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Da Silva, R.B. Performance of Different Cutting Tool Materials in Finish Turning of Ti-6Al-4V Alloy
with High Pressure Coolant Supply Technology, 2006, 299 f. Ph.D. Thesis, Universidade Federal de
Uberlandia, Uberlandia.

ABSTRACT

This study investigated the machinability of Ti-6Al-4V alloy with newly developed cutting tools such
as uncoated (T1 and T3) and coated (T2 and T4) cemented carbides, Polycrystalline Diamond (PCD) —
T5 and T6 inserts, Cubic Boron Nitride (CBN) — T7,T8,T9 inserts, SiC Whiskers Reinforced Ceramic
(T10) insert, and Al,O3z base (T11) and Si3sN, base nano-grain size ceramic (T12) inserts using various
cooling environments such as high pressure coolant supplies at pressures of 7 MPa, 11 MPa and
20.3 MPa, argon enriched environment and conventional coolant flow at high speed machining
conditions typical of finish turning operation. Tool life and failure modes, wear mechanisms,
component forces generated, surface integrity, surface finish and chip form data were used to assess
the performance of the different cutting tools and cooling environments investigated. PCD and carbide
inserts gave the best performance, in terms of tool life, when machining Ti-6Al-4V alloy. In general
coarser (T1 and T4) grain size carbides and PCD (T5) inserts gave the best overall performance in
terms of lower wear rate hence longer tool life compared to finer grain (T2,T3 and T6) grades.
Encouraging tool life can be achieved when machining with high pressure coolant supply relative to
conventional coolant flow and in the presence of argon. Tool lives generally increased with increasing
coolant pressure due to the ability of the high coolant pressure to reduce the tool-chip contact
length/area and to lift the chip, thereby providing adequate lubrication at the tool-chip interface with
consequent reduction in friction. Machining with T1, T4 and T10 inserts in presence of argon was only
able to prevent chip ignition with no improvement in tool life, due probably to the suppression of the
cooling and/or lubrication characteristics of argon gas when machining at cutting conditions
investigated. Up to 8 fold improvement in tool life were achieved when machining with PCD inserts
relative to carbide inserts under conventional coolant flow. All the grades of CBN inserts gave poor
performance during machining due to accelerated nose wear and, in some cases, severe chipping of the
cutting edge associated with a relatively high diffusion wear rate that tends to weaken the bond
strength of the tool substrate. An increase in the CBN content tends to accelerate notch wear rate,
consequently diminishing tool life under the cutting conditions investigated. Micron and nano-grain
size ceramics did not demonstrate satisfactory performance in terms of tool wear rate and tool life, due
to severe abrasive wear and chipping of the cutting edge, hence the poor machined surfaces generated.
Nose wear was the dominating tool failure mode when machining with carbide, PCD and CBN (T7)
inserts due to a reduction in tool-chip and tool-workpiece contact lengths and the consequent increase
in both normal and shear stresses and temperature at the tool tip, while severe notching and chipping
occurred when machining with CBN (T8 and T9) and micron grain size ceramics. Severe notching
also occurred when machining with nano-grain ceramic inserts, often leading to catastrophic tool
failure at speeds in excess of 110 m min™. Machining with PCD tools gave lower cutting forces than
carbides inserts. Surface roughness values generated with carbides, PCD and CBN inserts were
generally within the 1.6 um rejection criterion for finish machining and above 2 pm when machining
with all grades of ceramics employed. Micrographs of the machined surfaces show that micro-pits are
the main damage to the machined surfaces. Microhardness of the machined surfaces when machining
with carbides varied randomly around the hardness values of the workpiece material prior to
machining. Machining with PCD tools generally led to softening of machined surfaces. Increase in
cutting speed generally led to increased hardness when machining with the larger grain size PCD (T5)
tool using conventional coolant flow and with coolant pressures up to 11 MPa. No evidence of plastic
deformation was observed on the machined surfaces and the surface integrity of the finish machined
surfaces is generally in agreement with Rolls—Royce CME 5043 specification.

Keywords: Titanium alloy, High Coolant Pressure, Various cutting tools, Tool life, Surface integrity
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DA SILVA, R.B. Desempenho de diferentes Materiais de Ferramentas de Corte no Torneamento de Acabamento
da liga de titanio Ti-6Al-4V com a Tecnologia de Aplicagdo de Fluido de Corte & Alta Pressao, 2006, 299 f. Tese
de Doutorado, Universidade Federal de Uberlandia, Uberlandia.

RESUMO

Este estudo visa avaliar a usinabilidade da liga de titanio Ti-6Al-4V utilizando varias classes de diferentes
materiais de ferramentas de corte tais como metal duro sem revestimento (insertos T1 e T3) e com revestimento
(insertos T2 e T4), PCD - insertos: T5 e T6, CBN — insertos: T7,T8 e T9, ceramicas Whiskers (inserto T10), e
nano-ceramicas a base de alumina (inserto T11) e a base de nitreto de silicio (inserto T12) em diferentes
atmosferas de usinagem (fluido de corte aplicado a altas pressées (HPC) de 7 MPa; 11 MPa and 20,3 MPa,
argbnio e aplicacdo de fluido de corte convencional) e em elevadas condi¢Bes de corte tipicas de acabamento
(velocidade de corte de 100 m min™* a 500 m min™, com avanco de 0,15 mm volta™ e profundidade de corte
de 0,5 mm constantes). Foram monitorados a vida das ferramentas bem como os mecanismos e tipos de desgaste,
as forcas de usinagem, a integridade superficial, a rugosidade das superficies usinadas, a circularidade e 0s tipos
e classes de cavacos produzidos. Os resultados foram utilizados para avaliar a eficiéncia das diferentes
ferramentas de corte e atmosferas de usinagem empregadas na usinagem da liga Ti-6Al-4V. Os resultados
mostraram que as ferramentas de PCD e metal duro tiveram o melhor desempenho, em termos de vida de
ferramenta, que as demais ferramentas testadas. Em geral, as ferramentas com tamanho de grdos maior, metal
duro (T1 e T4) e PCD (T5), apresentaram o melhor desempenho, em termos baixa taxa de desgaste e,
consequentemente, vida mais longa, comparada com as ferramentas com tamanho de grdos menores (classes
T2,T3 e T6). A utilizacdo da técnica HPC mostrou ser eficiente na usinagem da liga Ti-6Al-4V, em termos de
aumento de vida da ferramenta e, consequentemente, de aumento de produtividade, em relacdo a técnica de
aplicacdo de fluido de corte convencional e com utilizacdo de argdnio nas condicdes investigadas. Em geral, a
vida das ferramentas aumentaram com o aumento da pressdo de aplicacdo de fluido de corte devido a sua
capacidade de reduzir a area de contato cavaco-ferramenta e de quebrar o cavaco mais eficientemente e,
portanto, propiciando uma melhor condicdo de lubrificagdo na interface cavaco-ferramenta com consequente
reducdo de atrito. A utilizacdo do argbnio na usinagem com as ferramentas T1, T4 e T10 nas condicdes
investigadas apenas evitou com que o centelhamento e ignicdo do titanio ocorresse, além de ndo propiciar
aumento de vida da ferramenta, provavelmente devido a supressdo das caracteristicas de refrigeracdo e
lubrificacdo que o argbnio tem. As ferramentas de PCD apresentaram uma vida cerca de 8 vezes maior que as
ferramentas de metal duro quando empregadas com aplicacdo de fluido de corte convencional. Todas as classes
de ferramentas de CBN, em geral, apresentaram baixo desempenho em termos de vida de ferramenta devido ao
acelerado desgaste na ponta da ferramenta e, em certos casos, lascamentos da aresta de corte que estdo
associados com a relativa alta taxa de difusdo que ocorre durante a usinagem com titanio, que tende a diminuir a
forcas de ligagBes entre os atomos do substrato. Todas as ferramentas de ceramicas testadas ndo demonstraram
desempenho satisfatério em termos de desgaste e de vida ferramenta durante a usinagem da liga Ti-6Al-4V por
causa da ocorréncia de desgaste abrasivo e de lascamento da aresta de corte, como também da producdo de
superficies usinadas com pobre acabamento superficial. O desgaste de ponta foi o tipo de desgaste predominante
durante a usinagem com as ferramentas de metal duro, PCD e CBN (T7) devido a reducdo da area de contato
cavaco-ferramenta e, consequentemente, ao aumento das tensdes atuantes e aumento da temperatura na ponta da
ferramenta. Ja o desgaste de entalhe e lascamento ocorreram durante a usinagem com as ferramentas de CBN
(T8 and T9) e com ceramicas convencionais. O desgaste de entalhe também ocorreu de forma mais acentuada
nas ferramentas de nano-ceramicas, o que levou a falha catastréfica de tais ferramentas quando empregadas em
velocidades de corte superiores a 110 m min™. A usinagem com ferramentas de PCD geraram baixas forcas de
corte em relagdo as ferramentas de metal duro. Os valores de rugosidade superficial produzidos com as
ferramentas de metal duro, PCD e CBN em geral ficaram abaixo do valor estipulado para critério de rejei¢do
para torneamento de acabamento de 1.6 um, enquanto que todas as ferramentas de ceramicas produziram valores
de rugosidade acima de 2 um. A andlise metalografica das superficies usinadas permitiu identificar pequenas
marcas que ndo comprometeram as superficies produzidas. A usinagem com ferramentas de metal duro produziu
valores de dureza que variam aleatoriamente dentro dos limites inferior e superior de dureza da peca medidos
antes da usinagem. Nenhuma evidéncia de deformacéo plastica nas superficies de titanio usinadas com todas as
ferramentas e condicdes testadas. Em geral, a integridade superficial das superficies usinadas atendem a norma
Rolls—-Royce CME 5043.

Palavras-chave: Liga de titanio, Fluido de corte a alta pressdo, Varias ferramentas de corte, Vida de ferramenta,
Integridade superficial.
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carbide tool showing remains of adherent metal layer (a) and enlarged view of the crater
wear showing smooth ridges with fine scoring in direction of chip flow (b) after
machining titanium base, Ti-5Al-4Mo-(2-2.5)Sn-(6-7)Si alloy (NABHANI, 2001b)
Figure 2.35 - Coating delamination of PVD coated (TiN) carbide tool, grinding marks
and adhered material observed after 10 s (a) and adhesion of work material onto the
flank face, plastic deformation and cracks at the cutting edge after 20 s; (b) after face
milling Ti-6Al-4V alloy at cutting speeds of 100 m min™ and 50 m min™ and feed rates
of 0.15 mm per tooth and 0.1 mm per tooth, respectively (JAWAID; SHARIF;
KOKSAL, 2000)

Figure 2.36 - The performance of various grades of PCD tools when milling ceramic
impregnated surface of a flooring board (HPL) (COOK; BOSSOM, 2000)

Figure 2.37 - Formation of strongly adherent layer on the rake face of a PCD tool after
machining titanium base, Ti-5Al-4Mo0-2Sn-6Si alloy under dry condition (NABHANI,
2001b)

Figure 2.38 - (a) Section through ‘quick-stop’ specimen showing part of CBN tool
adhering to underside of chip (100x), (b) close-up view of Fig. 2.38(a) (200x)
(NABHANI, 2001a)

Figure 2.39 - (a) A typical scanning electron micrographs of worn-out edges: (a) cutting
temperature of 734°C, (b) cutting temperature of 900°C (ZOYA; KRISHNAMURTHY,
2000)
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Figure 2.40 - Variation in uniform flank wear with cutting time for the turning of Ti-
6Al-4V (hardness, 36 HRC), showing reduced tool wear with the new geometry (cutting
speed, 122 m min™; feed rate, 0.23 mm rev™* unless otherwise indicated; depth of cut,
1.52 mm; tool SNG432 (SCEA, 15°): curve A, SIALON (Kyon 2000) with clearance
angles of 17° (localised wear, 0.889 mm; edge fracture; crater) and 5° (localized wear,
1.321 mm; fracture; crater); curve B, SIALON (Kyon 2000) with a clearance angle of 5°
and a feed rate of 0.127 mm rev’’; curves C and D, cemented carbide (Carboloy grade
999) with clearance angles of 5° and 17°, respectively (KOMANDURI; REED JR, 1983)
Figure 2.41 - TEM micrograph of HIPed (Hot Isostatic Pressing) nanophase SiC sample
with a density of 97% TD (Theoretical density) (VABEN; STOVER, 1999)

Figure 2.42 - Schematic illustration of the possible directions of application of cutting
fluids

Figure 2.43 - Schematic illustration of a tool holder used for machining with high
pressure coolant supply (SECO TOOLS, 2002b)

Figure 2.44 - Pressure distribution from the jet momentum action on the chip. (a)
Cutting in tube with single straight edge; (b) pressure distribution (2D) at longitudinal
turning (DAHLMAN, 2000).

Figure 2.45 - Schematic illustration of nozzle orientation for localized LN2 delivery
(HONG; DING; JEONG, 2001)

Figure 2.46 - A schematic representation of the cryogenic cooling concepts
(MAZURKIEWICZ; KUBALA; CHOW, 1989)

Figure 2.47 -The tool assembly, nozzles and LN2 flowing out of the nozzle
(MAZURKIEWICZ; KUBALA; CHOW, 1989)

Figure 2.48 - Ledge tool (after KOMANDURY; LEE, 1984))

Figure 2.49 - Schematic representation of principle of rotary cutting action (WANG;
EZUGWU; GUPTA, 1998)

Figure 2.50 - Schematic representation of a hot machining technique design (OZLER;
INAN; OZEL, 2001)

Figure 2.51 - Standard terminology and symbols of the elements of surface texture (uin)
(KALPAKJIAN; SCHMID, 2000)

Figure 2.52 - Schematic illustration of the determination of some amplitude parameters
of surface texture (SHOUCKRY ; 1982)

Figure 2.53 - Form tolerances for machined surfaces in turning operations: (a)
Roundness, (b) Cylindricity (DE GARMO; BLACK; KOHSER, 1999)

Figure 2.54 - Production and cost curves versus cutting speed (GORCZYCA, 1987)
Figure 3.1 - Colchester Electronic MASTIFF CNC lathe
Figure 3.2 - The high pressure pumping coolant system - Chipblaster (C\VV26-3000)

Figure 3.3 - Special tool holder and a cutting fluid jet-pressure of 7 MPa supply.

Figure 3.4 - Argon gas delivery system: (a) cylinder and (b) close-up view of the valve
and the hose.

Figure 3.5 - Cutting tools used in the machining trials: uncoated carbides: T1 (883
grade), T2 (890 grade), coated carbides T3 ( CP 200), T4 (CP 250 grade); PCD: T5 (20
grade with grain size of 10 um), T6 (20 grade with grain size < 10 um); CBN: T7 (10
grade), T8 (300 grade), T9 (300-P grade); silicon carbide (SiC,,) whisker reinforced
alumina ceramic inserts (WG300): T10 (rhomboid shaped) and T11 (square shaped);
nano-grain ceramic inserts: T12 (Al,O3 grade) and T13 (SizN4grade).
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Figure 3.6 - Tool holders used in the machining trials: (a) designation PCLNR2525-M12
used for carbide tools (T1,T2,T3,T4); (b) designation SCLCR2525-M12 used for PCD
tools (T5,T6); (c) designation DCLNR2525-M12 used for CBN and ceramic tools
(T7,T8, T9 and T10); (d) designation MSLNR-252512 used for square tools: micron-
grain and nano-grain size ceramics (T11,T12,T13).

Figure 3.7 - Mitutoyo tool maker’s microscope.

Figure 3.8 - (a) Kistler dynamometer for capturing forces generated during machining
and (b) Oscilloscope with charge amplifier.

Figure 3.9 - (a) Surtronic-10 portable stylus type used for surface roughness
measurement; (b) dial indicator Shockproof — BATY used for roundness measurement.
Figure 3.10 - (a) Hitachi (S530) Scanning Electron Microscope; (b) Nicon Metallurgical
Optical Microscope (OPTIPHOT-100) with computerised image system.

Figure 3.11 - (a) Buehler Automatic Mounting Press (Simplimet 2000); (b) Automatic
Grinding/Polishing Equipment (Metaserv 2000).

Figure 3.12 - Mitutoyo (MVK - VL) Vickers micro-hardness tester machine.

Figure 4.1 - Average flank wear of uncoated carbide (T1) insert at various cutting speeds
with conventional coolant supply during 15 minutes machining time (benchmark trials)
Figure 4.2 - Figure 4.2 - Tool life recorded when machining Ti-6Al-4V alloy with
different cemented carbide insert grades with conventional coolant flow (CCF), high
coolant pressures of 7 MPa, 11 MPa and 20.3 MPa and in argon enriched environment
at various speed conditions.

Figure 4.3 - Nose wear rate curves of different cemented carbide insert grades when
machining Ti-6Al-4V alloy with conventional coolant flow (CCF), high coolant
pressures of 7 MPa, 11 MPa and 20.3 MPa and in argon enriched environment, at a feed
rate of 0.15 mm rev'! and a depth of cut of 0.5 mm.

Figure 4.4 - Nose wear curves when finish machining with cemented carbide (T1 and
T4) inserts at a cutting speed of 110 m min™

Figure 4.5 - Nose wear curves when finish machining with cemented carbide (T2 and
T3) inserts at a cutting speed of 110 m min™.

Figure 4.6 - Worn T1 insert after machining Ti-6Al-4V alloy with conventional coolant
supply at a speed of (a) 100 m min*and (b) 130 m min™

Figure 4.7 - Wear generated at the cutting edge of uncoated carbide T1 insert after
machining Ti-6Al-4V alloy with a coolant pressure of 7MPa at a speed of 110 m min™
Figure 4.8 -Wear generated at the cutting edge of uncoated carbide T1 insert after
machining Ti-6Al-4V alloy with a coolant pressure of 11MPa at a speed of 120 m min™.
Figure 4.9 - Worn cutting edge of uncoated carbide T1 insert after machining Ti-6Al-4V
alloy with a coolant pressure of 20.3 MPa at a speed of 130 m min™.

Figure 4.10 - Worn cutting edge of uncoated carbide T1 insert after machining Ti-6Al-
4V alloy in argon enriched environment at a speed of 130 m min™.

Figure 4.11 - Flank and nose wears at the cutting edge of uncoated carbide T2 insert
grade after machining Ti-6Al-4V alloy with conventional coolant supply at a speed of
130 m min™, a feed rate of 0.15 mm rev'™* and a depth of cut of 0.5 mm.

Figure 4.12 - Wear generated at the cutting edge of uncoated carbide T2 insert after
machining Ti-6Al-4V alloy with a coolant pressure of 11 MPa at a speed of
(2) 110 m min™* and (b) 130 m min™*

Figure 4.13 - Wear generated at the cutting edge of uncoated carbide T2 insert after
machining Ti-6Al-4V alloy with a coolant pressure of 20.3 MPa at a speed of
130 m min™.
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Figure 4.14 - Worn cutting edge of T3 coated carbide insert when machining with
conventional coolant supply at a speed of (a) 110 m min-1 and (b) 130 m min™.

Figure 4.15 - Flank and nose wears a the cutting edge of T3 coated carbide insert after
machining Ti-6Al-4V alloy with a coolant pressure of 11 MPa at a speed of
110 m min™.

Figure 4.16 - Flank and nose wears at the cutting edge of T3 coated carbide insert after
machining Ti-6Al-4V alloy with a coolant pressure of 20.3 MPa at a speed of
(2) 110 m min™ and (b) 130 m min™.

Figure 4.17 - Worn cutting edge of T4 coated carbide insert after machining Ti-6Al-4V
alloy with conventional coolant supply at a speed of 130 m min™.

Figure 4.18 - Adhesion of work material on a worn T4 coated carbide insert after
machining Ti-6Al-4V alloy with a coolant pressure of 11 MPa at a speed of
110 m min™.

Figure 4.19 - Nose wear at the cutting edge of T4 coated carbide insert after machining
Ti-6Al-4V alloy with a coolant pressure of 20.3 MPa at a speed of (a) 110 m min™* and
(b) 120 m min™.

Figure 4.20 - Wear at the cutting edge of T4 coated carbide insert after machining Ti-
6Al-4V alloy in argon enriched environment at a speed of (a) 100 m min™ and
(b) 120 m min™.

Figure 4.21 - Cutting forces (Fc) recorded at the beginning of cut when machining Ti-
6Al-4V alloy with different cemented carbide grades with various cutting conditions.
Figure 4.22 - Feed forces (Fr) recorded at the beginning of cut when machining Ti-6Al-
4V alloy with different cemented carbide grades under various cutting conditions.

Figure 4.23 - Surface roughness values recorded at the beginning of cut when machining
Ti-6Al-4V alloy with different cemented carbide grades under various cutting
conditions.

Figure 4.24 - Roundness variation recorded at the end of cut when machining Ti-6Al-4V
alloy with different cemented carbide grades under various cutting conditions.

Figure 4.25 - Surfaces generated after machining with uncoated carbide T1 tool with
conventional coolant supply at cutting speeds of (a) 110 m min™ and (b) 130 m min™.
Figure 4.26 - Surfaces generated after machining with uncoated carbide T1 tool with a
coolant pressure of 7 MPa at cutting speeds of (a) 100 m min™ and (b) 130 m min™.
Figure 4.27 - Surfaces generated after machining with uncoated carbide T1 tool with a
coolant pressure of 11 MPa at cutting speeds of (a) 110 m min™ and (b) 120 m min™.
Figure 4.28 - Surfaces generated after machining with uncoated carbide T1 tool with a
coolant pressure of 20.3 MPa at cutting speeds of (a) 120 m min™* and (b) 130 m min™.
Figure 4.29 - Surfaces generated after machining with uncoated carbide T1 tool in an
argon enriched environment at cutting speeds of (a) 110 m min™ and (b) 120 m min™.
Figure 4.30 - Surfaces generated after machining with uncoated carbide T2 tool with
coolant pressures of (a) 11 MPa and (b) 20.3 MPa at a cutting speedsof (a) 110 m min™.
Figure 4.31 - Surfaces generated after machining with coated carbide T3 tool with
coolant pressures of (a) 11 MPa and (b) 20.3 MPa at a cutting speed of 110 m min™.
Figure 4.32 - Surfaces generated after machining with coated carbide T4 tool with (a)
conventional coolant supply, (b) in argon enriched environment, (c) coolant pressure of
11 MPa and (d) 20.3 MPa at a cutting speed of 120 m min™.

Figure 4.33 - Hardness variation after machining Ti-6Al-4V alloy with uncoated carbide
(T1) insert grade with conventional coolant supply.

Figure 4.34 - Hardness variation after machining Ti-6Al-4V alloy with uncoated carbide
(T1) insert grade with 7 MPa coolant pressure.
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Figure 4.35 - Hardness variation after machining Ti-6Al-4V alloy with uncoated carbide
(T1) insert grade with 11MPa coolant pressure.

Figure 4.36 - Hardness variation after machining Ti-6Al-4V alloy with uncoated carbide
(T1) insert grade with 20.3 MPa coolant pressure.

Figure 4.37 - Hardness variation after machining Ti-6Al-4V alloy with uncoated carbide
(T1) insert grade in argon-enriched environment.

Figure 4.38 - Hardness variation after machining Ti-6Al-4V alloy with uncoated carbide
(T2) insert grade with various cutting conditions.

Figure 4.39 - Hardness variation after machining Ti-6Al-4V alloy with coated carbide
(T3) insert grade with various cutting conditions.

Figure 4.40 - Hardness variation after machining Ti-6Al-4V alloy with coated carbide
(T4) insert grade with conventional coolant.

Figure 4.41 - Hardness variation after machining Ti-6Al-4V alloy with coated carbide
(T4) insert grade with 11MPa coolant pressure.

Figure 4.42 - Hardness variation after machining Ti-6Al-4V alloy with coated carbide
(T4) insert grade with 20.3 MPa coolant pressure.

Figure 4.43 - Microstructure of Ti-6Al-4V alloy after machining with uncoated carbide
T1 inserts with conventional coolant supply at cutting speeds of (a) 110 m min™ and
(b) 130 m min™.

Figure 4.44 - Microstructure of Ti-6Al-4V alloy after machining with uncoated carbide
T1 inserts with a coolant pressure of 7 MPa at cutting speeds of (a) 100 m min™ and
(b) 120 m min™.

Figure 4.45 - Microstructure of Ti-6Al-4V alloy after machining with uncoated carbide
T1 inserts with a coolant pressure of 11 MPa at cutting speeds of (a) 110 m min™ and (b)
120 m min™.

Figure 4.46 - Microstructure of Ti-6Al-4V alloy after machining with uncoated carbide
T1 insert with a coolant pressure of 20.3 MPa at cutting speeds of (a) 120 m min™ and
(b) 130 m min™.

Figure 4.47 - Microstructure of Ti-6Al-4V alloy after machining with uncoated carbide
T1 inserts in an argon enriched environment at cutting speeds of (a) 110 m min™ and
(b) 120 m min™.

Figure 4.48 - Microstructure of Ti-6Al-4V alloy after machining with uncoated carbide T2 inserts with
conventional coolant supply at a cutting speed of (a) 110 m min™ and (b) 130 m min™.

Figure 4.49 - Microstructure of Ti-6Al-4V alloy after machining with uncoated carbide
T2 inserts with a coolant pressure of 11 MPa at cutting speeds of (a) 110 m min™ and
(b) 130 m min™.

Figure 4.50 - Microstructure of Ti-6Al-4V alloy after machining with uncoated carbide
T2 tools with a coolant pressure of 20.3 MPa at cutting speeds of (a) 110 m min™ and
(b) 130 m min™.

Figure 4.51 - Microstructure of Ti-6Al-4V alloy after machining with coated carbide T3 inserts with
conventional coolant supply at a cutting speed of (a) 110 m min™ and (b) 130 m min™.

Figure 4.52 - Microstructure of Ti-6Al-4V alloy after machining with coated carbide T3
tools with a coolant pressure of 11 MPa at cutting speeds of (a) 110 m min™ and
(b) 130 m min™.
Figure 4.53 - Microstructure of Ti-6Al-4V alloy after machining with coated carbide T3
tools with a coolant pressure of 20.3 MPa at cutting speeds of (a) 110 m min™ and
(b) 130 m min™.
Figure 4.54 - Microstructure of Ti-6Al-4V alloy after machining with coated carbide T4
tools with conventional coolant supply at cutting speeds of (a) 100 m min” and
(b) 120 m min™.
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Figure 4.55 - Microstructure of Ti-6Al-4V alloy after machining with coated carbide T4
tools with a coolant pressure of 11 MPa at cutting speeds of (a) 120 m min™ and
(b) 130 m min™.

Figure 4.56 - Microstructure of Ti-6Al-4V alloy after machining with coated carbide T4
tools with a coolant pressure of 20.3 MPa at cutting speeds of (a) 110 m min™ and
(b) 130 m min™.

Figure 4.57 - Microstructure of Ti-6Al-4V alloy after machining with coated carbide T4
tools in an argon enriched environment at cutting speeds of (a) 120 m min™ and
(b) 130 m min™.

Figure 4.58 - Chips generated when machining Ti-6Al-4V alloy with different carbide
tool grades under various cutting conditions: (a) continuous tubular chip; (b), (f), (h) and
(k) continuous and snarled chips, (c), (g) and (i) partially segmented chips, (d), (e) and
(I) segmented C-shaped chips.

Figure 4.59 - Tool life recorded when machining Ti-6Al-4V alloy with PCD-STD (T5)
and PCD MM (T6) tool grades with conventional coolant flow (CCF) and high coolant
pressures of 7 MPa, 11 MPa and 20.3 MPa at various cutting speed conditions.

Figure 4.60 - Nose wear rate when machining Ti-6Al-4V alloy with PCD inserts with
conventional coolant flow and high coolant pressures of 7 MPa, 11 MPa and 20.3 MPa
at various cutting speed conditions.

Figure 4.61 - Nose wear when finish machining with PCD-STD (T5) and PCD-MM
insert grades (T6) at a cutting speed of 175 m min™.

Figure 4.62 - Wear observed on T5 insert after machining Ti-6Al-4V alloy with
conventional coolant supply at a speed of (a) 140 m min™ and (b) 200 m min™.

Figure 4.63 - Worn T5 insert after machining Ti-6Al-4V alloy with a 7MPa coolant
pressure and at a speed of (a) 175 m min™* and (b) 230 m min™.

Figure 4.64 - Worn T5 insert after machining Ti-6Al-4V alloy with 11 MPa coolant
pressure at a speed of (a) 175 m min™ and (b) 230 m min™.

Figure 4.65 - Wear observed on a T5 insert after machining Ti-6Al-4V alloy with 20.3
MPa coolant pressure at a speed of (a) 200 m min™ and (b) 250 m min™.

Figure 4.66 - Wear observed on a T6 insert after machining Ti-6Al-4V alloy with
conventional coolant supply at a speed of 175 m min™.

Figure 4.67 - Worn T6 insert after machining Ti-6Al-4V alloy with 11MPa coolant
pressure at a speed of (a) 175 m min™ and (b) 230 m min™.

Figure 4.68 - Worn T6 insert after machining Ti-6Al-4V alloy with 20.3 MPa coolant
pressure at a speed of (a) 175 m min™ and (b) 230 m min™.

Figure 4.69 - Cutting forces (Fc) recorded at the beginning of cut when machining Ti-
6Al-4V alloy with PCD-STD (T5) and PCD-MM insert grades (T6) at various cutting
conditions.

Figure 4.70 - Feed forces (Ff) recorded at the beginning of cut when machining Ti-6Al-
4V alloy with PCD-STD (T5) and PCD-MM insert grades (T6) at various cutting
conditions.

Figure 4.71 - Surface roughness values recorded at the beginning of cut when machining
Ti-6Al-4V alloy with T5 and T6 inserts at various cutting conditions.

Figure 4.72 - Roundness values recorded at the end of cut after machining Ti-6Al-4V
alloy with T5 and T6 insert grades at various cutting conditions.

Figure 4.73 - Surfaces generated after machining with PCD (T5) inserts with
conventional coolant supply at a cutting speed of (a) 175 m min™ and (b) 200 m min™.
Figure 4.74 - Surfaces generated after machining with PCD (T5) inserts with a coolant
pressure of 7 MPa at a cutting speed of (a) 175 m min™ and (b) 200 m min™.
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Figure 4.75 - Surfaces generated after machining with PCD (T5) inserts with a coolant
pressure of 11 MPa at a cutting speed of (a) 200 m min™ and (b) 250 m min™.

Figure 4.76 - Surfaces generated after machining with PCD (T5) inserts with a coolant
pressure of 20.3 MPa at a cutting speed of (a) 175 m min™ and (b) 200 m min™.

Figure 4.77 - Surfaces generated after machining with PCD (T6) inserts with
conventional coolant supply at a cutting speed of (a) 175 m min™ and (b) 200 m min™.
Figure 4.78 - Surfaces generated after machining with PCD (T6) inserts with a coolant
pressure of 11 MPa at a cutting speed of (a) 175 m min-1 and (b) 230 m min-1.

Figure 4.79 - Surfaces generated after machining with PCD (T6) inserts with a coolant
pressure of 20.3 MPa at a cutting speed of (a) 175 m min™ and (b) 200 m min™.

Figure 4.80 - Hardness variation after machining Ti-6Al-4V alloy with PCD (T5) insert
with conventional coolant supply.

Figure 4.81 - Hardness variation after machining Ti-6Al-4V alloy with PCD (T5) insert
with 7 MPa coolant pressure supply.

Figure 4.82 - Hardness variation after machining Ti-6Al-4V alloy with PCD (T5) insert
with 11 MPa coolant pressure supply.

Figure 4.83 - Hardness variation after machining Ti-6Al-4V alloy with PCD (T5) insert
with 20.3 MPa coolant pressure supply.

Figure 4.84 - Hardness variation after machining Ti-6Al-4V alloy with PCD (T6) insert
with conventional coolant supply.

Figure 4.85 - Hardness variation after machining Ti-6Al-4V alloy with PCD (T6) insert
with 11 MPa coolant pressure supply.

Figure 4.86 - Hardness variation after machining Ti-6Al-4V alloy with PCD (T6) insert
with 20.3 MPa coolant pressure supply.

Figure 4.87 - Microstructure of Ti-6Al-4V alloy after machining with PCD (T5) insert
with conventional coolant supply at a cutting speed of (a) 140 m min™® and
(b) 230 m min™.

Figure 4.88 - Microstructure of Ti-6Al-4V alloy after machining with PCD (T5) insert
with a coolant pressure of 7 MPa at a cutting speed of (a) 175 m min™ and
(b) 250 m min™.

Figure 4.89 - Microstructure of Ti-6Al-4V alloy after machining with PCD (T5) insert
with a coolant pressure of 11 MPa at a cutting speed of (a) 175 m min™ and
(b) 230 m min™.

Figure 4.90 - Microstructure of Ti-6Al-4V alloy after machining with PCD (T5) insert
with a coolant pressure of 20.3 MPa at a cutting speed of (a) 200 m min” and
(b) 230 m min™.

Figure 4.91 - Microstructure of Ti-6Al-4V alloy after machining with PCD (T6) insert
with conventional coolant supply at a cutting speed of (a) 140 m min™ and
(b) 200 m min™.

Figure 4.92 - Microstructure of Ti-6Al-4V alloy after machining with PCD (T6) insert
with a coolant pressure of 11 MPa at a cutting speed of (a) 175 m min™ and
(b) 230 m min™.

Figure 4.93 - Microstructure of Ti-6Al-4V alloy after machining with PCD (T6) insert
with a coolant pressure of 20.3 MPa at a cutting speed of (a) 175 m min” and
(b) 230 m min™.

Figure 4.94 - Chips generated when machining Ti-6Al-4V alloy with different grades of
PCD under various cutting conditions: (a): snarled chip; (e): long continuous chip, (b),
(©), (d), (f) and (g): segmented C-shaped chips.

Figure 4.95 - Tool life recorded when machining Ti-6Al-4V alloy with different CBN

XXi

195

196

196

196

197

197

198

198

199

199

200

200

201

201

202

202

202

203

203

204

205



tools (T6, T7 and T8) grades with conventional coolant flow (CCF), high coolant
pressures of 11 MPa and 20.3 MPa at various cutting speed conditions.

Figure 4.96 - Wear rate curves of different CBN tools when machining Ti-6Al-4V alloy
with conventional coolant flow and high pressures coolant supplies at various speed
conditions.

Figure 4.97 - Worn CBN 10 (T7) inserts after machining Ti-6Al-4V alloy using
conventional coolant supply at a speed of (a) 150 m min™ and (b) 200 m min™.

Figure 4.98 - Worn CBN 10 (T7) inserts after machining Ti-6Al-4V alloy with 11 MPa
coolant pressure at a speed of (a) 150 m min™ and (b) 250 m min™.

Figure 4.99 - Worn CBN 10 (T7) inserts after machining Ti-6Al-4V alloy with 20.3
MPa coolant pressure at a speed of (a) 150 m min™ and (b) 250 m min™.

Figure 4.100 - Worn CBN 300 (T8) inserts after machining Ti-6Al-4V alloy using
conventional coolant supply at a speed of 150 m min™.

Figure 4.101 - (a) Worn CBN 300 (T8) insert after machining Ti-6Al-4V alloy with 11
MPa coolant pressure at a speed of 150 m min™ and (b) enlarged section of worn
surface.

Figure 4.102 - Worn CBN 300 (T8) inserts machining Ti-6Al-4V alloy with 20.3 MPa
coolant pressure at a speed of (a) 200 m min* and (b) 250 m min™.

Figure 4.103 - Worn CBN 300-P (T9) inserts after machining Ti-6Al-4V alloy with
conventional coolant supply at a speed of (a) 150 m min™ and (b) with 11 MPa coolant
pressure at a speed of 250 m min™.

Figure 4.104 - Worn CBN 300-P (T9) inserts after machining Ti-6Al-4V alloy with
20.3 MPa coolant pressure at a speed of (a) 150 m min™and (b) 200 m min™.

Figure 4.105 - Cutting forces (Fc) recorded at the beginning of cut when machining Ti-
6Al-4V alloy with different CBN inserts at various cutting conditions.

Figure 4.106 - Feed forces (Ff) recorded at the beginning of cut when machining Ti-6Al-
4V alloy with different CBN inserts at various cutting conditions.

Figure 4.107 - Surface roughness values recorded at the beginning of cut when
machining Ti-6Al-4V alloy with CBN inserts at various cutting conditions.

Figure 4.108 - Roundness variation recorded at end of cut when machining Ti-6Al-4V
alloy with CBN inserts using conventional coolant flow and high coolant supply
pressures at a speed of 150 m min™.

Figure 4.109 - Hardness variation after machining Ti-6Al-4V alloy with CBN 10 (T7)
tools with conventional coolant flow and high coolant supply pressures at a speed of
150 m min™.

Figure 4.110 - Hardness variation after machining Ti-6Al-4V alloy with CBN 300 (T8)
tools with conventional coolant flow and high coolant supply pressures at a speed of
150 m min™.

Figure 4.111 - Hardness variation after machining Ti-6Al-4V alloy with CBN 300-P
(T9) tools with conventional coolant flow and high coolant supply pressures at a speed
of 150 m min™.
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Figure 4.130 - Surface roughness values at the beginning of cut when machining Ti-6Al-
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CHAPTER I

INTRODUCTION

The machinability of titanium alloys is generally considered to be poor due to their
inherent properties such as chemical reactivity, consequently their tendency to weld onto the
cutting tool during machining leading to excessive chipping and/or premature tool failure. The
low thermal conductivity of titanium alloys increases temperature generated at the tool-
workpiece interface, adversely affecting tool life. They also exhibit tendency to form localised
shears bands (ASPINWALL et al., 2003) and work-harden during machining. Additionally,
their high strength maintained at elevated temperature and their low modulus of elasticity
further impair their machinability. These pose considerable problems in manufacturing hence
titanium-alloys have poor machinability (MILLER (1996), EZUGWU; WANG (1997),
VIGNEAU (1997), GATTO; IULIANO (1997)). The poor machinability of titanium alloys
have prompted many large companies (e.g. Rolls-Royce and General Electrics) to invest large
sums of money in developing techniques to minimise machining and overall processing costs
(EZUGWU; WANG, 1997). The best tool material is one that will maximise the efficiency
and ensure accuracy at the lowest cost, in other words, one that will satisfy the requirements
of a specific workpiece material (OKEKE, 1999). A cutting tool must possess high resistance
to abrasion in order to withstand changes in dimensions by rubbing action; hot-hardness to
maintain a sharp and consistent cutting edge when machining at elevated temperature
conditions; chemical stability (lack of affinity between the tool and workpiece) in order to
avoid the formation of a built-up edge; high resistance to thermal shock in order to withstand
continuous heating and cooling cycles (typical in milling operation) and high toughness which
allows the insert to absorb the forces and shock loads during machining. If a machine tool is

not sufficiently tough, then induced shock load alone can cause the edge to chatter.



Despite the developments in cutting tool materials for the machining of difficult-to-
machine materials at higher metal removal rates, they tend to be ineffective in machining
titanium-alloys because of their high chemical affinity. Also, recent developments in coating
technology seem to demonstrate only marginal improvement when machining titanium-alloys,
despite additional cost of the coated inserts. Ceramics and Cubic Boron Nitride
(CBN)/Polycrystalline Cubic Boron Nitride (PCBN) tools are not usually recommended for
machining titanium-alloys because of their poor performance due to excessive wear rates as a
result of the high reactivity of titanium-alloys to the tool materials in addition to their
relatively high cost (HONG; MARKUS; JEONG, 2001). Cutting tools used for machining
titanium alloys generally exhibit accelerated wear as a result of extreme thermal and
mechanical stresses close to the cutting edge. An ideal cutting tool for machining titanium
should have, among others, a hot hardness property to withstand elevated temperatures
generated at relatively high speed conditions. Reduction of hot hardness at elevated
temperature conditions lead to the weakening of the inter-particle bond strength and the
consequent acceleration of tool wear. In addition to that, the machining environment plays a
very important role in order to improve the machinability of titanium alloys.

Aero-engine alloys, particularly titanium alloys, cannot be effectively machined without
cooling. There is excessive concentration of temperature at the cutting interfaces when
machining titanium alloys because of their poor thermal conductivity. In addition to that,
practically all the energy consumed in machining is converted into thermal energy. Cutting
fluids are used to minimise problems associated with the high temperature and high stresses
generated at the cutting edge of the tool during machining. Titanium alloys are generally
machined using conventional coolant flow. Also, there is other technique to deliver coolant in
variable quantities at high/ultra high pressures, generally within the range 0.5 — 360 MPa
(SECO TOOLS (2002a)). This technique has been employed when machining mainly nickel
alloys. One of the benefits of using high pressure coolant supply is because it acts as a chip-
breaker. Additionally, the temperature gradient is reduced by penetration of the high-energy
jet into the tool-chip interface and consequently eliminating the seizure effect
(MAZURKIEWICZ; KUBALA; CHOW, 1989), thereby providing adequate lubrication at the
tool-chip interface with a significant reduction in friction (EZUGWU; BONNEY; YAMANE,
2003). These combined with high velocity coolant flow causes the breakage of the
continuous-type chips into very small segments. Because the tool-chip contact time is shorter,
the tool is less susceptible to dissolution wear caused by chemical reaction with newly



generated chips, especially titanium-alloy chips (LINDEKE; SCHOENIG; KHAN, 1991).
Increase in productivity has been noticed using high pressure coolant delivery relative to the
conventional methods of coolant delivery when machining nickel and titanium alloys at lower
speed conditions. Other cooling technique like the minimum quantity of lubrication (MQL)
has shown considerably improvement in the machinability of aerospace alloys compared to
conventional coolant flow and looks promising for machining titanium alloys in order to
improve the tribological processes present at the tool-workpiece interface and at the same
time eliminate environmental damages as well as minimizing some serious problems
regarding the health and safety of operators (SOKOVIC; MIJANOVIC (2001), DA SILVA,
BIANCHI (2000), LI et al. (2000), MACHADO; WALLBANK (1997)). With the same
purpose other environments such as atmospheric air (dry machining), argon enriched
environment and liquid nitrogen (cryogenic machining) are also been employed as alternative
cooling technology to improve the machinability of titanium-alloys. Since the gases can alter
the tribological conditions existing between two surfaces in contact such as the cutting zone
during machining, other environments such as atmospheres, dried air, oxygen, nitrogen, CO,
and organic compounds such as tetrachloromethane (CCl,) and ethanol vapour (C,HsOH) are
also expected to improve the machinability of titanium-alloys. Some special machining
techniques including specially designed ledge tools, self-propelled rotary tool (SPRT),
ramping technique (taper turning) and hot machining have shown remarkable success in when
machining titanium alloys (EZUGWU; BONNEY; YAMANE (2003), EZUGWU; WANG
(1997), EZUGWU (2005)).

This thesis on the machining Ti-6Al-4V alloy with various cutting tools and different
cooling environments was developed in collaborative program with industrial partners: Rolls-
Royce Plc (aero-engine manufacturer), SECO Tools (cutting tool manufacturer) and Pumps
and Equipment Ltd (Warwick) who provided the high-pressure coolant delivery system for
this study. A comprehensive literature survey on the machinability of aero-engine alloys
under various cutting environments as well as the experimental techniques adopted in all
stages of the research programme such as turning tests, data acquisition, sample preparation,
analysis of the worn tools and machined surfaces, as well as initial machining results are
presented in this thesis. An investigation of the machinability of components manufactured

with titanium-base, Ti-6Al-4V (or IMI 318), alloy will involve the following:



i) Evaluation of recently developed cutting tools materials (uncoated and coated
cemented carbides, Polycrystalline Diamond (PCD) inserts, Cubic Boron Nitride (CBN) and
SiC Whiskers Reinforced Al,O3 Ceramics) when machining titanium-base, Ti-6Al-4V, alloy
at high speed conditions;

ii) Cutting environments (high pressure coolant supplies at pressures of 7 MPa
(70 bar), 11 MPa (110 bar) and 20.3 MPa (203 bar), argon enriched environment, and
conventional coolant flow;

iii) Validation of the optimum machining conditions achieved on prototype component

without compromising its integrity.

1.1 Aims of the thesis

This thesis is geared primarily to achieve a step increase in the machining productivity
of a commercially available titanium-base, Ti-6Al-4V, alloy using recently developed cutting
tool materials, machining techniques and various cooling media such as conventional coolant
flow, high pressure coolant supplies and argon enriched environment. This study is part of the
Joint Strike Fighter (JSF) project — a vectored thrust, multi-role combat aircraft designed for
conventional take-off and landing or a Navy version which requires Short Take Off/Vertical
Landing capability in collaboration with Rolls-Royce plc. The thesis aims primarily towards
significant reduction in cost of manufacturing jet engines in the immediate future using
modern cutting tool technology and machining techniques.

The literature survey section covers cutting tool materials and the various cutting
environments employed in the machining of aero-engine alloys. The objectives of this thesis
are listed below:

= Investigation of the effect of various cooling media (high-pressure coolant supply,

argon enriched environment and conventional coolant flow) on tool performance
when finish turning of titanium-base, Ti-6Al-4V (IMI 318), alloy;

= Investigation of the dominant tool failure modes and wear mechanisms of newly

developed cutting tools (uncoated and coated cemented carbides, different grades of
Polycrystalline Diamond (PCD), Cubic Boron Nitride (CBN), SiC Whiskers
Reinforced Ceramic, and Al,O3; and Si3sN4 base nano-grain ceramic inserts) when
finish turning of titanium-base, Ti-6Al-4V (IMI 318), alloy at high speed

machining;



Analysis of the surface finish and surface integrity of machined surfaces as well as
run-out of the machined bars;

Selection of the best combination of cutting tool-cutting environment-cutting
conditions to employ in the machining of prototypes/scaled down models of the 3
bearing swivel nozzle.
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