominant wear
binder. mechanisms.
Turning:
-Lower tool wear was
Ve= 160-340 obtained when f or v,
f=005025  ore decreased or
3,=0.5 when MQL conditions
Dry and MQL were applied.
conditions.
E. Kaya and I. 1. TiAIN (PVD 1. High c¢-BN NiTi -PCD outperformed Pc-
Kaya [134] coated) content (90 %) BN at any v..
with WC, Co, CrC Turning:
2. Uncoated binder. C-BN -Longest tool life was
grain size = 1-2  v.=70-250 obtained at v.= 130.
pm. f=0.05
a,=0.2
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Wear and fracture mechanisms of coated Pc-BN inserts

2. PCD.

-Flank, notch, nose,
crater and chipping

wear were observed.

-Wear mechanisms are
V¢ sensitive. At higher
Ve, higher
temperatures  were
generated, which led
to higher diffusion,
chemical and oxidation

wear.

O

UNIVERSITAT POLITECNICA DE CATALUNYA
BARCELONATECH

Escola d'Enginyeria de Barcelona Est

109



