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Temperatures during the dry cutting of titanium
alloy using diamond composites with ceramic
bonding phases

In this paper the thermal properties of diamond composites with
ceramic bonding phases, such as the Ti—Si—C system with nanometric Ti(CN) and TiB,
are presented. The thermal conductivities of the materials were analyzed by the laser
pulse method. In addition, computational simulations of the temperature dependence
on the distance from the cutting edge were performed according to the finite element
method for the investigated composites, commercial PCD, and hypothetical diamond
monocrystal. Two cutting speeds were considered during the numeric computations.
100 and 200 m/min. To verify the simulations, the TNGA 160408 cutting insert, which
was prepared from the investigated diamond composites and commercial material, was
employed. Dry turning tests of titanium alloy were conducted. The temperatures during
the machining processes were observed using a thermovision camera, and the surface
roughness was measured after the tests. The computational simulations confirmed the
strong dependence between the thermal properties of the cutting material and the
temperatures within the cutting zone. The temperature measurements during the dry
cutting tests reveal significantly higher temperatures than the temperature
measurements achieved during the simulations.

Keywords: diamond-ceramic composite, thermal properties, cutting
tools, turning.

INTRODUCTION

Synthetic diamond can be fabricated by chemical vapour deposi-
tion (CVD) or high temperature and pressure (HP-HT) synthesis. During HP-HT
synthesis (at approximately 56 GPa, 1670-1770 K) submicrometric and micro-
metric diamond powders are primarily obtained from carbon precursors. Large
diamond crystals or polycrystals are employed for cutting tool applications. The
chemical composition and properties of the synthetic diamond obtained using the
high pressure-high temperature method are dependent on the type of the catalyst
[1]. In 1958, Hall disclosed the possibility of fabricating polycrystalline diamond
by high pressure and high temperature sintering of diamond powder with additives
of refractory metals, transition metals, and other materials [2].

Polycrystalline diamond (PCD), which is sintered by the HP-HT method, is the
most popular form of diamond tool materials. For cutting tool edge applications,
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diamond compacts have been employed since the early 1970s. Katzman and Libby
have investigated liquid phase sintering of the diamond-cobalt system [3]. Hibbs
and Wentorf have developed a method of cobalt infiltration into diamond layers
under high pressure conditions [4]. Diamond powders were sintered and
simultaneously bonded to a WC—Co substrate by infiltration of Co from the
substrate. The carbide substrate is very useful for tool producers as it enables
brazing to the tool body. Sufficiently high wettability of diamond materials by
molten metal fillers is the principal requirement for successful brazing. The most
popular commercial PCDs consist of two-layer materials with a cobalt phase.
Cobalt provides adequate wetting of diamond crystallites. This property enables the
production of compacts, which are characterized by a low amount (below 10 wt %)
of bonding phase and produce high hardness. The benefit of the utilization of
binder materials for the sintering of diamond compacts is three-fold: a reduction in
the sintering temperatures and pressures, cleaning of the diamond surface of
graphite, and the electrical discharge cuttability for tool making [4]. These
materials are characterized by a special microstructure that is composed of fine
initial diamond grains surrounded by the metal and new, very small and
recrystallized diamond crystals.

Polycrystalline-diamond-based tool materials with metal solvent/catalyst
binders, such as cobalt, are extensively used for wire drawing dies, rock drilling
bits [5], and stone cutting segments in cutting applications [6]. Studies have been
performed to investigate the use of PCD tools for very precise machining
applications, such as the ultraprecision cutting of WC—Co [7] and the micro-core
drilling of circuit boards and fiber-reinforced composites [8]. Note that Co-
containing PCDs are chemically stable at temperatures below 970 K; however,
working temperatures may be higher. Due to the extensive use of these materials
and temperature limitations (from the current use of metallic binders), the
development of new bonding phases in diamond composites is significantly
needed. One of the possibilities for increasing the thermal resistance of PCD
materials is the reduction of the cobalt bonding phase content by sintering without
metal solvent/catalyst or without any additional binding material. The solution
involves the preparation of the materials with a nonmetallic bonding phase and
without the negative effects of the bonding phase (such as diamond-graphite
solvent catalyst) on diamond graphitization. Although commercial PCDs are very
hard and extremely wear-resistant, their poor thermal stability causes
decomposition at high temperatures. Instead of dissolving carbon in the cobalt-
bonding phase, other materials can be employed, for example Ti;SiC, and TiB,.
The addition of the thermally resistant phase to diamond (PCD) can facilitate the
use of the diamond cutting edge at higher temperatures to obtain a higher resistance
not only to graphitization but also to oxidation at elevated temperatures. New types
of composites, which consist of micron-sized diamonds with borides, were
investigated with regard to their resistance to high temperatures below 1070 K,
such as the temperature in the cutting zone (the area of the tool material, which is
in contact with the workpiece) [9]. Carbides are not thermally resistant bonding
phases for diamond materials due to their low oxidation temperatures. The thermal
resistance of diamond composites is more dependent on the oxidation process
compare with the graphitization process. CO gas evolution during diamond
composite oxidation destroys the integrity of the composite microstructure [9].

The temperature in the cutting zone is one of the most important parameters that
affecting cutting performance. Temperature influences the feasibility of high
cutting speeds, feeds, depth of cut and the tool life. It influences the productivity
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and economic efficiency of production indirectly but significantly. Heat balance is
a form of energy balance, and total heat in the cutting zone consists of heat in the
workpiece, heat in the tool, heat in the chip and exhausted heat. The temperature of
a chip has the highest value as it also consists of the heat from deformation. A
smaller amount of heat is received by the tool (consists of the part of the heat from
deformation and the part of the heat from the friction between the tool surface and
the transitional area of the workpiece) [10]. Crucial properties of cutting tool
material include hardness and strength, which must be maintained at elevated
temperatures (hot hardness); toughness is needed to prevent tools from chipping or
fracturing, especially during interrupted cutting operations; and wear resistance is
critical to obtain an acceptable tool life before the tool needs to be replaced [11].

Diamond content and diamond grain size distribution are carefully controlled to
provide the correct balance of wear resistance and toughness [1]. For cutting
materials with a bonding phase other than cobalt, thermal properties are subjected
to change. Ceramic materials exhibit a differentiation of properties, such as thermal
and electrical conductivities, hardness, abrasive wear resistance and corrosion
resistance, resistance to temperature change and chemical inertness towards the
workpiece material. These characteristics influence the type of machining and are
important for metal cutting process modeling. Thermal properties are important for
diamond tool materials due to oxidation and graphitization processes. Tool
temperature has a significant influence on the tool wear. New and thermally
resistant bonding phases in PCD-type materials may improve their thermal
resistance and tribological properties; as a result, they may have influence on the
temperature generated in the cutting zone. Different wear mechanisms, such as
abrasion, adhesion, micro-cracking and fatigue, have been employed to explain the
flank wear of PCD tools; however, the wear of PCD tools is not completely
understood [12]. A high resistance to oxidation and the phase transition bonding
phase for diamond composites improves the temperature resistance of the tools,
whereas changing the coefficient of friction can generate more heat in the cutting
zone. In addition to the TiB; bonding phase for diamond compacts, the diamond
compact with the Ti—Si—C-TiCNj,, bonding phase and the commercial PCD with
cobalt bonding phase were also investigated.

EXPERIMENTAL
Materials

First, the mixtures containing 80 wt % diamond (3—6 um MDA, Element Six),
15 wt % of Ti—Si—C (47.1 vol % Ti;3Si1C,, TiSi,, TiC and SiC manufactured using
the SHS technique, AGH, Poland) and 5 wt % nanometric Ti(CN) (Neomat Co,
Lithuania) powders were prepared. The second material was prepared using the
same diamond powder with 10 wt% of titanium diboride (American Elements,
<100 nm) and 2 % Co (Sigma-Aldrich, 2 um). The mixtures were pressed into
cylindrical shapes of 15-mm diameter at 90 MPa. Next, they were sintered using a
Bridgman-type high-pressure apparatus at 8.0+0.2 GPa and a temperature of
2070+£50 K. The samples were heated in an internal graphite heater with an inside
diameter of 15 mm. The third material was the commercial PCD that contains
88 wt % of diamond (with an average grain size of 4 um), 10 wt % of Co and
2 wt % of WC. Some of these materials properties are presented in the table.

The density was measured using the hydrostatic method. Hardness
measurements were performed with a Vickers apparatus at 9.8 N loads. Young’s
modulus was measured using the ultrasonic method.
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Selected properties of diamond composite with ceramic bonding phase
[13, 14]

Composition, Density*, Hardness** Hy, Young modulus,
wt % glem® GPa GPa
80 % diamond + 15 % (Ti—Si—C)

S+0. .6£3. 4

+ 59 nano TiCN 3.5+0.01 49.6+3.6 706+18

93 % diamond + 5 % TiB,+2 % Co 4.04+0,01 66.6+£2.9 834423

88 % diamond + 10 % Co +

.13+£0. S5+7. +

2 % WC (commercial) 4.13+0.01 75.5£7.3 972+34

* Average measurement for three samples.
** Average of five hardness measurements, the statistical significance o = 0.05.

Diamond with TiB, and Co composite is the most resistant to the hardness
changes at elevated temperatures from the materials investigated in [9, 14]. This
material maintains a high hardness value at temperatures below 1070 K. For the
diamond with the Ti—Si—C-N bonding phase, the hardness decreases above 940 K,
this is similar to the commercial PCD material with the cobalt bonding phase [9,
14]. For diamond with TiB,+ Co and for commercial material with a Co bonding
phase, a participation of tungsten (W is the additive from the milling process) is
evident. WC influences the decrease of the thermal resistance of the materials. The
diamond + TiB; + Co composite bonding phase after sintering also contains
W,CoB,. This compound is thermally stable and very hard; it also significantly
decreases the coefficient of friction [14].

Thermal properties

Heat measurements were performed on a Netzsch LFA 427 apparatus. The
thermal diffusivity and conductivity were determined by the laser pulse method
(LFA) using “Cape-Lehman + pulse correction” calculations model offered by the
Netzsch software [15, 16]. The test program was conducted in argon flow as
referenced in the program measurements presented in Fig. 1. The laser voltage was
480 V; the pulse width was 0.8 ms; and the flow rate of argon was 150 ml/min. The
diameter of the samples was 10 mm, and the thickness was approximately 4 mm. If
the value for thermal conductivity is unknown, it can be calculated from the
thermal diffusivity, the density and the specific heat capacity of the material.
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Fig. 1. Program of the temperature change for the thermal diffusivity measurements, performed

with LFA 427 (laser flash analysis).
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Heat capacity can be measured with the LFA method by comparing the tem-
perature rise of the sample to the temperature rise of the reference sample of
known capacity tested under the same conditions [15]. This temperature rise is
recorded during the diffusivity measurement, so specific heat can be calculated
from the same data with a suitable calibration. To determine the specific heat with
LFA method, the Pyroceram 9606 and Inconel patterns with known coefficients of
thermal expansion and specific heat were used as the reference. The specific heat
of the diamond composite was calculated from equation implemented in the
Netzsch LFA 427 software documentation:

ref samp samp ref ref 2, samp
CSAmP T, 0 . V P D _doriﬁce L ref

p samp. ref ref samp jysamp 2,samp P
T oo Q V p D doriﬁce

where ¢, — specific heat of samples/reference patterns, J/gK; 7 — samples/reference
pattern temperature, K; Q — energy absorbed by the sample/reference pattern, J; V' —
amplitude of the signal gain of the sample/reference pattern; p — apparent density,
g/em’; D — thickness of samples, mm; d — diameter of samples/ref. pattern
measurement area, mm.

Numerical computation of temperature at the cutting edge

The numerical computations were performed according to the finite element
method [17]. The computational simulations were conducted for the investigated
diamond composites and hypothetical diamond monocrystal. The simulations were
performed to analyze the temperature dependence on the distance from the cutting
edge for 100 and 200 m/min cutting speeds.

Temperature measurements during turning of titanium alloy

The TNGA 160408 cutting insert was prepared from the investigated diamond
composites. The Thermovision camera type Flir SC 620 with Therma CAM
Researcher software was employed for the temperature measurements during the
dry cutting tests (turning) for the TicAl4V alloy workpiece. The following cutting
parameters were applied: cutting speed v, = 30-200 m/min, feed /= 0.105 mm and
depth of cut a, = 0.5 mm. The test also measured the surface roughness.

RESULTS AND DISCUSSION

Due to the high melting temperatures of the ceramic bonding phases, higher
temperatures are required for the sintering process (maximum temperature of
2670°K and pressure of 7.8 GPa were used) for the diamond-ceramic composite
compared with the cobalt bonding phase.

Natural diamond has a higher thermal conductivity than any other known
material [18]. For synthetic diamond, the thermal conductivity is in the vicinity of
1000 W/mK. The thermal conductivity of the composites obtained from the natural
particulate diamond with a size in the range of 10 to 14 um was approximately
500 W/mK [10]. For the polycrystalline synthetic diamond that contains a
maximum of 1.5 % impurities and inclusions, with a size range of 10 to 14 pm, the
thermal conductivity is approximately 190 W/mK [19]. The thermal conductivity at
room temperature for commercial diamond compacts with a maximum cobalt
bonding phase of 10 vol % is in the range of 150 to 600 W/mK [20]. The thermal
properties of the interface that separate the diamond particles and the properties of
the bonding phase are very significant for the thermal conductivity of the diamond-
ceramic composite [21]. The thermal conductivities of the refractory metals and the
carbides usually range from 7-170 W/mK. The thermal conductivity of SiC is in
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the range 40—145 W/mK, whereas the thermal conductivity of TiC is 21 W/mK
[22]. The presence of these ceramics decreases the thermal conductivity of the
diamond composite. A low value of thermal conductivity for the cutting edge
affects the presence of polycrystalline grain boundaries and their incoherency.
High thermal conductivity ensures rapid heat transfer from the cutting zone and is
less affected by the changes in the surface of the diamond tools. The thermal
conductivities for the investigated materials are presented in Fig. 2. Diamond-
TiB,—Co has a much higher thermal conductivity than diamond—Ti—Si—C-TiCNj,),
which have a thermal conductivity at room temperature of 205 and 74 W/mK,
respectively. Diamond with TiB, addition is characterized by a significant decrease
of the thermal conductivity with an increase in temperature, despite a thermal
conductivity of 156.5 W/mK at 873 K. At this temperature, the composite with the
addition of Ti—Si—C and TiCN had a thermal conductivity of approximately
64 W/mK.
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Fig. 2. Thermal conductivities of the diamond-Ti—Si—~C-TiCN and the diamond-TiB, compos-
ites: 80 % diamond + 15 % Ti—Si—C+ 5 % nano TiCN (7), 93 % diamond + 5 % TiB, + 2 % Co
2.

The computational simulations were performed for materials with 64 and
156 W/mK of thermal conductivity (which corresponds to the thermal conductivity
of the investigated materials at 873 K) and the hypothetical diamond monocrystal
(1000 W/mK). Figure 3 shows the temperature dependence on the distance from
the cutting edge (in the direction of the rake and the relief face) for the turning
process using the following parameters: cutting speed v. = 200 m/min, feed
/= 0.1mm/rev and depth of cut a, = 0.5 mm. This computational simulation reveals
that temperatures at the cutting zone attain temperatures of 973, 870 and 510 K for
materials with thermal conductivities of 64, 156 and 1000 W/mK, respectively.
These calculations confirm the strong dependence between the thermal properties
and the temperatures that are generated in the cutting zone.

Figures 4 and 5 were also prepared using computational simulations for
diamond composites with thermal conductivities of 156 and 64 W/mK. The tem-
perature dependence on the distance from the cutting edge for 100 and 200 m/min
cutting speeds for the materials is shown. The lower value of the cutting speed
influences the lower value of the cutting edge temperature. However, the
machining processes at low cutting speeds are less effective.

Many parameters influence the machining process and temperature at the
cutting zone. For example, the temperature in the cutting zone is dependent on the
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tool geometry, the machining parameters, the cutting forces, the friction between
the tool and the workpiece material and the thermal and mechanical properties of
both the workpiece and the cutting material.
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Fig. 3. Numerical computation of the temperature dependence on the distance from the cutting
edge for diamond-Ti-Si-C-TiCN, diamond-TiB, composites and hypothetical diamond
monocrystal with thermal conductivities of 64 (1), 156 (2) and 1000 (/) W/mK; v. = 200 m/min,
f=0.1mm, a,=0.5 mm.
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Fig. 4. Numerical computation of the temperature dependence on the distance from the cutting
edge for diamond composite with a thermal conductivity of 156 W/mK at cutting speeds of
100 (/) and 200 (2) m/min; f= 0.1 mm, a, = 0.5 mm.

In Fig. 6, the maximal measured temperatures for the dependence on cutting
speed are presented for investigated materials. The lowest temperature values were
obtained for the composite that consists of 93 % diamond with 5 % TiB, and 2 %
Co. For the material with a Ti—Si—C-TiCN system bonding phase, the highest
temperatures were recorded for cutting speeds that ranged from 40 up to 80 m/min;
tool failure occurred at speeds above this speed range.
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Fig. 6. Maximum temperature in the cutting zone for the dependence on cutting speed for dia-
mond-Ti—-Si—-C-TiCN, diamond-TiB,—~Co and commercial composite: 80 % diamond +
15 % (Ti-Si—C) + 5 % nano TiCN (/), 93 % diamond + 5 % TiB, + 2 % Co (2), 88 % diamond +
10 % Co +2 % WC (commercial) (3).

Thermovision measurements indicated a temperature of approximately 1000 K
at the cutting zone at a cutting speed of 100 m/min for both diamond-TiB,—Co and
the commercial material. For the v. of 200 m/min, maximal temperatures of 1220
and 1450 K were attained for the composite with the titanium diboride bonding
phase and the commercial cutting insert, respectively. The temperatures measured
during the dry turning tests of titanium alloy are significantly higher than the
temperatures indicated by the computational simulations, which may be due to the
low thermal conductivity of Ti6Al4V alloy and its high affinity for the cutting
inserts [23].

The roughness of the workpieces after turning (Fig. 7) for the 93 % dia-
mond + 5 % TiB; + 2 % Co and the commercial material are very similar. Above
50 m/min, no significant changes in roughness correspond to an increase in cutting
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speed; the roughness ranges from 0.5 to 1 wm despite temperatures above 1400 K
at higher cutting speeds. Surface roughness after titanium alloy turning with the use
of diamond-Ti—Si—C-TiCN was significant with considerable improvement of the
surface quality with an increase in cutting speed.
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Fig. 7. Surface roughness at different cutting speeds for diamond-Ti—Si—C, diamond-TiB,—Co
and commercial composite: 80 % diamond + 15 % (Ti-Si-C) + 5 % nano TiCN (1),
93 % diamond + 5 % TiB,+ 2 % Co (2), 88 % diamond + 10 % Co+ 2 % WC (commercial) (3).

CONCLUSIONS

The temperature generated in the cutting zone for the composite with 5 % TiB,
and 2 % Co is very similar to the commercial material with a cobalt bonding phase;
for both of these materials, the roughness of the titanium alloy after turning is
comparable.

For the cutting material with carbides (with a Ti—Si—~C—TiCN system bonding
phase), the temperature in the cutting zone is substantially higher, the roughness
decreases with an increase in cutting speed and tool failure occurs at cutting speeds
above 80 m/min.

The temperatures indicated by the computational simulations are significantly
lower than the temperatures measured during the dry cutting tests; however, the
temperature tendencies are comparable.

This study was supported in the 2007-2013 Innovative Economy Programme
under the National Strategic Reference Framework EU, priority axis 1, section
1.1.3 No UDA-POIG.01.03.01-12-024/08-00, 26 March 2009 and the statutory
activity of The Institute of Advanced Manufacturing Technology (DS-14.4.1).

Jocniooceno mennogi 1acmu8oCcmi aiMaA3HUX KOMHO3UMIE 3 KepamiyHUMU
38 azyrouumu gazamu, maxux ax cucmemu Ti—Si—C 3 nanomemposum Ti(CN) i TiB,. Tennonpo-
8IOHOCMI Mamepianié NPoananizo8ano 3a 00NOMo2010 Memoody nazeprnozo imnyascy. Kpim moeo,
MemoOOM CKIHYEHHUX eleMeHmMi6 BUKOHAHO YUCTO8e MOOENIOBAHHS 3ANeACHOCI meMnepamypu
810 GIOCMAHI 00 PIdNCYUOl KPOMKU OISt OOCTIONCEHUX KoMno3umie, komepyitinoeco PCD i cinome-
MUYHO20 MOHOKpUcmany aimasy. Posensnymo 06i wisuokocmi pisanns 6 X00i Yucio802o oduuc-
aenns: 100 i 200 m/xe. [Qua nepegipku pe3ynomamie MoOemo8aH s SUKOPUCTIOBYBANU PIdCYYi
nnacmunu TNGA 160408, axi O6yno 6uzomoenieHo 3 GUKOPUCIAHHAM OOCTIONCEHUX ANMAZHUX
KomMno3umie i komepyitinux mamepianie. byno npogedeno eunpo6yeanvHy oOpooOKy mumanoso2o
cnaagy. Temnepamypy nio uac mexaniunoi 06pobku cnocmepieanu 3 6UKOPUCIIAHHAM MeEPMOBi-
3YanbHOI Kamepu, nicis 8Unpobysanb GUMIPHOGAIU WOPCMKICMb nosepxHi. Hucroee modentogan-
Hs NIOMBEPOUNIO CUNLHY 3ANENHCHICTb MIdNC MENI08UMU BIACMUBOCHAMU 0OPOOII0BAH020 Mame-
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piany i memnepamypor 6 30Hi pizanus. TemnepamypHi uMIprO8auHsa Nio Yac Cyxo2o pi3aHHA
NOKA3AMU 3HAYHO BULYI MeMNepamypu, Hidic 00CASHYMI 8 X001 MOOE0BAHHS.

Knrouosi cnosa: anmasno-xepamivHuii KOMRO3UM, MepMIiuHi 81acmMusocnii,
pidicyui incmpymenmu, 06pobKa.

Hccnedosanvl mennosvle c80UCMEA ANMASHLIX KOMNOZUMOS ¢ KEPAMUUECKU-
Mmu ceazyrowumu gasamu, maxux kax cucmemsl Ti—Si—C ¢ nanomemposvim Ti(CN) u TiB,. Ten-
JIONPOBOOHOCU MAMEPUANIO8 NPOAHATUIUPOBAHBL C HOMOUBIO MEMOOA NA3EPHOL0 UMNYIbCA.
Kpome mozo, memoO0om KOHEUHbIX INeMEHMO8 6bINOIHEHO YUCLO80€ MOOCTUPOBAHUE 3ABUCUMO-
cmu memnepamypbl Om pacCmosHusl 00 pedcyuett KpOMKU Ol UCCIeO08AHHBIX KOMNO3UMOG,
Kommepyeckoeo PCD u eunomemuuecko2o monokpucmanna aimasa. Paccmampusanu ose cxo-
pocmu pe3ku 6 xode uucno6ozo gviyucienus. 100 u 200 m/mun. /s nposepku pe3yivmamos
MoOdenuposanus ucnoavzosanu pexcyuue niacmunvt TNGA 160408, komopvie bvinu uzeomosine-
Hbl C UCNONb306AHUEM UCCICO08AHHBIX AAMAZHBIX KOMNO3UMOS U KOMMEPYECKUX MAMEPUANO8.
buvina nposedena ucnvimamensuas obpabomxa mumanogoeo cniaea. Temnepamypy npu mexa-
HUuueckol 00pabomxu HAbMO0ANU ¢ UCNOIbL308AHUEM MEPMOBU3VATLHOU KAMePbl, NOCLe UCHbI-
MAHUIl UBMEPANU WepoXosamocn. nogepxnocmu. qucnosoe MoOoeruposanue noomeepouio
CUTLHYIO 3ABUCUMOCTIL MeANCOY MENA08bIMU C80Ucmeamu 06pabamvléaemozo mamepuana u
memnepamypoii 8 30ne pesanus. Temnepamyphvie usmepenus npu cyxou pesKu noKa3anu 3Hauu-
menbHo Doslee 6bICOKUE MeMNepamypbl, Yem 00CmUHymole 8 X00e MOOeNUPOBAHUSL.

Kniouesvle cnosa: anmasno-kepamuieckuii KOMnO3um, mepmudeckue ceoli-
cmea, pesjcywue uHcmpymenmol, obpabomxa.
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