PVD and CVD gradient coatings on sintered carbides
and sialon tool ceramics

L.A. Dobrza ski, M. Staszuk*

Institute of Engineering Materials and Biomateri&gesian University
of Technology, ul. Konarskiego 18a, 44-100 GliwiPeland

* Corresponding author: E-mail address: marcinzstk@polsl.pl

Abstract

Purpose: The main objective of the work is to investigate #tructure and properties of
multilayer gradient coatings produced in PVD an®lBCprocesses on sintered carbides and
on sialon ceramics, and to define the influencethaf properties of the coatings such as
microhardness, adhesion, thickness and size ohgran the applicable properties of cutting
edges covered by such coatings.

Design/methodology/approachThe investigation studies pertaining to the follogvihave
been carried out: the structures of the substradesl coatings with the application of
transmission electron microscopy; the structure amplography of coating surfaces with the
use of electron scanning microscopy; chemical caitipn of the coatings using the GDOES
and EDS methods; phase composition of the coatisiysg X-ray diffraction and grazing
incident X-ray diffraction technique (GIXRD); grasize of the investigated coatings using
Scherrer's method; properties of the coatings idalg thickness, microhardness, adhesion
and roughness; properties of the operating coatimgsutting trials. The models of artificial
neural networks have been worked out which invtiieedependencies between the durability
of the cutting edge and properties of the coatings.

Findings: Good adhesion of the coatings to the substrate fsmtered carbides is connected
with the diffusive mixing of the components ofadbating and substrate. In the case of PVD
coatings obtained on sialon ceramics, the highdsteaion to the substrate (Lc=53-112 N) has
been demonstrated by the coatings containing tiNe phlase of the hexagonal lattice having
the same type of atomic (covalence) bond in thdirgpas in the ceramic substrate. The
damage mechanism of the investigated coatings depera high degree on their adhesion to
the substrate. The durability of cutting edges cedeby the investigated coatings depends
principally on the adhesion of the coatings to shibstrate, and to a lesser degree on the other
properties.
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Practical implications: While selecting a proper coating material on cei@eutting edges, it

is advisable to remember that the coatings havirggsame type of atomic bond as the ceramic
substrate have higher adhesion to the substrateathfen relevant aspect of the research
presented in the paper is the fact that the adimesiothe coatings contributes significantly to
the durability of the cutting edge, whereas therafiardness of the coatings, their thickness
and grain size have a slightly lower influence be tlurability of the tool being coated.
Originality/value: The paper presents the research involving the RWid CVD coatings
obtained on an unconventional substrate such dsrsieeramics. Furthermore, to define the
influence of coating properties on the durability outting edges, artificial neural networks
have been applied.

Keywords: Working properties of materials and products, Madbal properties, PVD and
CVD coatings
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1. Introduction

The process of machining at the beginning of th& @antury is still one of the most
important production technologies applied in théustry of mechanical engineering. Even if
we apply plastic hot or cold working or castingheaclogies, still the final working is most
frequently done by machining [9,16,46,54,57,96].

The constantly improving properties of constructiiormaterials, which are obtained
through machining, are determining a demand foigh Btandard quality of produced tools
which must satisfy such aspects as service lifejress of the cutting edge as well as working
conditions such as speed, depth and feed rate tiiei economic conditions which principally
enforce the necessity to increase the efficienapathining, which is being realized by raising
the thickness of the material removed in a singkssp and by reducing its time
[10,42,49,70,73,84]. To meet such requirements,ttids should have high hardness and

should be considerably resistant to abrasive, adhediffusive and chemical wear [33,79].

134 L.A. Dobrza ski, M. Staszuk



Effect of casting, plastic forming or surface teclogies on the structure
and properties of the selected engineering maserial

Among a variety of tool making materials, sintecaatbides are still a dominant group in
view of machining technologies. Advantageous ugighilroperties and hardness higher than
that of high speed steel, and also a relatively poige involving their production costs make
them popular and commonly applied. Furthermore, enodintering methods make it possible
to produce cutting edges from sintered carbidesavery fine grains and properties better as
compared to the carbides produced with standartiaodst[7,43,64,81]. On the other hand, the
scientific and industrial environments are gettingre and more interested in tool making
ceramics, including also thessialon ceramics elaborated at the end of tHE @htury. The
mechanical properties of this alloy ceramics hagenbinherited from the isomorphieSisNy,
and the chemical properties correspond to alumioxise ALO; [56].

The hard coatings PVD and CVD used for cutting edgre an efficient means to increase
the durability of tools made from high speed strel sintered carbides, being already applied
from the 1960s of the #0century [4,63]. Recently, also the opinion statihgt coating
deposition on ceramic tools is aimless due to theirdness being high enough has been
verified. There are ceramic tools offered recentithe market covered with coatings resistant
to abrasion. The coatings resistant to wear baseditades, carbides, oxides and borides,
principally of transition metals, make it possibdeapply higher machining parameters of tools
covered by them, and also enable working processte®ut the application of cutting-tool
lubricants [11,12,22,23,25,72,85].

In spite of the fact that the coatings on machiréngfing edges have been used for many
years, their dynamic development can be observedgithe last decade [4,16,18,23,25,28,29,
35,72]. At present, the modified PVD and CVD meth@adn be applied to produce coatings
having extreme tribological properties of elemehtsy are covered with. However, there is no
universal coating which can have unlimited appliliigb A wide range of coating applicability
necessitates a proper selection of a coating dépgerah the actual application, deposition
method and substrate type [68,78,88,96]. Presewtlycan distinguish two parallel research
trends in the area of thin coatings. The first aeske trend is aiming to elaborate new coating
types, possible search for new applicability foe thlready known coatings. The second
research trend is connected with the developmendepbsition technologies of hard coatings
resistant to wear, the search for new depositiothaaks and the modernization of the existing
techniques [19,76].

The coatings resistant to wear are applied nowattag$ tool making materials, even the
hardest ones [23,72]. The application of protectivatings has a considerable influence on the
improvement of durability and efficiency of machigitools, due to the following factors [9]:
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high hardness of the operating surface of the cowéred with the coating; hardness is one

of the basic qualities of surface layers; in mases the rise of hardness results in the rise

of the qualities of other coating systems [5,6].

possibly low friction factor within the contact arbetween the tool and a machined object.

This factor has a considerable influence on thehinémg process, among others through

the reduction of machining forces, lowering the penature; it also enables to do the

machining without cutting tool lubricants, and indlly speeds up the machining process
itself.

creation of thermal barrier for the heat generatedng the operation of the tool; lower

temperature of the tool translates itself into loweermal deformation, which contributes

considerably to better durability of the tool [68].

reduction in the diffusion of atoms in both directs along the path tool — machined object.

Thin coatings deposited with the PVD and CVD tegnes on the cutting edges of
machining tools are principally made up by nitridearbides, oxides, borides of transition
metals (most frequently Ti, Zr, V, Cr, Mo, W, Nbf)hbr their combinations. The interest
aroused by these phases is connected with thehatcthese hard-melting phases are usually
very hard and brittle, and are usually resistamtiwosion and tribological wear [4,56,61,87].

The protective coatings can be divided into grodggending on the type of atomic bond
dominating in a given type of coating. Having caesed all types of coating materials, the
most numerous group is made up by materials witptedominant number of metallic bonds.
Here we can name such as nitrides and carbidearddition metals, but also some borides and
silicides. In a great majority of these phasesetae metallic-covalence bonds, whereby the
said materials are combining in themselves highdiess and abrasive resistance with the
resistance to brittle cracking, which is highecampared to the phases of covalence and ionic
bonds. Another group of coating materials is mga®ymaterials with the prevalence of ionic
groups. This group includes mainly oxides. Andtthied group is composed of materials with
the prevalence of covalence bonds where we came pliatnond coatings and those made from
boron nitride. This group of materials has the bgjthardness. Table 1 presents the examples
of coatings from all three material groups [4,56].

The coatings from titanium nitride have been usadesthe 1960s of the 2Gcentury and
they are still widely applied in the industry [4]68lthough we can observe a declining interest
in this material in favor of other phases [3]. Thanium nitride crystallizes in a cubic lattice of
NaCl type, and it is a typical interstitial phadeaovery wide homogeneity range from 30 to
50% at. of nitrogen. The microhardness of this phissgrowing proportionally with the
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concentration of nitrogen (Table 1) [87]. The Tiblyérs have high resistance to abrasion
[25,34,35,36], but they oxidize in the atmosphaeiicat the temperature of 670-870 K [3].

Table 1.Selected properties of coating material about tfietaonic and covalence bonds

[4,56,66,96]

. . Young's . Coefficient of
Kind .of Coatina material Microhardness, modulus Density, thermal
bonding 9 HV GP ' glen? expansion ,

a 6

107K
TiN 2100-2400 256-590 5.40 9.35-10.1

ZrN 1600-1900 510 7.32 7.9
Metalic TiC 2800-3800 460-470 4.93 7.61-8.6
ZrC 2600 355-400 6.63 6.93-7.4

TiB, 3000 560 4.50 7.8

Al,03 1800-2500 400 3.98 8.4-8.6

lonic TiO, 1100 205 4.25 9.0
ZrO, 1200-1550 190 5.76 7.6-11.1

C (diamond) 8000 910 3.52 1.0

Covalent BN (cubic) 3000-5000 660 2.52 -

BN (face centered 4700 - -
AIN 1200 350 3.26 5.7

The admixture of other elements to the TiN phash st zirconium, aluminum, carbon or
boron results in the formation of isomorphic phasegith titanium nitride
[1,13,36,41,51,58,59,67, 77,82,90]. Multicomponenatings Ti(C,N) are characterized by
high hardness (2500-3500 HVO0.05) [58] and by raesist to abrasion so they are applied for
covering cutting tools from high speed steel aminfrsintered carbides [15,71,74,94]. In the
coatings of (Ti,Al)N type, every second titaniurmratis substituted with aluminum [59,77,82].
The presence of aluminum in such coatings resnlthe fact that the temperature of service
durability of such coatings exceeds 970 K, and anking conditions with raised temperature a
layer of ALO; is formed on the surface which generates a ddfusiarrier for atmospheric
oxygen [3,5,44,83]. By increasing the concentratidraluminum (Ti:Al 33:67) in (Al,Ti)N
coatings we are raising the protective influencehié element [39]. The change of lattice
parameters brought about by the dissolution of tAh® in the TiN lattice is in congruence
with the Vegard’s law (Fig.1) [2,8]. We must noteré that the metastable coatings (TiAI)N
and (AL, Ti)N combine in themselves diverse promartdf metallic-covalence materials (TiN)
and of covalence ones (AIN) which can not be oletdias solid materials due to a different
structure and a different type of bonds [96]. Tleatmgs with the admixture of zirconium
(Ti,Zr)N show better physical properties than Tibatings, in particular hardness, resistance to
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abrasion, wear and corrosion [90]. Such coatingscomsist of single three-component phases
and they can demonstrate two-component structufié@Mfand ZrN [13,36,90]. In the case of
Ti(B,N) coatings, their phase composition dependstlee concentration of boron. Such
coatings consist of single- or two-component phageisthere are no three-component phases
[41,47,48,60,66,67,95]. The microhardness of thesgings is within the range of 3000-5000
HV depending on phase composition. The highest nemsl is demonstrated by Ti(B,N)
coatings containing boron nitride [41,50]. Throutle introduction of aluminum to the CrN
coating, used as protective layers against comoaia having good antiadhesive properties
principally on plastic working tools, the nitrideAl(Cr)N was formed [37,40,61]. The
admixture of aluminum of the concentration of 684/t stabilizing the AIN phase of the
cubic lattice. Such coatings have high hardnessrasidtance to abrasion, higher than the
conventional TiN coatings, whereby they can be iagpb cover cutting edges. We should add
here that such coatings exhibit high thermal stgbiland their maximum operating
temperature is 1100°C [38,80].
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Figure 1. Lattice parameters of the TiN, (Al, Ti)N films afuaction of the AIN content and
comparision with Vegard's law [2]

Material designing is currently one of the most aripnt issues of material engineering. A
synergy obtained in the field of new material temlbgies involving the formation of structure
and properties of surface layers of engineeringenas has been brought about by the
integration of many branches of science, engingesimd technology. New materials and the
technology of their manufacture is a challenge greht potential to be taken advantage of by
the EU countries in view of hard competition wittetdeveloping countries of relatively cheap
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workforce. The current approach to material designis focused on the manufacture of
materials having a structure ensuring that the rigdgéehave preset physicochemical properties
meeting the specific requirements [30].

2. Materials

The research has been carried out on multi-posgrts from sintered carbides of the WC-
Co type and from sialon tooling ceramics deposiéed non-deposited with multilayer and
gradient coatings resistant to abrasion in PVD @wbD processes. The inserts were being
covered in the cathode arc evaporation process B¥B-with the coatings Ti(B,N), (Ti,Zr)N,
Ti(C,N), Ti(C,N)+(Ti,ADN, (ALT)N, (Ti,A))N and (Al,Cr)N, and in the high-temperature
CVD process with multilayer coatings Ti(C,N)&8k+TiN and Ti(C,N)+TiN.

3. Methodology

The surface topography and the structure of thelymed coatings along the transverse
fractures was observed on the scanning electrorortiope Supra 35 of Zeiss Company. To
obtain the images of the investigated samplesd#tection of secondary electrons (SE) and
backscattered electrons (BSE) was applied, witratoelerating voltage within the range of 5-
20 kV.

The qualitative and quantitative analysis of theraltal composition in the microareas of
the investigated coatings was carried out using<thay energy dispersive spectroscopy (EDS)
with the application of the spectrometer EDS LINKI$ of the Oxford Company being a
component of the electron scanning microscope Z&igga 35. The research was carried out
with the accelerating voltage of 20 kV.

The orientation and grain size in the coating freintered carbides was determined using
the technique of Electron Backscatter Diffracti@BED) in the scanning electron microscope
Supra 35 of Zeiss Company.

The changes of chemical concentration of the cgatiomponents along the direction
perpendicular to its surface, and the concentratisanges in the transit zone between the
coating and the substrate material were determir@sihg on the tests in the glow discharge
optical spectrometer GDOS-750 QDP of the Leco umsémts Company. The following
operating conditions of the Grimm tube of the spwokter were applied: internal diameter of
the tube 4 mm, voltage feed to the tube 700 V, tulveent 20 mA, operating pressure 100 Pa.
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The observation of the structure of thin foils @hd diffraction research was carried out in
the transmission electron microscope JEM 3010 UHLthe JEOL Company, with the
accelerating voltage of 300kV and maximum magatfan of 25000 times. The
diffractograms from the transmission electron nscape were solved with the use of the
computer program “Eldyf”.

The analysis of phase composition of the substrates of the obtained coatings was
carried out using the X-ray diffraction method (XRBn the X-ray apparatus X'Pert of the
Panalytical Company using the filtered radiatioraafobalt lamp. Due to the superposition of
reflexes of the substrate material and coatingdudto their intensity hindering the analysis of
the obtained results, in order to obtain more atevinformation from the surface layer of the
investigated materials, we applied in our furthereistigation studies the grazing incident X-
ray diffraction technique (SKP).

The assessment of grain size in the investigatetings was carried out using the
diffractograms obtained with the application of grazing incident X-ray diffraction technique
(SKP) using the Scherrer's method.

The measurement of roughness of the surface ofpthished samples from sintered
carbides of the WC-Co type and of sialon ceramithomt coating and covered with the
investigated coatings were carried out on the logfaphometer Surtronic 3+ of Taylor
Hobson Company, whereas the roughness measuremtm@ surface of gray cast iron after
the technological machining trial with cutting edgeithout coatings and with the investigated
coatings was carried out on the profilographomBiearite Compact of Asmeo Ag Company.
We assumed the measurement length of Lc=0.8 mnmeadurement accuracy of +0.02 pum.
The parameter Ra acc. the Standard PN-EN ISO 4289:vas assumed as the quantity
describing the roughness. We carried out 6 meagmenon each of the investigated samples
and we determined the average, standard deviatidncanfidence interval, assuming the
confidence factor at 1=0.95.

The hardness of the investigated materials wasrdated using the Vickers method. The
hardness of the covered substrates from sinterguldes and sialon tooling ceramics was
determined making use of the classical Vickers othusing the loading equal to 3 N
according to the Standard PN-EN ISO 6507-1:2007¢ hardness measurement of the
produced coatings was carried out using the dynangthod of Vickers, in the mode ‘load-
unload’.

Using the variance analysis for a single clasdifica we assessed the statistical
significance between many averages for hardnessuremaents. The following hypotheses
were formulated:
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HO: m1=m2=...=mt
versus an alternative hypothesis:
H1: the averages differ significantly.

The statistical significance between the particaerages was assessed basing on the
variance relation between the averages in the atgshgroups and the overall variance of the
investigated variable.

The adhesion of the coatings to the substrate wtesrrdined basing on the Scratch Test
analysis on the apparatus Revetest of the CSEM @oynplhe critical load Lc at which the
adhesion of the coating fails was determined basimthe value of acoustic emission recorded
during the measurement and on the observationrafctes formed during the scratch test. The
said observations were made on the light microsdmgirg a component of the apparatus.
Detailed observations of the formed damage wergiechrout on the scanning electron
microscope DSM-940 of the Opton Company, with tbeeterating voltage of 20 kV.

In order to categorize the investigated machiningeits according to their usability
properties, technological machining trials wereriedr out. The tests involving the cutting
ability of inserts from sintered carbides and siat®ramics covered and non-covered with
PVD and CVD coatings were carried out basing otirayitrials without cutting tool lubricants
on the lathe TUR 630M. The machining at room terapge was applied on gray cast iron
EN-GJL-250 of the hardness of about 215 HB. Theakility of the investigated inserts was
determined basing on the measurements of the vatfithhear band on the tool flank. The
measurement of the average width of flank wear ¥iB af the maximum width of wear band
VBax Was carried out using the light microscope CaikZdena. The machining trials were
being stopped when the assumed wear criterion fi@r-machining of VB=0.2 mm was
exceeded. The observation of the wear of tool fiam#t attack surface of the machining inserts
was carried out using the scanning electron miapscZeiss Supra 35. The analysis of
chemical composition in the microareas was caroigidusing the EDS method. The obtained
results were presented in a graphical form asdlaion of wear band on the tool flank VB in
the function of cutting trial time. The durabiligf the cutting edge is defined as the time T
[min] after which the value of the assumed criteritB=0.2 mm is exceeded.

Basing on the set of experimental results, a motiattificial neural networks (SSN) was
elaborated, which made it possible to determirtbefe is a dependency between the properties
of the coatings such as microhardness, adhesicublistrate, grain size or coating thickness
and the durability of cutting edges covered with itivestigated coatings. We investigated the
possibility to apply networks of different architece such as: linear networks, radial base
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functions (RBF), regressive networks (GRNN) andtitayler perceptron (MLP). From among
the tested networks the best quality factors wedsioed for the network of multilayer
perceptron (MLP) with one hidden layer (Fig. 2).

Microhardness HV

Critical
load L, Cutting ability

Grain size

Thickness

Figure 2. Artificial neural network architecture of multilay perceptron with one hidden layer

The network was trained out using the algorithmsbatkward error propagation and
coupled gradients. To verify the usefulness of ieéwork we applied the average absolute
error, standard deviation quotient and Pearsoreladion factor.

4. Investigations results

Multi-point inserts from sintered carbides and frosmalon tooling ceramics are
characterized by well concentrated structure withgares or discontinuity (Fig. 3). The tests
of thin foils in the electron transmission micropedchave confirmed that the sintered carbides
contain the grains of wolfram carbides WC of theadgonal lattice (Fig. 4), and the sialons
demonstrate isomorphic structure with silicon diriSiN, of the hexagonal lattice. The phase
composition of the investigated substrates wasigoafl by the tests with the application of
X-ray diffraction methods (Fig. 5).

In effect of the materialographic tests carried ontthe scanning electron microscope it
was found that the surface morphology of coatingsdpced with the PVD technique on
sintered carbides of the WC-Co type and on toosiadpon ceramics is characterized by high
non-homogeneity connected with the presence of mumsedroplet-shaped microparticles
(Figs. 6-9). The presence of these morphologicd¢ale is connected with the nature of
cathode arc evaporation. The droplets observedM &re noticeably different in terms of size
and shape. The size of these particles is withénrimge from the tenths of a micrometer to
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around a dozen micrometers. Some particles hawegalar shape, slightly flat, which can
bespeak of high kinetic energy of the dropletsidwly with a relatively cold substrate (Figs. 7,
9). We also observed solidified droplets of irregushapes as well as agglomerates formed
from several combined microparticles (Fig. 8). Ehesere also some hollows formed probably
when the solidified droplets break off after theDPprocess has been completed (Figs. 7, 8). It
was found that the hollows bespeaking of the brepkif of some microparticles frequently do
not reach down to the substrate.

Figure 3. Fracture of sialon tool ceramics

The chemical analysis of particles present on thiéase of PVD coatings (Fig. 9) shows
that in these microareas there are predominantiainedéements from the evaporated shield
pertaining to a given coating, i.e., titanium, @intum and aluminum, which suggests that these
are droplets of liquid metal broken off from thaedti during the deposition of coatings and
solidified on the substrate. In some cases the i@ manalysis from the microarea of the
droplet shows the presence of nitrogen, which caamthat a solidified metal droplet has been
covered by a thin layer of coating material.

The analysis of surface morphology of coatings poed with the CVD technique on the
substrate from sintered carbides and sialon cemmiows that there occur networks of
microcracks characteristic for this deposition noetlof thin coatings (Fig. 10). The surface of
the coatings Ti(C,N)+ADs+TiN demonstrates a topography characteristic tier subsurface
layer of ALO; consisting of numerous polyhedrons (Fig. 10). Amel surfaces of the coating
Ti(C,N)+TiN deposited on both substrates are défféifrom each other. This coating deposited
on sintered carbides has a slightly wavy surfaceaundharpened shapes, and the coating
Ti(C,N)+TiN on sialon consists of grains of sphatishapes and size of about 2 um.
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Figure 4. Structure of sintered carbides substrate: a) brifigld; b) dark field from 100

reflex; c) diffraction pattern from area b and djlgtion of the diffraction pattern
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Figure 5. X-ray diffraction pattern of sintered carbides strate
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The morphology of coating surfaces has an influemtéahe rise of roughness Ra of the
surfaces of inserts from sintered carbides andrsigeramics covered by the investigated
coatings (Table 2). The roughness of the multi-paiserts in both cases is the same and
equals Ra=0.06 um. The lowest rise of roughnesth®fsurface is caused by the coating
(AL Ti) for which the averages Ra are 0.18 and uibon the substrates respectively from
sintered carbides and sialon ceramics. The higbeghness is demonstrated by the surfaces of
samples covered by the CVD coating of the type NJ€AI,Os+TiN, for which Ra is 0.63 pm
in the case of sintered carbides and 0.82 um irdlse of sialons covered by the same coating.
The roughness Ra of the surface of multi-pointrisseovered by the PVD coatings is within
the range from 0.15 to 0.50 um, and the surfacghmoess with CVD coatings is within the
range from 0.20 to 0.83 um. However, there is ratimn found between the durability of
cutting edges and roughness of the coatings.

Figure 6. Surface topography of the (Ti,Zr)N coating depsibnto the sintered carbides
substrate

Basing on the fractographic tests carried out & shanning electron microscope, it was
demonstrated that the PVD and CVD coatings areotmify deposited and closely adhere to
the substrate (Figs. 11-13). Furthermore, the qadar layers of multilayer coatings
Ti(C,N)+(Ti,ADN, Ti(C,N)+AI,Os+TiN and Ti(C,N)+TiN are characterized by compact
structure without delamination or defects and thkgely adhere to one another (Fig. 13). It
can be observed from the fractures of (Al,Cr)N ou that this coating is also multilayer
(Fig. 12), typical for multi-component coatings aioed through the application of separate
sources of metal pairs Cr and Al. It was found thadltilayer coatings of the type
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Ti(C,N)+Al,Os+TiN and Ti(C,N)+TiN obtained by CVD method havethan layer of fine-
grained phase TiC in the interphase zone coatibgtsate (Fig. 13), which was confirmed by
X-ray diffraction methods and described in the Hart part of the paper. In addition, the
Ti(C,N) layer in both CVD coatings is characterizmdthe structure which is changing in the
gradient way from fine-grain close to the substratel then turning gradually into column
structure (Fig. 13). And the XD; layer has the structure similar to the column @fig. 13).

Figure 7. Surface topography of the Ti(B,N) coating depdsipgto the sialon ceramics
substrate

Figure 8. Surface topography of the Ti(C,N) (2) coating d&teal onto the sialon ceramics
substrate
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The research on thin foils from Ti(B,N) coating dsjted on the substrate from sintered
carbides and sialon tooling ceramics confirms thatongruence with the assumptions the
produced coatings contain phases of TiN type otth#c lattice belonging to the spatial group
Fm3m (Fig. 14). We must note here that due to shenorphism of phases TiN and Ti(B,N)
their diffractive differentiation is impossible. $d basing on the research on thin foils from the
(AL TN coating it was demonstrated that this ¢gegtdoes not contain the AIN phase of the
hexagonal lattice (spatial group &) (Fig. 15) and TiN. All the observed structutdshe
coatings have high fine-grained character.

Table 2.Roughness of investigated samples

Coating Roughness Rum
Sintered carbides substrats Sialon ceramics stdstra

uncoated 0.06 0.06
Ti(B,N) 0.29 0.25
(Ti,Zr)N 0.30 0.40
Ti(C,N) (1) 0.22 0.23
Ti(C,N)+(Ti,A)N 0.31 0.30
Ti(C,N) (2) 0.50 0.38
(AL TN 0.18 0.15
(Ti,ADN 0.39 0.28
(ALLCHN 0.28 0.31
Ti(C,N)+Al,Oz+TiN 0.63 0.82
Ti(C,N)+TiN 0.40 0.20

Table 3.The results of quantitative chemical analysis fitmoth X1 and X2 areas of coating
Ti(C,N)+ALO;+TiN deposited onto substrate from sintered carbide

Element Element of concentration, wt.%
C 15.20
N 10.93
Ti 73.87
(@) 41.50
Al 58.50

Also titanium droplets were found inside the inigstted coatings whose presence is
effected by the character of cathode arc evaparathe also found the phases produced as a
result of the solidification a droplet of the evagted shield, which, due to the isomorphism of
phases -TiN of the tetragonal latice and TiB of the rhorsblattice could not be explicitly
identified (Fig. 16).

In effect of the qualitative X-ray microanalysis wbtained information about the elements
present in the selected microareas of the invastigeoatings (Figs. 9, 17), and in effect of the
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quantitative analysis we obtained information abowhss and atomic concentration of
particular elements (Table 3). The qualitative amebntitative analysis EDS from the
microareas of the coating demonstrates that theesiigated layers contain elements
appropriate for a given coating, and their quatitiéacomposition is close to equilibrium.
Additionally, in some cases the EDS spectrum shineseflexes of the elements present in the
substrate, and in the case of thin multilayer cagstithe recorded result is an average of several
layers whereof a given coating is composed. In thse of CVD coating of the type
Ti(C,N)+Al,O5+TiN the analysis of chemical composition along thess-section shows that
the chemical composition of particular layers sel to equilibrium (Fig. 17, Table 3).

b)

Ti

" .
Ti Ti
T T t Y
100 200 3.00 400 500 600 7.00 100 200 300 400 500 600 7.00
Energy - keV Energy - keV

Figure 9. Surface topography of the (Ti,Zr)N coating depabibnto the sialon ceramics
substrate, b) X-ray energy dispersive plot the aXéaas in a figure a, c) X-ray energy
dispersive plot the area X2 as in a figure a
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Figure 10. Surface topography of the Ti(C,N)+@k+TiN coating deposited onto the sialon
ceramics substrate

Figure 11.Fracture of the Ti(C,N)+(Ti,Al)N coating depositedto the sintered carbides
substrate

The research on chemical composition carried outtlom glow discharge optical
spectrometer GDOES confirms the presence of apiptepelements in gradient layers
Ti(B,N), (Ti,Zr)N, Ti(C,N) (1), Ti(C,N) (2), (ALT)IN and in multilayer coatings
Ti(C,N)+(Ti,A)N, Ti(C,N)+TiN. Figures 18 and 19 esent the changes of atomic
concentration of the components of the coatingsadraiibstrate material. The character of the
changes of the concentration of elements which fivencoatings bespeaks of their gradient
structure. The character involving the concentratibanges of the components in multilayer
coatings of the type Ti(C,N)+(Ti,A)N and Ti(V,N)+N is indicative of their multilayer

PVD and CVD gradient coatings on sintered carbaessialon tool ceramics 149



Open Access Library
Volume 1 2011

structure. In both cases, in the internal layeretwecurs titanium, nitrogen and carbon, and in
the external layer, respectively titanium, aluminamd nitrogen. In effect of the GDOES
analysis it was demonstrated that in the contaee Ziom the surface of the coatings there is a
concentration rise of elements that are componaitse substrate with simultaneous decrease
of the concentration of elements which are comptmehthe coating. This fact can be caused
by the presence of a transit zone of diffusive abtr between the substrate material and the
coating, as it was suggested by the authors ofeeavbrks [1,42,73,75], although we can not
rule out the possibility of simultaneous non-homuagus evaporation of the material from the
surface of the samples during the tests on the diseharge spectrometer.

- S .*

[\ 0,6 pm

Figure 12. Fracture of the (Al,Cr)N coating deposited onte #intered carbides substrate

1.5 pm

Figure 13. Fracture of the Ti(C,N)+ADs+TiN coating deposited onto the sialon ceramics
substrate
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a) I

d)
TiN [111]
422

Figure 14. Structure of Ti(B,N) coating: a) bright field; bark field from 0-2-2 reflex;
c) diffraction pattern from area b and d) solutiohthe diffraction pattern

The qualitative analysis of phase composition edraut with the X-ray diffraction method
confirms that on the substrates from sintered daband sialon tooling ceramics, the coatings
containing phases TiN, Ti(C,N), AIN and CrN werengmted in congruence with the
assumptions, and in the case of CVD coating - these AJO; (Figs. 20-23). On the X-ray
diffractograms obtained with the use of Bragg-Baawt technique also the presence of the
reflexes from phases WC and:$j present in the substrate materials was demongtratee
presence of reflexes from the substrate was foundlldiffractograms from PVD coatings as
well as on the diffractogram from the CVD coatirfgtte type Ti(C,N)+TiN obtained on sialon
ceramics, which is caused by the thickness of thieiwed coatings 1.3-5.0um, lower than the
penetration depth of X-rays into the material. ffee of the tests with the application of
grazing incident X-ray diffraction technique, atdéncidence angles of the prime X-ray beam,
we recorded the reflexes only from thin surfaceetay(Figs. 20b, 21b, 22b, 23a-c).
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a)

c)

Figure 15. Structure of (Al,Ti)N coating: a) bright field) bark field from -100 reflex; c)
diffraction pattern from area b and d) solutiontbé diffraction pattern

The lack of reflexes from the phases present insthiestrates on the X-ray diffraction
pattern obtained with the GIXRD technique bespeaksthe fact that the X-ray beam
penetrating the investigated coatings did not getpdenough into the substrate. Table 4
presents the data involving the absorption deptk-ady radiation depending on the incidence
angle of the prime beam and on the type of chendtmrhents forming the coating material.
Basing on the estimated absorption depths of X-ems on the obtained diffraction patterns
(Fig. 23a-c) we defined the structural models ofltilayer coatings (Fig. 23d). It was
demonstrated that the multilayer coatings Ti(C,N)#&I)N, Ti(C,N)+Al,O;+TiN and
Ti(C,N)+TiN contain appropriate phases for eachcofting types in agreement with the
assumed arrangement order of these phases. Onrie diffraction pattern obtained from the
coatings Ti(B,N), (Ti,Zr)N, Ti(C,N)+(Ti,Al)N and (iTAl)N we found isomorphic phases from
TiN, since these phases are a secondary solidaoloh the basis of TiN. With respect to the
coatings Ti(C,N) (1) and Ti(C,N) (2) the presené¢itanium carbonitride was confirmed, and
with respect to the coatings (Al Ti)N and (Al,Cr)ike diffraction analysis confirmed the
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presence of AIN phase of the hexagonal latticeath lzoatings and of phases TiN and CrN
respectively.

a)

40.00 nm

40.00 nm

<)

TiB, TiN[102]

211

Figure 16. Structure of Ti(B,N) coating: a) bright field; bark field from -20-1 reflex; c)
diffraction pattern from area b and d) solutiontbé diffraction pattern

Figures 24 and 25 present the assessment resudtsiofsize from the coatings PVD and
CVD obtained on the substrates from sintered casbahd sialon tooling ceramics. The data
involving the grain size for the coatings obtaimth PVD and CVD techniques is presented
on separate diagrams due to considerably highrdiffes of grain size for the coatings
produced with these two techniques whereas theatbvesults of the carried out studies are
presented in Table 5. The results show that thdleshgrains are characteristic of the coating
(AL TN in which the grain size values are 9.8 @@ nm respectively for the coating obtained
on the substrates from sintered carbides and sa@dmamics. The grain size of PVD coatings is
within the range of 8.2-57 nm, and the grain sife¢he coatings obtained with the CVD
technique is within the range of 112-421 nm. Thesoeement of the grain size shows that the
coatings Ti(B,N), Ti(C,N) (1), Ti(C,N) (2), Ti(C,NYTi,A)N and (Ti,Al)N obtained on the
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substrate from sintered carbides are charactebgesmaller grains than the coatings of the
same type obtained on sialon ceramics. In the @bseatings (Ti,Zr)N, (Al, Ti)N and (Al,Cr)N
smaller grains are characteristic of the coatirtjained on sialon tooling ceramics. In general,
the grain size range for the PVD coatings obtamedialon ceramics is from 8.2 to 57 nm and
is higher than the grain size range of the coatiolgisined on the substrate from sintered
carbides from 9.8 to 27 nm. A higher range is naateantageous for the analysis involving the
influence of coating properties on cutting edgeatility described in the further part of the
work.

a)

b)

100 200 300 400 500 600  7.00 100 200 300 400 500
Energy - keV Energy - keV

T T
6.00 7.00

Figure 17. Surface topography of the Ti(C,N)%8k+TiN coating deposited onto the sintered
carbides substrate, b) X-ray energy dispersive hletarea X1 as in a figure a, c) X-ray
energy dispersive plot the area X2 as in a figure a

The results of thickness measurements of the ilgagstl coatings are presented in Table 6
and on the diagram presented in Fig. 26. The tleisknof the investigated PVD coatings
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obtained on sintered carbides and on sialon toalgrgmics is within the range from 1.3 to
5.0 um, and the thickness of CVD coatings is fraght® 8.4 um. In effect of the carried out
research it was demonstrated that both PVD and @d@&tings on sintered carbides have
higher thickness than the coatings of the same typthe substrate from sialon ceramics. In
the case of PVD coatings, this fact is definitehgicative of the possibility of substrate
polarization, since the accelerating voltage hasitffluence on faster growing rate of the
coatings than in the case of non-polarized cerasulistrate. With respect to CVD coatings,
however, the higher thickness of coatings obtaiopdthe substrate from sintered carbides
results from the fact that the carbon in layersCIN) of both produced CVD coatings is not
only from the operating gas but also from the gast The coatings (Ti,Al)N and (Al,Cr)N
are here an exception since they have higher thakon the sialon substrate.

100
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Analysis depth, pm

Figure 18.Changes of constituent concentration of the Tij@I) coating and the sintered
carbides substrate material

The research results involving the microhardnessiriered carbides and sialon ceramics
without coatings and with the investigated coatiagspresented in Table 7 and in Fig. 27. The
analysis of statistical significance carried out flee coatings on the substrate from sintered
carbides and sialon ceramics shows that thereigméisant differences between the average
values of microhardness, so the zero hypothedimih cases has been rejected (Table 8). In
effect of the statistical significance test, thgreups of microhardness have been singled out
for each category i.e., for sintered carbides aaldrs ceramics without coatings and for those
covered by the investigated coatings (Tables 9, Ihe first group of the lowest
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microhardness includes non-covered sintered casl{ifieble 9) of the microhardness of 1826
HV 0.05, and in the case of sialon ceramics, s&lwm-covered and covered with the coating
(ALLCr)N (Table 10) having average microhardnesg182 HV0.05. And the microhardness of
the substrate alone from the sialon ceramics i$ 2030.05 (Table 7, Fig. 27).

Table 4.The depth of absorption X-ray radiation in a res#acoatings into diffraction
analysis by GIXRD technique depending on incidemgge primary beam

. Sintered carbides substrate Sialon ceramics stdbstra
Coating o o
, , Um ) , um
Ti(B,N) 2 1.13 1 0.56
(Ti,ZrN 2 1.25 2 1.25
Ti(C,N) (1) 2 1.14 2 1.14
1 0.89 1 0.89
Ti(C,N)+(Ti,Al)N 2 1.40 2 1.40
3 2.09 3 2.09
Ti(C,N) (2) 1 0.57 1 0.57
(Al TN 1 1.16 1 1.16
(Ti,Al)N 2 1.80 2 1.80
(Al,Cr)N 5 2.57 4 2.05
0.5 0.28 0.5 0.28
Ti(C,N)+Al,Oz+TiN 2 1.83 2 1.83
5 5.16 4 4,13
0.1 0.06 0.5 0.28
Ti(C,N)+TiN 1 0.57 3 1.71
4 2.28 15 8.47
100
90
X 80;
= |
=] 70 4
= J
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2 40 Ti
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20
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Figure 19. Changes of constituent concentration of the Tij€(N,Al)N coating and the
sintered carbides substrate material

156 L.A. Dobrza ski, M. Staszuk



Effect of casting, plastic forming or surface teclogies on the structure
and properties of the selected engineering maserial

The third group containing the coatings of the bighmicrohardness includes all PVD
coatings obtained on the substrate from sinterenides and the coating (Al, Ti)N obtained on
sialon tooling ceramics, having the maximum valfienicrohardness equal to 3600 HV0.05.
The microhardness of coatings obtained on sialsansies is within the range from 2230 to
3600 HV0.05, and the microhardness range of comtomg sintered carbides is lower and is
within the range from 2315 to 2327 HVO0.05.
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Figure 20. X-ray diffraction pattern of Ti(B,N) coating dejfitesl on the sintered carbides
substrate obtained by: a) Bragg-Brentano method;EJRD method (=2°)
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Figure 21. X-ray diffraction pattern of Ti(C,N) coating dejitesl on the sialon ceraics
substrate obtained by: a) Bragg-Brentano method;EJRD method (=1°)

The critical load Lc [N] determined in the scratiefst and being the measure of coating
adhesion to the substrate considerably dependd@mproper selection of coating material
(chemical composition, phase composition) (Table Figs. 28-32). This relation is
particularly relevant with respect to PVD coatirggsthe substrate from sialon ceramics. The
coatings in which only phases TiN and Ti(C,N) aresent have low adhesion to the sialon
substrate Lc=13-36 N, and the coatings containiteg AIN phase are characterized by very
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good adhesion to the substrate Lc=53-112 N. We meistember that sialons belong to
covalence ceramics, and in the coatings contairsagiorphic phases with titanium nitride
TiN there are metallic bonds, which results in laghesion of these coatings to the substrate of
a different bond. In the case of coatings contgiiiN phase of the hexagonal lattice there are
covalence bonds analogous to the ceramic substrdtieh yields good adhesion of these

coatings to the substrate.

a)
b)
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Figure 22. X-ray diffraction pattern of (Al,Cr)N coating degited on the sialon ceramics
substrate obtained by: a) Bragg-Brentano method;EYRD method (=4°)
a)
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Figure 23. X-ray diffraction pattern of Ti(C,N)+ADs+TiN coating deposited on the sialon
ceramics substrate obtained by GIXRD method:=4).5°, b) =2 °, ¢) =4°, d) Scheme of
packing layers into Ti(C,N)+ADs+TiN coating, which was deposited on sialon toakreic
with marking depths of GIXRD phase analysis: A fab,5°, B for =2°, C for =4°

It means that the type of interatomic bonds preserihe material of the substrate and
coating has a great influence on the adhesion atirggs to the substrate. The adhesion of the
coating to the substrate from sintered carbidegoisditioned among others, apart from
adhesion, by a slight diffusive displacement ofredats in the contact zone, which is effected
by the implantation of high energy ions falling doan the negatively polarized substrates.

Table 5.Grain size in investigating coatings determinedScherrer method

Coatin Grain size, nm
9 Sintered carbides substrate Sialon ceramics

Ti(B,N) 21 57
(Ti,ZON 214 13.6
Ti(C,N) (1) 17.7 21.3

Ti(C,N)+(Ti,A)N 16.5 24
Ti(C,N) (2) 13.5 18.7

(AL TN 9.8 8.2

(Ti,AN 20.9 40
(ALLCr)N 27.2 16.7
. . 250.7% 266.5Y
Ti(C,N)+Al,O5+TiN 2217 3247
) } 3567 3329
TICN)+TIN 29459 1129

D TiN layer;? Al Oz layer;® Ti(C,N) layer
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Figure 24. The comparison of grain size PVD coatings on satte€arbides and sialon

ceramics substrates

Figure 25. The comparison of grain size CVD coatings on sitearbides and sialon

ceramics substrates

TICN)+TIN
TI(C,N)+AI203+TIN
(ALCON

(TLAN

(ALTIN

Ti(CN) (2)

Type of coating

Ti(C,N)+(Ti, AN
M Sjalon ceramics
substrate

O Sintered carbides
substrate

TI(C,N)
(Ti,ZON

TiB,N)

Thickness , pm

Figure 26. The comparison of thickness coatings on sinteaedides and sialon ceramics
substrates
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Ti(C,N)+TiN
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Figure 27. The comparison of microhardness coatings on stdtearbides and sialon
ceramics substrates

a) b)

Figure 28.a) Acoustic emission (AE) and friction force Fteafsinction of the load Fn for
Ti(C,N)+(Ti,Al)N coating on sintered carbides, lgyatch failure at I (opt) = 40 N, mag. 200 x

Table 6.Thickness of investigated coatings

Thickness, um
Coating Sintered carbides substrate Sialon ceramics
substrate

Ti(B,N) 1.8 1.3
(Ti,ZrN 3.0 2.3
Ti(C,N) (1) 2.1 15
Ti(C,N)+(Ti,A)N 2.8 1.4
Ti(C,N) (2) 2.1 1.8
(AL, TN 2.5 3.0
(Ti,A)N 3.5 5.0
(AlLLCNN 3.8 4.8
Ti(C,N)+Al,0s+TiN 8.4 7.0
Ti(C,N)+TiN 5.0 2.8
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This has been demonstrated by the research rewithsthe glow discharge optical
spectrometer GDOES (Figs. 18 and 19), since, asribed in the works [32,42,62], high
energy ions falling down on the polarized substizieg about various phenomena, among
others local temperature rise, acceleration of ¢benption, intensification of surface diffusion
and that into the substrate. Also a slight ion pextien might occur (about several nm down)
as well as partial sputtering of atoms of the dépdscoating.

Table 7.The mean, standard deviation and confidence iatdor 1- =0.95 results of
microhardness measurements of coatings depositethtered carbides and sialon tool
ceramics as well as investigated surface materials

Sintered carbides substrate Sialon ceramics ststra
Coating Microhardn | Standard | Confiden | Microhard | Standard | Confiden
ess, HV deviation ce ness, HV | deviation ce

uncoated 1826 27 | 20% | 2035 32 200
Ti(B.N) 2951 158 23%%%' 2676 357 223;%%-
(Ti,ZON 2842 101 e 2916 303 2598
TI(C.N) (1) 2871 334 | 200 | 2872 R
TICN)+TLADN | 3076 432 e 2786 105 o
TICN) (2) 3101 210 | 255 2843 183 2608
(AL T)N 3301 a0 | 99| 3600 aia | B
(Ti, ADN 3327 a4 | 2% | 2061 250 ore
(ALCIN 2867 502 | 2500 | 2230 a06 | 9O
TCNALOT [ 31 o | 2% oo e 2413
Ti(C,N)+TiN 2443 20 | 27 | 216 23 | SoF

Table 8.The variance analysis for mean microhardness tegflcoatings deposited on
sintered carbides and sialon ceramic as well agstigated surface materials

Sintered carbides substrate Sialon ceramics ststra
F Value-p Test F F Value-p Test F
14.06 6.672 2.01 11.31 3.3%° 2.01
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Table 9.Results of significance test difference from divinto mean groups from
microhardness measurements of coatings depositédihrsintered carbides and investigated
substrate as well as results of the variance anslfigs particular mean groups

Group 1 Group 2 Group 3
Ti(B,N)
] ) (Ti,ZrN
Ti(C,N)+Al,Oz+TiN -
Ti(C,N) (2)
. Sintered carbideg Ti(C,N)+(Ti,AN
Coating -
uncoated Ti(C,N) (2)
] ] (AL TN
Ti(C,N)+TiN -
(Ti,A)N
(AlL,CrN
Average of group HV 1826 2379 3093
Analysis of variance
F 1.89 1.08
Value-p - 0.10 0.32
Test F 2.25 4.97

Table 10.Results of significance test difference from @ivisonto mean groups from
microhardness measurements of coatings depositédibnsialon tool ceramics and
investigated substrate as well as results of th@aaae analysis for particular mean groups

Group 1 Group 2 Group 3
Ti(B,N)
Sialon ceramics (Ti,Zr)N
uncoated Ti(C,N) (1)
. Ti(C,N)+(Ti,A)N .
Coat Al Ti)N
oating TICN) ) (AT
(Ti,A)N
Al,CrN - :
(ALCn Ti(C,N)+ALOs+TiN
Ti(C,N)+TiN
Average of group HV 2132 2809 3600
Analysis of variance
F 1.38 0.82
Value-p 0.27 0.57 -
Test F 4.97 2.25
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a) b)

Figure 29.a) Acoustic emission (AE) and friction force Fteafuunction of the load Fn for
Ti(C,N)+ALOs+TiN coating on sintered carbides, b) scratch fadlat L. (opt) = 93 N, mag.
200 x

a) b)

Figure 30.a) Acoustic emission (AE) and friction force Ftaafunction of the load Fn for
(AL TN coating on sialon ceramics, b) scratcHdag at L. (opt) = 112 N, mag. 200 x

The identification of defects of the coatings whartturred while doing the research on the
adhesion with the scratch method was carried awutfh the observation in the scanning
electron microscope and presented in Figs. 33-86thérmore, in order to investigate the
produced defects more closely in some selectedscageen basing on the materialographic
observations alone it was not possible to definéh& produced defects penetrate into the
substrate, the analysis of chemical compositiomicroareas was carried out using EDS, and
we defined the surface distribution of chemicahedats being in the coating and coming from
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the substrate (Fig. 36). The research shows tlea tare four types of dominating damage
mechanisms which are accompanied to a lesser dégre¢her phenomena. The first basic
damage mechanism of coatings observed after exupéuk critical load is one-sided and two-
sided delamination which principally involves theatings obtained on the substrates from
sintered carbides of the type Ti(B,N), (Ti,Zr)N, (TiN)+(Ti, AN, (AL TN,
Ti(C,N)+Al,Os+TiN and Ti(C,N)+TiN (Fig. 33), and also the coanTi(B,N), Ti(C,N) (1)
and Ti(C,N) (2) obtained on sialon ceramics.

a) b)

Figure 31.a) Acoustic emission (AE) and friction force Fteafunction of the load Fn for
(Ti,A)N coating on sialon ceramics, b) scratchdag at L. (opt) = 21 N, mag. 200 x

Table 11.The critical loads L of investigated coatings

Critical load L, N
Coating
Sintered carbides substrate Sialon ceramics stdstra

Ti(B,N) 34 13
(Ti,ZrN 40 21
Ti(C,N) (2) 49 25
Ti(C,N)+(Ti,A)N 39 36
Ti(C,N) (2) 77 26
(AL TN 100 112
(Ti,A)N 109 21
(ALLCr)N 96 53
Ti(C,N)+Al,Os+TiN 93 43
Ti(C,N)+TiN 110 72
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(ALCNN

(TiANN

(ALTIN

TICN) (2)

Type of coating

Ti(CN)+(Ti AN
Ti(C.N)

(Ti,Zr)N

Ti(B.N)

T
0 20 40 60 80 100 120

Critical load L ¢, N

B Sintered carbides substrate B Sialon ceramics substrate

Figure 32. The comparison of critical load, lof coatings on sintered carbides and sialon
ceramics substrates

Table 12.The results of tool life T measurements of ingastd inserts

Coating - . Tool life T, min - -
Sintered carbides substrate Sialon ceramics stdstra
uncoated 2 11
Ti(B,N) 15 5
(Ti,ZrN 13 5.5
Ti(C,N) (2) 13
Ti(C,N)+(Ti,Al)N 15 6
Ti(C,N) (2) 53
(AL TN 55 72
(Ti,A)N 60 9
(AlLCNN 45 50
Ti(C,N)+Al,O5+TiN 23 3
Ti(C,N)+TiN 27 15

The second dominant damage mechanism is total dedtion and it involves coatings of
the type Ti(C,N) (1) and Ti(C,N) (2) obtained o tsubstrate from sintered carbides (Fig. 34).
But initially, just after exceeding the criticaldd the two-sided delamination is taking place
which, with increasing load, turns into total delaation. In addition, in all coatings obtained
on the substrate from sintered carbides we fousdiénthe scratch the defects effected by
tension as well as chipping one- and two-sided gltive borders of the scratch. Another
damage mechanism found only in the case of coatibtgined on sialon ceramics of the type
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(Ti,Zr)N, Ti(C,N)+(Ti, AN, (AL, Ti)N and Ti(C,N)+TiN is abrasion which was accompanied
by cohesive fractures of the coatings and sliglippihg and spalling (Fig. 35). It should be

emphasized that in the case of coatings (Al, Ti)N &rfC,N)+TiN on the sialon substrate, even
with maximum load, which is respectively 200 and N) the coating was not ruptured but

there were only a few cohesive defects and sligipping. The fourth damage mechanism
dominating in the coating Ti(C,N)+4Ds+TiN obtained on the sialon ceramics involves vast
chipping and spalling which occurred immediatelgaéxceeding the critical load (Fig. 36).

Figure 33. Characteristic failure obtained by Scratch Testtef (Ti,Zr)N coating deposited on
sintered carbides substrate

Figure 34. Characteristic failure obtained by Scratch Testref Ti(C,N) (1) coating deposited
on sintered carbides substrate
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Figure 35. Characteristic failure obtained by Scratch Testhw (Al Ti)N coating deposited on
sialon ceramics substrate

The diagram involving the dependence of wear baBaN the tool flank on the machining
time T is presented in Fig. 37, and the overallitssare presented in Fig. 38 and Table 12. The
research has a comparative character and its olgegas to produce a durability ranking of
coatings. It was found that the highest operatimgkility T=72 min of the inserts from sialon
ceramics was obtained for the cutting edge covésethe (Al Ti)N coating, and the lowest
durability of the cutting edge T=5 min on the sasubstrate was exhibited by the coatings
Ti(B,N) and Ti(C,N) (2).

The durability of the cutting edge from sialon aeies without the coatings was estimated
at T=11 min, which means that the coatings Al,TiJR|,Cr)N and Ti(C,N)+TiN have the
influence on the rise of durability of the sialamting edge. In the case of inserts from sintered
carbides, the highest influence on the durabilitthe cutting edge T=60 min has the (Ti,Al)N
coating, and slightly lower T=55 and 53min the ougg (AL Ti)N and Ti(C,N) (2)
respectively. With respect to sintered carbidds;atings increase the durability of the cutting
edge since the durability of the non-covered tedi#2 min, and the durability of the inserts of
the lowest cutting ability with the coatings (Ti)Krand Ti(C,N) (1) is T=13. Both in the case
of covered sialon ceramics and covered sinteredidies a wide durability range of cutting
edges was obtained depending on the type of depgosiiating.

In effect of the materialographic observationstaf investigated multi-point inserts in the
scanning electron microscope it was demonstratattiie tools subjected to machining trials
show their wear according to abrasive and adhesaehanism (Figs. 39, 40).
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a)
X1
X2
b) c)
d) e)

Figure 36.a) Characteristic failure obtained by Scratch Tekthe Ti(C,N)+AJO;+TiN
coating deposited on sialon ceramics substrate-by energy dispersive plot the area X1 as
in a figure a, ¢) X-ray energy dispersive plot Hrea X2 as in a figure a. Maps of superficial
distribution chemical elements from areas as iigark a: d) Ti - area with a coating, €) Si -

area without a coating (images d and e were reduced
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Figure 37. Dependency graph the width of wear band on theftank on machining time T
for sialon ceramic with deposited coating (Al, Ti)N

On the tool flank, in particular on the cutting eddrom sintered carbides with and without
coatings, we found a build-up of the machined nigltewhich is confirmed by the presence of
iron reflexes on EDS graphs from the microareagg(F89 b,c). We also found spalling of the
coatings Ti(B,N), (Ti,Zr)N, Ti(C,N) (1), Ti(C,N)+(TAI)N on the ceramic substrate and vast

chipping of the coating Ti(C,N) (2) on the same sttdte after 9 minutes of machining
(Fig. 40).

Ti(C.N)+TiN

Ti(C,N)+A203+TiN
(AL,CrN

(Ti,A)N _‘ ‘ ‘ ‘
(ATIN #

Ti(C.N) (2) ‘ ‘ ‘ ‘ ‘

Type of coating

Ti(C,N)

Ti(C.N)+(Ti, A)N

(Ti.zON W Sialon ceramics substrate
Ti(B.N)

uncoated O Sintered carbides substrate

f f f f f f f 7
0 10 20 30 40 50 60 70 80

Tool life VB g, min

Figure 38. The comparison of tool life T of investigated itse
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a)

b) <)

Figure 39.a) Characteristic wear of tool flank of sinterearsides inserts with
Ti(C,N)+ALOs+TiN coating, b) X-ray energy dispersive plot thea X1 as in a figure a, c) X-
ray energy dispersive plot the area X2 as in aréigal

The surface quality of gray cast iron after maatgniwith multi-point inserts without
coatings and covered with the investigated coatings determined on the basis of the
measurement of the average deviation of roughnedepRa of the machined surface (Table
13). The coatings bring about lower value of rolggmRa of the cast iron surface, and hence
ensure better quality of the machined surface. Mughness Ra of the cast iron after the
machining with cutting edges without coating is5bn in the case of inserts from sintered
carbides and 3.03 um in the case of sialons. Wealldhemphasize here that the coating
(Al,Cr)N leads to the quality deterioration of theay cast iron surface yet the said differences,
as it has been demonstrated by the statisticaifisigmce test, are irrelevant. Furthermore, the
quality of the surface of gray cast iron after thachining with covered sialons is better than
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after the machining with covered sintered carbides] the average roughness difference is
Ra=1.75 pm.

Figure 40. Characteristic wear of tool flank of sialon to@ramics inserts with (Ti,Al)N
coating

Table 13.Roughness of gray cast iron after machining

Coating Roughness Rum
Sintered carbides substrate Sialon ceramics stdbstra

uncoated 4.55 3.03
Ti(B,N) 4.02 2.22
(Ti,Zr)N 3.82 1.96
Ti(C,N) (1) 451 2.06
Ti(C,N)+(Ti,A)N 4.01 2.20
Ti(C,N) (2) 4.16 2.34
(AL TN 3.86 2.18
(Ti,A)N 3.50 2.07
(AlLCnN 4.89 3.22
Ti(C,N)+Al,Os+TiN 3.69 2.76
Ti(C,N)+TiN 4.41 2.09

In the work we applied artificial neural networksestimate the influence of the properties
of the investigated coatings on the durability ofting edges from sialon ceramics and sintered
carbides covered by these coatings. The valueverhge absolute error, standard deviation
and Pearson’s correlation factor for the trainvajjdating and testing sets presented in Table
14 bespeak of the fact that the applied artificieural networks properly reproduce the
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modeled relations. It follows from the sensitiviapalysis of input data on output data (Table
15) that the durability of the cutting edge is pipally influenced by the adhesion of the
coatings to the substrate. The change of the afitbad being the measure of coating adhesion
has the highest influence on the change of cuetdge durability (Figs. 41, 42, 44).

Table 14.Regression statistics of artificial neural netwar&ined for prediction of PVD and
CVD coatings properties deposited onto sialon cécam

Data sets
Network Regression statistics
architecture 9 " Training Set Validation Set Testing Set
Average absolute 257 217 274
error
MLP3 4:4-6-1:1 | Standard deviation 0.14 0.10 0.19
ratio
Pearson correlation 0.99 0.99 0.98

Table 15.Results of sensitivity analysis of input datadotput data of artificial neural
network trained for prediction of PVD and CVD coafs properties deposited onto sintered

carbides
Data sets Statistics Microhardness Criticlil load Grain size Thickness
Range 4 1 2 3
Training Error 2.78 20.30 18.45 5.11
Ratio 1.33 9.71 8.82 2.44
Range 4 1 2 3
Validation Error 3.08 27.12 15.26 4.89
Ratio 2.49 21.96 12.36 3.96

The other properties such as microhardness, codtiegness and grain size have less
significant influence on the changes of durabibifythe investigated cutting edges (Figs. 41-
44). We must emphasize here that from among ther gihoperties the grain size has the
highest influence on the change of durability of thvestigated cutting edges (Fig. 42), in
particular in the case of covered sialon ceramyes,the durability of the cutting edges is
inversely proportional to the grain size. The cleo§microhardness and the thickness change
of the investigated coatings only slightly influenthe durability change of the investigated
machining cutting edges.
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Figure 41. Evaluation of the PVD and CVD coatings criticaatband the microhardness
influence of tool life T for sialon ceramics tootzated with PVD and CVD coatings
determined by artificial neural networks at a fixeghting thickness 3.0 microns and particle

size 8.2 nm

Figure 42.Evaluation of the PVD and CVD coatings particleesand the critical load
influence of tool life T for sialon ceramics toeolsated with PVD and CVD coatings
determined by artificial neural networks with adikthickness of 3.0 microns and coating
microhardness 3600 HV0.05
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Figure 43. Evaluation of the PVD and CVD coatings microhasinand the thickness influence
of tool life T for sialon ceramics tools coatediwiRVD and CVD coatings determined by
artificial neural networks with a fixed critical &l L, = 105 N and particle size 8.2 nm

Figure 44. Evaluation of the PVD and CVD coatings criticahdband the microhardness
influence of tool life T for sintered carbide toolsated with PVD and CVD coatings determined
by artificial neural networks at a fixed coatingakness 2.5 microns and patrticle size 9.8 nm
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5. Summary

Production technologies and the application ofaneflayers have a stable position and are
regarded as basic knowledge in the field of mdtenmgineering. A lot of research centers
worldwide working on surface engineering are applyall possible means to fathom and
describe the phenomena taking place on the sudécmlids. Such a situation instigates
scientists to undertake challenging research wionkng to increase the operating durability of
surface layers, and, in consequence, the durabilitge product [5,6]. The coatings resistant to
wear have been successfully applied for around daéntury, mainly on machining cutting
edges from tooling steel and sintered carbides3[33181]. What is more, in spite of opinions
that the coating of tooling ceramics is aimless ttués sufficiently enough hardness, we can
observe an increasing interest in such solution®t Af research works [11,12] including also
those carried out at the Division of Material Preging Technology, Management and
Computer Techniques in Material Science of theitinst of Engineering Materials and
Biomaterials of the Silesian University of Techrpoin Gliwice have been devoted to the
problem of coating of tooling materials, includiatso the coating of tooling ceramics [1,14-
29,42,45,52,65,72,73,75,86]. The research studliew shat the deposition of thin coatings on
the ceramic machining cutting edges is fully groechdsince it has been demonstrated that
there is a rise of cutting abilities of ceramicltocovered by the coatings obtained in the PVD
and CVD processes. It has been demonstrated thakethosition of coatings on the surface of
machining tools such as sintered carbides, toalergnets, ceramics on the basis of@land
SisN, contributes among others to a magnificent (arcaumtbzen) rise of the durability of the
cutting edge by lowering the wear of cutting edgegompared to the non-covered tools, to the
improvement of tribological contact conditions retcontact area tool-machined object and to
the protection of the cutting edge against oxidatand excessive heating. These effects
directly contribute to the reduction of energy ammgtion during machining processes, they
ensure appropriate technological reliability andluee standstill incidents of the whole
production lines resulting from insufficient duriyi of the tools.

The designing process of the system coating-cuttitge implies an appropriate selection
of coating material in order to reduce or totaliyninate the dominating mechanism of cutting
edge wear [55]. As it has been confirmed by numenmasearch studies, the coating should
satisfy various requirements to ensure a suitalbdéeption of the tool during the machining
process. Literature studies show that the most itapb coating properties determining its
operating qualities are undoubtedly hardness, #oihe® the substrate and grain size.
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Therefore in the paper we present the results sdaneh studies estimating the influence of
coating properties on the durability of coatediogtedges.

In order to estimate the relation between the oggbiroperties and operating durability of
coated cutting edges we selected the followingiogatof the PVD type: Ti(B,N), (Ti,Zr)N,
Ti(C,N), Ti(C,N)+(Ti,ADN, (AL TN, (Ti,A)N, (Al,Cr)N and CVD coatings of the type
Ti(C,N)+Al,O5+TiN and Ti(C,N)+TiN obtained on the substratestirsintered carbides and
sialon ceramics. In there investigated coatingapmied solid solutions secondary isomorphic
with titanium nitride TiN as well as chromium nida CrN and aluminum oxide #&D; in the
case of CVD coating.

Basing on the experimental results involving theerafing durability we elaborated
dependence models between the properties of théngsaand operating durability of the
cutting edges covered by the investigated coatirsgsy artificial neural networks. In effect of
the carried out simulations it has been demonstrdtat the change of coating adhesion to the
substrate has most significant influence on theakility of machining cutting edges. Grain
size, thickness and microhardness of the obtainatings have lower influence than adhesion
on the durability of cutting edges from sinteredbides and sialon ceramics since the change
of these quantities has smaller impact of the dpwyadurability T. However, it has been
demonstrated that in congruence with the assunmptiom durability of the cutting edge rises
with the decreasing grain size, which is confirntad literature studies [69,91,92,93]. The
change of microhardness within the range from 2838600 HV0.05 has only slight influence
on the improvement of cutting edge durability, whis confirmed by 3D images being the
results of the simulation with the use of artiflareeural networks. The elaborated durability
models of the cutting edge can be useful for theligtion of operating properties in view of
the knowledge on coating properties, without theessity to carry out expensive and time
consuming cutting ability trials.

Furthermore, in the case of coatings containing Aldse of the hexagonal lattice, there
occur covalence bonds analogous to those in cerautistrate, which in effect yields good
adhesion of these coatings to the substrate. Ihentit the type of interatomic bonds present
in the material of substrate and coating has at gnleence on the adhesion of the coatings to
the substrate. It can be extremely helpful wherdilg the coating material on ceramic
cutting edges since the deposition of coatings wting edges in PVD processes is difficult
due to their dielectric properties, because withbatpossibility to polarize the substrate during
the deposition process it is difficult to obtainatings which would have good adhesion to
ceramic substrates.
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