NMonyyeHune, CTpyKTYypa, CBOMCTBA

UDC 661.657.5:621.9.025.1

A. S. Osipov"”?’, P. Klimczyk', S. Cygan',

lu. A. Melniichuk?, I. A. Petrushaz, L. Jaworska'

! nstitute of Advanced Manufacturing Technology, Krakow, Poland
2V. Bakul Institute for Superhard Materials, National Academy of
Sciences of Ukraine, Kiev, Ukraine

*dialab@ism.kiev.ua

Composites of the cBN-Si;N, system reinforced
by SiCw for turning tools

The ¢cBN-Si;N~SiCw composites with different SiCw contents up to
20 vol % have been produced at high pressure of 8.0 GPa and high temperature of
2500 K. It has been defined that the Young modulus of the composites were within 740—
846 GPa, the Vickers hardness and fracture toughness values were 37.5—42.0 GPa and
11.4-12.9 MPa-m'?, respectively. An important feature of the composite microstruc-
ture is the breaking of SiCw as a result of HPHT action. It has been shown that at the
addition of 10 vol % SiCw to the structure of a cBN-Si;N, composite the interrupted
turning of hardened steel results in the flank wear reduction up to 20%.

Keywords: cBN, SiC whiskers, composite, HPHT-sintering, inter-
rupted turning.

INTRODUCTION

The machining of the very hard steels and cemented carbides are
inseparably linked with the development of new technologies for cutting composite
materials, which must possess high stress-strain characteristics. Considerable im-
pact loads arise in cutting edge of the tools at interrupted turning of the steel parts
with the hardness above HRC 60. It leads to a significant increase of the tool flank
wear and decrease of its efficient life. One of the means of the improvement of
such tools is the development of cutting composite materials reinforced by SiC
whiskers (SiCw). The reason for the use of SICw into the composite materials
structures is the research of tensile mechanical whiskers properties [1]. SiC whisk-
ers 5 mm in length have been shown to possess an average tensile strength of
8.40 GPa and an average elastic modulus of 581 GPa. This indicates their signifi-
cant potential as reinforcement elements in the development of high-strength ce-
ramic composites for cutting tools. Ever since in the world there are active studies
with the aim to improve the sintered ceramics cutting properties. In [2] thermome-
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chanical properties of a SIC whiskers/Al, O3 matrix composite were investigated as
afunction of the whisker surface quality. The paper [3] presented the results of the
investigation of surface damage produced by whisker-reinforced ceramic cutting
tools in the finish turning of Inconel 718 alloy. Whisker-reinforced aluminum ox-
ide inserts are used successfully in the machining of various aloys. The micro-
structure and mechanical properties of Al,Os containing 25 wt % SiCw were exam-
ined for cutting tools applicationsin [4]. It was shown that ceramics with participa-
tion of SICw in Al,O; matrix enhanced the mechanical properties significantly,
which enabled the cutting of Inconel 718 super-alloy. The Al,O3 ceramics rein-
forced by SiCw was devel oped with the objective to improve its fracture toughness
and crack healing ability [5]. The used SiC whiskers have diameters between 0.8
and 1.0 um and lengths from 30 to 100 um. The SiC whiskers were located at grain
boundaries between Al,O; grains and were preferentially oriented within the plane
perpendicular to the pressing axis. In other studies mechanical properties of
Al,O5/Ti3SIC, multilayer ceramics were improved by adding SiCw into Al,Os
layers [6]. The optima mechanical properties were obtained when the content of SIC
whiskers was 20 wt %. The distribution, morphology, and reinforcing behaviors of
the SiICw in the reaction bonded SiC-composite were presented in [7]. It was shown
that whisker pullout, whisker bridging, and crack deflection are main toughening
mechanisms. Paper [8] confirmed that introduction of SIC whiskers improved the
densification and mechanica properties of the SiC-based ceramics. Therma shock
behavior of ultrahigh-temperature SiC-whisker-reinforced boride ceramics was stud-
ied in [9]. Ultrahigh-temperature SiCw-reinforced ZrB, ceramics was fabricated by
the hot pressure sintering. The flexural strength of these composites attains 753 MPa.
The ZrB, matrix with SICw possesses a good thermal shock resistance. No cracks or
other forms of damages in the specimens were induced during the quenching.

A hetero-modulus composite material containing” 90-97 % cBN and
3-10 % Si3N, is presented in [10]. This materia shows a high performance at inter-
rupted turning of the very hard steels.

This study has been performed in order to carry out HPHT-sintering of compos-
ites of the cBN-Si3N,~SiCw system with different contents of SiCw. In the present
paper physical and mechanical properties of cBN-Si3sN,~SiCw composites, micro-
structure peculiarities, and the testing at interrupted turning of very hard steel are
presented. The final purpose of this research was to determine possibilities to im-
prove the strength properties of cBN—SizN, composite material by reinforcing it
with SiC-whiskers.

MATERIALSAND METHODS

Compacts based on cBN were created under HPHT conditions using micron
powder of cBN with an average grain size of 3-6 um produced by the Element Six
company, micron powder of SizN4 with an average grain size of 0.5-0.7 um (pro-
duced by the Inc. Starck, Germany), SiC whiskers with an average diameter size of
1.5 um and with an average length size of 18.0 um (produced by the Inc. Starck,
Germany). Powders of cBN, SizN4, and SiCw were mixed in isopropyl alcohol using
SisN4 ball mill of the Pulverisette 6 Model, (Fritsch) for 2 h. As aresult five mixtures
were prepared. Then powder mixtures were dried at room temperature for 12 h. First
mixture consisted of 97 % cBN and 3 % SizN4. The remaining four mixtures con-
tained 5, 10, 15, and 20 % of SiICw: 92 % cBN, 3 % SizN4, and 5 % SiCw; 87 %
cBN, 3 % Si3Ny4, and 10 % SiCw; 82 % cBN, 3 % Si3N,4, and 15 % SiCw; 77 % cBN,

“From now on the compositions of the mixtures and materials are given in vol %.
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3% SizNy4, and 20 % SiCw. The SEM images of the initial SiC whiskers and micron
powders mixture of 87 % cBN, 3 % SizN,4, and 10 % SiCw are presented in Fig. 1.

Fig. 1. SEM-images of the initial SiC whiskers () and micropowders mixture of 87 % cBN,
3% SigNy, 10 % SiCw ().

All patterns were taken of the composites HPHT-sintered using a toroid-type
high-pressure apparatus with 30 mm diameter of the central cavity and 2.55 cm®
working volume of a high pressure cell [11]. Experimental mixtures were placed in
toroidal gaskets and compressed between two cemented tungsten carbide anvils, as
shown in Fig. 2. Value of the pressure into the high pressure cell was determined
using a well-known method to fix phase transition of bismuth, thallium, and lead
selenide. The sintering temperature was measured by thermocouples and refined
according to the melting temperatures of silicon and copper [12]. Samples of com-
posite materials were produced in the thermodynamic stability region of cubic
boron nitride modification at high pressure of 8.0 GPa and high temperature of
2500 K. Duration of the sintering was 1.0 min. HPHT-sintered samples were pre-
pared in a disk form with diameter of 9.5 mm and thickness of 4.0 mm after grind-
ing and polishing.

2 468H?fu

Fig. 2. Assembling of the toroid-type HP apparatus for sintering of composites before and after
actions of axial compression up to 18 MN: / — cemented tungsten carbide anvil; 2 — toroidal ring
of lithographic limestone; 3 — container of block lithographic limestone; 4 — heat-insulating ring;
5 —steel ring; 6 — heat-insulating ring of pyrophyllite; 7 — butt part of pyrophyllite; 8 —a molyb-
denum disk; 9 — disk of graphite-ZrO,; 10 — micropowders mixture of cBN-SisN,~SiCw system
for HPHT sintering of composites; /1 — a graphite heater; 12 —agraphite disk.
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The elasticity moduli of the samples were measured with an accuracy of 2 % by
an ultrasonic method measuring for the propagation velocity of transverse and
longitudinal waves transmitted through the samples using a Panametrics Epoch 111
ultrasonic flaw detector [13]. The density was determined by hydrostatic weighing
with an accuracy of +0.01 g/cm®. Vickers hardness was measured at a load of
9.81 N using a Hardness Tester Future-Tech FV-700. The fracture toughness was
calculated from the length of the cracks developed after the Vickers indentation
test using the equation from [14]. The measurement errors for Vickers hardness
and fracture toughness were +1.3 GPa and +0.7 MPa-:m"?, respectively. Micro-
structure investigations of the samples were made using a JEOL JSM-6460LV
scanning electron microscope with an EDS spectrometer. The phase compositions
of the sintered compacts were identified by X-ray diffraction based on the ICDD
and ICSD databases.

The interrupted turning tests of produced composites were carried out using a
standard screw-cutting lathe [15]. The work-in-process of high carbon steel shows
the best correlation with 107WCR5 (EN) steel containing up to 1.2 at % Cr,
16a %W, 1.1 a % Mn and hardened to HRC 62 (conventional deviation HRC is
1.5). The diameter of the workpiece rod was 100 mm. The workpiece has six key
holes with width of 10 mm, as shown in Fig. 3. Machining process parameters are
listed in Table 1. Such machining conditions are characterized by high thermal and
mechanical loads in cutting edge of the composite tool. All tested samples were
round cutting blanks of the RNMN 09T300T type with diameters of 9.52 mm and
3.97 mm thick. After the interrupted turning tests, the flank wear of cutting blank
was measured with an accuracy of +0.01 mm using an optical microscope with a
cross-hair micrometer.

the key holes.

Table 1. Parameters of the machining process

Cutting speed v¢, m/min 100
Depth of cut ap,, mm 0.2
Feed rate f, mm/rev 0.1,0.2,04
Turning time T, min 10,5.3,2.6

Chamber land width b, mm 0.2

Angle of chamber A, deg 20

Rake angle B, deg -10
Relief angle a, deg 10
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RESULTSAND DISCUSSION

The results of our investigation of physical and mechanical properties of
HPHT-sintered composites are given in Table 2. All composites produced have
high degree of compaction and low porosity (Fig. 4). The value of closed porosity
is 1 %. As a consequence of increasing the SiCw content of the composite from
0 to 20 %, the composite density decreases from 3.46 to 3.41 g/cm®. The change of
the SiCw concentrations in starting mixtures does not influence the consolidation
of the cBN-SizN4,~SiCw system at the used HPHT conditions. The maximum ve-
locity of the longitudinal ultrasonic wave of 15500 m/s was fixed at the measure-
ment of the Y oung modulus of the sample comprising of 97 % cBN and 3 % SizNj.
It is the evidence of the low ultrasonic wave dissipation because of grains bounda-
ries presence in the composite. The highest Y oung’s modulus ensures the bonding
between cBN grains. Addition of SiCw component into cBN—Si3N, system leads to
a reduction of the Young modulus. This characteristic parameter equals 846 GPa
for a composition of 97cBN-3Si3N, and 740 GPa for the composition of 77cBN—
3Si3N,—20SiCw. On the other hand, the Vickers hardness of a sintered composite
decreases from 42.0 to 37.5 GPa with increasing the SiICw component to 20 %.
This interval of the Vickers hardness values for composites based on cBN pro-
duced at HPHT conditions is conclusive prerequisite to their application in cutting
tools for turning of very hard steels [16]. The fracture toughness hasn’'t appreciable
correlation with a change of the SiCw concentration up to 20 %. The average value
of the fracture toughness is about 12.0 MPam"2 A high value of the fracture
toughness combined with a high value of Young's modulus and Vickers hardness
gives ground to suppose that the produced composites can show good results in
cutting hard-to-machine materials, especially in the interrupted turning when the
cutting tool edge is subjected to periodic impacts.

Table 2. Physical and mechanical properties of sintered composites

Composition, vol % Young’s Vickers Fracture

. . Densitsy, Rel:fltive modulus, | hardness, | toughness,
cBN | SisNg4 | SiCw g/lem density, % GPa GPa MPa.m2
97 3 0 3.46+0.01 99.2 846+16 42.0+1.1 12.9+0.4
92 3 5 3.44+0.01 98.9 820+17 41.1+1.2 12.5+0.4
87 3 10 3.43+0.01 99.0 790+15 41.0+£1.3 11.4+0.5
82 3 15 3.42+0.01 99.1 763+18 39.0+1.1 11.9+0.7
77 3 20 3.41+0.01 99.2 740+15 37.6+1.3 12.2+0.6

Figure 5 shows SEM images of the cBN-Si3N,~SiCw composites microstruc-
tures. As can be seen, SiC whiskers are homogeneously distributed in the cBN—
SisN4 composite. An important feature of the composite microstructure is the fact
that the SiCw breaking as a result of the high-pressure action. Dark grainsin Fig. 5
represent cBN, SizN, and SiCw appear at the grain boundaries. Description of
HPHT sintering of the cBN—Si3N,4 system was presented in [10]. The X-ray diffrac-
tion analysis doesn’t determine the interaction between components of the cBN—
Si3N4—SiCw composite during the HPHT sintering.

On the interrupted turning tests of the composites produced, it was defined that
all cutting inserts show high performance at the hardened steel machining (Fig. 6).
The results of the interrupted turning tests are presented in Fig 7. The composite
inserts of 87cBN—3Si3N,~10SiCw have the lowest speed of wear and flank wear.
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Cutting properties of the 97cBN—-3Si3N, and 92cBN-3Si3N,-5SiCw composites
are very similar. In al cases the composite inserts exhibited a classic wear land
without chipping and spalling. So, it was established that the addition of the SiC
whiskersinto the cBN—Si3N, system led to an increase of the strength property.

Fig. 5. Microstructures of materials having different compositions: 87cBN—-3SisN4,~10SICw (a);
77cBN-3Si3N,—20SiCw (b) (SICw iswhite spotsin the SEM image); 97cBN-3SizN, (c).
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Fig. 6. Interrupted turning tests of the composites produced.
h, mm i, um/min
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Fig. 7. Effect of the SiCw content of a composite on the flank wear (7, mm) isindicated by black
bars, wear speed (i, um) by white bars.

CONCLUSIONS

Superhard composite materials of the cBN—Si3N,—SiCw system have been pro-
duced at high pressure of 8.0 GPa and high temperature of 2500 K. The Vickers
hardness has been measured in the 37.5-42.0 GPa range. Young's modulus and
fracture toughness are in the range of 740-846 GPaand 11.4-12.9 MPam"2

The interrupted turning tests show that the 10 % SiC whiskers, which has been
added into the structure of the cBN-Si3N, composite, leads to the reduction of the
flank wear by 20 %. Therefore, there is reason to suggest that the participation of
10+2 % SiCw in a cBN-Si3N,4 composite improves the composite cutting proper-
ties.

Although the addition of SIC whiskers into the composition of the produced
cBN material alows a rather low increase of the impact resistance as compared
with Al,Os—SiCw composites, our research shows that SiC whiskers as an reinforc-
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ing component should be applied to HPHT sintered composite materials based on
cBN.

The whisker-reinforced composite consisting of 87 % cBN, 3% SizNy,
10 % SiCw confirmed good results in the interrupted turning of hardened steel and
can be recommended to use in cutting tools.

This work was supported by the European Commission under the FP7 Specific
Programme ‘ Capacities' within the framework of the SINTERCER project Devel-
opment of a sintering centre and know-how exchange for non-equilibrium sintering
methods of advanced ceramic composite materials (REGPOT-2012-2013-1 EU
FP7 Research Potential, project no. 316232).

B ymosax sucoxoeo mucxy 8,0 I'Tla i éucoxoi memnepamypu 2500 K 6yno
ompumano komnosumu cBN—Si;N~SiCw 3 piznum emicmom xomnonenmu SiCw 0o 20 % (3a
06’emom). Mooyne FOnea suaxooumoscs 6 inmepsani 740-846 I'Tla. Teepoicmv 3a Bixepcom i
mpiyuHoCmitikicms  8i0N0GIOHO Mmaromev 3Hauenus 6 inmepeani 37,5-42,0 [Tla i 11,4-
12,9 MIaw™”. Xapaxmepnoio oco6rugicmio Mikpocmpykmypu KOMROZURLY € HAAGHICMb 3PYIiHO-
eanux SiC-gycie, sAK pe3yibmam @naugy GUcoko20 mucky. Po3pobneno memoouxy mecmysanns
3pA3Ki8 Npu nepepusuacmomy mouinHi. Bunpobyeanns 3pasKie npu nepepusuacmomy mouiHHi
sucokomeepoux cmanei nokazyroms, wjo oooasxka SiC-gycie 6 xinbkocmi 10 % (3a 06’emom) y
cmpykmypi komnosumy cBN-Si;N,~SiCw npueooums 00 3uudicenus 3Hocy piscyuoi Kpomxu 0o
20 %.

Knwwuogi cnosa: cBN, SiC-gycu, KoMnosum, cRikauHs 6 YMOBAX GUCOKUX THUC-
Kig [ memnepamyp, nepepugiacme mouiHHs..

B ycnosusax svicokoeo dasnenus 8,0 I'lla u evicoxoii memnepamypur 2500 K
OvLu noayyensl komnosumsl cBN—SisN~SiCw ¢ pasnuunvim codepacanuem komnonenmul SiCw
00 20 % (no obvemy). Mooynw FOnea naxooumcsa e unmepegane 740-846 I'lla. Teepoocms no
Bukepcy u mpewunocmoiikocms COOMEEMCMEEHHO UMM 3HAYeHus 6 uHmepeane 37,5—
42,0 I'la u 11,4—12,9 MITan". Xapakmepnoii 0cobenHoCmbio MUKPOCHPYKMYDbI KOMRO3UMA
saensemcs Hanuyue paspyuientvix SiC-ycos, Kak pe3ynomam 6030elcmeus 8biCOK020 OA61eHUA.
Paspabomana memoouxa mecmupoganusi obpasyos npu npepvisucmom mouvenuu. Mcnvimanus
00pasyos npu npepviBUCIMOM MOYEHUU GbICOKOMBEPObIX CManeli NOKA3blearom, Ymo 000aeKa
SiC-ycoe 6 konuuecmee 10 % (no obwvemy) ¢ cmpykmype xomnosuma cBN-Si;N~SiCw npueo-
oum K cHudiceHuio usnoca peicyweti Kpomxu 00 20 %.

Knrwueswvie cnosa: cBN, SiC-ycol, komnosum, cnexanue 8 ycio8usax 8blCOKUX
OasneHull U memMnepamyp, npepuleucmoe moyeHue.
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