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MECHANICAL PROPERTIES OF DIAMOND-TiB, COMPOSITES

The presented paper characterizes the basic mechanical and physical properties of sintered

diamond-titanium diboride (submicro) and diamond-titanium diboride (nano) composites. The
effect of reduction of powder size from the submicron scale to the nano scale of the ceramic
bonding phase (TiB;) in diamond composites on selected mechanical properties (Young’s modulus,
Vickers hardness, fracture toughness, coefficient of friction) has been reported. Composites were
prepared from initial powders of diamond (MDA36, Element Six) with addition of 10 mass %
submicron TiB, (H.C. Starck F) and 10 mass % nanopowder TiB; (American Elements). Compacts
were sintered at pressure 8+0,5 GPa and 2233+50 K using the high pressure-high temperature
Bridgman type apparatus. These investigations allow the possibility of using this materials to be
enhacced as ceramic tool materials, in particular as burnishing tools.

Key words: diamond composite, TiB; bonding phase, HP-HT sintering, fracture toughness,

Vickers hardness.
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Introduction

Diamond composites have a wide range of compositions and applications. They have been
often referred to as PCD (polycrystalline diamond), PDC (polycrystalline diamond compact/cutter)
and TSP (thermally stable polycrystalline diamond composite, sometimes represented as TSDC)
[1]. Polycrystalline superhard cutting materials are obtained by sintering together graded diamond
or cubic boron nitride powders with a metallic binder or catalyst, at temperatures and pressures
similar to those used in their original synthesis. The resultant compact is circular, with diameter and
thickness depending on the chamber size and load, and can be cut into a large variety of shapes for
cutting tools, and special wear-resistant parts [2]. The type of the bonding phase has a significant
influence on the microstructure and mechanical properties of diamond compacts. The most popular
PCD are those with cobalt, due to good wetting of diamond crystallites by this metal.

PCD with cobalt is a subject thermally stable only up to 1173 K because cobalt is a metal
catalyst for the graphite — diamond and diamond — graphite conversion process [3, 4]. Due to high
toxicity of cobalt, the exposure to metal powders or to metal dust during the cutting processes is
particularly hazardous. Also in the sintered diamond with a metal binding phase, which forms internal
lattice carbides, usually non-stoichiometric compounds are formed. As a result of the non-stochiometric
chemical composition there is a significant damage of structure which affects the deterioration of
mechanical properties of the material, especially reducing its hardness. Studies of the sintering of
diamond powders with the non-metalic binding phase were carried out earlier by L. Jaworska [5].

Attractive properties of TiB, made it the subject of research for manufacturing tool
components for several years. Titanium diboride with high melting point (3498 K), low density (4.5
g/cm’), high hardness (25 GPa), good thermal conductivity (96 W/m'K), high electrical
conductivity (22:10° Q-cm) and considerable chemical stability is one of the candidates for high
temperature structural and wear applications. This unique combination of properties of TiB,-based
materials makes them suitable for a wide range of technological applications, such as armour
materials, wear components, conductive coatings, cathode materials for the Hall-Herroult cell,
aluminium evaporation boats and electro discharge machining (EDM) electrodes [6—9]. Boride
materials of MeB, type have a high value of critical stress intensity factor Kjc, approximately from
5 to 7 MPa-m'” [5]. Titanium diboride, due to its high hardness and poor sinterability was sintered
with metallic additions. The presence of metals increases toughness and sinterability of the TiB,
ceramics, but the metal addition affects binder corrosion at elevated temperatures [10]. The
existence of the covalent bonding is the reason of low ductility, high hardness and high melting
point of TiB,. Due to its high electrical conductivity TiB, can be easily machined using the
technique of electrical discharge machining. This advantage is used during shaping the cutting edge
of tools made of the diamond-TiB, composite. The use of hard phase binder such as TiB, in the
sintering process for diamond powders is a kind of innowation because for commercial diamond
materials ductile binding phases are used for example Co or Ni. These materials provide
pseudoisostatic pressure distribution during the HP-HT process of diamond. During the HP-HT
sintering in the pressure range corresponding to the thermodynamic stability of diamond, the
allotropic transformation process occurs from diamond to graphite on the surface bordering with
pores. A removal of voids is crucial, as otherwise the diamond particle is only locally bound with
the binder or finer diamond, keeping the diamond in a compressive force state, i.e. preserving
diamond stability. The application of nanometer binding phase particles that can fill the voids
between grains of diamond may be very important in the sintering process.

The aim of this study is to obtain the diamond-TiB, ceramic composite with submicrometer
and nanometer powders of TiB,, using the High Pressure-High Temperature (HP-HT) process.
Mechanical and physical properties of composites with nano TiB, will be compared to the
composites with submicrometer powders.

Experimental procedure

The following commercially available powders were used to prepare the mixtures:

e synthetic diamond powders (Element Six): MDA 36; 3—6 um grain size;
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e titanium diboride submicrometer powder (H.C. Starck F): 2.5-3.5 um grain size;

e titanium diboride nanopowder (American Elements): about 100 nm grain size.

The above powders of TiB; in the amount of 10 mass % with diamond powder were mixed
in acetone using Turbula mixer and then the powders were dried. After drying the mixtures, were
preliminarily consolidated into pellets of 15 mm diameter and 5 mm height under the pressure of
about 200 MPa. The green compacts were placed into the internal graphite heater in a special
ceramic gasket assembly for sintering. The samples were sintered using the HP-HT method at the
pressure of 8+0.5 GPa and temperature of 2233450 K using the Bridgman type toroidal apparatus
(fig. 1). The sintering process lasted 25 seconds. After sintering, the materials were subjected to a
study of physical and mechanical properties.

Fig. 1. View of the HP-HT Bridgman type apparatus

Metallographic specimens were prepared using the Struers apparatus with polishing agents.
Apparent density p and porosity were measured using the hydrostatic method. Young’s modulus £
measurements of the sintered samples were also taken, using the ultrasonic method measurements
of the transition speed of transverse and longitudinal waves, by the Panametrics Epoch III flaw
detector. Elasticity modulus (Young’s modulus) values are the characteristic parameters for many
technical materials. In the case of ceramics the elasticity modulus can be considered as the main
parameter, which determines their properties as well as suitability for the given applications. The
calculations are carried out according to formula

2 2
E:prM, (D
VL _VT

where V; — velocity of the longitudinal wave; V'r— velocity of the transversal wave.

Hardness was determined by the Vickers method at a load of 9.8 N using a digital hardness
tester (future Tech. Corp. FM-7).

Fracture toughness Kjc was measured by the conventional method based on the single-edge

notched bending (SENB) specimens. Relationship of K~ = f(c) is given by equations
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(1-p)?
where P, — critical load; S — support span; W — width; B — specimen thickness; ¥ — geometric
function; ¢ — crack length; f — ¢/W, A;; coefficients [11].

Coefficients of friction for the diamond—TiBss, and diamond—TiBssano composites in sliding
contact SisN4 ceramic were measured in ball-on-disc tests, using CETR UMT-MT universal
mechanical tester. In the ball-on-disc method, sliding contact is conducted by pushing a ball
specimen onto a rotating disc specimen under a constant load. For measurements of values of
friction coefficient the non-ferrous pair of friction materials was used which corresponds to the
assumption that diamond tool material cannot be used for machining of alloys containing iron (and
other materials from the iron group), due to the solubility of carbon in iron.

Friction coefficient was calculated from equation

u=te 4)

where F; — measured friction force; F, — applied normal force.

For the materials after grinding and ionic precision etching the surface (equipment model
682 PECS Gatan) of the sintering compacts was analyzed using the JEOL JSM-6460LV scanning
electron microscope.

Experimental results and their discussion

The results of measurements of p, E, Poisson’s number v, Vickers hardness HV1, K;c and u
of the diamond-TiB, and diamond-TiBsn.n, samples obtained by HP-HT sintering are given in
Table.

Selected results of the mechanical and physical properties of the diamond-TiB; and diamond-
TiB2nano composites obtained by HP-HT sintering

Density, Young’s | Poisson’s Vickers Fracture Coefficient
Sample g/em’ modulus, number | hardness, GPa toughness, of friction
GPa MPa-m'”?
10 mass % submicrometer titanium diboride
DTiByw | 335 | 569 | 0,10 | 49,7 | 6,72 | 0,26+0,04
10 mass % nanometer titanium diboride
DTiBoano | 3,32 | 561 | 008 | 46,3 | 10,4 | 0,11£0,04

In the case of diamond composites with submicrometer TiB; as a binding phase, apparent
density obtained after sintering is about 3.40 g/cm’, while the highest value of apparent density for
the sample with nanometer TiB, as a binding phase is 3.40 g/cm’. The highest value of Young’s
modulus is equal to 569 GPa for the diamond-TiB, samples and 561 GPa for the diamond—TiB2nano
samples. The average value of Vickers hardness for diamond composites with submicrometer TiB,
is equal to 49.7 GPa. A lower (about 7 %) value of the Vickers hardness for the diamond—TiB2nano
samples was obtained. In the case of fracture toughness, the higher value was obtained for the
diamond-TiBapane samples (10.4 MPa-ml/Z) in comparison to the diamond-TiB, (6.72 MPa-ml/Z).

The curves (fig. 2) presented the results of measurements of friction coefficients for the
diamond-TiB; and diamond-TiBypan, samples for the SisN4 ceramic ball contact. The values of friction
coefficient p of the tested composites at the contact with the Si;N4 ceramic ball exhibit lower vales (1 =
0.11-0.15) for the diamond—TiB2nane samples in comparison to the diamond-TiB, samples.
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Fig. 2. Coefficient of friction of selected diamond—TiB2 and diamond—-TiB2nano composites

Fig. 3 shows the representative microstructures of the diamond—-TiB, and diamond—TiB2nano
composites sintered by the HP-HT process. In both microstructures the diamond-TiB, (fig. 3, a)
and the diamond-TiB, (fig. 3, b) agglomerates are visible. A part from the presence of agglomerates
the materials are homogeneous.

a b
Fig. 3. SEM micrographs of diamond—TiB2 (a) and diamond—TiB2nano (b) samples (the titanium
diboride crystallites are characterized by white colour)

Conclusions
The paper presented the method of sintering diamond with the submicrometer TiB, and
nanometer TiB, powder as a bonding phase by the High Pressure-High Temperature method. The
effect of powder size from the submicron scale to the nano scale of TiB, on selected mechanical
properties was studied. The studies of mechanical and physical properties included relative density,
Young’s modulus, Poisson’s number, Vickers hardness and fracture toughness. Also, friction
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coefficients were measured and microscopic observations were carried out. Mechanical and
physical properties were similar for the diamond-TiB, and the diamond-TiBpn, composites
whereas the value of Vickers hardness was slightly higher for the diamond-TiB, composites than
for the diamond—TiBznano. For the value of fracture toughness, a higher value was obtained for the
diamond—-TiBnan, composites. The diamond—TiBjuan, composite reveals higher values of friction
coefficient at the contact with the Si;N4 ball than the diamond-TiBjpan, composite. Both
submicrometer and nanometer TiB, powders have a tendency to form agglomerates which can be
visible in SEM micrograps of microstructures.
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Haseodeni ocnoeni mexaniuni ma @izuuni 61acmusocmi cnedeHux KOMNO3Umié HA OCHOGI
anmazy 3 000A8aAHHAM CYOMIKpO- ma HaHO-0ubopudy mumany. Busueno enius posmipy yacmuHok
nOpowKy 8i0 cyOMIKPOHHO20 00 HaHO-PiHs 8 Kepamiunii (TiB;) ck1adositi armasHux KoMno3umie
Ha ix mexawniuni enacmugocmi (mooyne FOnea, meepoicme 3a Bikkepcom, 8'askicms pylHyeauHs,
koegiyicum mepms). Komnoszumu 6yau ompumani 3 euxionux nopowie aimaszy (MDA36, Element
Six) 3 0ooasannam 10 mac. % cyomikponnoco TiB, (HC Starck F) a6o 10 mac. % nanonopowky
TiB, (American Elements). 3pasku cneueni npu mucky 80,5 I'lla i memnepamypi 2233+50 K &
anapami 6Ucok020 MUcCKy muny mopoio. Pezynsmamu O0ocniodicenb 6Ka3yiomov HA MONCIUBICHIDL
BUKOPUCTNAHHS 00EPIHCAHUX KOMNO3UMIB K [THCMPYMEHMATbHUX MAMepianie nioguueHoi AKocmi,
30Kpema 8 IHCMPYMEeHMax O 8USNAONCYBAHHS.

Knrwuosi cnosa: xomnosum aimas—TiB;, 36'a3youa asa, cnikanus npu UcoKuUx muckax i
memnepamypax, 8'a3Kicme pyuHyeanus, meepoicmo 3a Bikkepcom.

IIpusedenvl ocHogHble Mexanuueckue u usuieckue ceolUCmed CneyenHblX KOMNO3UmMo8 Ha
OCHOBe anmasza ¢ 0006askamu CyOMUKpo- u Hano-oubopuoa mumaua. M3yyeHo enusanue pazmepa
uyacmuy nopowka om CyOMUKpOHHO20 00 HaHO-ypoeHs 6 Kepamuueckou (TiB;) cocmasnsaoweri
AIMA3HBIX KOMAO3UMO8 HA UX MexaHuyecKkue ceolicmea (Mooyas FOuea, meepdoocms no Bukkepcy,
8A3KOCMb  paspyuienus, Kodpguyuenm mpenus). Komnosumol Ovbiiu noxyueHvl U3 UCXOOHbIX
nopouwikog amrmaza (MDA36, Element Six) ¢ dobaenenuem 10 macc. % cyomuxponunozo TiB, (HC
Starck F) unu 10 macc. % nanonopouwika TiB; (American Elements). Obpa3ybl 6vinu cneuensi npu
oasnenuu 8+0,5 I'Tla u memnepamype 2233+50 K 6 annapame 6vb1cOK020 0asieHusi muna mopouo.
Pesynomamer  uccnedosanuti  yKazwléaiom HA  B03MOICHOCMb  UCNONb308AHUS  NOLYYEHHBIX
KOMNO3UmMo8 6 Kauecmee YVIAVUUIEHHbIX UHCMPYMEHMANbHbIX MAamepuanos, 6 4YacmHOCMU 8
BbI2TIAACUBATOUSUX UHCTNPYMEHINAX.

Knwuegvie cnoea: xomnosum anmas—TiB; ceazyiowas asa, cnekanue npu blCOKUX
0asnenusax u memnepamypax, 653K0Cms paspyuietus, meepoocms no Bukkepcy.
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V]IK 666.233
B. 10. loaimaToB, KaH/. XHUM. HAyK

QI'VII «Cneyuanvrhoe KOHCMPYKMOPCKo-mexHoaocuieckoe owopo « Texunonoey,
2. Canxkm-Ilemepbype, Poccus

K BOITPOCY MEXAHUMU3MA OBPA30BAHUA JETOHAIIMOHHOI'O HAHOAJIMA3A

IIpeonooicen HoBbII MexaHUusM 00paA308aHUS YACMUY HAHOAIMA3A NPU OeMOHAUYUOHHOM
cunmesze. Cxema npoyecca ciedyrowas: pacnad monexyn mpunumpomonyora (THT) na paoukansl
CHj3', paouxanonodoomwiii oumep C," u monexyn 2excozena na C;; 00Ho8pemennoe o0pazoeanue
yuxnoeexcana uz C,' MONEKyIbl a0amManmana 6 UOHUUPOSAHHOU dopme; 63aumodelicmeue
anmazono006Ho2o A0pa (UOHA AOAMAHMAHA) C MEemUIbHOU U OpYyeUMU MOHOY21ePOOHbIMU
paoukanamu;, pocm yacmuyvl [JHA  ananoeuuno CVD-npoyeccy. HMonusuposannas monexyna
A0amManmana 3apoxicoaemcs 6 OUana3oHe om CepeouHvl 30Hbl XUMNUKa 00 niockocmu Yenmena—
Kyee, ammasnas uyacmuya yeenuyugaemcs 6 HAYANLHOU  CMAOUU  U30IHMPONUUHO2O
(metiioposcko2o) pacuiupenus: 2a3000pasHbiX NPOOYKMOo8 0emoHayul, 3aX8amvlearoyux meepovle
yacmuysl yenepood.

Knrouesvle cnoea: mexanusm 00paszoeanus, yoapuas — 60JHA, 30HA  XUMNUKA,
MPUHUIMPOMOILY O], OeMOHAYUOHHBIU HAHOAIMA3, PAOUKATbL, YUKTO2EKCAH, A0AMAHMAH.

Teopust mporecca, mpUBOIAIIETO K OOpa30BaHMIO YAaCTUIl JETOHAIMOHHOIO HaHOAlMasa
(IHA), no cux mop HOCHUT ITUCKYCCHOHHBIM XapakTep. TeM He MeHee, pe3ylbTaThl aHaIu3a
cOOCTBEHHBIX JaHHBIX M JAAHHBIX JIPYTUX aBTOPOB B OCHOBHOM IO pe3yjibTaTaM MOJpbIBA CILIaBa
Tpotuia ¢ rekcoreHoM (~50/50), mo3BOJIAET MOCTENEHHO MOAXOAWTHh K MOHMMAHUIO MEXaHU3Ma
obpazoBanus J{HA.

JleToHallMOHHAsA BOJIHA MPEACTABISAET COOON eMHBINA KOMIUIEKC YAapHOU BOJHBI, HA (GPOHTE
KOTOpOIl HauyMHAETCs pa3lioKeHHe B3phIBUATOro BemiecTBa (BB), 30HBI Xumudeckod peakiuu
(XuMITMKa), CIEAYIOIIEeH 3a yIapHO#W BOJHOW M 3akaHYMBArIomehcs B Tuiockoctu Yenmena—Kyre,
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