OPEN ACCESS
LIBRARY

Scientific International Journal of the World Academy
of Materials and Manufacturing Engineering
publishing scientific monographs in Polish or in English only

Volume 1, 2011

- —

_ Eff "t»bf castlﬁg plastlcfoTnmg orj
P 7 ~ Wsurface technologies

" MSonhthe structure and properties £
/ P, vof the selected
¥

engﬁh@ering materials -



OPEN ACCESS LIBRARY

Scientific International Journal of the World Academy

of Materials and Manufacturing Engineering
publishing scientific monographs in Polish or in English only

Published since 1998 as Studies of the Institute of Engineering Materials a Volume 1, 2011
Editor-in-Chief
Prof. Leszek A. Dobrzanski - Poland
Editorial Board
Prof. Gilmar Batalha — Brazil Prof. Zbigniew Rdzawski - Poland
Prof. Emin Bayraktar — France Prof. Maria Richert - Poland
Prof. Rudolf Kawalla = Germany Prof. Maria Helena Robert — Brazil
Prof. Stanistaw Mitura - Poland Prof. Mario Rosso - Italy
Prof. Jerzy Nowacki — Poland Prof. Bozo Smoljan - Croatia
Prof. Ryszard Nowosielski — Poland Prof. Mirko Sokovic — Slovenia
Prof. Jerzy Pacyna - Poland Prof. Leszek Wojnar — Poland
|
Patronage
()
@ World Academy of Materials and Manufacturing Engineering
|
@ Association of Computational Materials Science and Surface Engineering
ACMSSSE
A\
@\ Institute of Engineering Materials and Biomaterials of the Silesian University
Kz, of Technology, Gliwice, Poland

Abstracting services

Journal is cited by Abstracting Services such as:

DIRECTORY DF
OPEN ACCESS
JOURNALS

The Directory of Open Access Journals
Reading Direct

This journal is a part of Reading Direct, the free of charge alerting service which sends
tables of contents by e-mail for this journal and in the promotion period also the full texts

of monographs. You can register to Reading Direct at .
www.openaccesslibrary.com

Journal Registration

The Journal is registered by the Civil Department of the District Court in Gliwice, Poland

Publisher
INTERNATIONAL International OCSCO World Press

% Gliwice 44-100, Poland, ul. S. Konarskiego 1 8a/366
(MORLBJRRESS e-mail: inffo@openaccesslibrary.com

Bank account: Stowarzyszenie Komputerowj Nauki o Materiatach i Inzynierii Powierzchni
Bank name: ING Bank Slaski

Bank addres: ul. Zwyciestwa 28, 44-100 Gliwice Poland

Account number/ IBAN CODE: PL 76105012981000002300809767

Swift code: INGBPLPW

Gliwice

® 2010 International OCSCO World Press. All rights reserved

@ The paper used for this Journal meets the requirements of acid-free paper Printed in Poland




Leszek A. DOBRZANSKI (ed.)

Effect of casting, plastic forming
or surface technologies

on the structure and properties
of the selected

engineering materials



EFFECT OF CASTING, PLASTIC FORMING OR SURFACE
TECHNOLOGIES ON THE STRUCTURE AND PROPERTIES
OF THE SELECTED ENGINEERING MATERIALS

REVIEWERS:

Prof. L. Kosec (University of Ljubljana, Slovenia)

Prof. W. Kwasny (Silesian University of Technology, Poland)

Prof. R. Nowosielski (Silesian University of Technology, Poland)
Prof. J. Pacyna (AGH University of Science and Technology, Poland)
Prof. Z. Rdzawski (Institute of Non-Ferrous Materials, Poland)

Prof. J. Sieniawski (Rzeszow University of Technology, Poland)
Prof. M. Sokovic (University of Ljubljana, Slovenia)

Prof. J. Stobrawa (Institute of Non-Ferrous Materials, Poland)

Dr K. Gotombek (Silesian University of Technology, Poland)

SOURCE OF FUNDING:

The papers have been realised in relation to the project
POKL.04.01.01-00-003/09-00 entitled

“Opening and development of engineering and PhD studies
in the feld of nanotechnology and materials science”
INFONANO, co-founded by the European Union from fnancial
resources of European Social Fund and headed by

Prof. L.A. Dobrzanski.

H EUROPEAN
NATIONAL COHESION STRATEGY |nf°nan° . SOCIAL FUND

ISSN 2083-5191
ISBN 83-89728-88-5
EAN 9788389728883



CONTENTS

Introduction on the importance of the materials .........
structure and properties forming processes for
contemporary industrial production

L.A. Dobrzanski (Poland)

Effect of cooling rate and aluminum contents on the
Mg-Al-Zn alloys’ structure and mechanical properties
L.A. Dobrzanski, M. Krél, T. Tanski (Poland)

Hot-working of advanced high-manganese

55

austenitic steels
L.A. Dobrzanski, W. Borek (Poland)

Structure and properties of sintered

89

tool gradient materials
L.A. Dobrzanski, B. Dotzanska (Poland)

PVD and CVD gradient coatings on sintered carbides
and sialon tool ceramics
L.A. Dobrzanski, M. Staszuk (Poland)

............... 133

Structure and properties of gradient PVD coatings .................. 187

deposited on the sintered tool materials
L.A. Dobrzanski, L.W. Zukowska (Poland)



Open Access Library
Volume 1 2011

I ntroduction on the importance of the materials
structure and properties forming processes for
contemporary industrial production

L.A. Dobrzaski*

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

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

Many new and contemporary science branches andipliies, especially at the
interdisciplinary areas of the traditional onesyéhamerged since a positivist — Auguste Comte
had categorised them. As a consequence of theagewueht of physical metallurgy and many
other fields of science and technology connectetth wivarious group of materials useful in
practice, materials science was created in the 485the fundamental branch of science and
also materials engineering as the engineering kethyd applied in the industrial practice. It is
worth noting that just rendering accessible newer mewer technical materials, and with time
also engineering ones within the compass of histbegided — as a rule — the significant, and
quantum leap at times technical progress, detengiimhprovement of the quality of life. Not
unlike it is today. Therefore progress in the figiithe advanced engineering materials is
predicted and expected, including, among otherapmaterials (with the particularly fine
structure, ensuring the unexpected so far mecharésa well as physical and chemical
properties), biomaterials (as a group of the bioatimmaterials and/or making it possible to
substitute the natural human tissues and/or ordaestly or designed into the purpose built
devices), and infomaterials (as the most advancedipg of smart- and self-organising
materials), and also (functional or tool ones) gratimaterials (in which properties change
continuously or discretely with location because tbe chemical composition, phase
composition, and structure, or atomic orientatibargging with the location), and light metals
alloys (as materials of the particular importaraggart from the composite materials, in design
and operation of the contemporary transport meanbjch issues decide development of
materials engineering as one of the few areas iehse and technology development most
important nowadays in the contemporary World. Otirse, the development of all other
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groups of engineering materials and process teolggainaterials, traditionally considered to
be less avant-garde today is constantly noticeabke still awaited. The development of
materials engineering and materials science featls® one of the most essential elements of
the scientific-, scientific and technical-, and awative policy of Poland within the framework
of the knowledge based economy, consisting in kadgé generation, treated as production,
and in distribution and practical use of knowledge information.

A typical subject matter of materials science andimeering includes the description of
phenomena and transformations occurring in techmiederials, especially in the engineering
ones, that is those manufactured in the purposegriss technological processes from raw
materials available in the nature, in technologjmalcesses of manufacturing, processing, as
well as forming of their structure and propertiés; satisfying more and more complex
practical requirements formulated by participants tbe design process of products
indispensable to the contemporary humans, includiagnong others - machines and devices.
Materials have to be manufactured on demand tagi@gting the complex set of the specific
demands. Manufacturing is expected of materialé wioperties ordered by products users.
This changes substantially the materials desigrhodetiogy in general and the products
materials design, as materials have to be deliveredemand of products manufacturers with
the appropriately formed structure, ensuring thquired set of physical and chemical
properties, and not as before when the manufastuvere forced to select material closest to
their expectations from the delivered materialshwite offered structure and properties, yet —
by assumption — not meeting them fully, which i¢ permitted by this design methodology.
Therefore, the actual trends force classificatidneagineering materials based on their
functional characteristics. Therefore, the typa] #me chemical composition in particular, of
the materials used are of less importance (to wihiaterials engineers were used for decades,
and especially the metallurgists), while its fuontlity is more important. Currently, materials
engineers participate (and have to do so) in treymts design processes and materials
manufacturers have to face the requirements, aseffbeet of the multicriteria optimisation of,
e.g., structure, properties, mass, product manufagt and service costs, as well as of their
ecological compatibility with the natural environmeTherefore, a change in the engineering
materials role assessment is important, as thepataoe perceived any more as goods in
themselves, with their applications sought for, gdr@market of the new engineering materials
cannot remain the manufacturer's market any monerd is no way to offer materials which,
by chance, are offered by their manufacturers, ridgss of the users’ needs. The market of
materials manufacturers is never to return. Thisoisince the new engineering materials and
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manufacturing processes have been subordinated ustorner needs and functional

requirements of products. Manufacturing materiats demand fulfilling needs of market

products manufacturers at the right time and plssgures a priority for new materials

technologies and manufacturing processes, as thmplementary base technologies
(improvement of the existing solutions), alternationes (taking advantage of synergy of
various solutions), and original ones (new solwgibring developed).

It was decided that the results of various worksdenin the Institute of Engineering
Materials and Biomaterials of the Silesian Univigrsdf Technology in Gliwice, Poland,
concerning advanced engineering materials and rmabsteprocessing technologies will be
published in the form of monographs. First of themmcerning chosen aspects of the effect of
casting, forming and surface technologies on thmacgire and properties of the selected
engineering materials beginning the cycle of thgiseies will be prepared both in English and
Polish. In the given issue five detailed studiesewpresented. First of them presents an
influence of Al concentration and cooling rate drusture and mechanical properties of
magnesium alloys. Also the work presents a metlmggolto predict crystallisation
temperatures obtained during crystallisation preaesng UMSA platform, based on cooling
rate and chemical composition and mechanical ptiggesind grain size based on characteristic
temperatures. The next study consists in investigadf newly elaborated high-manganese
austenitic steels with Nb and Ti microadditionsamiable conditions of hot-working. The hot-
deformation resistance and microstructure evolutiomarious conditions of hot-working for
the new-developed high-manganese austenitic steelks investigated. The main objective of
the third presented work is to elaborate the faion technology of novel sintered tool
gradient materials on the basis of hard tungstepid= phase with cobalt binding phase, and to
carry out research studies on the structure anpepties of the newly elaborated sintered tool
gradient materials. The main objective of the foustork is to investigate the structure and
properties of multilayer gradient coatings produaedVD and CVD processes on sintered
carbides and on sialon ceramics, and to definentheence of the properties of the coatings
such as microhardness, adhesion, thickness andfg®ins on the applicable properties of
cutting edges covered by such coatings. In thi fifork the investigation of the structure and
properties of sintered tool materials, includingnested carbides, cermets and oxide ceramics
deposited with single-layer and gradient coatinGsA{)N and Ti(C,N) are included and the
determination of the dependence between the stbstype, coating material or linear
variation of chemical composition and the structame properties of the obtained tool material
were also investigated.

6 L.A. Dobrzaiski
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The presented researches are a fragment of manywa&s made in the Institute of
Engineering Materials and Biomaterials of the S#liedJniversity of Technology in Gliwice,
Poland, enabling further works to improve many make design methodology activities
changed because of changes of expectations anengpatary requirements of manufacturing
of materials having required structure and utiptpperties. At present modelling, simulation
and prediction of both the technological procesfemanufacturing, processing, and forming
their structure and properties, and especiallyhef $ervice and use properties of materials,
including those after long time service in the cterpconditions, the development of safe
materials and products technologies, the standsdidiis of materials testing procedures, the
development of the prediction methodology of thevnmaterials behaviour in service is
necessary. One should note that many classic edilmulmodels developed to date, employed
in materials science, e.g., Avrami equation usadpfocesses being a function of time and
temperature, Fick’s laws for diffusion processesllHRetch equation describing dependence of
mechanical properties and grain size, Huber-voneMigield criterion for determining the
material loading condition in the complex straiatst equations of the classic mechanics of
solids, equations of classic fracture mechanicgjaetsodeveloped using FEM and BEM as well
as the related numerical methods, parametric eanstind empirical equations, and others, do
not fulfil the refined expectations of the designezspecially related to materials — in case of
many contemporary material groups or structurahphgena occurring in them, because of the
insufficient adequacy of models, and also ofterabise of superposition or superimposition of
processes — oftentimes opposing processes, anddaésdo difficulties in the simultaneous
modelling of phenomena occurring at the same timgairious scales — from nanometric to
metric inclusive, lack of generality of the statisand parametric equations because of the
limited function domain (range) encompassing selelyt only some material grades or types,
so these factors decide the limited usability oy impossibility to use those models to fulfil
all expectations. Moreover, the trial-and-error mogk is often the ground of the classically
used modelling methods and practical verificatidnthee calculation of obtained is needed
nearly each time, because of the significantly ssis® mass of the employed materials (and,
therefore, also of the products), and the neednipl@y the high values of the safety factors in
product design, because of the insufficient deplitidaof the used models. Absence of the
relevant analytical models is frequently the reafmnstopping the progress of the products
materials and technological design processes. $tups also the R&D projects in many
materials engineering areas, forcing the clasdal-and-error method approach with the
extensive experimental investigations plan, evahadake experiments are statistically planned.

Introduction on the importance of the materialsature and properties forming processes ... 7
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All this causes also the unjustified increase o$tgoof such investigations and essential
extension of the lead time needed to solve thensfiezproblem of the significant importance
for the implementation practice.

In general, methodology of carrying out each ofsthoscientific tasks consists in
completing the entire set of the contemporary neteiscience examinations using methods
and state-of-the-art scientific and research eqeignat the unrestricted disposal of the
Institute of Engineering Materials and Biomateriafsghe Silesian University of Technology,
in Gliwice, Poland, including structure examinasoalso on the transmission and scanning
electron microscopes, on the light microscope dw laser confocal one, quantitative and
qualitative diffraction analyses with X-ray methodsit also using EBSD, spectral analyses,
including also WDS, EDS, and GDOES, and also tlgiired mechanical tests, also in the
nanoscale, examinations of the physical and chénpigaperties, and other dedicated and
specialist tests depending on the task topic, &fious necessary fabrication processes of the
investigated materials and their processing andnifay of their structure and properties
expected in products for which they are going taubed, to set up the relevant databases and
knowledge bases containing results of these irgestsbins related to various groups of the
contemporary engineering materials for developnaemt verification of the relevant models,
including those for the inverse analysis (speciyat the beginning the material type and its
chemical composition, as well as conditions of tdghnological processes ensuring obtaining
properties required and assumed at the beginningpdoyproduct designer) and for prediction
(assuming the properties used by the product designthe design process, also including
properties after the long time service for the ye&dl contemporary engineering material type
and its chemical composition, as well as conditioiihe technological processes).

8 L.A. Dobrzaiski



Effect of cooling rate and aluminum contents on the
Mg-Al-Zn alloys’ structure and mechanical properties

L.A. Dobrzaski*, M. Krol, T. Taaski

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

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

Abstract

Purpose: This work present an influence of Al concentraimial cooling rate on structure and
mechanical properties of magnesium alloys. Alsopidyger presents a methodology to predict
crystallization temperatures obtained during cri&ation process using an UMSA platform,
based on cooling rate and chemical composition ar@thanical properties and grain size
based on characteristics temperatures.

Design/methodology/approach: The experimental magnesium alloy used for thermalyeis
and training of neural network was prepared in cemion with the Faculty of Metallurgy
and Materials Engineering of the Technical Universif Ostrava and the CKD Motory plant,
Hradec Kralove in the Czech Republic. The alloy e@asled with three different cooling rates
in UMSA Technology Platform. The following resutscern scanning electron microscopy
investigations in the SE observation mode, as wasgllusing BSE modus for better phase
contrast results, also quantitative microanalysisswapplied for chemical composition
investigations of the phases occurred. Comprest@enwere conducted at room temperature
using a Zwick universal testing machine. Compressjmecimens were tested corresponding to
each of three cooling rates. Rockwell F-scale hasintests were carried out using a Zwick
HR hardness testing machine.

Findings: The research show that the thermal analysis cdrigait on UMSA Technology
Platform is an efficient tool for collect and calate thermal parameters. The formation
temperatures of various thermal parameters, medamproperties (hardness and ultimate
compressive strength) and grain size are shiftiith an increasing cooling rate.

Practical implications. The parameters described can be applied in metstirog industry for
selecting magnesium ingot preheating temperature semi solid processing to achieve
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requirements properties. The presented models eampplied in computer systems of Mg-Al-
Zn casting alloys, selection and designing for MgZA casting parts.

Originality/value: The paper contributes to better understanding @edgnition an influence of
different solidification condition on non-equilibr thermal parameters of magnesium alloys.
Keywords: Thermal treatment; Mechanical properties; Magnesialloys

Reference to this paper should be given in the following way:

L.A. Dobrzaiski, M. Krol, T. Taski, Effect of cooling rate and aluminum contenisiee Mg-
Al-Zn alloys’ structure and mechanical propertié@sL.A. Dobrzaski (ed.) Effect of casting,
plastic forming or surface technologies on the ctuwe and properties of the selected
engineering materials, Open Access Library, Voldm2011, pp. 9-54.

1. Introduction

The application of thermal analysis in differergldis of science and engineering is an
extensive topic which has been the subject of Bt interest particularly since the
beginning of the modern era of thermal analysigh@ early 1960s. With the continuous
development of new techniques using modern computaore and more applications are
constantly being explored and reported. In the dastral years, applications on the fields of
cement chemistry, clays and minerals, polymericenms, pharmaceuticals and other general
applications have been discussed in detail. Theanalysis techniques have also been used
extensively in the field of metallurgy and a larggmber of publications (several thousands in
the last four decades). On this subject have bdentified in the literature. For obvious
practical reasons, however, only a select numbgsubfications, in which thermal analyses
were used as primary techniques or important sopghary techniques, were chosen to
address metallurgical topics that have receivedt ratiention in the recent past. From the
many thermal analysis techniques that have beed e wide variety of applications,
thermogravimetry (TG), differential thermal anafys{(DTA) and differential scanning
calorimetry (DSC) were found to be the most commaisied in metallurgy [1-3].

Every thermal method studies and measure a propsry function of temperature. The
properties studied may include almost every physicahemical property of the sample, or its
product. The more frequently used thermal analggibniques are shown in Table 1 together
with the names most usually employed for them [1].

10 L.A. Dobrzaski, M. Kroél, T. Taski
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Table 1. Thermal methods [1]

Technique Abbreviation Property Uses
Thermogravimetry TG Mass Decompositions
(Thermogravimetric analysis) TGA Oxidations
. ) . Temperature ]
Differential thermal analysis DTA . Phase changes, reactions
difference
. . . . Power difference of | Heat capacity, phase changg
Differential scanning calorimetry DsC .
heat flow reactions
Thermomechanical analysis TMA Deformations Mechainitbanges
. . Expansion Phase changes
. . . Dimensional change .
Dynamic mechanical analysis DMA Moduli glass transitions, polymer
oduli
curve
Dielectric thermal analysis DETA Electrical As DMA
. Gases evolved or »
Evolved gas analysis EGA Decompositions
reacted
. ) Phase changes, surface
Thermiptometry Optical )
reactions, colour changes
Less frequently used methods
) Mechanical and chemical
Thermosonimetry TS Sound
changes
Thermoluminescence TL Light emitted Oxidation
Thermomagnetometry ™ Magnetic Magnetic changes

The modern instrumentation used for any experimetthiermal analysis or calorimetry is

usually made up of four major parts [2, 4]:

the sample and a container or holder;

(]

sensors to detect and measure a particular propdrithe sample and to measure

temperature;

an enclosure within the experimental parameterg. (¢emperature, pressure, gas

atmosphere) may be controlled;

a computer to control the experimental paramesersh as the temperature programme, to
collect the data from the sensors and to processldta to produce meaningful results and

records.

Sometimes in literature can be found an acronym A@Rvhich mean sample-crucible-

rate of heating-atmosphere-mass. It enable theystntal obtain good, reproducible results for
most thermal methods provided that the followintade are recorded for each run:

Effect of cooling rate and aluminum contents onNtgeAl-Zn alloys’ ...
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Thesample A proper chemical description must be given tbgetvith the source and pre-
treatments. The history of the sample, impuritied dilution with inert material can all affect
results.

The crucible. The material and shape of the crucible or sampldends important. Deep
crucibles may restrict gas flow more than flat, evishes, and platinum crucibles catalyse come
reactions more than alumina ones. The type of haldelamping used for Thermomechanical
methods is equally important. The make and typesifument used should also be recorded.

Therate of heatingthis has most important effects. A very slow heatiate will allow the
reactions to come closer to equilibrium and thei lve less thermal lag in the apparatus.
Conversely, high heating rate will give a fasteperiment, deviate more from equilibrium and
cause greater thermal lag. The parameters of $geeading programmes, such as modulated
temperature or sample control, must be noted.

Theatmosphereboth the transfer of heat, the supply and remof¥/glseous reactants and
the nature of reactions which occur, or are preagintlepend on chemical nature of the
reactions and its flow. Oxidations will occur watl oxygen, less so in air and not at all in
argon. Product removal by a fairly rapid gas floaynprevent reverse reactions occurring.

Themass of the samplé large mass of sample will require more energyl heat transfer
will be determined by sample mass and dimensiohesé& include the volume, packing, and
particle size of the sample. Fine powders readgtdhadumps more slowly. Large samples may
allow the detection of small effects. Comparisonrafis should preferably be made using
similar sample masses, sizes and shapes.

Specific techniques require the recording of ofheerameters, for example the load on the
sample in thermomechanical analysis. Calorimetiéthmds, too, require attention to the exact
details of each experiment.

Thermal Analysis techniques are used in a wide eaofgdisciplines, from pharmacy
and foods to polymer science, materials and gladsefact any field where changes in
sample behaviour are observed under controllediripatr controlled cooling conditions.
The wide range of measurements possible provideddmental information on the
material properties of the system under test, sonthal analysis has found increasing use
both in basic characterisation of materials and iwwide range of applications in research,
development and quality control in industry anddegaia [1-4].

For the experimental determination of phase diagréime use of different techniques
can be beneficial. The role of thermal analysis basn of primary importance since the
beginning of this research field, as has been pdiotut by different authors [2, 4, 5].

12 L.A. Dobrzaski, M. Kroél, T. Taski
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Thermal analysis as a technique is used to evaltt@emelt quality. By this method, some
characteristic values are extracted from a cootingre and/or its derivative, and then a regression
relationship is built up between the charactedstiad quality indexes as grain size, eutectic strag
silicon morphology, and so on [1].

In metal casting industry an improvement of compamgiality mainly depends on better control over
the production parameters. Thus, computer-aidetingbourve thermal analysis of alloys is extensjvel
used for the evaluation of several processing aatknial parameters. Thermal analysis of alloys can
provide information about the composition of thiol the latent heat of solidification, the evoartiof
the fraction solid, the types of phases that siglidind even dendrite coherency. There are alsoyman
other uses for thermal analysis, such as, detemgnidendrite arm spacing, degree of modification and
grain refining in aluminium alloys, the liquidusdasolidus temperature, and characteristic tempersitu
related to the eutectic regions and intermetaliage formation [6, 7].

Figure 1. Examples of application magnesium alloys

As the lightest metal construction material, magmasis extremely attractive for many
lightweight construction applications (Fig. 1). Dte the high strength of magnesium in
comparison to its weight, magnesium die castingasicularly suitable for many types of
equipment housings. Magnesium is attractive forerthian just its weight — due to the low
viscosity of the melt, highly complex components t& manufactured with thinner walls and

Effect of cooling rate and aluminum contents onNfgeAl-Zn alloys’ ... 13
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larger surface areas than die cast aluminium. Tuel dieat conductivity and electromagnetic

screening of die cast magnesium make it attradtivenany segments of machine construction

and the electronics industry. The disadvantagegsf borrosion from other metals or acids can
be counted by high purity magnesium alloys, desigrasures and suitable surface protection

such as passivation, anodizing or coatings [8-10].

In its pure form, magnesium is soft, mechanicalak; and hence not generally used for
structural applications. By careful selection dbgihg elements, alloys can be produced - both
for general-purpose and for special applications. with other metallic alloy systems, a
combination of well-known hardening mechanisms i¢sasolution hardening, particle
dispersion hardening, work hardening, and grain ndawy hardening) determines the
mechanical properties of magnesium alloys. Alloyiadditions influence other properties
including reactivity of the melt, castability, andrrosion performance [9, 10].

The alloying elements used with magnesium can bepgd into two categories [11, 12]:

« elements that actively influence the melt. Exammes: beryllium € 15 ppm), which
lowers the rate of melt oxidation, and manganese (6 wt%), which reduces the iron
content and hence the corrosion rate of the alldjiese additions are active in relatively
small amounts and do not require extensive sotyhilithe melt.

« elements that modify the microstructure of the yallda the above-mentioned hardening
mechanisms. This group includes elements that enfle castability. Except for grain-
refining additions (carbon inoculation), which che active in small amounts, these
elements must be relatively soluble in liquid mague. Commercially interesting alloying
elements include aluminum, cerium, copper, lanthaniithium, manganese, neodymium,
silver, thorium, yttrium, zinc, and zirconium.

Magnesium's physical properties are certainly srited by the amount of added
constituents. The effect of the constituent addeshastly directly pro rata to its amount. The
processing and property effects of the individullyégng elements are more important in most
structural applications than the physical propsertidere is a description of each alloying
constituent's effect on the alloy quality.

Aluminum has the most favorable effect on magnesiimny of the alloying elements.
It improves strength and hardness, and it wideadréfezing range, and makes the alloy easier
to cast. When exceeding 6 wt%, the alloy becomas theatable, but commercial alloys rarely
exceed 10 wt% aluminum. An aluminum content of &owields the optimum combination of
strength and ductility [13].

14 L.A. Dobrzaski, M. Kroél, T. Taski
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Zinc is next to aluminum in effectiveness, as doyaitg ingredient in magnesium. It is
often used in combination with aluminum to produogrovement in room-temperature
strength; however, it increases hot shortness velteled in amounts greater than 1 wt% to
magnesium alloys containing 7-10 wt% aluminum. Zigcalso used in combination with
zirconium, rare earths, or thorium to produce pigiion-hardenable magnesium alloys
having good strength. Zinc also helps overcomehttrenful corrosive effect of iron and nickel
impurities that might be present in the magnesillaya

Calcium is added in very small amounts, being &igpalloying component. It has a dual
purpose: when added to casting alloys immediatebr po pouring, it reduces oxidation in the
molten condition as well as during subsequent tieatment of the casting, and it improves the
rollability of magnesium sheet. However, the additof calcium must be controlled so that it
is below about 0.3 wt% - or the sheet will be spibée to cracking during welding.

Manganese does not affect tensile strength corahitieryet it slightly increases the yield
strength. Its most important function is to impreadtwater resistance of Mg-Al and Mg-Al-Zn
alloys by removing iron and other heavy-metal eletménto relatively harmless intermetallic
compounds, some of which separate out during ngelihe amount of manganese that can be
added is limited by its relatively low solubility imagnesium. Commercial alloys containing
manganese rarely contain over 1.5 wt%, and in thegmnce of aluminum, the solid solubility
of manganese is reduced to about 0.3 wt%.

Copper adversely affects the corrosion resistarfcenagnesium if present in amounts
exceeding 0.05 wt%. However, it improves high-terapge strength.

Iron is one of the most harmful impurities in magioen alloys due to considerable
reduction of corrosion resistance even in presergmall amounts. In ordinary commercial-
grade alloys, the iron content can average as &830.01-0.03 wt%. However, for maximum
corrosion resistance, 0.005% is specified as tipeulimit for iron content.

Nickel , just like iron, is another harmful impyritn magnesium alloys because it also
reduces the corrosion resistance if present, ewesmall amounts. In ordinary commercial-
grade alloys, the nickel content can average ab kg 0.01-0.03 wt%, but for maximum
resistance to corrosion, 0.005% is specified asigper limit for nickel content.

Lithium has relatively high solid solubility in magsium (5.5 wt%, 17.0 at.%) and low
relative density (0.54). It has attracted intestan alloying element in magnesium alloys to
lower the density to values even lower than thauwdlloyed magnesium. Moreover, only
some 11 wt% of lithium is needed to form fhphase, which has a body-centered cubic crystal
structure, thereby improving formability of wrouglproducts. The addition of lithium
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decreases strength, but increases ductility. MgHays are also amenable to age hardening,
although they tend to overage at only slightly ated temperatures. Nevertheless, the Mg-Li
alloys have found only limited application [8-1(&,27].

Silicon increases fluidity of the metal in the nesitstate. However, it decreases corrosion
resistance of magnesium alloys in case of irongmes in the alloy.

Silver additions improve the mechanical propertidésmagnesium alloys by increasing
response to age hardening.

Thorium increases the creep strength of magnesiloysaat temperatures up to 310
The most common alloys contain 2-3 wt% thorium @mbination with zinc, zirconium, or
manganese. Thorium improves the weldability of Zinataining alloys.

Tin is useful when alloyed with magnesium in conabion with small amounts of
aluminum. It increases the ductility of the allogdamakes it better for hammer forging,
because it reduces the tendency for the alloyackewhile being hot-worked.

Yttrium has a relatively high solid solubility inagnesium (12.4 wt%) and is added with
other rare earths to promote creep resistancengiet@tures up to 30G. About 4-5% Zr is
added to magnesium to form commercial alloys siecW&54 and WE43, where it imparts
good elevated-temperature properties up to abdft25

Zirconium has a powerful grain-refining effect omgmesium alloys. It is added to alloys
containing zinc, rare earths, thorium, or a comtidmaof these elements, where it serves as a
grain refiner (up to its limit of solid solubilityHowever, it cannot be used in alloys containing
aluminum or manganese because it forms stable comgsowith these elements and is thus
removed from solid solution. It also forms stabtampounds with any iron, silicon, carbon,
nitrogen, oxygen, and hydrogen present in the rBeltause only the portion of the zirconium
content available for grain refining is that whishin solid solution, the soluble zirconium
content, rather than the total zirconium contenthe value important to the alloy.

Rare earth metals are added to magnesium allolgereits mischmetal or as didymium.
Mischmetal is a natural mixture of rare earths aombg about 50 wt% cerium, the remainder
being mainly lanthanum and neodymium; didymium isiaural mixture of approximately
85% neodymium and 15% praseodymium. Additions o¢ marths increase the strength of
magnesium alloys at elevated temperatures. Theyralduce weld cracking and porosity in
casting because they narrow the freezing rangeecdlioys.

A series of high-performance magnesium-based allasdeveloped after discovery of the
extremely efficient grain-refining action of zirdom. This effect results from the formation of
high-density tiny zirconium particles in the melfich act as potent grain nuclei.
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Unfortunately, elements such as aluminum and massgariower the solubility of
zirconium in the melt, thus precluding exploitatioithe grain-refining mechanism in common
aluminum-containing alloys.

Mg-Zn-RE-Zr. Binary Mg-Zn alloys show inferior meafiical properties and castability, but
the addition of zirconium for grain refinement amdre earth (RE) elements to reduce
microporosity, led to the development of alloystsas EZ33 and ZE41. These alloys have been
used widely as sand castings in the T5 conditiooléd and artificially aged) for applications
involving exposure to moderately elevated tempegafup to ca. 20). The ZE63 alloy is a
high-strength variant in which solution heat treatinin a hydrogen atmosphere is employed to
remove some of the embrittling Mg-Zn-RE grain baanydphases. In extrusion, microporosity is
of less concern and Mg-Zn-Zr alloys are used withRit additions [9-13, 27].

Mg-Ag-RE-Zr. Addition of silver and neodymium-ricimisch metal, in addition to
zirconium, promotes age hardening efficiently whba alloy is given a full T6 treatment
(solution heat-treated and atrtificially aged). Tgrecipitates formed are relatively stable; the
alloy shows high mechanical strength and good cpgeperties at temperatures approaching
250°C [9, 26].

Mg-Y-RE-Zr. The most recently developed alloy systtor high-temperature application
is based upon additions of yttrium and neodymiuch-mnisch metal. This alloy system was
developed to meet the ever-increasing high-temperaperformance requirements of the
aerospace industry and may replace the Mg-Ag-RE+xtt thorium-containing alloys. The
alloys must be melted in a special inert atmospfemgon) and develop their properties by T6
heat treatment [10].

This work present an influence of Al concentratiamd cooling rate on structure and
mechanical properties of magnesium alloys. Alsopaper presents a methodology to predict
crystallization temperatures obtained during ciiis&ion process using an UMSA platform,
based on cooling rate and chemical composition rmedhanical properties and grain size
based on characteristics temperatures.

2. Experimental procedure
2.1. Material

The investigations have been carried out on testgsi of MC MgAI12Zn1, MC MgAI9Zn,
MC MgAI6Znl, MC MgAI3Zn magnesium alloys in as-castd after heat treatment states
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made in cooperation with the Faculty of Metallurgnd Materials Engineering of the
Technical University of Ostrava and the CKD Motghant, Hradec Kralove in the Czech
Republic. The chemical compositions of the invegd materials are given in Table 2. A
casting cycle of alloys has been carried out innaiiction crucible furnace using a protective
salt bathFlux 12 equipped with two ceramic filters at the meltingnpeerature of 750+10°C,
suitable for the manufactured material. In ordermaintain a metallurgical purity of the
melting metal, a refining with a neutral gas witle industrial name dimgesalem Flux 1Bas
been carried out. To improve the quality of a metaface a protective layé&lkon M62has
been applied. The material has been cast in di#sbeitonite binder because of its excellent
sorption properties and shaped into plates of 250x25. The cast alloys have been heated in
an electrical vacuum furna€dassic 0816 Valn a protective argon atmosphere.

Table 2. Chemical composition of investigated magnesiuoyall

The mass concentration of main elements, %
Al Zn Mn Si Fe Mg Rest
12.1 0.62 0.17 0.047 0.013 86.96 0.0985
9.09 0.77 0.21 0.037 0.011 89.79 0.0915
5.92 0.49 0.15 0.037 0.007 93.33 0.0613
2.96 0.23 0.09 0.029 0.006 96.65 0.0361

2.2. Test sample

The experiments were performed using a pre-machuoyiddrical test sample with a
diameter of1=18 mm and length of I=20 mm taken from the ingag( 2). In order to assure
high repeatability and reproducibility of the thexindata, the test sample mass wa? g.
Each sample had a predrilled hole to accommodatsarsensitive K type thermocouple (with
extra low thermal time constants) positioned at ¢batre of the test sample to collect the
thermal data and control the processing tempemature

2.3. Thermal analysis

The thermal analysis during melting and solidificatcycles was carried out using the
Universal Metallurgical Simulator and Analyzer (UKBS(Fig. 3) [28, 29]. The melting and
solidification experiments for the magnesium all@yere carried out using Argon as cover gas.
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The data for Thermal Analysis (TA) was collectedngsa high-speed National Instruments
data acquisition system linked to a personal comp&ach TA trial was repeated three times.

10m

20 mm
w

@18 mm

Figure 2. Schematic of the UMSA Thermal Analysis Platforpegarmental set-up: 1 — low
thermal mass thermocouple, 2 — heating and coaloig 3 — thermal insulation, 4 — steel foil,

5 — test sample, 6 — ceramic base

Figure 3. UMSA apparatus — (1) sample chamber, (2) supenyvisomputer, (3) temperature
control, (4) gas flow control

The TA signal in the form of heating and coolingvas was recorded during the melting
and solidification cycles. The temperature vs. tiamel first derivative vs. temperature were
calculated and plotted. The cooling rates for thesgeriments were determined using the
following formula [18]:
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were Tijq and Ty, are the liquidus and solidus temperaturés),(respectively, andigt and o

sol

the times from the cooling curve that correspondlitidus and solidus temperatures,
respectively [16, 17].

The procedure comprised of the following stepsstFithe test sample was heated to
700+2C and isothermally kept at this temperature foeaqa of 90s in order to stabilize the
melt conditions. Next, the test sample was soBdifat cooling rate of approximately 0ds,
that was equivalent to the solidification processar natural cooling condition3.o achieve
an intentional cooling rate:

e 0.6°C/s sample was cooled without forces air
e 1.2°C/s sample was cooled in airflow 30 I/min,
* 2.£4°C/s sample was cooled in airflow 125 I/min.

Fraction solid (FS) was determined by calculatimg ¢umulative surface area between the
first derivative of the cooling curve and the sdeth base line (BL) [19, 20]. The BL
represents the hypothetical first derivative of twmling curve that does not exhibit phase
transformation/metallurgical reactions during tledidsfication process. The area between the
two derivative curves (calculated between the tigsi and solidus temperatures) is
proportional to the latent heat of solidificatioh the given alloy. Therefore, the latent heat
directly delivered to the test sample affectedfthetion liquid evolution. Similar calculations
were performed for the fraction solid except thacfion solid was proportional to the latent
heat released during the solidification [14, 15].

The magnesium nucleation temperaturg Tomin, Tokes Te, T(vgrsitamn)  TEMg+ANNS
Temg+aymin: Temg+ane and solidus temperatures,I'where calculated using the first derivative
of the cooling curve [30].

The a-Mg Dendrite Nucleation Temperature,“CFyyc) represents the point at which
primary stable dendrites start to solidify from thelt. This event is manifested by the change
in the slope of the cooling curve and determinedHhgyfirst derivative inflection point. The
liquidus temperature signifies the beginning of fitaetion solid that, at this point, is equal to
zero.

The a-Mg Dendrite Minimum (Undercooling) Temperature *{T) represents a state
where the nucleated dendrites have grown to sucextent that the liberated latent heat of
fusion balances the heat extracted from the tesipka After passing this point, the melt
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temperature increases to a steady state growthematope (T°5). T*°=N ¢ as the local
minimum is determined by the point at which thestfiderivative intersects the zero line
(dT/dt=0). The time period required for heating afpthe test sample to the™ " is called
recalescence [30].

At the start of solidification of a melt, small eégxed crystals are developing, separate from
one another. The viscosity of the melt and henoguiis very small. As the dendrites grow in
size and start to impinge upon one another, a moatis solid network builds up throughout
the sample volume. There is a sudden increaseeirotigue force needed to shear the solid
network. This point is called “coherency point”.

The a-Mg Dendrite Growth Temperature, ‘f"s) represents the local maximum
temperature of this reaction (and is also callesl ‘$teady state growth temperature). The
TPEN, corresponds to the second zero point on the diesivative curve (dT/dt=0) following
the start of nucleation (dT/dt = 0). If the firgrivative curve in this region does not intersect
the zero line, TNy the TPV, temperatures are identical and correspond to ddémum
point on the first derivative curve (Figs. 4-6 drable 3) [14, 15, 30].

—— Cooling curve
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Figure 4. Cooling curve of MC MgAI3Zn1 alloy obtained unden-equilibrium experimental

condition: 4Tpy nucleation undercooling

The shape of the cooling curve is the result ofiat lost to the surroundings by the cooling
metal and the heat evolved in the melt during phaasesformation. At the beginning of
solidification of any phase, the derivative incesadn value, and decreases at the end of
solidification [21-24].
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Figure 5. Representative cooling, crystallization and caleetric curves with characteristics

points of crystallization process of MC MgAl6Znlowlcooled at 0.8C/s
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Figure 6. Representative curves illustrate changes of Heatdnd fraction solid of MC

MgAI6Zn1 alloy cooled at 0.€/s

Based on characteristics points from the thermadlyais, heat of phase transition

individual phases was calculated. Temperaturegiargs of thermal processes were calculated

as well. Heat capacity of the alloy was determinsiehg the following formula [16, 17]:
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Cy(1) = Cyoq [ Fo(Ddlt+C ey [ [ (1)) o)

where: fs — participation of fraction solid, coreithg that for fs
(t <ty)= 0 and fs(t= ty)= 1. Thermal-Calc Software was used to determirspexific heat

capacity in liquid and solid state. Total heat pfstallization process of analyzed alloys was
calculated based on:

tso
Q=c, mnmj'{? - (de } (3
& t dt /.
Table 3. Characteristic points obtained from thermal-derivatanalysis
Point| Temperature Time Description
I Tn tn Nucleation ofa-phase (liquidus temperature)
1] T bmin tomin The a-Mg dendrite minimum (undercooling) temperature
1 T okp tokp Coherency point
\% Te ts Thea-Mg dendrite growth temperature

\% Timgssitamn) | Ymgrsieanmny | Crystallization ofa-Mg, Mg,Si and phases contains Al and Mn

VI | Tiugesivarnmnyt | tvgesieamnys | ENd of crystallization of Mghi and phases contains Al and Mn

Vi T gmg+ANN temg+AN Beginning of nucleation ofi(Mg)-y (Mgi7Al 15) eutectic
VIl T gmg+Apmin te(mg+A)min Thea(Mg)- y (Mg;7Al15) minimum (undercooling) temperatyre
IX TeMg+aNG teqvgrane Thea(Mg)- y (Mg,-Al 1,) eutectic growth temperature

X Teol tsol End of solidification (solidus temperature)

2.4. Microstructure examinations

Metallographic samples were taken from a locatiose to the thermocouple tip. Samples
were cold mounted and grounded on 240, 320, 400,a6@ 1200 grit SiC paper and then
polished with 6um, 3um and 1um diamond paste. The polished surfaces were eteftaca
solution of 2 g oxalic acid, 100 ml water, withshealcohol blotted repeatedly onto the surface
to prevent residue deposits. The observationseofnbestigated cast materials have been made
on the light microscope LEICA MEF4A as well as be electron scanning microscope Opton
DSM-940.

The X-ray qualitative and quantitative microanadysind the analysis of a surface distribution
of cast elements in the examined magnesium castsafiave been made on the Opton DSM-940
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scanning microscope with the Oxford EDS LINK ISISpetrsive radiation spectrometer at the
accelerating voltage of 15 kV. Phase compositiah@wgstallographic structure were determined
by the X-ray diffraction method using the XPert idewith a copper lamp, with 40 kV voltage.
The measurement was performed by angle rangé: &2 - 120°.

Observations of thin foil structure were carriedt ao the JEM 3010UHR JEOL
transmission electron microscope using an accélgrabltage of 300 kV.

2.5. Mechanical properties

Samples for compression testing were machined feonentre of the thermal analyses
specimen ingots. The machined samples were polighttd fine sandpaper to remove any
machining marks from the surface. Compression test® conducted at room temperature
using a Zwick universal testing machine. Prior &sting, an extensometer was used to
minimize frame bending strains. Compression spetinveere tested corresponding to each of
the three cooling rates.

Rockwell F—scale hardness tests were conductedoat temperature using a Zwick HR
hardness testing machine.

2.6. Data collection and database construction

The performance of an ANN model depends upon thasda used for its training.
Therefore, for a reliable neural network modelgngicant amount of data as well as powerful
computing resources are necessary [33-37].

Amounts of data on mechanical properties of magmesilloys at different conditions are
currently available in the literature [31, 32].

However, these data are rather disordered and siogfior the use of engineering practice.
Moreover, in Mg-system, the experimental data i literature are very sparse compared to
Al-alloys and steels.

The gathered set of data designed for formatioa nfimerical model determining: UCS,
HRF and GS in relation to the chemical compositimid cooling rate were divided into two
subsets: the learning set and the validation dwt. data were divided in a proportion of 75%
for the learning set and 25% for the validation $&ir data analysis four neural networks
models were used:

« multilayer perceptron MLP,
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 linear neural networks,

 radial basis functions neural network RBF,

« generalized regression neural networks GRNN,
also the following learning methods:

« back propagation method,

e conjugate gradient,

e quasi-Newtona method,

» fast propagation.

3. Results and discussion

3.1. Thermal analysis

Representative thermal analysis of the magnesilogsahave been presented in Figure 4.
Three visible temperature arrests were noted omrdbéng curves. More detailed information
pertaining to the alloy’s thermal characteristiostsas non-equilibrium liquidus, nucleation of
thea(Mg)-y(Mg:7Al 15) eutectic, etc. were determined using the firsivdéive curves.

An example of the cooling and crystallization cunfethe Mg-Al-Zn alloy cooled with
different cooling rates are presented in Figurasd 8.

—— Cooling curve —— Crystallization curve Base line
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Figure 7. Representative cooling and crystallization curgeMC MgAI3Zn1 magnesium

alloys cooled at 1.L/s
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Figure 8. Representative cooling and crystallization cureémagnesium alloys cooled at
1.2<Cls, a) MC MgAI6Zn1, b) MC MgAI9Zn1, c) MC MgAIl12Zn

The performed crystallization process analysishentasis of the achieved curves allows it
to state, that the nucleation process ofdhphase begins at thg,y temperature. This effect is
present on the curve in form of an inflexion inmtol, as well in form of an instantaneous
decrease of the cooling rate. Decrease of theatligstion rate of the remaining liquid metal is
caused by the heat provided from th@hase nuclei, which is smaller compared to the hea
amount submit into the surrounding by the solidifimetal. This process ends in point Il
where the crystallization temperature achievesntii@mal value -Tpnin, Where thex phase
crystals begins to growth. In this point the detiva value achieves the zero value. The cooled
alloy, resulting in crystallisation heat emissioaheats the remaining liquid until tAgyp
(point 111) temperature. The further crystal grovaghuses an increase of the temperature of the
remaining liquid to the maximal crystallisation teenature of the. phase I (point IV).
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Further alloy cooling causes the beginning of afisation of the silicon, aluminium and
manganese- rich phases, which are emitting anieeltiéat amount present on the crystallisation
curve in form of clear heat effect — described@g:si+amn) aNdTmg+sisarmny (POINts V and VI).

As a result of further alloy cooling after reachitige Tewg-ayn temperature there occurs the
nucleation of thex+y eutectic (point VII). The cooled alloy reach thigmg-aymin (POINt VIII)
temperature, as next the temperature increasdshatmaximum crystallisation temperature of
the eutecticTgwg:anc (POINt IX). The alloy crystallisation ends in pbi, where thelg, value is
reached. The temperatures of the metallurgicaticzecare presented in Tables 4-7.

Table 4. Non-equilibrium characteristics of the MC MgAI3Zalloy

Cooling rate/C/s
Point 0.6 1.2 2.4
Temperature;C Temperature,C Temperature,C
| 633.16 635.39 640.32
Il 630.44 Not observed Not observed
1 630.64 Not observed Not observed
\Y 630.85 630.42 629.71
\% Not observed Not observed Not observed
VI Not observed Not observed Not observed
VI Not observed Not observed Not observed
VIl Not observed Not observed Not observed
IX Not observed Not observed Not observed
X 508.96 502.03 492.28
Table 5. Non-equilibrium characteristics of the MC MgAl6Zalloy
Cooling rate/C/s
Point 0.6 1.2 2.4
Temperature;C Temperaturei,C Temperature,C
| 615.88 615.74 619.77
1l 611.51 Not observed Not observed
[} 611.75 Not observed Not observed
\ 611.92 610.33 608.14
\% 533.65 532.77 536.37
\! 520.18 509.72 511.99
Vil 429.45 431.69 432.99
VI 426.59 Not observed Not observed
IX 427.17 Not observed Not observed
X 419.47 415.44 401.66
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Table 6. Non-equilibrium characteristics of the MC MgAI9Zalloy

Cooling rate’C/s
Point 0.6 1.2 2.4
Temperature;C Temperature,C Temperaturei,C
| 597.97 600.74 600.89
Il 592.29 593.02 Not observed
1 592.65 593.27 Not observed
v 592.91 592.79 592.01
\% 515.8 524.28 524.43
\ 503.07 504.96 502.88
VI 428.78 429.5 433.71
VI 425.76 424.76 Not observed
IX 427.25 425.83 Not observed
X 413.01 412.19 404.11
Table 7. Non-equilibrium characteristics of the MC MgAIl12Zalloy
Cooling rate’C/s
Point 0.6 1.2 2.4
Temperature;C Temperature,C Temperatureh,C
| 580.76 583.51 586.2
Il 572.92 572.09 Not observed
Il 573.22 572.49 Not observed
v 576.03 572.87 575.09
\% 491.36 492.58 497.22
VI 481.74 476.63 476.44
VI 433.03 435.69 438.75
VI 430.58 430.15 Not observed
IX 432.57 431.92 Not observed
X 420.86 416.11 417.04

In Figures 9 and 10 there are presented the sialid faction change as well the heat flux

generated by the crystallised phases. This infaomais used for determination of the

crystallising heat emitted by the particular pha@esbles 8-11). In Figure 11 is presented the

influence of the cooling rate as well the magnesaantent on the temperatwdpy of thea
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phase nucleation. On the basis of the performedsiiyation it was found that the biggest
influence on the nucleation temperature has thmialum content (it decreases the nucleation
temperature of the phase according to the liquidus line) as well tbeling rate (it causes an
increase of the phase nucleation temperature). For example foM@eMgAI3Zn1l alloy an
increase of the cooling rate from 0.6 to°C& causes an increase of thphase nucleation
temperature from 633.16 to 635°89 further increase of the cooling rate until’Z/ causes a
temperature growth until 640.32.
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Figure 9. Representative curves illustrate changes of Heatand fraction solid of
magnesium alloys cooled at F2s, a) MC MgAI3Zn1, b) MC MgAl6Zn1, ¢c) MC MgAI9Zn1
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Figure 10. Representative curves illustrate changes of Heatand fraction solid of MC
MgAI12Zn1 magnesium alloys cooled at T3

Table 8. Latent heat of crystallization process emittedinigisolidification of MC MgAI3Zn1

Cooling rate/C/s
Reaction 0.6 1.2 2.4
L - a(Mg) 1400.96 1422.31 1392.02
L~ a(Mg)+ +Mg,Si+(Al+Mn) Not observed
L - a(Mg)+y( Mgs/Al 1))
sum 1400.96 | 1422.31 | 1392.02

Table 9. Latent heat of crystallization process emittedinigisolidification of MC MgAI6Zn1

Cooling rate/C/s
Reaction 0.6 1.2 2.4
L - a(Mg) 1258.22 1255.55 1390
L - a(Mg)+Mg,Si+(Al+Mn) 143.63 131.32 161.17
L - a(Mg)+y( Mgy7Al ) 55.98 56.86 107.71
sum 1457.84 1443.74 1658.88
Table 10. Latent heat of crystallization process emittedidigisolidification of MC MgAI9Zn1
Cooling rate’C/s
Reaction 0.6 1.2 2.4
L~ a(Mg) 1180.37 1153.43 1213.15
L - a(Mg)+ +Mg,Si+(Al+Mn) 273.84 302.22 289.91
L - a(Mg)+y( Mg;7Al ;) 172.39 183.41 195.91
sum 1626.6 1639.09 1698.99
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Table 11. Latent heat of crystallization process emittedidgisolidification of MC

MgAI12Znl
Cooling rate/C/s
Reaction 0.6 1.2 2.4
L - a(Mg) 985.47 1113.78 1029.97
L - a(Mg)+Mg,Si+(Al+Mn) 200.47 221.56 216.07
L= a(Mg)+y( Mgy7Al 1) 246.05 349.35 270.17
sum 1432 1684.7 1516.21

DN

Nucleation temperatyre T °c

MC MgAI3Zn1 [l MC MgAI6Zn1 MC MgAI9Zn1 Il MC MgAl12Zn1

Figure 11. Influence of cooling rate and aluminium concengmaton nucleation temperature

In Figure 12 there is presented the influence efrttagnesium mass concentration as well
the cooling rate on the maximal crystallization pemature () of thea phase. On the basis of
the performed investigation it was found that tharge of the cooling rate does not influence

the maximal crystallization temperaturés) of the o phase. It was also found that thg T
temperature decreases together with the increae @luminium content. For example for the

alloys cooled with a rate of 06/s, the increase of aluminium content from 3 to Gases a
decrease of the maximal crystallization temperatdrthe o phase from 630.85 to 61192

and a further increase of the aluminium conten®%f causes a decrease of the temperature
value to 592.93C. The lowest values of the maximalphase crystallization temperature -

equal 576.03C, was observed for the alloy with 12% aluminiunntemt.
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Figure 12. Influence of cooling rate and aluminium concerntmaton dendrite growth
temperature

Figure 13 presents an influence of aluminium masscentration and cooling rate on
solidus temperature. On the basis of the performeelstigation it was found that the biggest
influence on the nucleation temperature has theniaium content (it increases the solidus

temperature) as well the cooling rate (it causedemmease of the solidus temperature).
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Figure 13. Influence of cooling rate and aluminium concengmaton dendrite growth
temperature
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Figure 14. Influence of cooling rate and aluminium conceritnaton latent heat of

crystallization process

In Figure 14 there is presented the influence dfling rate as well the influence of
aluminium mass content on the heat amount emittethgl the alloy crystallisation. On the
basis of the performed calculations it was fout@t the biggest influence on the he@t)(

increase generating during alloy crystallizations ithe variable aluminium content. An

increase of thee aluminium content in the investigalloys causes an increase of the fat
In case of an increase of the cooling rate therg eserved a small growth of the generating

crystallization heat except the MC MgAI3Zn1 alloy.

3.2. Microstructure characterization

The analysis of thin foils (Figs. 15-17) after timal analysis has validated the fact that the
structure of the magnesium cast alloy consistshefdolid solutiora — Mg (matrix) and an

intermetallic secondary phage- Mg;/Al 1, in the form of needle precipitations (Figs. 15).17
According to the X-ray phase analysis, the investid magnesium alloys cooled with

solidification rate: 0.6, 1.2 and 2.4. °C/s is cosgd of two phases (Fig. 18)-Mg solid
solution as matrix ang(Mg:7Al1,). In the diffraction pattern of the matrix, the ¥} Mg—
diffraction line has very intensity. Based on thera&y phase analysis was found, that change of
solidification rate don't influence on the phasesnposition of investigated alloy. The X-ray
phase analysis don’t ravel occurring of J8gand phases contains Mn and Al, what suggested
that the fraction volume of these phases is beléw 3
33
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70.00 nm

Figure 15. TEM image of the MC MgAI6Zn1 alloy cooled at W& a) bright field;
b) diffraction pattern of area shown in a)

AT o Mg [101]

o0/ ——7
107 f—— /

I —
1T 010

Figure 16. Part of solution for diffraction pattern shown fig. 15b

The general microstructure after thermal analysigaled the presence of dendrite of solid
solution of Al in Mg @-phase) and divorced eutectic structure made ofichl-Mg solid
solution and Mg-Al 1, (y-phase). Moreover, angular particles of f8gand globular particles of
phases contains Al and Mnainly located at interdendritic spaces were olesbriFigs. 19,
20). This observation was in agreement with thermmallysis experiments where three distinct
metallurgical reactions were noted on the coolingve, i.e., nucleation of tha(Mg), the
Mg,Si and thex(Mg)+y(Mgi7Al 1) eutectic.
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a)

b)

50.00 nm

c)

312 3o 310

Mg./Al;, [133]

Figure 17. TEM image of the MC MgAI9Zn1 alloy cooled at @& a) bright field;
b) diffraction pattern of area shown in a), c) paftsolution for diffraction pattern shown in b
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Figure 18. XRD pattern of magnesium alloys at natural cooling
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Figure 19. Microstructure of MC MgAI3Zn1 magnesium alloy ezbht 1.2C/s, mag. 500x

The carried out investigations revealed, that theingsize decreases together with the
cooling rate increase for each of the analysedyslldOn the basis of the performed
investigations it was found that the largest gisige is characteristic for the MC MgAl6Zn1l
alloy. A cooling rate change from 0.6 to Z3s causes a two times decrease of the grain size.
A similar dependence was found also for other amalyalloys, which were studied in this
investigation. An increase of the aluminium masscemtration causes a slightly decrease of
the grain size (Fig. 21).
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a)

Figure 20. Microstructure of magnesium alloys cooled at®T/3, a) MC MgAI6Zn1, b) MC
MgAI9Zn1, ¢) MC MgAIl12Zn1, mag. 500x
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Figure 21. Influence of cooling rate and aluminium concentmaton grain size of analysed
cast magnesium alloys

Representative SEM micrographs of magnesium altmaed at 1.2C/ are shown in
Figures 22, 23. Results from EDS analysis are shiowhables 12-15. EDS spectra for all
samples confirms that, the matrixdgvig, and intermetallics phases mostly likely }8g and
Al-Mn (it could be a mixture of AMns or MnAl,). Because the size of particular elements of
the structure is, in a prevailing measure, smahlan the diameter of the analysing beam, the
obtained at the quantitative analysis chemical amsitipn may be averaged as a result of

which some values of element concentrations maykeestimated.

EHT =20.00 kV. Signal A = BSD

20 um
WD= gmm Mag= 1.00KX

Figure 22. Representative scanning electron microscope mieggof MC MgAI3Zn1l

magnesium alloy that solidified with cooling rat@ T/s
L.A. Dobrzaski, M. Kroél, T. Taski
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5.
EHT =20.00kV Signal A = BSD f—
Wo= 8mm Mag= 200K X L]
EHT =20.00 kv Signal A = BSD
WD= 8mm Mag = 1.00 KX

10 pm EHT = 2000 kv Signal A= BSD
WD =11 mm Mag= 1.00KX

Figure 23. Representative scanning electron microscope mieggts of magnesium alloy
that solidified with cooling rate 1.Z/s: a) MC MgAIl6Zn1, b) MC MgAI9Zn1, c) MC
MgAIl12Znl
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Table 12. Pointwise chemical composition analysis from Rig.

The mass concentration of
Element main elements, %
weight % atomic %
L Mg 74.14 76.8
Si 25.86 23.2
Zn 4.12 1.6
2 Mg 78.63 82.16
Al 17.25 16.24
Table 13. Pointwise chemical composition analysis from Riga
The mass concentration of
Element main elements, %
weight % atomic %
Mg 10.29 15.33
Al 36.12 48.48
! Si 1.36 1.75
Mn 52.23 34.43
) Mg 66.6 69.73
Si 334 30.27
Zn 6.03 2.41
3 Mg 62.4 67.03
Al 31.58 30.56
Table 14. Pointwise chemical composition analysis from Rigb
The mass concentration of
Element main elements, %
weight % atomic %
Mg 12.41 17.27
1 Al 45.05 56.51
Mn 42.55 26.22
Zn 7.44 3.01
2 Mg 66.16 72.08
Si 26.4 24.9
Mg 66.42 70.15
3 Al 29.81 28.37
Zn 3.77 1.48
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Table 15. Pointwise chemical composition analysis from Rigc

The mass concentration of
Element main elements, %
weight % atomic %

Mg 1.57 2.38
1 Al 45.17 61.82

Mn 53.26 35.8

Mg 66.06 69.22
2 Si 33.94 30.78

Zn 3.75 1.48
3 Mg 61.58 65.36

Al 34.68 33.16

Figure 24 presents a chemical analysis of the ceigéement decomposition.

3.3. Mechanical properties

Figure 25 shows the influence of aluminium massceatration as well the cooling rate on
hardness of the investigated alloys. On the bddiseoperformed investigations it was found a
linear increase of the hardness compared to tirease of the aluminium content, and also an
increase of the cooling rate for the MC MgAI6Zn1CMMgAI9Znl and MC MgAl12Znl
alloy. For the MC MgAI3Zn1 alloy it was found a daess increase up to 26 HRF by a cooling
rate of 1.2C/s. A cooling rate increase up to ZAs causes a decrease of the hardness down
to 19 HRF. The highest hardness value of 74 HRFaghageved for the MC MgAI12Zn1 alloy
cooled with a rate of 2°C/s.

Figure 26 presents the influence of aluminium n@swentration as well the cooling rate
on the ultimate compressive strength. On the lddise performed investigations it was found
that the highest value of the ultimate compresssteength of 296.7 MPa has the
MC MgAl6Zn1 alloy, and the lowest value of 245.9 Mihe MC MgAI3Zn1 alloy (both alloys
cooled with a rate of 0°€/s). A change of the cooling rate of the analyalholys causes an
increase of the ultimate compressive strength. Tighest increase of the Rvalue in
comparison to the cooling rate increase was founccase of the MC MgAI3Znl and
MC MgAI9Znl alloy. An increase of the cooling rate to the maximum value causes an
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increase of the ultimate compressive strengthferMCMgAI3Zn1 and MCMgAI9Zn1 alloy
up to the value of 275.8 and 316 MPa adequatelyedkis ca. 10-15 MPa higher in case of
the MCMgAI6Zn1 and MCMgAI12Zn1 materials.

Mn

Figure 24. The area analysis of chemical elements alloy M@Mgn1 cooled at 1.ZL/s
cooling rate: image of secondary electrons (A) amaps of elements’ distribution
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Figure 25. Influence of cooling rate and aluminium concentmaton hardness

350
300
250
200
150
100

Ultimate Compressiye
strength R, MPa

g

24
1,2

Cop-
Oollngr
Qe o 0,6

s C/s
MC MgAI3Zn1 Il MC MgAI6Zn1 [ MC MgAI9Zn1 I MC MgAI12Zn1

Figure 26. Influence of cooling rate and aluminium concentmaton ultimate compressive
strength of cast magnesium alloys

3.4. Database and the artificial neural network modl
In this work two types of neural networks were usEust neural network were used to

determine mechanical properties based on chemaraposition and cooling rate. Model of
43
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neural network was used to verify correctness peexnental mechanical properties including
Rockwell hardness in F scale, ultimate compressikength (UCS, MPa) and metallographic
characterisation (grain sizgym). The feed forward neural networks have beenieggor
calculations — Multi Layers were applied for caltidns — Multi Layerceptron (MLP). The
number of nodes in input was defined as eight, kimrrespond to cooling rate (0.6, 1.2 and
2.4°C/s) and alloy compositions, including the commoniged alloying elements in
magnesium alloys, namely Al, Zn, Mn, Si, Cu, Fe &amgl Number of nodes in output layer
was defined as three — hardness, ultimate compeestiength and grain size (Fig. 27). One-
of-N conversion type was applied for nominal valeakand minimax conversion for other
variables. One-of-N conversion type using neuramsler answering one nominal variable is
an equal number of values achieved by this varidblerder to represent selected variable,
appropriate neuron is activated and the rest ghtbiays inactive.

Input pattern
Processing ——» CR
— Al
= Zn

Alloy
composition > Mn

Figure 27. Schematic diagram of the ANN model for predictibproperties
of magnesium alloys

Data set was divided into three subsets: trainiatjdating and testing ones. The result of
design and optimisation process is network, whiglcharacterized by an error of value,
standard deviation and Pearson’s correlation aoefft.

The number of hidden layers, number of nodes isgHayers and the number of training
epochs were determined by observing the neuratésteerror for the training and validating
sets. Neural network training was carried with esreack propagation method and conjugate
gradient algorithm.
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The neural network with one hidden layer and numladérneurons in this layer as 6 was
assumed to be optimal. The highest value of Pearsanmrelation coefficient and the lowest
value of standard deviation were achieved for MlgRiral network that was trained by error
back propagation method in 50 epochs and conjuygattient algorithm in 59 epochs.

Table 16. Quality assessment coefficients for applied nenetvorks for calculate
of mechanical properties for testing set

) Average of Standard Standard Pearson
Mechanical Absolute L .
. tested error deviation correlation
properties i mean error g ) -
population deviation quotient coefficient
Hardness [HRF] 50.03 412 3.37 0.17 0.98
Ultimate
compressive
278.59 5.46 6.96 0.32 0.94
strength
[MPa]
Grain size
118.36 6.43 7.59 1.85 0.91
(Hm]

The standard deviation ratio calculated for théning set is: 0.17 for hardness; 0.32 for
ultimate compressive strength and 1.85 for grame.siable 16 shows the values of errors,
standard deviation ratios and Pearson correlati@fficients (R) for the calculated values of
hardness ultimate compressive strength and grzén si
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Figure 28. Influence of cooling rate on the hardness of MgZAlalloys
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Mechanical properties of the magnesium alloys tmangly depended on cooling rate and
aluminium content (Fig. 28), the hardness growshviiicrement of aluminium content and
slightly with increment of cooling rate. In the aygite way it is with ultimate compressive
strength. UCS grows with increment of cooling ratel slightly with increment of aluminium
content (Fig. 29). Measuring errors occurred dutesiing did not exceed 5%.

320 5
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Ultimate compressive strength [MPa]
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Cooling rate [°Cls]

Figure 29. The predicted influence of cooling rate on thémadtte compressive strength
of Mg-Al-Zn alloys

On the basis of the worked out models of neurakagis, the diagrams of the influence of
the cooling rate and aluminium content were donethen hardness, ultimate compressive
strength and grain size of the analysed magnesastatioys (Figs. 30-32).

In second type of neural network data set was diidnto three subsets: training,
validating and testing ones. The data from thenieg set has been used for the modification
of the network weights, the data from the validgtset, to evaluate the network during the
learning process, while the remaining part of tladues (the testing set) has been used for
determining the network efficiency after ending g@dately the procedure of its creating.

The results used in the learning process and theonle testing have been put to
standardization. Scaling has been used in relatiothe deviation from the minimal value,
according to the mini-max function. The mini-maxdtion transforms the variable domain to
the range (0, 1). The type of the network, the nemdd neurons in the hidden layer (layers),
the method and learning parameters have been dee&trobserving the influence of these
quantities onto the assumed network quality coeffiis.
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Figure 30. Simulation of the cooling rate and aluminium conten hardness of the cast

magnesium alloys
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Figure 31. Simulation of the cooling rate and aluminium canten ultimate compressive
strength of the cast magnesium alloys
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Figure 32. Simulation of the cooling rate and aluminium carten grain size of the cast
magnesium alloys

The result of design and optimisation process ok, which is characterized by an error
of value, standard deviation and Pearson’s coioglatoefficient. The quotient of standard
deviations for errors and the data has been aateptethe vital indicator of the model quality,
made with the use of the neural network. The comess of the network model may only be
considered in case when the presented by networksdsts are burdened with a smaller error
than the simple estimation of the unknown outpltiea

Model of neural network was used to verify corress of experimental crystallization
temperatures including beginning of dendrite nutdeatemperature gy, dendrite growth
temperature & and solidus temperaturesoT The feed forward neural networks have been
applied for calculations — General Regression NeéNigawork (GRNN).

The number of nodes in input was defined as folnickvcorrespond to cooling rate (0.6,
1.2 and 2.4C/s) and alloy compositions, including the commoused alloying elements in
magnesium alloys, namely Al, Zn, MNumber of nodes in output layer was defined asthre
dendrite  nucleation temperature, dendrite  growth mperature and  solidus
temperature (Fig. 33).

The number of hidden layers, number of nodes iseHayers and the number of training
epochs were determined by observing the neurat#steerror for the training and validating
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sets The neural network with two hidden layers and nurslod neurons in this layers as 10
and 4 were assumed to be optimal.

Input nodes  Hidden nodes Class nodes Decision nodes
CR . -

Al e = : Tox
e T2 .
Mn S i Tsm

Figure 33. Schematic diagram of the ANN model for predictibproperties
of magnesium alloys

The standard deviation ratio calculated for thaning set is: 0.16 for gy; 0.3 for Tg and
0.25 for T,,. Table 17 shows the values of errors, standardatien ratios and Pearson
correlation coefficients (R) for the calculatedued of crystallization temperatures.

Table 17. Quality assessment coefficients for applied nenedvorks for calculate of chemical
composition and mechanical properties for testiag s

. Average of Standard Standard Pearson
Mechanical Absolute o )

] tested error deviation correlation
properties . mean error o ) .

population deviation quotient coefficient

Ton [°C] 613.01 3.52 3.97 0.16 0.98

Ts [°C] 605.77 5.29 7.69 0.3 0.97

TsoL [°C] 451.38 7.86 11.34 0.25 0.98

On the basis of the worked out models of neurakogits, the diagrams of the influence of
the cooling rate and aluminium concentration, Znd manganese concentration as well were
done on the dendrite nucleation temperature, dendgrowth temperature and solidus
temperature of the analysed magnesium cast all6gs.(34-39).
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The presented, on the MC MgAI12Zn1, MC MgAI9Zn, NUgAI6Zn, MC MgAI3Zn alloy
example results, confirm the correlation betweenrésults of the laboratory research of Mg
alloys with the results obtained out of the neuetivorks.

M 640

Bl > 640 M <540
B < 640 H <530
B < 630 M <620
B = <o
P <600
I <600 W <590
<530

Figure 34. Simulation of the cooling rate Figure 35. Simulation of the aluminium and
and aluminium concentration on beginnings zinc concentration on beginnings of dendrite
of dendrite nucleation temperature nucleation temperature

M > 630
Il <630
Il <620
[ <610
[ < 600
Il < 590

0L
N

Figure 36. Simulation of the cooling rate Figure 37. Simulation of the aluminium and
and aluminium concentration on dendrite zinc concentration on dendrite growth
growth temperature temperature
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Figure 38. Simulation of the cooling rate Figure 39. Simulation of the aluminium and
and aluminium concentration on solidus zinc concentration on solidus temperature
temperature

4. Conclusions

The new developed experimental cast magnesiumsalg MgAI3Znl, MC MgAI6Znl,
MC MgAI9Zn1, MC MgAI3Zn1 are characterising arsolid solution microstructure, which is
the matrix, intermetallig — Mg;;Al 1, phase in a shape of plates, placed manly at tider
regions, needle shaped eutecti¢y) as well MgSi containing precipitations characterized by
edged outlines, also steroidal or needle shapeseghaith high Mn and Al concentration are
present (can be &ins or MnAl,). This research shows that the thermal analysiseceout on
UMSA Technology Platform is an efficient tool foollecting and calculations of data about
temperature and time of liquidus and solidus tewruppees as well. Derivative thermo-analysis
performed allowed to achieve several representatdading, crystallization and calorimetric
curves with characteristics points of crystallisatprocess for magnesium alloys. Description
of characteristics points obtained from thermahddive analysis made it possible to get better
understanding of the thermal processes occurrednglucrystallization kinetics of the
investigated Mg alloys.

Solidification parameters are affected by the ecupliate. The formation temperatures of
various thermal parameters are shifting with amgasing cooling rate. Increasing the cooling
rate increases significantly the Mg nucleate termfpee and decreases the solidus temperature
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simultaneously widens a solidification range. Agented, the results show that grain size
reduces as the cooling rate increases. Increasiagcooling rate increases hardness and
compressive ultimate strength of the examined mgignealloys.

The artificial neural network model (ANN model) fopredicting crystallization
temperatures of crystallisable magnesium alloy waproved by refining pre-processing
variables and using a more reasonable structutddaien layers. The results show that the
improved model could apparently decrease the piiedierrors, and raise the accuracy of the
prediction results. The improved ANN model was uged predict the crystallization
temperatures of Mg-Al-Zn alloys. The predicted Hsswere found to be in good agreement
with the experimental data.
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Abstract

Purpose: The work consisted in investigation of newly efabed high-manganese austenitic
steels with Nb and Ti microadditions in variablenddions of hot-working.
Design/methodology/approach: The force-energetic parameters of hot-working were
determined in continuous and multi-stage compressist performed in temperature range of
850 to 1100°C using the Gleeble 3800 thermomechasimulator. Evaluation of processes
controlling work-hardening were identified by mistaucture observations of the specimens
compresses to the various amount of deformatiorD.P@x 4x0.23 and 4x0.19). The
microstructure evolution in successive stages @drdeation was determined in metallographic
investigations using light, scanning and electrdoroscopy as well as X-ray diffraction.
Findings: The investigated steels are characterized by hajhes of flow stresses from 230 to
450 MPa. The flow stresses are much higher in coisga with austenitic Cr-Ni and Cr-Mn
steels and slightly higher compared to Fe-(15-25@ays. Increase of flow stress along with
decrease of compression temperature is accompayedranslation ofeyg, Strain in the
direction of higher deformation. Results of the tirgthge compression proved that applying
the true strain 4x0.29 gives the possibility tanmefthe austenite microstructure as a result of
dynamic recrystallization. In case of applying tbever deformations 4x0.23 and 4x0.19, the
process controlling work hardening is dynamic remgvand a deciding influence on a gradual
microstructure refinement has statical recrystation. The steel 27Mn-4Si-2Al-Nb-Ti has
austenite microstructure with annealing twins aweng fraction ok martensite plates in the
initial state. After the grain refinement due tamgstallization, the steel is characterized by
uniform structure of phase without martensite plates.

Research limitations/implications: To determine in detail the microstructure evolaotiuring
industrial rolling, the hot-working schedule shoutike into account real number of passes
and higher strain rates.
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Practical implications: The obtained microstructure — hot-working relagbips can be useful
in the determination of power-force parameters @ftolling and to design a rolling schedule
for high-manganese steel sheets with fine-grainedemitic structures.

Originality/value: The hot-deformation resistance and microstructa®lution in various
conditions of hot-working for the new-developedhhiganganese austenitic steels were
investigated.

Keywords: High-manganese steel; Hot-working; TRIP/TWIP  steel Dynamic
recrystallization; Static recrystallization; Grairefinement

Reference to this paper should be given in the following way:

L.A. Dobrzaiski, W. Borek, Hot-working of advanced high-manganaustenitic steels, in
L.A. Dobrzaiski (ed.) Effect of casting, plastic forming orfsue technologies on the structure
and properties of the selected engineering matgri@pen Access Library, Volume 1, 2011,
pp. 55-88.

1. Introduction

The beginning of XXI century has brought a develepmof new groups of steels to be
applied for sheets in automotive industry. Fromdkpect of materials, this development has
been accelerated by strong competition with norahauminium and magnesium alloys as
well as with composite polymers, which meaninguscessively increasing. From the aspect
of ecology, an essential factor it is to limit tlenount of exhaust gas emitted into the
environment. It's strictly connected to the fuehsamption, mainly dependant on car weight
and its aerodynamics. Taking into consideratiorrdased quantity of accessories used in
modern cars, decreasing car’'s weight can be aatiseely by optimization of sections of
sheets used for bearing and reinforcing elementsedisas for body panelling parts of a car.
Application of sheets with lower thickness presegvproper tautness requires using sheets
with higher mechanical properties, however keepidgquate formability. Steels of IF and BH
type with moderate mechanical properties and higbceptibility to deep drawing were
elaborated for elements of body panelling [1]. Tighest application possibilities belong to
DP-type steels with ferritic — martensitic micrastiure. Their mechanical properties can be
formed in a wide range, controlling participatioh martensite arranged in ferritic matrix.
Sheets made of these steels are widely used foringeand reinforcing elements [2].

56 L.A. Dobrzaski, W. Borek



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

In comparison to steels with ferritic microstruetuhey are characterized by high value of
hardening exponent n, what decides about theingtsirain hardening during sheet-metal
forming [3].

Nowadays, apart from limiting fuel consumption, Gpé pressure is placed on increasing
safety of car's passengers. Constructional solatiand steels used in the frontal part of a
vehicle are the most significant due to the pobsibof accident occurrence. The goal of
structural elements such as frontal frame side neesplibumpers and the others is to take over
the energy of an impact. Therefore, steels thatiaeel for these parts should be characterized
by high product of UTS and UEI, proving the abildy energy absorption. Among the wide
variety of recently developed steels, high-mangarasstenitic TRIP/TWIP steels with low
stacking faulty energy (SFE) are particularly prsimj, especially when mechanical twinning
occurs [3-6]. Beneficial combination of high strémgnd ductile properties of these steels
depends on structural processes taking place dwdhd) plastic deformation, which are a
derivative of stacking fault energy (SFE) of auggndependent, in turn on the chemical
composition of steel and deformation temperaturé,[Z-10]. In case, when SFE is equal from
12 to 20 mJ, partial transformation of austenite into martensiccurs, making use of TRIP
effect (TRansformation Induced Plasticity) [1-4, 8alues of SFE from 20 to 60 mJm
determine intense mechanical twinning connectedTWIP effect (TWinning Induced
Plasticity) [5-10]. The steels cover a very wideboa concentration in a range from about 0.03
to 1 wt.%, 15-30% Mn, 0-4% Si, 0-8% Al.

The best conditions for obtaining the total elofgaup to 80%, due to a gradual increase
of mechanical twins, acting as obstacles for daion glide, occur when the carbon
concentration is in the range of 0.4-0.8% and maeg@a from 17 to 22% [5, 11, 12]. However,
high carbon content may lead to formation of;GMand M3sCs-type carbides, which
precipitating on austenite grain boundaries negjtiaffect the strength and toughness of the
steel [11]. Moreover, in the Fe-(17-22) Mn-(0.4Q)steel grades, besides the formation of
deformation twins during straining, a technolodigalndesirable jerky flow, which presents
the features of dynamic strain aging and PLC (RorteeChatelier) effect is observed [6].
Because of these reasons, Frommeyer et al. [1lefloged a group of high-manganese steels
with carbon content, less than 0.1%. Lower hardgwine to decreased carbon concentration
was compensated by Si and Al additions, which togretvith Mn decide about SFE of the
alloy and the main deformation mechanism. In a odiddn > 25%, the mechanical properties
are mainly dependent on TWIP effect [1, 3, 13] &mdMn < 20%, a process influencing a
mechanical properties level is strain-induced nmaite transformation of austenite [2-4]. For
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the latter the initial structure is consistedygfhase as a matrix, some fractioreahartensite
and sometimes ferrite [2-4].

Results of our earlier investigations [14-17] iradiE thate martensite plates can appear in
the initial structure of the (0.04-0.05) C-25Mn-23il alloys as a result of Nb and Ti
microadditions. The amount of C combined in preaatgid carbonitrides reduces its content in
the solid solution, thus decreasing the SFE ofemit&t and resulting in a presence eof
martensite despite high manganese concentratitimeiinvestigated steels. It was found [16-
18] that the fraction of martensite plates is also dependent on a graégndadithey phase and
hot-working conditions. It was also observed tlieg fraction of mechanical twins within the
austenite grains corresponds to the initial grage,sand at the same time affects the
mechanical properties [5].

The hot-working behaviour of high-manganese staglsof primary importance for
elaborating manufacturing methods consisted ofrbiing and successive cooling to room
temperature. However, their hot work hardening amcrostructural evolution controlled by
thermally activated processes removing it, did d@w much attention compared to cold-
working behaviour. Niewielski [19] compared thewiaesistance of the 0.5C-17Mn-16Cr
austenitic steel with conventional stainless stéel8-8 type. He observed that the hardening
intensity of Cr-Mn steel is much higher than inea$ Cr-Ni steel. The difference in a course
of work-hardening comes from a different ability diflocations to splitting and association
during straining.

High strain hardening rate is a result of the abitif manganese austenite for dislocation
dissociation in the initial deformation stage [29]. The reason for high hardening intensity of
Cr-Mn steel are much higher flow stress values aren to Cr-Ni steel, however at lower
deformation value of.. corresponding to maximal flow stress. For examible,yield stress
of the Cr-Mn steel hot-twisted at a temperaturd B30°C with a strain rate of 1ds equal to
134 MPa for the value,.x = 0.18 and increases to 280 MPasdgqy, = 0.23 with decreasing the
deformation temperature to 900°C [19]. Cabanas. 23] investigated the retarding effect of
Mn content up to 20 wt.% on the grain boundary atign and dynamic recrystallization in
binary Fe-Mn alloys. The influence of Al addition the flow behaviour of 0.1C-25Mn-(0-8)
Al alloys was the aim of investigations undertakgnHamada et al. [22, 23]. They found that
flow resistance is slightly higher for the 25Mn3idan for the 25Mn steel. Moreover, they
observed that the flow stress of the austenitigyallcontaining Al up to 6% is much higher
compared to the steel containing 8% Al with a dup#ustenitic-ferritic structure [22].
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Investigation results by Hamada et al. [22, 23heé®at al. [24] on 0.13C-29Mn-2.4Al steel
and Kliber et al. [25] on (0.6-1)C-(17-20)Mn steetsfirmed the high work hardening rate of
high-manganese alloys in the deformation range daWen €., likewise for Cr-Mn steels
investigated by Niewielski [19].

For manufacturing methods elaborating, it is esglgcimportant that relatively low values
of emax give the opportunities to refine austenitic staues in successive stages of hot-working.
Unfortunately, the flow resistance of high-Mn sgeisl usually investigated under conditions of
continuous compression or torsion [20-25]. To daiee the softening kinetics, the double- or
triple-deformation tests are rarely carried out,[28]. Hot-rolling of sheets consists of many
passes characterized by the changing amount ofrdafmn and strain rate from pass to pass.
This means that the flow stresses should be datedrduring multi-stage straining testing and
for various deformation values. In earlier inveatigns [14-16, 26, 27] we characterized the
force-energetic parameters of hot-working of newedeped low-carbon high-Mn-Si-Al steels
in continuous and four-stage compression tests.alineof the paper is to describe in details
the microstructure evolution and phase compositén0.04C-27Mn-4Si-2AI-Nb-Ti steel
subjected to four-stage compression with variouswarhof deformation.

2. Experimental procedure

Investigations were carried out on two high-manganeaustenitic Mn-Si-Al steels
containing Nb and Ti microadditions (Table 1). Meltere prepared in the Balzers VSG-50
vacuum induction furnace. After homogenization 200°C for 4 h to remove the segregation
of Mn, ingots with a mass of 25 kg were submitteddpen die forging on flats with a width of
220 mm and a thickness of 20 mm. Then, cylindrioachined samplegl10x12 mm were
made. In order to determine the influence of terafpge on a steel grain growth, samples were
solution heat-treated in water from the austemizemperature in a range from 900 to 1100°C
(Fig. 1). Determination of processes controllingrkvbardening was carried out in continuous
axisymetrical compression test using the DSI Gled800 thermomechanical simulator, used
as laboratory equipment of the Institute for Fesrddetallurgy in Gliwice [28, 29]. The stress
— strain were defined in a temperature range fréMt® 1050°C with a strain rate of 16.s

In order to determine-e curves, the four-stage compression tests weréedaout. The

temperatures of the successive deformations wed8,11050, 950 and 850°C. The details of
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the hot-working are given in Table 2. To simulaégious conditions of hot-rolling, the amount
of true stain were 0.29, 0.23 and 0.19. The tim#efisothermal holding of the specimens at a
temperature of the last deformation was betweendd6d s. The specimens were inserted in a
vacuum chamber, where they underwent resistand@bealantalum foils were used to
prevent from sticking and graphite foils used ahkil&icant. The processes controlling the
course of work-hardening were evaluated on a bafsike shape of-€ curves and structure
observations of the specimens water-quenched oferelit stages of compression. To
determine metallographically recrystallization pegs at the interval between passes, a part of
the specimen was water-cooled after isothermalihgldf the specimens compressed at 900°C
and 1000 °C with the amount of true strain of Ga28l 0.5 and a strain rate of 18 s

Table 1. Chemical composition of the investigated steetssnfraction
Designation C Mn Si Al P S Nb Ti N
27Mn-4Si-2AI-Nb-Ti 0.040| 275 4.18 1.96 0.002 0.010.033| 0.009| 0.002
26Mn-3Si-3AIl-Nb-Ti 0.065| 26.0| 3.08 2.87 0.004 0.018.034| 0.009| 0.002

0]

[e2)

Table 2. Parameters of the thermo-mechanical treatmentiedrout in the Gleeble simulator

c c c c i~
g - 2 - S o g i £
© S _ © c = ®© c > © (@) o
E - = E = = E = 57 Ex> |5 3
T | B S~ | % S = 2 o = 3 & g
No oc o [a)] o a i " £
T o Prs| Vil | T2 o o |Va| 2 | Ta o P3| Val| e | Ta o By |2
°C 1 |°CH{ s |°C st |°Cls| s |°C st |°Cls| s | °C st
1|1100|11000.20| 7 | 5 | 10|105¢0.29| 8 | 10| 10| 9500.20| 9 | 14| 7 | 850029 | 10| 0
2| 1100(11000.29| 7 | 5 | 10 1051)0.29 8 | 10| 10| 9500.29| 9 | 14| 7| 850 029| 10| 4
3| 1100(11000.29| 7 | 5 | 10 1051)0.29 8 | 10| 10| 9500.29| 9 | 14| 7| 850029 | 10| 16 foi
]
4| 1100|11000.29| 7 | 5 | 10 1051)0.29 8 | 10| 10| 9500.29| 9 | 14| 7 | 850029 | 10| 32 E
5| 1100(11000.29| 7 | 5 | 10 1051)0.29 8 | 10| 10| 9500.29| 9 | 14| 7| 850 029 | 10| 64
6| 1100(11000.29| 7 | 5 | 10 1051)0.29 8 | 10| 10| 9500.29| 9 | 14| 7
7| 1100(11000.23| 7 | 5 | 10 1051)0.23 8 | 10| 10| 9500.23| 9 | 14| 7 | 8500.23| 10 | 32
8| 1100(11000.19| 7 | 5 | 10 1051)0.19 8 | 10| 10| 9500.19| 9 | 14| 7 | 850019 | 10 | 32

T, — austenitizing temperature; T T, — deformation temperatures, - ¢, — true strains, ¥..- V4 —
cooling rates between deformations,-tt; — times between deformationgete,— time of the isothermal
holding of the specimens at a temperature of 850°C
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Figure 1. Parameters of the preliminary hot upsetting tests

Metallographic investigations were performed on CEIMEF4A optical microscope. In
order to reveal the austenitic structure, samplesevetched in nitric and hydrochloric acids
mixture in 2:1 proportion as well using a mixturfendtric acid, hydrochloric acid and water in
2:2:1 proportion. The structure of the investigatddel was also characterised using the
SUPRA 25 scanning electron microscope and the JHBEM 3010 transmission electron
microscope working at accelerating voltage of 390 KEM observations were carried out on
thin foils. The specimens were ground down to feiith a maximum thickness of 80 um
before 3 mm diameter discs were punched from teeisgens. The disks were further thinned
by ion milling method with the Precision lon Polisth System (PIPS™), using the ion milling
device (model 691) supplied by Gatan until one orerholes appeared. The ion milling was
done with argon ions, accelerated by voltage df\ 5

3. Results and discussion

Melted steels possess diversified initial structagresented in Fig. 2 and Fig. 3. The new-
developed 26Mn-3Si-3AI-Nb-Ti steel in the initialate is characterized by homogeneous
microstructure of austenite with a grain size ingafrom 100 to 15Qm, in which numerous
annealing twins can be identified (Fig. 2a). Singifemse microstructure of the steel is
confirmed by X-ray diffraction pattern in Fig. 2b.
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Figure 2. Austenitic microstructure with numerous annealiwmns of the 26 Mn-3Si-3Al-Nb-Ti
steel in the initial state (a) and X-ray diffraatipattern (b)

The structure of the investigated 27Mn-4Si-2Al-Nbsteel in the initial state after forging
is shown in Fig. 3. Increased concentration ofcsili up to 4% and its influence on the
decreasing of the stacking fault energy of austengisult in the presence of some fractiom of
martensite in the austenite matrix containing mamyealing twins. The martensite is present
in a form of parallel plates inside austenite gsainth a mean grain diameter of about 120
(Fig. 1b). The martensite plates are hampered bieaite grain or annealing twins boundaries.
The presence & martensite is confirmed by X-ray diffraction pattén Fig. 3b.
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Figure 3. X-ray diffraction pattern (b) and the austeniteusture with many annealing twins and
parallel £ martensite plates of the investigated steel 278in2Al-Nb-Ti in the initial state (a)

Starting point for microstructure analysis of speens that were plastically hot-compressed
in variable conditions are microstructures of stdbjected to solution heat treatment from a
temperature range from 900 to 1100°C. The steetgases fine-grained microstructure of
austenite with grain sizes from 10 to aboutuh7 up to temperature of 1000°C (Figs. 4a, b, c,
Fig. 5). Further increase in solutioning tempemtir 1100°C results in a rapid grain growth
up to about 5Qum (Fig. 4c). This behaviour is connected with altatissolution of NbC
particles above 1000°C, what was investigated disesv[19]. Moreover, numerous annealing
twins can be observed in the microstructure andesivattion ofe martensite plates (Fig. 4).
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Figure 4. Changes of austenite grain size in dependenceropdrature (a) and structures
obtained after solution heat treatment from a terapee: b) 900°C, c) 1000°C, d) 1100°C;
27Mn-4Si-2Al-Nb-Ti steel
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Figure5. Austenitic structure of the 26Mn-3Si-3Al-Nb-Tiedtafter solution heat treatment
from a temperature of 900°C

Microstructure development of 27Mn-4Si-2AI-Nb-Tiest, solution heat treated from
temperature of 850 or 950°C, after application pécified reduction, as well as¢ curves
obtained in continuous compression test are predeantFigs. 6a-h. It arises from Fig. 6a that
the steel is characterized by values of yield stezgual from 240 to 450 MPa in investigated
range of temperature. These values are considenédiier than they are for conventional C-
Mn steels as well as for Cr-Ni and Cr-Mn austerstieels [20].

It proves high strain hardening, which is probabiused by high Mn concentration in
the steel. Additionally, the increase of flow sids influenced by Si and Al additives as
well as Nb and Ti microadditions. Decrease of sttamperature by around 100°C results in
increase of flow stress by around 100 MPa. Alonthweitrain temperature decreasing, the
value ofena, — corresponding to the maximum value of yield stre is translating to a range
of higher deformations. However, it's charactedsthat after strong strain hardening, peaks
of emax are present for relatively low deformation values, from 0.23 to 0.48. It creates
convenient conditions for using dynamic recrystallion for refinement of microstructure,
what is confirmed by fine-grained microstructure stéel, solution heat treated from the
temperature of 950°C after true strain of 0.5 (f6ig). Decrease of true strain to 0.29, close
to emax deformation in Fig. 6a, also leads to the initatiof dynamic recrystallization (Fig.
6¢). Nevertheless, further decrease of reductid208 (true strain equal 0.23) is too low for
initiating dynamic recrystallization (Fig. 6d). Buch conditions, microstructure of steel is
composed of dynamically recovered austenite gralpagated in the direction of plastic
flow with size comparable to the sample solutionthteeated from temperature of 900°C.
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Figure 6. Evolution of the microstructure of 27Mn-4Si-2Al-Wisteel compressed to a various
strain: a) o-ecurve; b) T =950°Cg=0.5; c) T =950°C£=0.29; d) T = 950°C£= 0.23;
e) T=950°Ce=0.91;f) T=850°Ce=0.5; g) T=850°C£=0.29; h) T = 850°C¢£=0.23
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After decreasing compression temperature to 850y, recrystallized microstructure of
austenite with grain size of approximatelyr® was achieved through application of true strain
equal 0.9 (Fig. 6e). Decrease of reduction to 4@%ults in obtaining microstructure of
recrystallized grains of austenite uniformly distried in matrix of dynamically recovered
grains with sizes slightly smaller than for theastrtemperature of 950°C (Fig. 6f). Decrease of
true strain to 0.29 is sufficient for initiation adynamic recrystallization also for the
deformation temperature of 850°C (Fig. 6g), altHodlge value ok, is equal 0.48. It's in
accordance with data presented in [16], in whictvas stated that the initiation of dynamic
recrystallization can occur at critical deformatimalue £.4~(0.5-0.85§,. Solution heat
treatment from temperature of 850°C after trueistod 0.23 doesn’t cause grain refinement of
microstructure as a result of dynamic recrystdilima Microstructure of steel is composed of
slightly deformed grains of dynamically recoveretanite (Fig. 6h).

The o-¢ curves together with microstructures of 26Mn-38I-BIb-Ti steel solution heat
treated from the temperature of 850°C and speciiediction are presented in Figs. 7a-d. The
course ofo-€ curves is almost identical as in case of steaudised above (Fig. 7a). It refers
both to the values of flow stresses and values,gfdeformations. It can be observed in Fig.
7a that the only difference derives from slightbwer values of flow stress for the strain
temperature of 850°C, what can be caused by lowerisn hardening of aluminium when
compared to silicon, which concentration is twiceaier than in 26Mn-3Si-3AI-Nb-Ti steel.
Similarly as for the second steel, true strain &€dqua3 is too low for initiating dynamic
recrystallization (Fig. 7b), which occurs after reasing true strain to 0.29 (Fig. 7c). Still,
significant microstructure refinement requires &gilon of deformation equal 0.5 (Fig. 7d).

Development of microstructure of steel 26Mn-3Si-3k-Ti isothermally held in
temperature of 900°C, after true strain equal @s28resented in Fig. 8. After 4 s of holding,
microstructure is slightly different in comparisevith microstructure of steel solution heat
treated directly after deformation (Fig. 8a). Irage of holding time to 16 s results in obtaining
high participation of recrystallized grains at ttest of dynamically recovered grains (Fig. 8b).
Fast progress of microstructure reconstruction icmisf occurrence of metadynamic
recrystallization, not requiring any period of ibetion. Confirmation of this fact is large
portion of dynamically recrystallized grains aftdeformation with reduction of 25% at
temperature of 850°C (Fig. 7c). Increase of holding to 64 s leads to achievement of highly
fine-grained microstructure of metadynamically atatically recrystallized grains (Fig. 8c).

Successive stages of microstructure developmesteet 27Mn-4Si-2Al-Nb-Ti in function
of isothermal holding time are shown in Fig. 98-he progress of recrystallization of this steel
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is slightly slower, what proves higher contributioh static recrystallization to removal of
strain hardening than in case of steel 26Mn-3SHSBITI.

Stress, MPa

T T T T T !
00 02 04 06 08 1.0 12
Strain

Figure 7. Evolution of the microstructure of 26Mn-3Si-3Al-WNbsteel compressed to a various
strain: a) o-ecurve; b) T = 850°C£=10.23; ¢) T =850°C£=0.29; d) T =850°C£=0.5

The conditions of hot-working additionally influemphase state of steel. Steel 26Mn-3Si-
3AI-Nb-Ti with initial austenitic microstructure kps its stability independently from
conditions of plastic deformation. X-ray diffraatigpatterns for steel 27Mn-4Si-2AI-Nb-Ti
indicate presence of peaks coming frommartensite. However, their intensity connectedwit
participation of this phase differs depending opligol variant of hot-working. The highest
intensity from (101) planes belongs to the sampgi®mined with lowest reduction (Fig. 10a).
Increase of reduction causes decrease of peaksityt¢Fig. 10b, 10c). Isothermal holding for
16 s after deformation at 900°C doesn’t change @hbasmposition of steel 27Mn-4Si-2AI-Nb-
Ti. Still, slight peaks coming from martensite are present (Fig. 10d). Increase dafihgltime
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to 64 s leads to substantial increase of (101) peaksity ofe martensite (Fig. 10e). It means,
that in spite of fine-grained microstructure ofedtbaving impeding impact on growth ef
martensite laths [18], also state of internal sees effectively limited in process of
metadynamic and static recrystallization, decidesuitendency of formation of this phase in
high-manganese steels.

The fraction of the recrystallized phase in intésvhetween successive passes can be
evaluated from Figs. 11 and 12, showing a progoésscrystallization as a function of time
for the specimens compressed in various deformattorditions. It arises from Fig. 11, that
participation of recrystallized phase of 27Mn-4%i-Ab-Ti steel increases along with
increasing deformation temperature and increagedafction. Half-time of recrystallization at
the temperature of 1000°C after deformation witPodd@f reduction is equal 13 s and increases
to 18 s after decreasing strain temperature to @0Dfecrease of reduction to 25% results in
elongation of ¢5 time to 32 s, because of the change of prevajiatjcipation of metadynamic
recrystallization — in removing the effects of hemthg — on behalf of static recrystallization.
Half-times of recrystallization of 26Mn-3Si-3Al-Nbksteel are shorter and are equal — 8, 12 and
17 s, respectively for analogical strain conditi@iaig). 12). It comes from higher participation of
metadynamic recrystallization in removing effectsain hardening, what arises directly from
higher portion of dynamically recrystallized grathging plastic strain (Fig. 7c).

Stress-deformation curves of steels plasticallpaieéd according to the parameters shown in
Table 2 are presented in Figs. 13-15. Applicatidntroe strain equal 0.29 during cyclic
compression creates possibility of the course ofadyic recrystallization, what is indicated by
peaks that can be distinguished ore curves — especially for deformations realized at
temperature of 1100 and 1050°C (Fig. 13). Afterreasing plastic deformation temperature,
maximum ono-¢ curves is present for maximum value of true st(@ig9). Initiation of dynamic
recrystallization at this deformation value is giddially confirmed by microstructures of steels
solution heat treated after deformation in anaklgiconditions of continuous compression
(Figs. 6¢, 6g, 7c). The values of yield stresshia tange of strain temperature from 1100 to
950°C are comparable with values obtained in cantis compression test; however deformation
of steel with lower concentration of Si and Mn riegs slightly lower pressures. Significant
decrease of flow stress is noted for the last dedtion realized at the temperature of 850°C
(Fig. 13). It's a result of partial removal of strahardening through metadynamic
recrystallization that occurs during the intervagétviieen third and fourth deformation.
Additionally, cyclic deformation as well as the of partial recrystallization result in much
faster achievement of maximum ore curve for the fourth deformation when comparingrte
curve of continuous compression at the temperatiusg0°C.
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a) 950°C-25%-4 s — water

b) 950°C-25%-16 s — water

20um
—

¢) 950°C-25%-64 s — water

20um
—

Figure 8. Microstructure evolution of the 26Mn-3Si-3Al-Nbstéel after isothermal holding
fortime:a)t=4s; b)t =16 s; c) t = 64 s; fahe specimens plastically deformed at 900°C,
£=0.29
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a) 950°C-25%-4 s - water

|

Figure 9. Microstructure evolution of the 27Mn-4Si-2Al-Nbstéel after isothermal holding
fortime: a)t=4s;b)t=16s; c) t = 64 s; fdhe specimens plastically deformed at 900°C,
£=0.29
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Figure 10. X-ray diffraction patterns for 27Mn-4Si-2Al-Nb-8teel after various variants
of the thermo-mechanical treatment; a) 8508€0.29, t=0 s, b) 850°C&=0.5, t=0 s,
c) 850°C,e=0.91, t=0 s, d) 850°C&=0.29, t=16 s, €) 850°Cs=0.29, t=64 s
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Figure 12. Progress of recrystallization of the 26Mn-3Si-3i-Ti steel isothermally held

after plastic deformation in various conditions
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Figure 13. Stress — strain curves for the specimens plasfickformed 4 x 0.29
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Figure 14. Stress — strain curves for the specimens plagyiciformed 4 x 0.23
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Figure 15. Stress — strain curves for the specimens plasfickformed 4 x 0.19

Decrease of true strain to 0.23 leads to a chahtfeea@ourse of-€ curves (Fig. 14). Shape
of the curves after deformation at the temperatdfir®100 and 1050°C indicate possibility of
initiating dynamic recrystallization. However, deasing the temperature causes that dynamic
recovery is the process controlling strain hardgniMoreover, only partial course of static
recrystallization during cooling of sample betweadbird and fourth deformation results in
increasing the value of yield stress during defdiomaat 850°C. Further decrease of true strain
to 0.19 causes that dynamic recovery is the processolling strain hardening in the whole
temperature range of deformation (Fig. 15), at canable values of yield stress.

The microstructure evolution of steel 27Mn-4Si-2-Ti in different stages of multi-
stage compression is shown in Fig. 16. After defdiom of the specimen at a temperature of
950°C and subsequent cooling for 7 s correspondinghe interpass time, the steel is
characterised by uniform, metadynamically recrjiged austenite microstructure with a mean
grain size of about 2@m and many annealing twins (Fig. 16a). The iniiatof dynamic
recrystallization during the last deformation a¢ ttemperature of 850°C is confirmed by a
micrograph in Fig. 16b, showing an initial state dyfnamic recrystallization. The mean
dynamically recovered austenite grain size dectkéseabout 12um and fine dynamically
recrystallized grains are arranged along austegitén boundaries as well as on twin
boundaries. The similar role of twinning as a natitm and growth mechanism of dynamic
recrystallization was observed by Sabet et al. [@4Fe-29Mn-2.4Al alloy. The repeated
formation of twins during the whole temperaturegarof hot-working may be a reason of
amplification of a number of dynamically recrysizdd grains. The annealing twins are present
both inside large dynamically recovered graims fine recrystallized grains. A low tendency
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) 950°C-7 s - water

Sa¥e 'y

'~ d) 850°C-16 s - water

Figure 16. Austenitic structures obtained after solutionihg steel 27Mn-4Si-2AI-Nb-Ti in

successive stages of the hot-working for the spgw@nnompressed to a true strain 4x0.29

and isothermally held for the time from 0 to 64sneetadynamically recrystallized grains
during the interval between third and fourth defation, b) initiation of dynamic
recrystallization, c¢) grain refinement due to metadmic recrystallization, d) grain
refinement due to metadynamic and static recryigagibn, e, f) fine statically
recrystallized austenite grains
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of high-manganese austenite with a low SFE to dymascovery is confirmed by Fig. 17,
revealing a weakly outlined cellular dislocatiomusture in a region still not subjected to
dynamic recrystallization, despite the true st&if.29, slightly higher than corresponding to a
maximal value of true stress.

The analysis of Fig. 17 allows to reveal the higbgformed austenite structure with a
various density of crystal structure defects, whnside, it is possible to observe regions with
a much lower dislocation density corresponding tstae directly before forming dynamic
recrystallization nuclei. A lack of distinct celéul dislocation structure in metals with low SFE
is due to the necessity of extended dislocationgtombine it to a perfect dislocation before
the cross slip initiation, what requires providiagtivation energy, dependent on normalized

stacking fault energy of phase.

Figure 17. Regions of dynamically recovered austenite wittagous dislocation density of
the steel 27Mn-4Si-2AI-Nb-Ti solution heat-treatexin a temperature of 850°C directly
after the true strain of 4x0.29

Isothermal holding of the steel 27Mn-4Si-2Al-Nb-dfter the deformation at 850°C for 4 s
does not cause any essential modifications of msitoture. The microstructure consists of
fine metadynamically recrystallized austenite gsaamd larger grains in which the process
controlling the work hardening during deformatiorasvjust dynamic recovery (Fig. 16c).
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Increase of isothermal holding of the specimentena@perature of the last deformation for 16 s
leads to growth of new grains as a result of matachic recrystallization and the initiation of
static recrystallization on grain boundaries ofégrflattened austenite grains whose fraction is
still high (Fig. 16d). Further increase in the [mal holding time to 32 s leads to obtain
nearly 60% fraction of metadynamically and staljcabcrystallized microstructure with a
mean austenite grain size of abouuh (Figs. 16e, f).

It is interesting that in Fig. 16 areymartensite plates were observed, despite presence
this phase in the initial structure (Fig. 3). Comfation of that fact is the X-ray diffraction
patterns shown in Fig. 18 for different stages hadrtno-mechanical treatment. A lack of
martensite is connected with significant structtgtnement compared to the initial state and
hampering influence of grain boundaries on growthe anartensite plates during cooling.
Similar effects were reported in [18] for Fe-21Mlowy and in [22] for Fe-25Mn alloy.

v (111)

initial state

950°C - time 7s - water
// 850°C - time Os - water
/', 850°C - time 16s - water
/, i / 850°C - time 32s - water

7

Intensity
¥ (200)

Figure 18. X-ray diffraction patterns of the steel 27Mn-48i-Rlb-Ti in the initial state and after
different stages of thermo-mechanical treatment

Due to high rolling forces in final passes of shesling, the amount of deformation is
usually reduced. Because of this the four-stagepcession with true strains of 4x0.23 and
4x0.19 were also carried out. Moreover, the appdiedin is sufficient to initiate a course of
dynamic recrystallization. However, decreasing ttempression temperature to 950°C
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causes that the flow stress is slightly higher tredapplied strain value is too low to initiate
dynamic recrystallization. Thus, process contrgllan course of hot-working at 950°C is a
dynamical recovery. Because of a lack of dynamicrystallization in final passes, a
refinement of microstructure requires the use odrially activated, static processes
removing work-hardening. For instance, the micrpbsin Fig. 19 show the austenite
microstructure of the steel isothermally held f@ s3at 850°C after compression with a true
strain of 4x0.23. The fraction of statically rediglized austenite equals approximately 60%
(Fig. 19a). Numerous annealing twins can be obskenvéhe microstructure (Fig. 19b) and a
mean statically recrystallized austenite grainighlr compared to the specimen compressed
4x0.29, where a reconstruction of the microstruetuwas obtained both in static and

metadynamic processes (Fig. 16f).

b) 850°C-32 s - water

Figure 19. Fine, statically recrystallized austenite grainsdalarge statically recovered grains
of the steel 27Mn-4Si-2Al-Nb-Ti solution heat-teghfrom a temperature of 850°C after
isothermal holding for 32 s of the specimen congeéavith the true strain of 4x0.23 (a, b)

Relatively slow progress of static recrystallizatis a result of impeding influence of high
content of solutes on the migration of grain bouieta The statically recovered, deformed
austenite grains have low tendency to form a aallullislocation structure, likewise
dynamically recovered grains (Fig. 17). Inside ¢hgsains, regions characterized by various
dislocation density can be observed (Fig. 20).
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Figure 20. Regions of statically recovered austenite wittadous dislocation density of the
steel 27Mn-4Si-2AI-Nb-Ti solution heat-treated frtira temperature of 850°C after
isothermal holding for 32 s of the specimen comgedswith the true strain of 4x0.23

Figure 21. Fine, statically recrystallized austenite grainsdalarge statically recovered

grains of the steel 27Mn-4Si-2Al-Nb-Ti solution tiraated from the temperature
of 850°C after isothermal holding for 32 s of thieesimen compressed with the true strain
of 4x0.19 (a, b)
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A decrease of true strain to 0.19 causes that dynesnovery is the process controlling
strain hardening in the whole temperature ranggeédérmation (Fig. 15), at similar values of
flow stress in comparison with the specimen defat&0.23. However, the isothermal
holding of the specimen for 32 s is too short tdaob a desired fraction of recrystallized
phase, which equals approximately 15% (Fig. 21a)e,Frecrystallized grains are located
mainly on grain boundaries of large, flattenedis#dly recovered grains (Fig. 21b). Both
recrystallized and recovered grains are bigger thase after applying the true strain being
equal 0.23 (Fig. 19). Once again, numerous anngalimns can be observed in the
microstructure (Fig. 21a, b). The microstructurd=ig. 22 clearly shows that new grains are
located on grain boundaries of large, staticalbokered austenite grains. Moreover, a jerky-
like character of the boundaries of large grains lsa observed. It is a characteristic feature
of a state directly before forming a recrystalliaatnucleus [19].

2pm EHT =20.00 kW Signal A= BSD
WD= Bmm Mag= 600 KX

Figure 22. The fine, statically recrystallized grain on jerklige boundaries of three large,
statically recovered grains of the steel 27Mn-48I-Rb-Ti solution heat-treated from the
temperature of 850°C after isothermal holding f@ S8of the specimen compressed with the
true strain of 4x0.19

Similarly microstructure evolution was observed tloe specimens from 26Mn-3Si-3AI-Nb-
Ti steel deformed in the multi-stage compressish fdicrostructures of steel in the successive
deformation stages and after its finish correspundo o-€ curves are put together in Fig. 23.
After deformation of the specimen at a temperatifir&050°C and subsequent cooling for 10 s
corresponding to the interpass time, the steelh@acterized by uniform, metadynamically
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recrystallized austenite microstructure with amsize of about 4qum (Fig. 23a). Lowering the
deformation temperature to 950°C and the time sff@r cooling the specimen to 850°C results
in much smaller fraction of metadynamically recajisted grains located in a matrix of statically
recovered grains (Fig. 23b). A partial removal obrikvhardening through metadynamic
recrystallization that occurs during the intervaiveeen third and fourth deformation is a result of
significant decrease of flow stress noted for tst Heformation realized at the temperature of
850°C (Fig. 13), compared to the curve obtaineth& continuous compression test (Fig. 7a).
Additionally, cyclic deformations as well as theucge of partial recrystallization cause much
faster achievement of maximum ere curve for the fourth deformation when comparing to
continuous compression at the temperature of 850°C.

The initiation of dynamic recrystallization duririge last deformation at a temperature of
850°C is confirmed by a micrograph in Fig. 23c,wing a partially recrystallized austenite with
a grain size of about 20m. Isothermal holding of the specimen in a tempeeabf the last
deformation for 16 s leads to a remarkably findrgrad metadynamically recrystallized austenite
microstructure with a fraction of about 40%, lochte the matrix of slightly elongated, statically
recovered grains containing numerous annealingstéfiig. 23d). Further extension of holding
time to 32 s leads to obtaining almost fully retaifzed microstructure of steel (Fig. 23e) with a
mean austenite grain size of aboutuhd. Holding of steel in the deformation temperatfiore64
s causes gradual increase of recrystallized gsies (Fig. 23f).

Decrease of true strain to 0.23 during the mu#tgstcompression test leads to changes of
the course of stress-strain curves (Fig. 14). Apshaf the curves during deformation in a
temperature range of 1100-1050°C and true strdesvare comparable to that obtained after
higher strain applying. Moreover, the applied stiaisufficient to initiate a course of dynamic
recrystallization. However, decreasing the compmesemperature to 950°C causes that the flow
stress is slightly higher and the applied strainevés too low to initiate dynamic recrystallizatio
Thus, process controlling a course of hot-workin§%0°C is a dynamical recovery.

Because of a lack of dynamic recrystallizationiimalf passes, a refinement of microstructure
requires the use of thermally activated, static@sses removing work-hardening. For instance,
the micrographs in Figs. 24a,b show the austeriteostructure of the steel isothermally held for
32s at 850°C after compression with a true st@findx0.23. The fraction of statically
recrystallized austenite equals approximately 56%). 4a). Numerous annealing twins can be
observed in the microstructure (Fig. 24b) and amsatically recrystallized austenite grain is
higher compared to the specimen compressed 4x0afre a reconstruction of the
microstructure was obtained both in static and dystamic processes (Fig. 23e).
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a) 1050°C-10 s - water
S, R 0

Figure 23. Austenitic structures obtained after solutionihg 26Mn-3Si-3AI-Nb-Ti steel
in successive stages of the hot-working for theispas compressed to a true strain 4x0.29 and
isothermally held for the time from 0 to 64s: a}adgnamically recrystallized grains during the
interval between second and third deformation, &)aatlynamically recrystallized grains during
the interval between third and fourth deformationinitiation of dynamic recrystallization,
d) grain refinement due to metadynamic and staticystallization, e) fine statically
recrystallized austenite grains, f) grain growthaeesult of metadynamic recrystallization

82 L.A. Dobrzaski, W. Borek



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

a) 850°C-32 s - water b) 850°C-32 s - water

Figure 24. Fine, statically recrystallized austenite grainsdalarge statically recovered grains
of the 26Mn-3Si-3AI-Nb-Ti steel solution heat-tezhfrom a temperature of 850°C after
isothermal holding for 32 s of the specimen congmésvith the true strain of 4x0.23 (a, b)

a) 850°C-32 s - water b) 850°C-32 s - water
=N i ] A 4?’; —:F'.:t ‘

Figure 25. Fine, statically recrystallized austenite grainsdalarge statically recovered grains
of the 26Mn-3Si-3AI-Nb-Ti steel solution heat-tezhfrom the temperature of 850°C after
isothermal holding for 32 s of the specimen congmésvith the true strain of 4x0.19 (a, b)

Further decrease of true strain to 0.19 causes diiabmic recovery is the process
controlling work hardening in the whole temperattarge of deformation (Fig. 15), at similar
values of flow stress in comparison with the specindeformed 4x0.23. However, the
isothermal holding of the specimen for 32 s is klmrs to obtain a desired fraction of
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recrystallized phase, which equals approximatel9o2@rig. 24a). Once again, numerous
annealing twins can be observed in microstructackfane statically recrystallized grains wf
phase are located mainly on boundaries of elongatatically recovered austenite grains
(Fig. 24b).

4. Conclusions

Despite slight difference in chemical compositibnpught mainly to concentration of Si
and Al, elaborated steels show different microstmecin the initial state. Steel with higher Al
concentration has stable microstructure of augiewith annealing twins, while steel with
higher Si concentration consists of certain portadne martensite in form of plates. The
differences in chemical composition don’t have niegful influence on behaviour of these
steels in conditions of hot-working. Solutioning tsteels do not change its phase composition
but has essential effect on a grain size of austewhich is fine-grained up to a temperature of
about 1000°C.

Elaborated steels are characterized by relativiglly alues of flow stress, equal from 240
to 450 MPa, and values of..x deformation come from a range from 0.23 to 0.48,
corresponding to maximum value of yield stress.{dileshigh value o« at temperature of
850°C, initiation of dynamic recrystallization ocsu already after true strain equal
approximately 0.29, what creates possibility ofimefment of microstructure. Dynamic
recrystallization occurs more intensively in theestcontaining 3%AIl and 3%Si. It also results
in faster course of removing the effects of hardgnin the consequence of metadynamic
recrystallization during isothermal holding of thteel in temperature of 900°C. Removal of
strain hardening effects in steel 27Mn-4Si-2Al-Nbtdkes place mainly with participation of
static recrystallization. The conditions of hot-Wimig additionally influence phase state of
investigated steels. Steel 26Mn-3Si-3Al-Nb-Ti keeptable austenite microstructure
independently from conditions of plastic deformati§teel with initial bi-phase microstructure
keeps a certain portion of martensite, yet depemnataonditions of hot-working. Grain size of
y phase as well as the state of internal stresggsndent on thermally activated mechanisms
removing effects of strain hardening, have decisifleence on precipitation of the phase.

Determined half-times of recrystallization of auste indicate that in the time of intervals
between individual roll passes, partial recrystaliion ofy phase should occur, contributing to
achievement of fine-grained microstructure of steEBhster course of metadynamic

84 L.A. Dobrzaski, W. Borek



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

recrystallization in 26Mn-3Si-3AI-Nb-Ti steel isgivably caused by lower total concentration
of Si and Mn, when comparing to 27Mn-4Si-2Al-Nbsteel.

Taking advantage of dynamic recrystallization asaefctmed by multi-stage compression
results, in which lowering the flow stress in aganfrom 20 to 80 MPa dependent on a
deformation temperature was observed and decretgrgitical strairg,,, to lower values. In
case of applying the true strain 4x0.29, the refiapt of the austenite microstructure during
intervals between successive stages of deformegicaused by metadynamic recrystallization,
whereas the fine-grained structure of the steelr dfie last deformation at a temperature of
850°C is a result of dynamic recrystallization. ther refinement of the microstructure can be
obtained by isothermal holding of the steelss fmighing hot-working temperature for about
16s. In case of applying the lower deformations.230and 4x0.19 often used in finishing
stages of hot-working, the process controlling wheedening is dynamic recovery and a
deciding influence on a gradual grain refinementafrostructure has statical recrystallization
occurring during intervals between successive stafideformation and after its finish as well.

High-manganese austenite with a low SFE has a émslency to dynamic recovery and
forming a distinct cellular dislocation structuiRepeated recrystallization and corresponding
grain refinement causes that the thermo-mechapiqaibcessed steel is characterized by
uniform structure ofy phase withoute martensite plates. The fine-grained structure has
influence on a phase composition of steel and shindrease mechanical properties during
subsequent cold plastic deformations.
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Abstract

Purpose: The main objective of the presented is to elabothéefabrication technology of
novel sintered tool gradient materials on the badi®iard wolfram carbide phase with cobalt
binding phase, and to carry out research studiegshenstructure and properties of the newly
elaborated sintered tool gradient materials.

Design/methodology/approach: The following research studies have been carried tou
elaborate a new group of sintered tool gradientenials, wolfram carbide with cobalt matrix,
to elaborate their fabrication technology and totetenine their structure and properties: a
fabrication technology of mixtures and the formatiechnology of wolfram carbide gradient
materials with cobalt matrix WC-Co was applied agldborated; sintering conditions were
selected experimentally: time, temperature andesimgg atmosphere as well as isostatic
condensation, ensuring the best structure and pt@se phase and chemical composition of
the sintered gradient WC-Co materials was deteealinising EDX, EBSD methods and
qualitative X-ray analysis; the structure of sirgdr gradient WC-Co materials was
investigated using scanning microscopy and transionis electron microscopy; mechanical
and physical properties of sintered gradient WC-@aterials was determined: porosity,
density, hardness, resistance to abrasive weaistasce to brittle cracking.

Findings: The presented research results confirm that thelnelaborated technology of
powder metallurgy, which consists in sequentialticmpof the moulding with layers having the
increasing content of carbides and decreasing cotragon of cobalt, and then sintering such
a compact, ensures the acquisition of the requstadcture and properties, including the
resistance to cracking and abrasive wear of tochdjent materials, due to earned high
hardness and resistance to abrasive wear on thiasairas well as high resistance to cracking
in the core of the materials fabricated in suchayw
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Practical implications. The material presented in this paper is charaeedi by very high
hardness of the surface and relative ductility leé tore. TGM with smooth changes of the
cobalt phase in the material.

Originality/value: The obtained results show the possibility to mactufe TGMs on the basis
of different portions of cobalt reinforced with ldaceramics particles in order to improve the
abrasive resistance and ductility of tool cuttingterials.

Keywords: Cemented carbides; Mechanical alloying; Powder &flatgy

Reference to this paper should be given in the following way:

L.A. Dobrzaiski, B. Dotariska, Structure and properties of sintered tool geatimaterials,

in L.A. Dobrzaiski (ed.) Effect of casting, plastic forming orfate technologies on the
structure and properties of the selected engingenmaterials, Open Access Library, Volume 1,
2011, pp. 89-132.

1. Introduction

A rapid development of the industry, technology &ndw-how induces the introduction of
higher standards to meet the requirements whictcéimeented tool materials have to satisfy
with respect to mechanical properties and resistémevear. The functional properties of many
products and of their components depend not onlyhenability to transfer mechanical load
through the whole active section of the componentits physicochemical properties but also
on the structure and properties of the materiaé ddmmon fault of the operating tools is their
tendency to crack, which in most cases eliminagettiol from further service, and the wear
gradually and progressively diminishes its operptefficiency. Hence the resistance to
cracking is a basic property, since the occurrexfominute microstructural defects results in
the formation and propagation of cracks, whereagéahistance to wear stays unchanged [9,21,
39,49,58].

A considerable share of cobalt matrix results ighhductility of the core, since the
propagation of a crack through cobalt is connectéth the dissipation of relatively high
energy. In contrast, transcrystalline cracks thtoagrbide grains have the character of low
energy brittle cracks. The combination of high Ime&ss and resistance to abrasive wear with
high resistance to brittle cracking is unobtainalie one homogeneous material. The
acquisition of tool materials (Tool Gradient Magdsi (TGMs)) fabricated with the use of
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powder metallurgy method, in effect of the gradiehainge of binding cobalt phase and the
reinforcing phase of wolfram carbide, aims to sdive problem involving the combination of

high hardness and resistance to abrasive wear higfn resistance to brittle cracking, and

consequently, to ensure their optimal synergy wjtkrating conditions. The cutting edges of
drill bits should combine in themselves these twotadictory properties where the surface
layer is resistant to abrasive wear and the basé&sacterized by raised resistance to brittle
cracking (Fig. 1) [1-10,17,23,33,60].

WC Co

Figure 1. Diagram of the cemented tool gradient material][49

One of numerous methods facilitating the fabricatmf tool gradient materials is the
technology of powder metallurgy. Through the amilan of the powder metallurgy
technology for the fabrication of tool gradient evédls we can closely control the chemical
and phase composition as well as the structureadfcplar material layers [34-36,60]. In the
Institute of Engineering Materials, at the Divisiaf Materials Processing Technology,
Management and Computer Techniques in Materialensei research studies have been
carried out for several years yielding the elaborabf a fabrication method of tool gradient
materials with the application of powder metallutgghnology [23,34-49,50,53-56,59]. The
desired material structure was obtained by the gedipn of appropriate mixtures from the
powder of wolfram carbide and cobalt, selection o$uitable pressing pressure and
technological conditions of cementing.

The objective of the presented here is to elabaaafi@rication technology of the newly
developed cemented tool gradient materials on &iséstof hard phase of wolfram carbide with
the cobalt binding phase, and to carry out resesttadies on the structure and properties of the
newly elaborated cemented tool gradient materials.
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2. Experimental

2.1. Material and preparation of specimensfor analysis

The analysis was carried out on specimens prodwitd the conventional method of
powder metallurgy which consists in compacting inl@sed moulding the successive, added
layers having a gradually changing volumetric shafreobalt and wolfram carbide. In the
research studies, we applied the powders of wolftarbide (Fig. 2) and of cobalt (Fig. 3),
having the chemical properties presented in Tabl&Hen selecting the material, we accepted
the requirements involving its application in agnest with the Standard PN-ISO 513:1999.

Figure 2. Wolfram carbide powder

The material for analysis was being prepared indtages. In the first stage of the studies a
set of mixtures of different chemical compositioasaelaborated, and then the compacts from
wolfram carbide with cobalt matrix were formed, ting the moulding with successive layers
of variable phase composition (Table 2). The s&lacbf chemical composition of the
materials was made experimentally through the oharigobalt concentration as the binding
phase within the range from 3 to 15% and the sbareolfram carbide from 97 to 85%. The
formation of the wolfram carbide and cobalt powdektures consisted in the preparation of
appropriate portions of the said powders, addirghaane paraffin as a sliding agent of the
volumetric share of 2%. The powders prepared is thay were ground within the time
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interval from 1 to 20 hours in a high-energy milthwceramic balls (Fig. 4) and in a planetary
ball mill with the balls from cemented carbides rder to make the powders
homogeneous/uniform (Fig. 5). It was determinedratthe preliminary analyses that the time
of 8 hours is long enough to ensure the homogemditjre mixture and to coat the carbide
grains with a cobalt layer.

Figure 4. Mixture of WC powder (97%), Co powder (3%) aftérairs of milling in the high-
energy mill of the spex type
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4

Figure 5. Mixture of WC powder (97%), Co powder (3%) aftdrdirs of milling in the ball
mill

Table 1. Chemical composition of powders from wolfram d@etand cobalt

Mass concentration of particular elements in theqey
Element
wC Co

Mn <0.001 <0.001
Ca <0.001 <0.001
Zn <0.001 <0.001
Si <0.002 <0.002
Pb <0.002 <0.002
Ni <0.002 <0.002
S <0.002 <0.002
Cu <0.002 <0.002
o 0.45 0.45
Co 0.09 -

C 0.02 0.02

Using the obtained mixtures, WC-Co compacts weepaed for analysis in which, from
the surface side of the layer, successive traagirs were formed with progressively lower
share of wolfram carbide down to the base. The spiresduring the pressing was being
selected experimentally, pressing the powders @hosed moulding on a uniaxial hydraulic
press under the pressure changing within the rdrga 300 to 450 MPa. The pressing
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pressure was being selected by testing the deasific of the powder mixture and observing
the metallographic compacts. Ultimately, the pressaf 340 MPa was selected for further
analyses.

a) b)

Figure. 6. a) Compact pressed under the pressure of 340M#ta the 3-7%Co/97-73%WC_5
material, b) cemented tool material 3-7%C0/97-93%\WC

The compacts prepared in this way were charactebyesmooth surface and had no signs
of cracking, delamination or chipping (Fig. 6). Tdenotation of specimens and the volumetric
share of the particular components in the mixtangréesented in Table.2.

The cementing of the produced compacts was caoigdin a vacuum furnace at the
temperature Tsp=1450°C (Fig. 6b). Then, basinghenptreliminary macroscopic observations
of the sinters and on the porosity and densitystestsuming low porosity and high density as a
selection criterion, a four-layer material contagirom 3 to 9% of Co and from 97 to 91% of
Co was selected for further research. During tHecten process we were also taking into
account the structure demonstrating uniform distidn of particular components in a given
layer and the lack of surface deformation of thatesi It was found, basing on preliminary
metallographic observations and on the analysegradlient porosity and density of tool
materials having different number of layers andedént phase composition of particular
layers, that an excessive rise of the phase shfiezethice between successive layers of the
material has a negative influence on the struauarkproperties of the material.

Table 2. Denotation of WC-Co tool gradient material spesis

Denotation 3-15Co/97- 3-9Co/97- 3-7Co/97- 3-15Co/97-
85WC_3 91WC 4 93WC_5 85WC_5
3%Co+97%WC 3%Co+97%WC 3%Co0+97%W(J 3%Co+97%WLC
9%C0+91%WC 5%C0+95%WC 4%C0+96%W( 6%C0+94%WLC

Material type 15%Co0+85%WC 7%C0+93%WC 5%C0+95%W( 9%Co0+91%WIC

9%C0+91%WC 6%C0+94%WC 12%Co+88%WC
7%C0+93%WC 15%Co+85%W(

Structure and properties of sintered tool gradieaterials
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Figure 7. a) Mixture of WC powder (97%), Co powder (3%) m@tdours of milling in a ball
mill, b) Intensity graph as the function of the myyedispersion intensity of X-ray radiation for
the WC powder (97%), Co powder (3%) after 8 hodinsiding in a ball mill

The second stage of research involving the apptigterial fabrication technology
consisted in milling the selected mixtures of walfr carbide and cobalt in a ball mill with
carbide balls for 8 hours (Fig. 7). The producedigber mixtures were then scattered down into
the moulding, which yielded layers of gradually mbing volumetric concentration of cobalt
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and wolfram carbide share. In the material of tldumetric concentration of 3% Co and
97%WC in the surface layer, four further transyelies were formed with the 2% rise of cobalt
concentration, down to the base layer containing &€o and 91% of WC. Hence the
denotation of the specimen being 3-9C0/97-91WC abld 2). The compacts were obtained in
effect of the pressing at the already determinedgre of 340 MPa.

Then, basing on literature analysis [12-19, 28-8P-49, 53, 59], cementing conditions
were selected experimentally. The specimens wergeoted in a vacuum furnace in the
conditions presented in the Table 3. In order ttaiobbetter densification level, after the
ultimate cementing, the condensation of sintersugh hot isostatic pressing — HIP) was
applied at the temperature of 1425°C and underptiessure of 200 MPa, as well as the

sintering technology under pressure (Sinter-HIPjhattemperature of 1420°C and under the
pressure of 6 MPa (Table 3).

Table 3. Cementing conditions for the newly elaborated tpaldient material 3-9%Co/97-

91%WC
) Cementing conditions
Cementing type
tsp [Min] Tsp
1400°C
Unbound 30 1430°C
1460°C
1400°C
With isostatic condensation 90 1430°C 1425°C
1460°C
Under pressure 60 1420°C

In one apparatus and in one cycle the processetemdraffination, cementing and hot
isostatic condensation in argon atmosphere undemthssure of 6 MPa were carried out.
Then, for the obtained tool gradient materials, ath@graphic tests were carried out, physical
and mechanical properties of the sinters were aéexd and the distribution of eigen-stresses
in the material after sintering and during the atien were analyzed.

2.2. Methodology

The density of the cemented tool gradient materias determined in congruence with the
Standard PN-EN 1SO 3369:2010. The density of theess was measured using the methods of
underwater weighing and air weighing. The resuksensubjected to statistical analysis.
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The measurement of open and total porosity wagechout using the following equations:

x100%

P my
M. 2.1)

m-m
m, =

where:

Po — open porosity [%)],

ms — mass of dry specimen [g],

m,, — mass of underwater weighed specimen [g],
m, — mass of water saturated specimen [g].

C

d-d
P.= 2 x100%
d (2.2)

where:

P, — total porosity [%0],

d — true density of the material [g/8m
d, — apparent density [g/cin

The metallographic tests were carried out on petiskections of the cemented specimens.
The specimens were sectioned along the plane pdigqudsr to the formed layers on the cut-off
machine “Minitom” (Struers), using water cooling.héh they were hot mounted in
thermohardening resin, ground on diamond shields@fjrain size from 220 to 1200 pum/mm
at the speed of 300 rev/min and polished on dianp@sdes of the granulation from 9to 1 um
at the velocity of 150 rev/min.

The structure of the fabricated WC-Co tool gradimaterials was observed in the scanning
electron microscope Supra 35 (Zeiss Company). Taimlihe images of the investigated
specimens, we applied the detection of secondaotrehs (SE) and of backscattered electrons
(BSE) with the accelerating voltage from 5 to 20 &wl with the maximum magnification of
20000 times. The quantitative and qualitative X-myalysis and the analysis of surface
distribution of elements was carried out on theugtband polished sections in the scanning
electron microscope (SEM) Supra 35 of Zeiss Complamngished with the X-ray energy-
dispersive detector EDS.
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The texture, grain size and their orientation distion along the cross-section of WC-Co
tool gradient materials was determined using thectidn Backscatter Diffraction method
(EBSD) in the scanning electron microscope Supraf3&eiss Company (Fig. 8). Before the
testing the specimens were subjected to long-aginding and then polishing with small
thrusts using the Sisuspension of the granulation of 0.04 um. Theysmawas carried out
with the magnification of 4000x, scanning range46fum x 40 pm, step of 100 nm in four
measurement points of the material. In order torawp the image of Kikuchi diffraction lines,
the image and background were subjected to aveyagihe detachment of background is
aimed to eliminate all intensity gradients presamtthe image and to improve the contrast of
diffraction lines, since the algorithms identifyitige qualities are more efficient in the case of
images having uniform, averaged intensity [29,44], The pattern of Kikuchi lines is defining
the orientation set-up of each of the investigatéctoareas dependent on the crystallographic
orientation. The diffractions were solved usingragoam with the application of algorithms
allowing for the diversification of Kikuchi linesrpperties such as width, length, contrast

against the surroundings and brightness.

System EBSD

Xy

Camera CCD Image analisys

3

Orientation

«— —

yYy

- i) )| &0

e Microscope

Figure 8. Flow-chart of EBSD system

The analyses of phase composition of cobalt oridarpowders and of cemented gradient
materials were carried out with the applicationtlod X-ray diffractometer X'Pert PRO of
PANalytical Company in the Bragg-Brentano systesing Ko ray filtering of the cobalt tube
with the voltage of 40 kV and filament current & B)/A. The measurement of the secondary
radiation intensity was carried out within the anghnge ® from 30 to 120 with the step of
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0.05° and calculation time of 10 s using the sliepector Xcelerator in the geometry of grazing
incident X-ray diffraction technique with the apggation of a parallel-beam collimator before
the proportional detector.

The diffraction tests and the analyses of the turecof thin foils from the selected places
on the specimens from cemented tool gradient nadgewere carried out in the transmission
electron microscope (TEM) JEM 3010UHR of JEOL Compawith the accelerating voltage
of 300 kV. Thin foils were prepared from 1mm thisinters cut off on the MINITOM
precision cut-off machine from the cross sectiotheftool gradient material. The sinters were
subjected to semi-mechanical decrement of the ileisk of 80 um on the diamond shield of
the gradation of 220 pm/nfmand then to final decrement on an ion polishéngughe
apparatus of the Gatan Company. The thin foils gm&g in this way were investigated in the
transmission electron microscope, carrying outoibeervations in light field and dark field and
making the diffraction analyses. The diffractogranesn the transmission electron microscope
were solved with the Diphra computer program.

The hardness of the materials was determined ubmdickers method with the indenter
load of 10 and 300 N respectively. The operatingetdf the total loading force applied on the
indenter was 15 seconds. The measurement was ccaiealong the whole cross-section
width of the cemented specimens, starting the nmeasent 0.22 mm away from the external
surface of the surface layer and finishing the mesment around the base area.

The testing on abrasive wear was carried out vii¢happlication of apparatus designed in
the Institute of Engineering Materials and Biomaler of the Silesian University of
Technology (Fig. 9). The preparation of specimems dnalysis consisted in grinding the
surface on a diamond shield of the grain size ®012m/mmi to ensure flat and even surface.
On the specimens produced in this way the teste warried out using a counter-specimen
made up by a ceramic ball A); of the diameter of 5.556 mm. The tests were chiig with
a diversified number of cycles 1000 and 5000, whiahslates itself respectively into 4 and 20
m, and with different loading 2.5 and 10 N. Dudhe combination of the assumed in this way
testing conditions, four results were obtained floe surface layers of each investigated
specimen, whereby the abrasive wear could be detednThe same set of tests was carried
out for the particular materials of the base, dmehtthe respective measurement results were
compared to verify the influence of the structuradient on the functionality properties. The
extent of wear was determined basing on geometeasorement of the wear and calculating
its volume. The decrease of volume as the indinatib absolute wear is applied when the
decay of mass is too small and difficult to estienpt8]. The observation of wear was also
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carried out on the confocal microscope LMS 5 Exaited in the scanning electron microscope
(SEM).

movementdirection
-~

load

investigated

counter-specimen .
P specimen

table

Figure 9. Diagram of the apparatus for testing the resiseiw abrasive wear

Figure 10. Diagram of the cracking system obtained with iskeethod — Palmqvist method
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The tests involving the resistance to brittle cragk(K,c) were performed in congruence
with the Standard ISO 28079:2009, making use ofRtkenqgvist method (Fig. 10). The tests
were carried out on the appropriately prepared ispats, polished to eliminate surface
stresses which had been introduced to the hardcguthyer through the gradation of chemical
composition of the material, and then etched in Mhaakami reagent of the composition
([KsFe(CN) + KOH + H,0]) to ensure a precise read-out of the crackingtke

The following equations were applied to determime k¢ coefficient:

1854x P

H=——
1.2
[(d1+d2)x§)]

[N/mm?] (2.3)
where:

P — applied load [N],

d;, d, — length of the imprint diameter [mm].

T =1, +1, +1, +1,

(2.4)
where:
T — the total of cracking lengths [mm].
Kc=AJH X\F
T [MNm?#] (2.5)

where:
A — constant 0.0028.

The results of the investigation studies involvihg density, porosity, hardness, abrasive
wear and brittle cracking were subjected to staistworkout, calculating for each of the
measurement series the arithmetic average, stamgaidtion and the confidence interval of
the average value at the significance level 0.05. For the measurement results of hardness
and brittle cracking of the cemented tool gradiesaterials, the linear correlation factor was
calculated and its significance test was carried dhe said characteristics were determined
using the module ‘Data analysis’ available in Mot Excel.

Also the regression function was determined whichgproximating the dependence of the
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investigated output variable Y (e.g. material hasinor microhardness) on the input variables
Xi (e.g. volumetric share of cobalt or temperature)

In the tests on the tool gradient materials of iclrbthe finite elements method was applied
for the computer simulation of eigen-stresses @radns of material operation [13, 18, 31-35,
53-56]. The true model of the tool gradient matenias designed in the program Inventor 11,
and the strength analysis was carried out usingptbgram ANSYS 12.0. On account of the
predicted simulation range, parametric input filese elaborated which allow to carry out the
analysis comprehensively.

In order to carry out the simulation of eigen-stess of the tool gradient material, the
following boundary conditions were accepted:

« the change of cementing temperature is reflectethbycooling process of the specimen
from 1400, 1420, 1460°C to the ambient temperattiz2°C,
- for the fabricated material, the material propertizere accepted basing on the

characteristics cards of MatWeb catalogue whicheveeesented in Table 4.

Table 4. List of mechanical and physical properties accdptethe computer simulation of
eigen-stresses occurring in the fabricated mates@isisting of four layers of a difference
share of wolfram carbide and of different cobalbcentration [48, 61]

Phase composition of the layers of tool gradientenia
Properties
3%Co0+97%WC | 5%Co0+95%WC  7%Co0+93%WC 9%C0+91%WC
Young modulus
(Paj1C 665 640 615 590
Poisson factor 0.2809 0.2815 0.4774 0.5338
Density 15.4 15.1 14.8 14.5
[kg/m?10° ' ' ' '
Thermal expansion
[1/C] 10° 4.1 4.3 4.5 4.7
Thermal
conductivity 98 90 82 76
[W/ Mc]
Specific heat
[3/kgC] 138.7 144.5 150.3 156.1
Resistivity (specific
resistance) 5.4252 5.442 5.4588 5.4756
[Qm]
Tensile strength 1670.75 1641.25 1611.75 1580.25
[Pa]10
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The model whereof the objective is to determineceigtresses of tool operation was
worked out using the finite elements method, assgnthe true dimensions of the specimen
(Fig. 11), where: the first layer — 3%Co0+97%WC, seeond layer — 5%Co+95%WC, the third
layer — 7%Co0+93%WC, the fourth layer — 9%Co+91%WC.

Figure 11. True model of the fabricated material consistifidonr layers of different share of
wolfram carbide and of different cobalt concentoati

The true model was subjected to digitization (Rig). The calculation model consists of
4968 nodes and 760 elements.

I

i
Hﬁl
i
il
1
I

Figure 12. True model of the fabricated material consistifidonr layers of different share of
wolfram carbide and different cobalt concentratifiter digitization

For further simulation the same model was appliéth ihe addition of the following

boundary conditions:

« the sinter was fixed on one of the sides of theidaked material by depriving the nodes
lying on this plane of all degrees of freedom (Hig),

« the force of 26000 N was applied which was reftegthe operation of the tool (Fig. 13).
The computer simulation was carried out in threges:

» the first stage involved the simulation of eigeresses of the sinter consisting of four

layers of different share of wolfram carbide andoald depending on the cementing
temperature,
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» the second stage included the comparative anaf$iee computer simulation of the eigen-
stresses of the tool gradient material with theegixpental results,
« the third stage involved the computer simulatioropération strains of the fabricated tool
gradient material applied for example in mining hiaery.
The model whereof main objective is to determirgeristresses of the fabricated material
was made using the finite elements method, assuthiagrue dimensions of the specimen
(Fig. 13).

Figure 13. True model of the fabricated material consistifidonr layers of different share of
wolfram carbide and of different cobalt concentoatiwith the applied boundary conditions

In order to verify the obtained results experiméytdrough the modeling with the finite
elements method on the basis of measurements c¢aieby means of X-ray spectrometry,
the true eigen-stresses in the investigated métenare calculated. The calculations were
carried out with the use of $in method, basing on the brand-name program X'PegsSt
Plus. The program has a data base with data im#ge to calculate the values of material
constants. Then, the comparative analysis of coenpsitnulation with experimental results
was carried out.

3. Results

3.1. Structure, phase and chemical composition of the elaborated gradient
materials

Irrespective of the type of cemented materialsjrtig@od properties depend on the
fabrication and preparation of powders, forming aedhenting conditions. In the cementing
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process we cannot eliminate potential faults witizh be brought about during the preparation
of powders or during their formation, and therefe@ch of the fabrication stages has a
considerable influence on the properties of thalfjproduct. An appropriate preparation of
powder mixtures of homogeneous distribution of W&Ebide in cobalt matrix is relevant in
view of further pressing and cementing of tool matse. The experimental research
demonstrated that the grinding in a high-energy yiglds exceptionally good results as early
as after 8 hours. The mixture of powders is formmgmerous conglomerates but it is
homogeneous, and the cobalt grains surround the dat@Gides. The mixture of WC-Co
powders after grinding in a ball mill over the satimae period is also homogeneous with
locally occurring large carbides of the size of b6 um which were not fully powdered
during the grinding process (Figs. 14, 15).

Irrespective of the applied mill, the rise of grimgl time to 20 hours has only slight
influence on grain comminution of WC carbide, arhd¢e the grinding time of 8 hours was
accepted as optimal.

i 5.0pm

Figure 14. Powder mixture WC (95%), Co (5%) after 8 hourgrriding in a ball mill

For the formation of powders we applied a mouldémabling the pressing of specimens
designated to three-point bending after cementifige prepared powder mixtures of the
changing share of WC carbide and appropriate cdrateon of cobalt matrix were being
ground adding paraffin of the 2% volumetric shaveréduce the friction between powder
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grains and between powder and moulding during tessing process. Due to small grain size
of cobalt and WC carbide, having the average sfz@maximum 6 pm and connected with it
poor flow rate of powder, the formation of furtHayers of powders mixture of the changing
phase share is technologically difficult, and tlfiere it was agreed that maximum four layers
would be formed. Commercial mixtures of WC-Co poredare prepared in the form of
granulate of the granulate size of about 0.1 mmd, they are characterized by flow rate of
about 30 s. The tests on the flow rate of the predumixture was not successful since the
powders did not pass through the designed for tegtk Hall funnel. In spite of poor flow rate
and low bulk density of the powders mixture, thenpacts were characterized by sharp edges
and did not exhibit cracks or chipping. Fig. 16,iebhpresents the compact, illustrates the
borders between successive layers. The pressingcarsied out within the pressure range
applied in the industry from 300 to 450 MPa, andezimentally the pressure for pressing was
determined at 340 MPa.

Figure 15. Powder mixture WC (91%), Co(9%)

In order to consolidate the powders we applied unbosintering, sintering with isostatic
condensation or hot isostatic pressing. For theound sintering and for the sintering with
isostatic condensation we applied the temperatuig@0, 1430 and 1460°C. The hot isostatic
sintering was carried out at the temperature 001@2
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a)

b)

3-9%Co0/97-91%WC_4

Figure 16. a) Compact pressed under the pressure of 340 MPsintered tool material

The sintering methods were selected basing onedbelts described in works [12,20-23,
28,30,43,60] in which, very frequently, for econcalireasons or to simplify or accelerate the
technological process of the fabricated tool matsripressing and sintering is combined into
one operation. It involves pressing in raised tenmjpge or sintering under pressure. The
material obtained in this way is not much poroud @s physical and strength properties are
considerably better as compared to separate opesatdf pressing and sintering [18-
20,28,35,52,61]. Irrespective of the phase comjpwsif the specimens it can be observed that
all materials were deformed after sintering. Undedly, one of the reasons of this
deformation is non-homogeneous density of the campdumerous pores in lower layers of
the compact get condensed during the sinteringhemde there is a great contraction in this
area. We can observe that the deformation of teeisen in which the phase share of WC
powder is changing from 97% in the external lay®i85% in the layer around the core is
higher (Fig. 17) as compared to the specimen irthwtiie phase share of WC is changing from
97 to 91% (Fig. 16).

Figure 17. Sintered tool material 3-5%C0/97-85%WC_5

Therefore, in the further studies, we were usingcsBpens in which the share of WC
carbide was changing from 97% in the external laged1% in the layer around the core. The
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appropriateness of the phase composition selectetiis way has been confirmed by the
research results involving the tests on hardnesssity and porosity. Basing on the
measurements of density and porosity of the sintergas demonstrated that the sintered tool
gradient materials based on the powders of wolfcanbide and cobalt are characterized by
higher density and lower porosity after sinteringhvisostatic condensation as compared to the
materials after unbound sintering. Analyzing théluence of technological conditions of
sintering on density and porosity, it has been destrated that the rise of density with the
simultaneous decrease of porosity is dependenteompdrature, time and technological

conditions of sintering (Table 3).
Figures 18-19 present X-ray diffractograms fromitheestigated tool gradient materials of

WC-Co type. The research studies confirmed theepias of phases corresponding to each
material type. The X-ray diffractogram contains tleflexes from WC phases and reflexes

from Co of the hexagonal structure.
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Figure 18. Results of X-ray qualitative phase analysis of gwadient materials 3-9%Co/97-
91WC_4, sintered in a vacuum furnace at temperalyyel460°C and subjected to isostatic
condensation atg=1425°C

Basing on the density measurements of the sintetkeonewly elaborated tool gradient
materials with cobalt matrix, it was found that thighest density is exhibited by the sintered
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material with the use of hot isostatic condensatind sintering under pressure. The density of
materials obtained in effect of sintering with thee of hot isostatic condensation at the
temperature of 1460, 1430 and 1400°C is respeyti?dl60, 14.19, 14.16 g/émand the
density of materials subjected to unbound sinteabghe temperature of 1460, 1430 and
1400°C is respectfully 12.96, 13.79 and 14.42 d/dnalyzing the influence of technological
parameters of sintering on density, it was foundt tthe density is increasing with a
simultaneous decrease of porosity with the risgneé and temperature of the process.
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Figure 19. Results of X-ray qualitative phase analysis of ggadient materials 3-9%Co/97-
91WC_4, sintered in the vacuum furnace at tempegali=1430°C and isostatically
condensed atg=1425°C

The presence of cobalt in the material resulthéformation of liquid phase which during
the sintering brings about the formation of low-timg eutectic phase. In this process it is most
difficult to maintain the gradient which has a tendy to fade due to the oriented mass
transport. In order to avoid such a phenomenonjgh-temperature synthesis with short
sintering time is applied [4,15,19,20,53,55,61].

Since most of the infusible grains in the matdngale the size from 2.5 to 3 micrometers and
the dissolution process involves only a small portf their volume, therefore the final product
consists of great oval grains of the basic phasadbby the unified liquid phase (Fig. 20).

In spite of low volumetric share of cobalt, at higmtering temperature this phase is
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melting and is partially dissolving the surface/€ carbides. Hence the rise of the volumetric
share of liquid phase i.e. low-melting eutecticsmtythe sintering process, which moistens the
WC solid phase (Fig. 20). In effect of the above tapillary forces occurring around grain
borders decrease the volume of the pore, increasitigs way the density of the material. The
liquid phase during cooling and crystallization waeses the form of small layers separating
solid grains (Fig. 20).

a)

b)

Figure 20. Layer structure a) surface layer b) bottom layégmadient the material
3-9%C0/97-91%WC_4 sintered in a vacuum furnacemperature J=1430°C and subjected
to hot isostatic condensation at the temperatupeId25°C
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Figure 21. Structure of gradient material 3-9%Co/97-91%W<Csidtered in the vacuum
furnace at temp. J=1400°C and subjected to hot isostatic condensaditiemp. §=1425°C,
the first layer: a) indexation of the diffractiori the Kikuchi line, b) map of grain size
distribution, c) diagram of grain size distribution

The research studies carried out with the use dbEBnethod confirmed that the newly
elaborated gradient material consists of basimgraf the components of WC and Co powders
in which, along the interphase border, there aremiorocracks or other discontinuities
(Fig. 21). The colored topography maps presentitystallographic orientation of the grains of
WC sintered carbides where the particular colorrighe WC grains denotes the normal
direction to the surface plane of each grain. Tleasarements of grain size show that the
average size of the grain ranges from 2.5 to 3 ki @1c). A considerable decrease of grain
size as compared to the input material (6 pm) meoted with the long-lasting milling of the
powders of wolfram carbide.
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b)

0.10 ym

Figure 22. Thin foil structure from WC-Co sintered carbidéeafsintering at temp. 1460°C;
a) image in light field, b) image in dark field frothe reflexes (002)Co and (101)WC,
c) diffractogram from the area as in Fig. a, d)widn of the diffractogram from the Figure c

The method of X-ray quantitative analysis carriadt with the use of X-ray energy-
dispersive spectrometer EDS confirms the occurrefitiee element W, C and Co respectively
in the solid phase of wolfram carbide and in thedbig phase of cobalt in the particular layers
of the tool gradient material. The newly elaborateol gradient material is characterized by
compact structure due to the uniformly distribusddire of binding phase between the solid
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phase of carbide. It was also found that the pegjmar time of mixtures is sufficient enough to
ensure that the wolfram carbide grains are coatddombalt matrix.

a) b)

d)
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Figure 23. Thin foil structure from WC-Co sintered carbidéeafsintering at temp. 1460°C;
a) image in light field, b) image in dark field frothe WC reflexes, c) diffractogram from the
area as in Fig. a, d) solution of the diffractogrdmom Fig. ¢

In effect of the research on thin foils fabricaiedthe transmission electron microscope
(Figs. 22-24), it was confirmed that the sinteredl tgradient materials contain the grains of
wolfram carbide and cobalt of the hexagonal netw@arkhe JCPDS file respectively no. 25-

114 L.A. Dobrzaski, B. Dokanska



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

1047 and 05-0727). Cobalt as a binding phaseuiilthe space between WC grains, frequently
in the form of a thin layer between the neighbogagbide grains (Figs. 22-24).

a) b)

0.10 ym

0.10 pm

Figure 24. Thin foil structure from WC-Co sintered carbidéeafsintering at temp. 1400°C;
a) image in light field, b) image in dark field frothe reflex (101)Co, c) diffractogram from the
area as in Fig. a, d) solution of the diffractogrdram the Figure c

The observations involving the structure of thinlsfaFigs. 23, 24) show that in the
wolfram carbide grains there are many network flaimsparticular dislocation. A part of
dislocations and other network flaws can be browdfdut during the long-lasting milling of

Structure and properties of sintered tool gradieaterials 115



Open Access Library
Volume 1 2011

the powder, in effect of which crumbling and fraetwf WC grains is taking place. In some
WC grains there are subgrains whose disorientatiggie is from several to around a dozen
degrees. After the sintering process at the temyreraf 1400°C we found that in many WC
carbide grains there are thin sinters, most prgbabins, of the thickness from several to
several dozen nm These sinters are parallel toMBeplanes {010} and {110} — as in the
four-index Miller-Bravais denotation.

3.2. Mechanical properties and resistance to abrasive wear of the
elaborated gradient materials.

The measurement results involving HV hardness (F&$28) of the fabricated tool
materials of the growing share of WC carbide wigspect to cobalt matrix in the direction
towards tool surface are indicative of a graduak rbf hardness. The hardness of the
3-9%Co0/97-91WC_4 material sintered in vacuum, ddjpenon the sintering temperature, can
be placed within the range of 1390-1460 HV in theface layer and is decreasing, with the
rise of the distance between the measurement poititthe external surface of the surface
layer, to 1290-1330 HV in the base (Fig. 26).
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Figure 26. Diagram of regression function describing the rilatof HV1 hardness,
volumetric share and sintering temperature for tingterial 3-9%Co0/97-91%WC_4
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Figure 27. Diagram of regression function describing the degence of hardness on the
volumetric share of cobalt and sintering temperafuor the 3-9%C0/97-91%WC_4 material
subjected to sintering and hot isostatic condensatit the temperature of 1425°C in a vacuum

furnace

The hardness of the 3-9%Co0/97-91WC_4 material dteand subjected to isostatic
condensation at the temperature of 1425°C is witténrange of 1430-1470 HV in the surface
layer and is decreasing to 1300-1360 HV in the lBge 28). The hardness of the 3-9%Co0/97-
91WC_4 material sintered with isostatic condensatibthe temperature of 1420°C is within
the range of 1340-1400 HV in the surface layer iagrdkcreasing, with the rise of the distance
between the measurement point and the externacgudf the surface layer, to 1310 HV in the
base (Fig. 27). In effect of the carried out hasdntests we did not find any considerable
difference in hardness of the investigated matesalbjected to unbound sintering and those
with isostatic condensation.

The relation involving the changes of HV hardnelmaterials with the changing share of
Co phase, volumetric share and sintering conditieas described with the use of a regression
function. The value of the multidimensional cortila factor and that of its significance level
confirm the correct dependence of hardness onrgigteonditions and on cobalt present in
particular layers of the material.

Figures 26-28 present the diagrams of regressioatifins describing the dependence of
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hardness on the volumetric share and sintering ¢eayre (T) and on the function in the
planes defined by the values of input variablegietoer with confidence intervals at the
significance level ofa=0.05. The carried out measurements demonstratednfluence of
sintering technological conditions and volumetfiaie of WC-Co phases on the hardness of
the sintered tool gradient materials.

The research results involving the resistance ttldbicracking Kc of the sintered tool
gradient materials of different volumetric sharad€ and Co phases in each material layer are
presented in Figs. 29-30. The results involving Khefactor are indicative of a considerable
dependence between sintering parameters and tlstane® to cracking of particular tool
materials. The material 3-9%C0/97-91%WC _4 sinteadthe temperature of 1460°C
(Figs. 31-35) and the material sintered under presst the temperature of 1420°C is
characterized by high resistance to brittle cragkihhe average value of Kfactor of the
surface layer of the material is 15 [MNff] and of the base 18 [MNH].

Hardness, HV1

0.04 0.06 0.0 0.08 0.09

Co volume fraction

Figure 28. Diagram of regression function describing the degence of hardness on the
volumetric share of cobalt for the 3-9%Co0/97-91%\W@aterial subjected to sintering with

hot isostatic condensation at the temperatugg420°C

The average values of thecKactor of the material sintered at the temperatdr&420°C
are respectively 17 [MNi# for the surface layer and 19 [MNif for the base. The
dependence of K factor for the investigated materials of differ&@x concentration on the
volumetric share and sintering conditions is presgiy means of a regressive function. The
value of multidimensional correlation factor andtttof its significance level confirm the
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dependence of K factor on sintering conditions and volumetric cemication of cobalt in the
particular layers of the material. Figs. 29-30 presthe diagrams of regression functions
describing the dependence of-Kactor of the materials on the volumetric shaiatesing
temperature () as well as their sections in the planes defingthb selected values of input
variables, together with confidence intervals atdtgnificance level ai=0.05.

32

Koo [MBNsm ]

-

Co volume fraction

Figure 31. Diagram of the regression function describing degpendence of brittle cracking
on the volumetric share of cobalt for the 3-9%Ce2dP6WC_4 material sintered under the
pressure in a vacuum furnace at the temperatyel#20°C

The lack of distinguished difference of the Kactor in the surface layer and in the base of
materials sintered with isostatic condensation lbanexplained by too long sintering time,
resulting in partial or total decay of gradienusture.

The carried out microscopic observations of spenifnactures (Fig. 31) are characterized
by hollow systems and convexities, which displaykalky character of the fracture typical for
brittle materials.

The research results involving the resistance @hthterials to cracking show that the areas
rich in cobalt matrix are characterized by highey fdctor as compared to the areas rich in WC
(Fig. 32).

In order to compare the tribological propertiedhsf fabricated gradient materials, the test
on the resistance to abrasive wear was carriednotiite system ‘investigated specimen and
Al,O; ball’ as a counter-specimen. The results of theiedh out abrasive trial (Table 4) show
that the materials sintered with isostatic conagitn are characterized by much lower
abrasive wear than the materials obtained as & rfainbound sintering. The wear of gradient
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materials subjected to unbound sintering, dependamg the share of binding phase,
temperature, load and number of cycles is presént&dble 4.

-312
K [MNxm™]
>

1460
0.06

Covolume 0.04
fraction 002 1400

1440

1420 . .
Sintering

temperature, °C

Figure 29. Diagram of the regression function describing dependence of brittle cracking
on temperature and Co volumetric share for the 328787-91%WC_4 material sintered in a
vacuum furnace

25

1460

1440

0.06

Covolume 004
fraction
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Sintering

temperature, 'C

0.02 1400

Figure 30. Diagram of the regression function describing dependence of brittle cracking
on temperature, and on cobalt share for the 3-998C&1%WC_4 material sintered and
subjected to hot isostatic condensation at the &ratpre of 1425°C in a vacuum furnace
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The decrement of material is effected by the sejparaf particles due to micromachining
or scratching around the friction areas countecispen —material as a result of loose or fixed
particles of the abrasive material or sticking patticles of the uneven, hard carbide phase
(Fig. 33) [11, 39, 42, 44].

Figure 32. Structure of the fracture of the surface layetha 3-9%C0/97-91%WC_4 material
sintered in a vacuum furnace at the temperatupeIB60°C and subjected to hot isostatic
concentration at the temperaturg;71425°C in a vacuum furnace

Non-uniform width of the wear bespeaks of the ommre of wear which consists in
sticking of the waste material to the counter pecimvhich then breaks off in other places
causing local unevenness in the place where the igelower (Fig. 33). Using the X-ray
guantitative microanalysis carried out with the a§renergy-dispersive spectrometer EDS
along the wear path of the material the preseneduofinum and oxygen was confirmed, most
probably released by aluminum oxide,®@4 (Fig. 33), due to sticking of waste material te th
counter-specimen which then breaks off in othecgdacausing local unevenness around which
the wear is lower [9, 10, 17, 30, 44, 51, 55, &, 5

The measurement results involving the abrasive wafathe sintered tool gradient
materials of wolfram carbide with cobalt matrix drelicative of a gradient change of the
properties of the investigated materials, dependinghe share of binding phase. Therefore,

Structure and properties of sintered tool gradieaterials 121



Open Access Library
Volume 1 2011

the wear of gradient materials is conditioned bynyn&actors: the share of binding phase,
loading value of counter-specimen and also théidrigpath (hnumber of cycles).

3.3. Computer simulation of stresses, strains and displacements of the
fabricated gradient material depending on the sintering temperature

Figure 35 presents the results of numerical amalysing the finite elements method
gathered in the form of maps of stress distributiothe tool material consisting of four layers
of different concentration of wolfram carbide arabalt for the sintering temperature of 1400,
1420 and 1460°C. The elaborated model of the tdloa to simulate the influence of
sintering temperature on stresses (Fig. 35).

"

»

e

Figure 33. Wear mark of the 3-9%C0/97-91%WC_4 material seden vacuum at the
temperature of 1400°C and subjected to isostatitleasation at the temperature of 1425°C
after 1000 cycles with the load of 10 N in the base
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Table 4. Tribological wear of gradient material 3-9%Co/971%WC_4

Layer _— Load Number of Statistical quantities
. - _ :
denotation [N] cycles Arithmetic Standard deviation
average
g S 2.5 5000 4.05 x 1 0.36 x 1¢*
X
j; ™ 10 5000 11.63 x 1H 0.62 x 1¢*
. 1460
0o 25 5000 13.25 x 19 1.22 x 1¢*
=0
e
‘j;. & 10 5000 2341 x 1H 1.58 x 1¢*
0o 25 5000 5.43 x Th 0.29 x 10
=0
e
% ™ 10 5000 21.49 x 1H 1.71 x 1¢*
. 1430+1425
0o 2.5 5000 6.49 x IH 0.40 x 1¢*
=0
e
‘j;. & 10 5000 26.60 x 1H 2.80 x 1¢*
sy 20 »
oy {0 Stress value=123.2+24 4 MPa =30

1.1509
1.1508¢
1.1507

1.1506T

115054

1.1504,

[nterplanar distance d[ A

11503+
115021

L1501+

1.1500

0.0

Figure 34. Changes of interplanar distance d of the refléi(2in the function of sfiy,

(18] 0.2

0.5

sindy

0.6

0.7

0o 1.0

sintering temperature of 1400°C, 3%Co+97%WC

The calculation results of eigen-stresses in thedtigated materials obtained on the basis

of reflex shift analysis (201) using the Sjinmethod carried out to verify the modeling results

are presented in Fig. 34 and in Table 5.
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6833167
4615387
2397467

1,7954¢6 Min

Figure 35. The distribution of simulated eigen-stresses agegrin the cutting edge of a tool
consisting of four layers of different share of fnaoh carbide and cobalt for the sintering
temperature of 1400°C

Basing on the carried out investigation studiesas demonstrated that the highest stress
values are characteristic of the material sinterethe temperature of 1460°C. They occur in
the surface layer and equal 162 + 24 MPa, andithelated stresses equal 170 MPa. The base
is characterized by lower stresses as comparetietaipper layer. The stresses determined
experimentally equal 91+22 MPa and the simulatedsses 80 MPa. The lowest stresses
determined experimentally and with the use of campsimulation occur in the tool gradient
material sintered at the temperature of 1400°C. Vakie of these stresses determined
experimentally in the upper layer is 123124 MPaj éme value of simulated stresses equals
116 MPa. The calculated values of stresses in #se lare 41+9 and 36 for the simulated
stresses.

Table 5. Comparison of stresses obtained experimentally thie results of computer

simulation
Sintering Stresses determined Simulated
temperature, [°C] experimentally, [MPa] stresses, [MPa]
1400 123+ 24 116
Upper layer
39C0+97%WC 1420 1417 140
1460 162+ 24 170
1400 41+9 36
Bottom layer
9%C0+91%WC 1420 87110 80
1460 91 +22 80
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The results of eigen-stresses obtained with thepoten simulation using the finite
elements method are in agreement with the restiltdress measurements obtained with the
use of sify method (Table 5).

Figures 36-38 present the results of the computeulation of the fabricated material,
allowing for the mechanical loads simulating op@gtconditions (in mining or drilling
machines), gathered as the maps of shifts, staamidstresses distribution.

| oo0nissis
0,0001688
0,00015245
0,0001361
0,0001197
0001034
8705765
07035
543595
380125
2166185

g #
¢
5,3124e6 1] 0.005 0.01 (m)
[~ S—  S—
L1037 5 Min 0,005 0007 4

Figure 36. Distribution of the simulated shifts occurringthre cutting edge of a tool consisting
of four layers of different share of wolfram carbidnd cobalt for the sintering temperature
Ts=1400°C

3004
2,015
0129%
1010362
1,0077878
2005183
1,002579¢
2,475
-0,0026289

0006231 L
0,0078373 P
0010441 (] 0.005 2014m)

[ e m—]
-0,013046 Min 0.0025 0.0075 .4

Figure 37. Distribution of the simulated strains occurringtime cutting edge of a tool
consisting of four layers of different share of fnaoh carbide and cobalt for the sintering
temperature §=1400°C

It was demonstrated, basing on the elaborated mdtst through appropriately applied
technological procedures, it is possible to evakasile stresses in the surface layer of the
material, which will increase the resistance o thiaterial to the formation and propagation of
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cracks. The difference in the value of heat exgansbefficient in the material is introducing
tensile eigen-stresses on the surface of the rahtefier its cooling from the sintering
temperature to the ambient temperature.

146810
11416610
795276
448909
1025428
745269
5901860
-9,3654€9Mn

Figure 38. Distribution of the simulated stresses occurringlie cutting edge of a tool
consisting of four layers of different share of fnaoh carbide and cobalt for the sintering
temperature §~1400°C

Basing on the analysis of the obtained results: rgmothers such as hardness, brittle
cracking and abrasive wear it has been demonstth&tdhis novel method makes it possible
to fabricate tool gradient materials resistant boaaive wear with high resistance to brittle
cracking.

4. Conclusions

Basing on the analysis of the obtained results luing sintered tool gradient WC-Co
materials, the following conclusions have been idated:

1. In effect of the carried out investigation stud@sthe newly elaborated gradient WC-Co
tool materials fabricated with a novel technologynsisting in sequential coating of the
moulding with the layers of WC-Co powder mixturekthe decreasing share of WC
carbides from 97 to 91% in the direction from theface to the core and then pressing and
sintering the compacts, the thesis put forwarchenRhD dissertation has been proved, and
it has been demonstrated that the application efelaborated fabrication method for the
production of tool materials is fully grounded, dtee combining non-complementary
properties of these materials i.e. resistance tasate wear and brittle cracking, due to
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gradient structure of the fabricated material whiglthanging in the continuous way and
which is characterized by the rise of the sharbasfl carbide phase in the direction from
the core to the sinter surface and rising shabélt matrix concentration in the opposite
direction.

2. The applied fabrication method of sintered tool digat materials necessitates the
preparation of WC-Co powder mixtures through tHeirg-lasting milling during which
hard and brittle WC carbides of the average egeitatliameter of the grain of 6 pm
undergo fragmentation in effect of which their safter sintering does not exceed 3 um,
which has a positive influence on the resistanse to brittle cracking in the sintered state
of the fabricated tool materials to 19 MNfhas compared to 15 MK characteristic of the
sintered WC-Co materials containing 3% Co produgithlout gradient.

3. In effect of diffusion processes running during #ietering process, local unification of
phase composition in the joint areas is taking eldespite the laminar output structure of
the compacts fabricated by coating the mouldindhvgiiccessive powder mixtures of a
step-wise changing share of WC and Co concentraiwhthen pressing, the gradient of
changes of the final structure of the sinter isticamous and not step-wise as in the
compact, yet too long heating over 90 min at higtiesing temperature of 1460°C, in
particular during hot isostatic sintering, resut@ decay of gradient structure of the sinter
due to the unification of the phase compositiorhimithe whole volume of the sinter.

4. Hardness, resistance to abrasive wear and britdeking of the sintered tool gradient
materials are dependent respectively on the WCeshiad Co concentration as a binding
phase and on the conditions of technological pegplied for the fabrication of these
materials, i.e. milling of powder mixtures, formati of the compact and sintering, yet the
surface of the material is characterized by higtlhass of 1460 HV, due to high WC share
of 97%, and the core is characterized by highdstasce to brittle cracking 19 MNfff as
compared to the surface because of higher Co ctmatiem of 9%, with the difference of 4
MNm®2 between the K values on the surface 15 MNfhand in the core 19 MNTf.

5. Through the application of finite elements methosl ®an model eigen-stresses generated
in the newly elaborated tool gradient materialffect of sintering, having the influence
on the properties of these materials, and becawusestress values determined through
computer simulation are close to those determingzergmentally, it is well-founded to
apply calculation methods to estimate stressestardfaw conclusions about the trends
involving the changes of the properties of the stigated tool gradient material, which
necessitates further research.
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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/approach: The 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 caitipo of the coatings using the GDOES
and EDS methods; phase composition of the coatisyysg 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 tie 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 ba tlurability of the tool being coated.
Originality/value: The paper presents the research involving the RWMid CVD coatings
obtained on an unconventional substrate such dsrsieeramics. Furthermore, to define the
influence of coating properties on the durabilitiy outting edges, artificial neural networks
have been applied.

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

Reference to this paper should be given in the following way:

L.A. Dobrzaiski, M. Staszuk, PVD and CVD gradient coatingsintesed carbides and sialon
tool ceramics, in L.A. Dobrzzki (ed.) Effect of casting, plastic forming or feuwe
technologies on the structure and properties of $leéected engineering materials, Open
Access Library, Volume 1, 2011, pp. 133-186.

1. Introduction

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

The constantly improving properties of constructiormaterials, which are obtained
through machining, are determining a demand foigh standard 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 efficienapachining, 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,ttisds should have high hardness and

should be considerably resistant to abrasive, adhediffusive and chemical wear [33,79].
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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 carbidesbaxery fine grains and properties better as
compared to the carbides produced with standartiadst[7,43,64,81]. On the other hand, the
scientific and industrial environments are gettingre and more interested in tool making
ceramics, including also thgsialon ceramics elaborated at the end of tHE @htury. The
mechanical properties of this alloy ceramics hagenbinherited from the isomorphieSisN,,
and the chemical properties correspond to alumioxice ALO; [56].

The hard coatings PVD and CVD used for cutting edge an efficient means to increase
the durability of tools made from high speed stzel sintered carbides, being already applied
from the 1960s of the J0century [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 observeadglthe 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]. Presewdlycan distinguish two parallel research
trends in the area of thin coatings. The first aesk 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 developmedepbsition 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 nowantag$ 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 ¢owéred 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 thehinémy 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)bbr their combinations. The interest
aroused by these phases is connected with thehaicthese hard-melting phases are usually
very hard and brittle, and are usually resistamiwosion 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 pliacnond 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 atmosphaeaiicat 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? expansioru,

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]. Multicomponentatings Ti(C,N) are characterized by
high hardness (2500-3500 HV0.05) [58] and by resist 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 concentraidraluminum (Ti:Al 33:67) in (Al,Ti)N
coatings we are raising the protective influencehig 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 promsrtdf metallic-covalence materials (TiN)
and of covalence ones (AIN) which can not be oletias 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@Nfand ZrN [13,36,90]. In the case of
Ti(B,N) coatings, their phase composition dependstloe 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 thoesgings 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 hardnessraadtance 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 artpnt 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 engineeringeras 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 greght 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 deposéed 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,A)N, (AL TN, (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 electrorostiope Supra 35 of Zeiss Company. To
obtain the images of the investigated samplesgd#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 therltal 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@BGED) 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 concentratiosanges 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 umsénts Company. The following
operating conditions of the Grimm tube of the spokter 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 dhd diffraction research was carried out in
the transmission electron microscope JEM 3010 UHLthe JEOL Company, with the
accelerating voltage of 300kV and maximum magaifan 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 ateuinformation 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 ofptished 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 profilographomBiarite Compact of Asmeo Ag Company.
We assumed the measurement length of Lc=0.8 mnmeadurement accuracy of +0.02 pm.
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 #&=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 owthusing the loading equal to 3 N
according to the Standard PN-EN ISO 6507-1:2007¢ hlardness 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 particiaerages 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 @pnynplhe 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 otirmytrials 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. Thealkility of the investigated inserts was
determined basing on the measurements of the vafithhear 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 determirtefe is a dependency between the properties
of the coatings such as microhardness, adhesiculistrate, 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 frosialon 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 withénrtimge 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). Eherere 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 predominantialnedements 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 moetlof 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 surfacaungharpened 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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Figure5. 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 uirb on 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 idke of sialons covered by the same coating.
The roughness Ra of the surface of multi-pointritsseovered 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 rdaticsn 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 @i 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 oud 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 havettan 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 depdsitgto the sialon ceramics
substrate

Figure 8. Surface topography of the Ti(C,N) (2) coating dgtgal 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
phase<-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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gquantitative analysis we obtained information abowhss and atomic concentration of
particular elements (Table 3). The qualitative amebantitative 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 shiheseflexes of the elements present in the
substrate, and in the case of thin multilayer cagtithe 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 thhess-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 depasibnto 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)+8k+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 outtlem glow discharge optical
spectrometer GDOES confirms the presence of apptepelements 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
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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 demondtratee
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 thaiwed 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, atdancidence angles of the prime X-ray beam,
we recorded the reflexes only from thin surfacestay(Figs. 20b, 21b, 22b, 23a-c).
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a)

c)

Figure 15. Structure of (AL, Ti)N coating: a) bright field) blark 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 gepdenough 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-emys 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. Onrte diffraction pattern obtained from the
coatings Ti(B,N), (Ti,Zr)N, Ti(C,N)+(Ti,Al)N and (TAI)N we found isomorphic phases from
TiN, since these phases are a secondary solid@oloh 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

152 L.A. Dobrzaski, M. Staszuk



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

presence of AIN phase of the hexagonal latticeath lzoatings and of phases TiN and CrN
respectively.

a)

40.00 nm

40.00 nm

c)

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 theabbvesults 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 sadmamics. 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. Theasoeement 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

PVD and CVD gradient coatings on sintered carbatessialon tool ceramics 153



Open Access Library
Volume 1 2011

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 coatirtgained 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 coatinlgisined 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 tleiskrof 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 frat? 8.4 um. In effect of the carried out
research it was demonstrated that both PVD and @@&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 definitehygicative of the possibility of substrate
polarization, since the accelerating voltage hasitifluence on faster growing rate of the
coatings than in the case of non-polarized cerasuistrate. 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.
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0 1 2 3 4 5 6

Analysis depth, pm

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

The research results involving the microhardnessirdered 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 hypothedmih 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{ifiegble 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 microhardnes182 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 stdstra
Coating
a, ° T, hm a, ° T, 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
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X 80;
= |
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Figure 19. Changes of constituent concentration of the Tij€(N,Al)N coating and the
sintered carbides substrate material
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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 val@ienicrohardness equal to 3600 HV0.05.
The microhardness of coatings obtained on sialsangies is within the range from 2230 to
3600 HV0.05, and the microhardness range of coatomy 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 dejitesl on the sintered carbides
substrate obtained by: a) Bragg-Brentano method;EYRD methodd=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;EYRD methodd=1°)

The critical load Lc [N] determined in the scratiefst and being the measure of coating
adhesion to the substrate considerably dependf@mproper selection of coating material
(chemical composition, phase composition) (Table Figs. 28-32). This relation is
particularly relevant with respect to PVD coatiragsthe 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 mestember that sialons belong to
covalence ceramics, and in the coatings contairsagorphic phases with titanium nitride
TiN there are metallic bonds, which results in l@aghesion 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.
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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 methodd=4°)
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@ I i TiN

Figure 23. X-ray diffraction pattern of Ti(C,N)+ADs+TiN coating deposited on the sialon
ceramics substrate obtained by GIXRD metho@i=#).5°, b)a=2 °, c)a=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: Adofad,5°, B fora=2°, C for a=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 determinedSisherrer 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) 135 18.7
(AL TN 9.8 8.2
(Ti,ADN 20.9 40
(ALLCr)N 27.2 16.7
) . 250.7% 266.5Y
Tl(C,N)+A|203+T|N 4212) 3242)
) } 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
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Figure 25. The comparison of grain size CVD coatings on sitearbides and sialon

ceramics substrates
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M Sjalon ceramics
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Figure 26. The comparison of thickness coatings on sinteaedides and sialon ceramics
substrates
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Figure 27. The comparison of microhardness coatings on skdtearbides and sialon
ceramics substrates
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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,ZnN 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
(AlLCNN 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 ¢henption, 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 | 2% | 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 | 20 | 2872 s | D
TICN)+TLADN | 3076 432 e 2786 105 o
TICN) (2) 3101 210 | 255 2843 183 2608
(ALT)N 3301 a0 | 99| 3600 aia | B
(Ti, ADN 3327 a4 | 2% | 2061 250 oree
(ALCPN 2867 502 | 2500 | 2230 a06 | 9O
TCNALOT [ 31 o | 2% oo e 2452
Ti(C,N)+TiN 2443 205 | 2270 | 2746 23 | Sob

Table 8. The variance analysis for mean microhardness tg®flcoatings deposited on
sintered carbides and sialon ceramic as well ag#tigated surface materials

Sintered carbides substrate Sialon ceramics sitstra
F Value-p TestF 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 divisnto mean groups from
microhardness measurements of coatings depositédibrsintered carbides and investigated
substrate as well as results of the variance anslffigs particular mean groups

Group 1 Group 2 Group 3
Ti(B,N)
i ) (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)
i ] (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 depositédtbnsialon 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)+AL,Os+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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Figure 29. a) Acoustic emission (AE) and friction force Ftaafunction of the load Fn for
Ti(C,N)+ALOs+TiN coating on sintered carbides, b) scratch fadlat L. (opt) = 93 N, mag.
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Figure 30. a) Acoustic emission (AE) and friction force Ftaafiinction of the load Fn for
(AL TN coating on sialon ceramics, b) scratchHdeg 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 selectedscag®en basing on the materialographic
observations alone it was not possible to definéhé 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 tleae 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 Ti)N,
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.
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Figure 31. a) Acoustic emission (AE) and friction force Ftaaiinction of the load Fn for
(Ti,A)N coating on sialon ceramics, b) scratcHdeg 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
(ALCr)N 96 53
Ti(C,N)+Al,O5+TiN 93 43
Ti(C,N)+TiN 110 72
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Ti(C,N)+TiN
Ti(C,N)+AI203+TiN
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Ti(C,N)
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Ti(B.N)
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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 sligifpping. 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 immediatetgaéxceeding the critical load (Fig. 36).

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

Figure 34. Characteristic failure obtained by Scratch Testhaf Ti(C,N) (1) coating deposited
on sintered carbides substrate
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Figure 35. Characteristic failure obtained by Scratch Testraf (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 olgagas 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 aries 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 augd (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 deposiiating.

In effect of the materialographic observationstaf investigated multi-point inserts in the
scanning electron microscope it was demonstratettkte tools subjected to machining trials
show their wear according to abrasive and adhesa&hanism (Figs. 39, 40).
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a)

b)

d)

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, c) X-ray energy dispersive plot #rea 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 microareag(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 strtdte after 9 minutes of machining
(Fig. 40).
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Figure 38. The comparison of tool life T of investigated itse
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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 rowegmRa 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 is54m in the case of inserts from sintered
carbides and 3.03 um in the case of sialons. Welldhemphasize here that the coating
(Al,Cr)N leads to the quality deterioration of they 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.

300 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,Oz+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 trainvaljdating and testing sets presented in Table
14 bespeak of the fact that the applied artificiaural 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 afritbad being the measure of coating adhesion
has the highest influence on the change of cudtdge 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, codtiagness 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 fhvestigated 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 clen§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 tootsated with PVD and CVD coatings
determined by artificial neural networks at a fixeshting thickness 3.0 microns and particle

size 8.2 nm
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Figure 42. Evaluation of the PVD and CVD coatings particleesand the critical load
influence of tool life T for sialon ceramics toolsated 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
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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 applyell 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 durabilitige 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 ttu@s 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@yland
SisN,4 contributes among others to a magnificent (arcaumbzen) rise of the durability of the
cutting edge by lowering the wear of cutting edgegsompared 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 durhitlyi of the tools.

The designing process of the system coating-cutitge 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 suitaldéeption 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 oggproperties 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,AN, (Al,Cr)N and CVD coatings of the type
Ti(C,N)+Al,Os+TiN and Ti(C,N)+TiN obtained on the substratestirsintered carbides and
sialon ceramics. In there investigated coatingsapmied 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 thealility 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 assungptiom durability of the cutting edge rises
with the decreasing grain size, which is confirniad 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. Ihentkat 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 wherdi#lg 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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Abstract

Purpose: Investigate the structure and properties of sindem®ol materials, including
cemented carbides, cermets and oxide ceramics degowith single-layer and gradient
coatings (Ti,A)N and Ti(C,N), and to determine tlependence between the substrate type,
coating material or linear variation of chemical roposition and the structure and properties
of the obtained tool material.

Design/methodology/approach: Analysis of the structure (SEM, TEM), analysis thé
mechanical and functional properties: surface rongés, microhardness tests, scratch tests,
cutting tests. The Ti(C,N) and (Ti,Al)N gradieniating was investigated by XPS and AES
method. X-ray qualitative phase analysis and thezipg incidence X-ray diffraction method
(GIXRD) was employed to collect the detailed infation about phase composition of
investigated material’'s surface layer. Computer wation of stresses was carried out in
ANSYS environment, using the FEM method and therieygntal values of stresses were
determined basing on the X-ray diffraction patterns

Findings: Results of the investigation the influence of RdMatings structure (single-layer or
gradient) and kind on properties of coated tool eni@ls. Coatings are characterized by dense,
compact structure. The coatings were depositedotmlfy onto the investigated substrate
materials and show a characteristic columnar, fgraded structure. The coatings deposited
onto the investigated substrates are characterlsgedood adhesion and causes increasing of
wear resistance. Gradient coatings are charactetizsy a linear change of chemical
composition in the direction from the substratetie coating surface. A more advantageous
distribution of stresses in gradient coatings thanrespective single-layer coatings yields
better mechanical properties, and, in particulangtdistribution of stresses on the coating
surface has the influence on microhardness, andligteibution of stresses in the contact area
between the coating and substrate has the influendbe adhesion of coatings.
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Practical implications. Deposition of hard, thin, gradient coatings on eréls surface by
PVD method features one of the most intensely oleedl directions of improvement of the
working properties of materials.

Originality/value: The grazing incidence X-ray diffraction methodX8&D) and using the XPS
and AES method in the investigated coatings weeed ts describe the gradient character of
the coatings. The computer simulation is basedhenfihite element method, which allows to
better understand the interdependence between peasnof process and choosing optimal
solution.

Keywords: Materials; Tool materials; Gradient coatings; PVBinite Element Method

Reference to this paper should be given in the following way:

L.A. Dobrzaiski, L.W.Zukowska, Structure and properties of gradient P\satings deposited
on the sintered tool materials, in L.A. Dobfz&i (ed.) Effect of casting, plastic forming or
surface technologies on the structure and properté the selected engineering materials,
Open Access Library, Volume 1, 2011, pp. 187-234.

1. Introduction

The development of material engineering and comuakeatith it application of new
structural materials of raised strength propertiesproved wear resistance and to high
temperature, or to the impact exerted by erosiotoomsion factors is effected by continually
rising operating requirements involving the prestayy machine design technology [1-10,
31,35,55,60].

In view of the fast development of civilization,r@muous production growth and incessant
crave to improve the quality of the manufactureddpicts, the requirements involving the
applied machining tool materials are becoming psgively higher. Tool materials are facing
a considerable challenge to ensure appropriatenbasgd wear resistance and very good
strength properties. The main groups of tool maktgrisuch as high speed steel, cemented
carbides, cermets, tool ceramics and also superhatdrials, are being constantly improved,
either through the modification of their chemicangosition or through the constructional
optimization of the tool itself [1,2,40-53,55,56]59

Equally important is the development of tool matkriwith respect to the fabrication of
thin coatings resistant to wear in PVD and CVD psses. It is of considerable importance,
since through the selection of appropriate comptsneve can obtain a tool material of better
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properties. This area of tool material developmsra priority nowadays, since it is the main
route leading to the acquisition of machining taafisuitable properties [1,54,64,69,62].

The improvement of the functionality propertieshud tools and the reduction of ecological
hazards can be effected through the applicatioth®ftechnology of hard gradient coatings
deposited on the tools in PVD processes, pringipdy ensuring better conditions of
tribological contact in the machining area and Hiyi@ating cutting tool lubricants. The
machining process is becoming so common that fiteisessary to intensify research studies
concerning not only the selection of appropriatetemial for tools but also the deposition
technology of modern coatings resistant to weakcdwer the material, primarily such as
gradient coatings, and to elaborate them and varifgdustrial conditions. The application of
physical vapour deposition PVD for the acquisitioh gradient coatings of high wear
resistance, also in high temperatures, enablempoove the properties of these materials in
machining conditions, among others through the ctidm of friction factor, rise of
microhardness, improvement of tribological contacinditions in the contact area tool-
machined item, and also to protect these matedagknst adhesive or diffusive wear and
against oxidation [9,40-42,55-58,63,69].

In the Division of Materials Processing Technologylanagement and Computer
Techniques in Material Science of the InstituteEofineering Materials and Biomaterials of
the Silesian University of Technology research istsidhave been carried out for several years
on various applicability aspects of coatings dejedsin the PVD process. The crucial part of
the research involves the studies concerning tip@sitgon of thin, wear resistant coatings in
the PVD processes on the substrate from high sgteeds, both sintered and conventional, of
economically selected chemical composition, on ce#atk carbides and cermets, applied in
machining tools and other tools, among others far processing of polymer materials
characterized by high abrasion wear resistancerasian, as well as the studies on PVD
coatings deposited on substrate from oxide [5245,6itride and sialon ceramics with the
required resistance to abrasive and operating wEae. carried out investigation studies
involve wear resistant PVD coatings deposited obssates from sintered tool materials
having single-, two- several-, and multilayer stawes [11-39,48,49,64,65]. A lot is to be
expected from gradient coatings being a midway bekween the single-layer and multilayer
coatings. What makes the gradient coatings exasgitis the possibility to easily regulate the
wide spectrum of their functionality propertiesofft mechanical through anti-corrosion and
thermal to decorative ones) by changing the dopageortions of reactive gases or sputtering
intensity of particular shields during PVD procesf16,17,31-39,45,46,52,54,57,60,62].
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The main objective of the present paper is to itigate the structure and properties of
sintered tool materials, including cemented carhid®rmets and oxide ceramics deposited
with single-layer and gradient coatings (Ti,Al)Ndahi(C,N), and to determine the dependence
between the substrate type, coating material ealivariation of chemical composition and the
structure and properties of the obtained tool nlter

2. Methodology of research

The research studies were carried out on sinte@dnaterials, such as cemented carbides,
cermets and oxide ceramics, deposited and non-legpowith single-layer and gradient
coatings resistant to abrasion of the type (Ti,ANd Ti(C,N), using the cathodic arc
evaporation method (CAE). The characteristics efitivestigated materials are presented in
Fig. 1 and Table 1.

SUBSTRATES

CEMENTED CARBIDE

COATINGS COATINGS STRUCTURE

CERMET
ALO:+TiC

Figure 1. Characteristics of the investigated materials

The PVD deposition process of single-layer and igraiccoatings of the type (Ti,Al)N and
Ti(C,N) was carried out in the Institute of Engirieg Materials and Biomaterials of the
Silesian University of Technology at Gliwice, onetlapparatus DREVA ARC400 of the
German Company VTD Vakuumtechnik. The apparatusqisipped with three independent
sources of metal vapours.

Before the deposition of coatings, the substratesewprepared for the deposition. The
preparation process consisted of two stages. Tis¢ $tage was carried out outside the
operating chamber of the coating apparatus. Thé4moiht inserts were subjected to chemical
cleaning, using washing and rinsing in ultrasonéskers and cascade cleaners, and then they
were dried in the stream of hot air. The secongamation stage was carried out in the vacuum
chamber of the PVD coating apparatus. That stagsisted in heating the substrate to the
temperature of around 400°C with a beam of elestremitted from the hollow cathode in
argon atmosphere with lowered pressure, and theanic cleaning using Ar ions with the
polarization voltage of the substrate of -300V28rminutes.
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Table 1. Characteristics of the investigated materials

Coating Micro- o .
Substrate Coating | thickness, Roughness, hardness, Critical Load,|  Tool !'fe
Ra UM L., N t, min
pum HV
uncoated - 0.13 1755 - 25
(Ti,A)N 2.2 0.14 2750 52 20.0
Cemented ?Trf‘g:)egt 2.6 0.14 3000 56 25.5
- ,
carbide Ti(C,N) 15 0.13 2600 44 5.0
gradient
Ti(C.N) 2.7 0.11 2850 64 5.0
uncoated - 0.06 1850 - 25
(Ti,ADN 1.5 0.13 2900 54 19.5
gradient
Cermet** (Ti,ADN 3.0 0.12 3150 63 22.0
Ti(C,N) 1.5 0.12 2950 42 8.0
gradient
Ti(C.N) 2.6 0.11 2950 60 9.5
uncoated 0.10 2105 - 12.5
(Ti,ADN 1.6 0.27 3170 53 21
gradient
ALOs+TiCH (Ti,ADN 3.2 0.24 3200 65 40
Ti(C,N) 1.3 0.23 2850 40 15
gradient
Ti(C.N) 2.1 0.21 2950 55 19
* phase composition: WC, TiC, TaC, Co,

** phase composition: TiCN, WC, TiC, TaC, Co, Ni,
*** phase composition: AlO3, TiC.

For the deposition of coatings, shields of the @itemof 65 mm cooled with water were
applied. The shields contained pure Ti and theyalid1 of 50:50% at. The vacuum of 1®a
was created in the operating chamber. The coatisge deposited in the atmosphere of inert
gas Ar and reactive gases N order to obtain nitrides, and the mixture of &hd GH, to
obtain carbonitride coatings. The gradient conediuin change of the chemical composition
along the cross-section of the coatings was ohddiryechanging the dosage proportion of the
reactive gases or by changing the intensity of erejpn current of the shield @mc sources.

The surface topography and the structure of theidated coatings was investigated at
transverse fractures in the scanning electron mompe SUPRA 35 of Zeiss Company, with
the accelerating voltage of 10-20 kV and maximungmniigcation of 60000x. To obtain the
images of the structure, the detection of secondkgtrons (SE) and back scattered electrons
(BSE) was applied. To obtain a brittle fracturethef investigated specimens, notches were cut
into their surface with a diamond shield, and tttgy were broken up after cooling in liquid
nitrogen. To improve the conductivity of the inigated material, the specimens were
sputtered with carbon using the apparatus JEOLAEEE
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The qualitative and quantitative analyses of thentglal composition of the investigated
coatings were carried out using the X-ray energpelisive spectroscopy (EDS), with the
application of the spectrometer EDS TRIDENT XM4EIDAX Company, being a component
of the scanning electron microscope Zeiss Suprd B&.research studies were carried out with
the accelerating voltage of 20 kV.

The diffraction studies and the observations ofi tioil structure were carried out in the
transmission electron microscope JEM 3010 UHR dDUJECompany, with the accelerating
voltage of 300kV and maximum magnification of 30000The diffraction patterns from the
transmission electron microscope were being solveidg the computer program “EIDyf".
Thin foils were made in the longitudinal sectionitmg out inserts about 0.5 mm thick from
the solid specimens, from which discs of the dimmeif 3 mm were cut out, using an
ultrasonic erosion machine. Then, such discs webgested to mechanical rubbing down to
the thickness of about 90 um, and a notch of tipghdef around 80 pm was then ground down
in the discs. Ultimately, the specimens were subgeto ionic thinning out in the apparatus of
Gatan Company.

The changes of chemical concentration of the cgattomponents in the direction
perpendicular to its surface, and the concentratiosanges in the transit zone between the
coating and substrate were determined basing ootregeopic tests: X-ray photoelectron
spectroscopy (XPS) and Auger electron spectros¢®ms). The AES and XPS tests were
carried out on the X-ray photoelectron spectrometéhe Physical Electronics Company (PHI
5700/660) whereof diagram is presented in Fig.n2this spectrometer the radiation emitted
from the anode A1K(1486.6 eV) was applied.

The maximum resolution of the spectrometer PHI 5&pplied for the measurements was
0.035 eV. The analysis area from which the elestrare collected is selected using the
diaphragm for photoelectrons emitted from the itigased specimen, and the smallest area is
defined by a circle of the diameter of 30 pm. Tlglowhe application of a pumping system,
consisting of the ion and sublimation pumps, we oatain the pressure of 1A0® Pa,
referred to as ultrahigh vacuum UHV. The reseaathied out with the use of the residual gas
analyzer RGA of the mass spectrometer demonstthtgdhe main components of vacuum in
the spectrometer are: CO;,HCO, (given in the order of the highest partial pressyr

Using the XPS technique [3,6], two types of surfasere analyzed: immediately after
inserting to the spectrometer and after etchindp witgon ions. In the second case the beam
energy was always 4keV for the preset etching timiée analysis of the surface measured
immediately after inserting to the spectrometemgtthat there are surface impurities, mainly
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oxides and a so called aliphatic carbon (variowdrdgarbons, carbon oxides). All locations of
photoelectron lines were calibrated against bindingrgy lines of silver Ag3g, gold Au4f,
and copper Cu2p. The pure surface of the investigated gradientioga was obtained in
effect of bombarding the specimen with the bearioo$ Ar" or Xe" of the energy of 4.5keV.
The analysis involved the lines of titanium Ti2mlararbon C1s [6,15].

In the case of AES analysis [7], the specimen sarfaas subjected to etching with argon
ions of the energy of 4 keV, and the crater forrnacdthe surface was analyzed by means of
linear profile. The analyzed elements were seleatedccordance with the preset chemical
composition of the investigated coatings. The Augéctrons were recorded with the
cylindrical mirror analyzer (CMA). The electrons tie prime beam in the AES PHI660
microscope were emitted from the single crystal {.aBhe accelerating voltage of the
electrons was being changed within the range 3\.0rk effect of exposing the solid surface
to the illumination of the electrons beam, the ainis of Auger electrons, secondary electrons
and X-ray radiation is taking place. The depthh&f Auger electrons analysis is from 0.4 to 5
nm. These electrons are used for the physicochéraitaysis of the composition of the
investigated surface, whereas the secondary efexctice used for surface imaging with the
application of secondary electron microscopy (SEM).

The analysis of phase composition of the substr@atescoatings was carried out using the
X-ray diffraction method on the X-ray apparatus &'PPro of Panalytical Company, in the
Bragg-Brentano system, applying the filtered radrabf cobalt tube at the voltage of 40 kV
and filament current of 30 mA. We accepted the sfefpp.05° and calculation time of impulses
of 10 seconds. Due to the superposition of theexe8 of substrate and coating material and
due to their intensity, hindering the analysis lné bbtained results, in order to obtain more
precise information from the surface layer of theeistigated materials, in our further research
we applied the grazing incident X-ray diffracti@chnique with the application of the parallel
beam collimator before the proportional detector.

The thickness of the coatings was tested usingdh@est method which consists in the
measurement of the characteristic quantities otthter effected by the wear on the surface of
the investigated specimen brought about by a baeP0 mm in diameter. The space between
the rotating ball and specimen surface was beidgiieéh the suspension of diamond grains of
the diameter of 1 um. The test time was acceptek@tseconds. The measurement of wear
extent was carried through the observations onilthmination metallographic microscope
LEICA MEF4A. The thickness of the coating was deti@ed on the basis of the following
relation:
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Figure 2. Schematic diagram of X-Ray Photoelectron Speatms¢XPS)

9= DI(D-d) 10°
4[R (1)
where:
g — coating thickness [um],
D — external diameter of the crater [mm],
d — internal diameter of the crater [mm],
R — ball radius [mm].

In order to obtain average thickness values ofitkasured coatings, 5 measurements were
carried out for each of the investigated specim@uslitionally, to verify the obtained results,
the measurements of coating thickness were caotiééh the scanning electron microscope at
the transverse fractures of the specimens.

The measurements of the surface roughness of tlea@d specimens without coatings and
with deposited coatings were measured in two miytuaérpendicular directions on the
profilometer Surftec 3+ of Taylor Hobson CompanyeTaccepted measurement length was
[=0.8 mm, and measurement accuracy +0.02 um. Axfditly, to confirm the obtained results,
the roughness measurements of specimen surfacesamied out on the confocal microscope
LSM 5 Exciter of Zeiss Company. The parameter Ra aecepted as the quantity describing
the surface roughness, in compliance with the St@hBN-EN ISO 4287:1999.

The hardness of the investigated materials wagrdeted using the Vickers method. The
hardness of the deposited substrates from sinterddnaterials was tested using the Vickers
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method with the load of 2.94 N (HV 0.3) in complianwith the Standard PN-EN 1SO 6507-
1:2007. The tests on microhardness of the depogitatings were performed on the
microhardness meter Future Tech, making use o¥itlers dynamic method. We applied the
load of 0.98 N (HV 0.1), enabling, to the highestgible extent, to eliminate the influence of
substrate on the obtained results. The measuremenéscarried out in the mode of periodic
loading and unloading, in which the tester loadsitidenter with the preset force, maintains
the load over some time period and than unloadihié. dynamic hardness is determined from
the following equation [11]:

DH :a'Elg—z

()

where:

a — a constant allowing for the influence of indersieape, for Vickers=3.8584,
P — preset load, mN,

D — imprint depth, pm.

The trial makes it possible to observe the chargfeplastic and elastic strain of the
investigated material, respectively during the lngdand unloading due to a high-precision
measurement system which can record the depthedbtined imprint in successive phases of
the test. The measurements were carried out makimgprints for each of the investigated
specimens. An average was determined, as welbadatd deviation and confidence interval,
assuming the confidence factor at £0.95.

The adhesion assessment of the deposited coatingbet investigated sintered tool
materials was carried out using the scratch-testtten apparatus REVETST of CSEM
Company. The method consists in moving the dianioddnter along the surface at constant
speed, with the loading force increasing propogignwith the movement. The tests were
carried out for the loading force within the rangfe0+100 N, increasing with the speed of
(dL/dt)=100N/min along the path of 10 mm.

The critical load Lc at which the coating losesatthesion was determined basing on the
value of acoustic emission (AE) recorded during measurement and on the observation of
scratch lines effected during the scratch-test. ditaacter of the fault was assessed basing on
the observations in the scanning electron microscéeiss Supra 35 and in the confocal
microscope LSM 5 Exciter of Zeiss Company.
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The operating properties of the deposited coatingse determined basing on the
technological machiningrials at room temperature. The tests on cuttingditgbof the
investigated tool materials without coatings anthvihe deposited coatings were carried out
basing on the technological cutting trials withautting tool lubricants on a universal
numerically controlled lathe Gildemeister NEF 3Z@e cast iron EN-GJL-250 of the hardness
of 250 HV was selected as material subjected tchimang. For the technological cutting trials,
we applied inserts fixed in a universal lathe chutiich ensures the maintenance of geometric
parameters of the inserts.

The following parameters were accepted for tharaytibility tests:

« rate of feed f=0.1 mm/rev.,
e turning depth ap=1 mm

e cutting velocity ve=150 m/min.

The durability of the inserts was determined basingthe measurements of wear strip
width on the tool flank, measuring the average vetdp width VB after the machining in a
definite time interval. The machining trials wereiy stopped when the VB value exceeded
the accepted criterion for after-machining, i.e.2082 mm. In the case of non-deposited tools,
the trial was being carried out until the wearerian had been reached , and the duration of
the trial for the tools with deposited coatings e same or longer than in the case of non-
deposited tools, whereby we can compare the waprwidth VB after the wear criterion has
been reached by the non-deposited specimen. The&&surements were carried out with the
application of the illumination microscope Carl geiJena. The images of tool flank and attack
surface of the inserts of different wear degreeveld as the topography of the fractured tool
with the use of a 3D model were obtained with tippligation of the scanning electron
microscope Zeiss Supra 35 and of the confocal miape LSM 5 Exciter of Zeiss Company.
The analyses of chemical composition in the mia@aarwere carried out using the EDS
method. The obtained research results were presémtthe form of graphs determining the
dependence of wear strip width on the tool flank &8the function of testing time, assuming
the preset conditions of the experiment. Fig. 3@nés the basic tribological faults of the tool
material cutting edges, which were then used tesasshe wear characteristics of the
investigated sintered materials deposited with R@Btings.

The work presents the application of the finitensdats method for the analysis of the
distribution of eigen-stresses in the coatingsiobthin the PVD process, as dependent on the
parameters of the process and the material ofubstiate and coating.
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Figure 3. Tool wear model [1,65]

The model whereof objective is to determine therigtresses in gradient and single-layer
coatings (Ti,Al)N and Ti(C,N) on the substrate freemented carbides, cermet and oxide tool
ceramics, was elaborated using the finite elemamghod, assuming true dimensions of the
specimen. The geometry of the insert with the dépdgradient and single-layer coatings as
well as the calculations were carried out usingpghmgram ANSYS 12.0. On account of the
predicted simulation range, parametric calculatiités were elaborated which allowed to
perform the analysis in a comprehensive way. We l@yed the experience involving
computer simulation works in material engineeriagried out for many years at the Division
of Materials Processing Technology, Management @ndchputer Techniques in Materials
Science of the Institute of Engineering Materiaid 8iomaterials of the Silesian University of
Technology [66]. The geometrical model was subpbdtediscretization with the element of
the PLANE 42 type for substrate material and extkeooating. The element of that type is
applied for the modeling of spatial structures wvitie use of a flat (2-D) element of solids. It
can be also applied for the modeling of the stmestwlescribed by means of axial symmetry. It
is a simpler and faster method, by the applicatibmwhich we can avoid many errors which
could have occurred when applying the network oatiapsolids. This type of description
generates radically smaller MES models as comptrdde full 3D description, maintaining
the understanding of the general description. Tement of PLANE 42 type is defined by four
basic nodes and can demonstrate such featureasipy, creep, swelling, and it also enables
the modeling of high bending and tension of the ehed objects. The true model was
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subjected to discretization, which is presentedriqn 4. The calculation model consists of
12816 nodes and 11780 elements. In order to avoidsein the calculation of eigen-stresses in
the coatings, we applied variable quantities oftdirelements. In the places where higher
gradients of stresses were expected, the netwanois condensed than in the areas where the
stresses were expected to have values similar eoaonther. Therefore, in the coatings we
applied smaller elements which better reflect thedgnts of stresses, and in the substrate
material the elements are increasing with theafdbe distance from the coatings.

— AN

Temperatura 500 =t

Figure 4. True model subjected to discretization with dejgolsgradient and single-layer
(Ti,A)N and Ti(C,N) on different substrates

Since it was necessary to calculate eigen-stregsethe material of the chemical
composition which was changing in the way perpandicto the surface, the ideographic
differentiation of the modeled gradient coatingswarried out into zones corresponding to the
areas of similar chemical composition. The modethvthe spherical division of gradient
coating was elaborated in the way ensuring thatais possible to determine the averaged
eigen-stresses in the coating areas important éw \6f the applicability properties and to
compare the obtained results with the calculat@arsed out for homogeneous coatings.

The following boundary conditions were acceptedsimulate the eigen-stresses in the
gradient single-layer coatings (Ti,Al)N and Ti(C,bh different substrates:
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- the temperature change of the PVD process is tefleby cooling the specimen from
500°C to the ambient temperature of 20°C,

« for the coatings (Ti,Al)N and Ti(C,N) and for theibstrate from cemented carbides,
cermets and oxide tool ceramics, the material ptmsewere accepted basing on literature
data [6] and MatWeb catalogue. The discrepanciéitemrature data involving the values of
physical properties of particular materials re$tdm different acquisition methods, from
the differences in the structure and compositiorthef materials and from errors in the
applied measurement method [66],

» the substrate of the investigated specimen is inilimetl due to depriving all nodes lying
on this axis of all degrees of freedom.

With the temperature drop, from the coating depmsitemperature (500°C) to the ambient
temperature (20°C), eigen-stresses are generatdd ilbhathe coating and in the substrate
material, connected principally with different theal expansion of particular materials. The
distribution of these stresses is also connectell thie geometry of the specimen and with
thermal transfer during the cooling process. Ire@fiof non-uniform cooling of the specimen
material in the particular areas, the distributafnstresses on the coating surface and their
concentration in the corners of the specimen fewift.

To verify the results of computer simulation, tredues of eigen-stresses in the investigated
single-layer and gradient coatings were calculasidg the X-ray sify technique.

3. Results

The investigated sintered tool materials are cheraed by a well condensed compact
structure without pores, and in the case of oxidemics AJO;+TiC the topography of the
fracture surface bespeaks of high brittleness B4 ¢haracteristic of oxide ceramic materials
(Figs. 5-9).

Basing on the diffraction tests and on the stuitieslving the structure of thin foils carried
out in the transmission electron microscope it wasnonstrated that in the investigated
substrate materials from cemented carbides and eternthere are numerous faults of
crystalline structure inside the grains of WC an@ Tarbides, including dislocations and
stacking fault. A part of dislocations is formimngal-angle borders dividing the carbide grains
into subgrain areas of a small disorientation aiglgs. 11-12). It was also demonstrated that
the average diameter of the wolfram carbide grarebout 1 um, which places them into the
category of fine-grained materials.
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EHT = 10.00 kv Signal A = SE2
WD= 9mm Photo No. = 1752
g [T

Figure5. Fracture surface of the (Ti,Al)N coating depositedo the cemented carbides
substrate

EHT = 20.00 kv Signal A= SE2
WD = 14 rmm Mag = 25.00 K X

Figure 6. Fracture surface of the gradient (Ti,Al)N coatidgposited onto the cemented
carbides substrate

The results of diffraction tests involving thin ifrom the Ti(C,N) coating confirm the
occurrence of a phase of the cubic lattice, in d@npe with TiN and Ti(C,N). Due to the
isomorphism of phases TiN and Ti(C,N) and the similalue of network parameter, it is not
possible to differentiate these phases with thet@las diffraction method (Fig. 13). It was also
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demonstrated, basing on the tests involving thits ffom the (Ti,Al)N coating that this
coating contains principally very fine grains oethrystalline structure corresponding to the
phase AIN of the cubic lattice (Fig. 14), and alsry few grains of the structure and
parameters of AIN phase of the hexagonal lattidee Grains of carbonitrides and of nitrides
forming the coating have a very high dislocationsity and are very fine — the average grain
diameter in the coatings from carbonitrides Ti(Ca)d nitrides (Ti,Al)N does not exceed
0.1 pm.

N

um EHT=2000 kY Sigrel A = InLens Data 21 Mar 2007

— WO Bmm Mag = 30 00K X Time 12:49:22
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Figure 7. Fracture surface of the (Ti,Al)N coating depositedo the cermet substrate

1pm EHT = 20.00 kv Signal A= SEZ
WD = 14 mm Mag = 30.00 KX

Figure 8. Fracture surface of the gradient Ti(C,N) coatingpdsited onto the cermet substrate
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EHT =20.00 kv Signal A= SE2
WD = 16 mm Mag = 25.00 KX

Figure 9. Fracture surface of the gradient Ti(C,N) coatingpdsited onto the cemented
carbides substrate

The deposited coatings, both single-layer and gradines, have a continuous structure. In
the case of gradient coatings, the lines separgtergicular zones of the coating of the
chemical composition different from one another avaot determined. It was demonstrated
that the coatings are uniformly deposited and draeracterized by close adhesion to the
substrate, without pores, cracks and discontirai{fiégs. 5-9).

The observations involving the surface morpholofjthe coatings fabricated in the PVD-
CAE process on the substrate from cemented carbichysnets and oxide ceramics are
indicative of high non-homogeneity connected wiite bccurrence of numerous droplet-shaped
microparticles (Fig. 10a). The observed morpholagidefects brought about during the
deposition of the coating are most probably efiédtg splashing of titanium droplets liberated
from the titanium shield onto the substrate surfageich has been confirmed by EDS tests
from the microareas (Fig. 10b,c). The droplets pkestin SEM assume regular shapes, their
size is different and is within the range from teaths of a micrometer to around a dozen
micrometers.

We also observed agglomerates created on the goatinface from several joined
microparticles. Furthermore, we observed hollovwaargenerated in effect of the liberation of
titanium microparticles after the termination of ttoating deposition process.
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Figure 10. a,b) Surface topography of the gradient Ti(C,Natowg deposited onto the
cermet substrate, ¢) X-ray energy dispersive pletarea X as in a figure a
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In effect of the carried out research on chemicahgosition with the use of XPS method,
it was demonstrated that the non-etched surfacehef coating Ti(C,N) contains small
concentration of silicon impurity (around 1% atheTcalculated value of atomic concentration
showed that with the fabrication of the coating rhgans of the PVD method the obtained
surface is coated with various adsorbents, maialpan oxides and oxygen atoms (Fig. 15).
The shape of C1s lines contains at least three opemis. Two of them are clearly seen at the
energy of 284.8 eV and 282.1 eV. The componenheftighest intensity, of the energy of
284.8 eV can be ascribed to surface carbon (aliplearbon compounds, i.e. hydrocarbons)
which does not come from the deposition of Ti(CeNating.

The position of lines of lower binding energy of22B eV is typical for carbides. The
complex shape of lines observed at the energy @fitaB88 eV corresponds to carbon oxides
adsorbed on the surface of the coating. The iriens$ipeaks corresponding to surface carbon
and carbon oxides is gradually decreasing with dteding time with argon ions. After 20
minutes of etching we can see only one componetiidriine C1s corresponding to carbides.
A similar situation is taking place in the casditgnium lines (Fig. 16). The spectrum of Ti2p
lines contains additional components of the doulflae component of higher binding energy
corresponds to titanium atoms in the Ti@mpound, and the component of lower binding
energy corresponds to titanium atoms in the Ti(Cgldating [60]. After four minutes of
etching with argon ions, only one component of Th2p doublet is visible. The obtained
results for titanium lines and carbon lines dem@atstthat the atoms of titanium and carbon
are combined with one another in the Ti(C,N) caatmthe form of titanium carbide TiC.

In compliance with the accepted assumptions, thmoslted Ti(C,N) coating should be
characterized by the majority of nitrogen concdigreas compared to carbon in the bordering
area with the substrate, and by the majority obearconcentration as compared to nitrogen in
the area around the surface. In effect of the aimbyf the impurity-free coating surface it was
demonstrated that the concentration of the padicabmponents of the coating in the area
around the surface is correct (Table 2). A very lawmic concentration of oxygen can be
indicative of a low impurity level of the coatingtlv oxygen compounds. Oxygen compounds
can be migrating to the inside of the rough coafiram residual gases during the PVD
process. The obtained ratio of C/N=1.3 is typical fTi(C,N) coatings. The atomic
concentration of carbon with respect to nitrogesnat in the transit area between the Ti(C,N)
coating and substrate should be reversed. But tRS& Xests were carried out only to
characterize the coating. The investigated speciwasthen etched with argon ions for t=50
min, and Fig. 18 presents the depth profile of ¢hemical composition of the investigated
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coating. The oxygen impurity level of the coatirg) below 2%. The distribution of the
particular elements in the investigated coatingpa@ntained at the constant level. The binding
energy for the N1s line being 397 eV correspondbe&oliN compound [16].

In effect of etching with argon ions in time t=50nthe depth of the crater did not exceed

b)

d)
Coo. [012]

Figure 11. Structure of cemented carbides substrate: a) brigd; b) dark field from ?Il)
WC reflex; c) diffraction pattern from area b angsiblution of the diffraction pattern
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the range of area around the surface, and therdfergradient character of the coating could
not be observed. In order to investigate the ttaargia between the investigated coating and
substrate, the etching of the investigated speciwidnargon ions to the substrate was carried
out.

Basing on the tests involving the chemical comparsitn the coating area with the AES
method, the chemical composition of the coating wasfirmed, reflecting the assumptions,
and at the bottom of the crater generated in efiéettching we found the elements where of
the substrate consists of. The diameter of thecedfected by argon ions bombarding is about
500 micrometers and is dependant on the collimatfothe incident ions beam and on the set
etching area in the applied ionic area.

The transit area between the Ti(C,N) coating arabtsate is presented in Fig. 17a,b with
the profile of the created crater. The distributmfparticular elements present in the transit
area is presented in Fig. 17c. The obtained irtiensior all elements were recalculated into
atomic concentration. Unfortunately, in the Augdect&ons spectrum, the nitrogen line
overlaps the titanium line [6,7].

The atomic concentration of wolfram in the substriatat the level of 4%, and the atomic
concentration of nickel is 2%. The width of thens# area in the crater is about 200
micrometers. The change of atomic concentratiothefelements in the gradient coating is
smooth and not step-wise.

In the case of the gradient (Ti,Al)N coating depexion the substrate from cemented
carbides and cermets, a raised concentration ohialum, titanium and nitrogen can be
observed in the area of external coating, and ¢biscentration is decreasing towards the
substrate, which is presented by the linear prafilehe investigated specimens with the XPS
and AES methods. In the Auger electrons spectrammitnogen line overlaps the titanium line,
and therefore the analysis of this element withAES method is not possible. Basing on the
produced linear profile, using the XPS and AES méamles, of the (Ti,Al)N coating deposited
on the substrates from cemented carbides and cerithet presence of carbon, wolfram and
cobalt in the substrate was determined. The coratn of these elements is gradually
decreasing in the transit area, and in the codsetf it is at the level from 0 to 10%.

The tests with the use of X-ray qualitative phasalysis method confirm that the substrate
from cemented carbides consists of WC and TiC dasband cobalt matrix (Fig. 19). In the
case of cermet, we determined the presence of cinide Ti(C,N), TiC and WC carbides and
reflexes from Co and Ni. We also confirmed the eneg of phases AD; and TiC in the
substrate from oxide ceramics. Through the apjdinatf the X-ray qualitative phase analysis,
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we can confirm that on the substrates from cemeontetides, cermets and oxide ceramics
Al,Os+TiC, the coatings containing the phases (Ti,AlJINC,N) were produced in compliance
with the assumptions (Figs. 20-21). On the X-refralition patterns obtained with the use of
Bragg-Brentano technique, we also determined theguice of the reflexes from the substrate
from cemented carbides, cermet and oxide ceramig€3:;ATIC (Figs. 20-21).

b)

d)

Cop [011]

242
TiC [012]

Figure 12. Structure of cermet substrate: a) bright field;dark field from éoo) TiCi (llI)
Co reflex; c) diffraction pattern from area b anyigblution of the diffraction pattern
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Figure 13. Structure of Ti(C,N) coating: a) bright field; bjark field from {111} Ti(C,N)
reflex; c) diffraction pattern from area b and dlgtion of the diffraction pattern

Table 2. Chemical composition of investigated coatings TH()n cermet substrates obtained
by XPS method

Element C N (@] Ti

Atomic concentration, % 29.9 21.6 4.8 43.7
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b

Figure 14. Structure of (Ti,A)N coating: a) bright field: lolark field from @00) AIN reflex;
c) diffraction pattern from area b and d) solutiohthe diffraction pattern

Due to the superposition of the reflexes of theemiat of substrate and coating and due to
their intensity hindering in some cases the anslgdithe obtained results, and in order to
obtain more precise information from the surfacgetaof the investigated materials, we
applied the SKP or grazing incident X-ray diffractitechnique (GIXRD) of the prime X-ray
beam (Figs. 22-23).
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Figure 17. a,b) SEM picture of transition zone of sputterterac) line profile of chemical
composition (AES) of gradient Ti(C,N) coating omeet substrate
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Figure 18. The distribution of atomic concentration of eletsan the surface region of
Ti(C,N) coating (XPS)
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Figure 19. X-ray phase analysis of the cemented carbidessibgBragg-Brentano
geometry)

Basing on the measurement of reflex shift (200y.(2b) in the coating (Ti,Al)N and (111)
(Fig. 24) in the coating Ti(C,N) obtained throudte tgrazing incident X-ray diffraction
technique ¢=1,3, 5, 7) obtained with the use of the propodiatetector and the parallel beam

212 L.A. Dobrzaiski, L.W. Zukowska



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

collimator on the side of the bent beam, we deteechithe network parameters of coatings
(Ti,AN and Ti(C,N) on the basis of the investigdtreflex shift.
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Figure 20. X-ray phase analysis of the (Ti,Al)N coating (Byegrentano geometry)
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Figure 21. X-ray phase analysis of the Ti(C,N) coating (Brd&dygntano geometry)
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Figure 24. Change of (111) reflection’s position in relatitmgrazing incidence of the primary
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The experimental results of the X-ray analysis wapproximated with the use of a
combination of base functions: linear function (eing background level) and Voight
function (matching the investigated reflexes (TiMland Ti(C,N) from the planes (200) and
(111). For the determination of base function ctods, the Levenberg-Marquardt algorithm
was applied, in which the matching quality was ektarized by the function2. The 42
function is defined as the sum of the squares efdiktance of the experimental results from
the values reflected by the determined mathematizalel. The parameters of base functions
for which the function2 reaches its minimum are indicative of the positid the analyzed
reflex on the diffractogram. Basing on the carrmd research, in the case of carbonitride
coatings, it was determined that the network patenestimated at the depth of 1um is close
to the one quoted in the JCPDS file (42-1489) ® \hlue corresponding to phase Ti(C,N)
richer in carbon. With the rise of the incidenceglanof the prime beam, which results in the
rise of material volume taking part in the diffiact, the estimated network parameter
corresponds to the phase Ti(C,N) richer in nitrof#211488) (Fig. 26). In the case of (Ti,Al)N
coating, no considerable changes of network paemwetue at the depth of the investigated
coating were determined (Fig. 26).
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Figure 26. Comparison of the change of lattice parametemestéd for Ti(C,N)
and (Ti,Al)N coating
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The deposition of single-layer and gradient coatirggistant to wear of the type (Ti,Al)N
and Ti(C,N) on the investigated sintered tool materresults in the rise of roughness
parameter Rwhich is within the range from 0.11-0.27um, andigher than in the case of
material surfaces without coatings (Table 1). Theghness rise of the surfaces of the
deposited coatings should be linked to the charaatePVD process — physical vapour
deposition, which was confirmed by the morpholobiests of the surface in the scanning
electron microscope (Fig. 10). The roughness of ghbstrate has the influence on the
roughness of the deposited coating and on its tsireicas well as on the adhesion of the
coating to the substrate (Fig. 27). Too high rowgsnof the substrate £/0.4) can cause a so
called thinning out effect and a generation of s of low-compacted structure with
numerous surface defects and low adhesion to thetraie. With the application of too smooth
substrates (k0.04) we can not ensure a satisfying mechaniceh@ing of the increasing
coating against the substrate [75,159].

0,3 1
0,25

0,2 +

Roughness,
Ra [pm]

0,15 -+

0,1 -+

0,05 -+

AI203+TiC
uncoated
CERMET

(Ti,ADN
(Ti, AN
gradient  Tj(C N)

CEMENTED
CARBIDE

Ti(C,N)
gradient

Figure 27. Comparison of the roughness parametgoRthe investigated materials

The deposited PVD coatings are characterized by gobesion to the substrate within the
range L=40-65N. In general, the deposition of wear renistradient coatings of the type
(Ti,AN and Ti(C,N) on the investigated sinterembk materials results in a considerable rise of
microhardness in the area around the surface @y which, combined with the good
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adhesion of the coating to the substrate (Fig. @%pined in effect of the application of
gradient structure of the coating, yields good fiomality properties of these materials,
confirmed during machining tests (Table 1).
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Figure 28. Comparison of the microhardness of the investijataterials
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Figure 29. Comparison of the critical load according to treatch test of the investigated
coating deposited onto cemented carbides, cernmetsA40; type oxide tool ceramics
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a)
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Figure 30. a) Indenter trace with the opticalt45Nload (mag. 200x), b) scratch test results
of the (Ti,Al)N coating surface deposited on cemeicarbides substrate

The hardness of the substrate material (Tablegl,28) is 1755 HV for cemented carbides,
1850 HV for cermet and 2105 HV for oxide ceramitise deposition of the coatings (Ti,Al)N
and Ti(C,N) on the investigated sintered tool materresults in a considerable rise of
microhardness in the area around the surface witienrange of 2600-3200 HV. It was
demonstrated that the gradient coatings have highsiness than the single-layer coatings,
independent of the substrate material. Hardnessgsoperty of material dependant on the
values of intermetallic bonds, so the hardest ri@$ehave covalence bonds, and the rise of the
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share of ionic character of the bond is associaitfithe drop of hardness [11]. Basing on the
carried out research it was demonstrated that #ndnless of Ti(C,N) coatings, in which the
metallic phases TiN and TiC occur, demonstratesfolardness than (Ti,Al)N coatings in
which there are both metallic bonds TiN and cove¢ebonds AIN. The deposition of the wear
resistant coatings on the investigated substramdts in a considerable rise of microhardness
of the surface layer, which contributes to loweamwmtensity of the cutting edge of machining
tools from cemented carbides, cermets and oxidamies during the machining process.
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Figure 31. a) Indenter trace with the optical+t59 Nload (mag. 200x), b) scratch test results
of the gradient Ti(C,N) coating surface depositaccermet substrate
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In order to check the correlation between the haesdrof the investigated materials and the
functional properties of the multi-point inserts time machining tests were carried out, the
durability of the inserts was determined on thesabthe measurement of wear width on the
flank face after the machining in a definite timéerval (Table 1).

The carried out research confirmed that betterlt®sue obtained by the tools deposited
with (Ti,A)N coatings, independent of the substrawmaterial. It is connected among others
with high microhardness of the coatings and witghhivear resistance in raised temperature of
the (Ti,Al)N coating. It was also demonstrated timatependent of the applied substrate type,
higher wear resistance is exhibited by the matergposited with the gradient coating as
compared to the materials deposited with a sireyefl coating. It can be related with the
reduction of stresses between the coating andrsitdsh the case of gradient coatings (Table
3), which was also confirmed in the work [54]. Faentmore, it was demonstrated that for the
oxide ceramics ADs+TiC deposited with PVD coatings, the longest dilitgbof cutting
edges T=40 min is for the gradient coating (Ti,ABNd for the single-layer coating (Ti,Al)N
T=21 min, as compared to the coatings depositezkarented carbides and cermets, which can
be related with higher hardness of the substratemah(Table 1, Figs. 33-38).

Table 3. Results of computer simulation of internal streseehe analysed gradient PVD

coatings
. Computer simulation results of internal stress, [MPa

Substrate Coating Surface layer Middle layer Contact area
Cemented (Ti,Al)N -350 -220 130
carbide Ti(C,N) -150 160 280
Cermet (Ti,ADN -570 -350 -100
Ti(C,N) -300 -50 50
. (Ti,ADN -380 -250 100
Al20s+TIC Ti(CN) 170 120 240

The most frequently occurring types of tribologickfect indentified in the investigated
materials are the mechanical abrasive defectseflmk face, crater formation of the rake
face, thermal cracks on the flank face, chippinghef cutting edge (Fig. 39). We also found a
build-up of chip fragments of the machined mateoialthe flank face, which is confirmed by
the presence of maximums from iron on EDS graphm the investigated microareas.

The replacement of the single-layer (Ti,Al)N cogtiwith the gradient coating results in a
considerable drop of absolute value of eigen-sées&curring in the material in the contact
area between the coating and substrate (Table @4igh has a positive influence on the
adhesion of gradient coatings to the substrateclwban be one of the main factors yielding
better applicability properties such as wear rasist.
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a) b)

100 pm* EHT = 20.00 kv Signal A= SE2
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100 pm* EHT = 20.00 kv Signal A = SE2
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10 pm* EHT = 20.00 kv Signal A = SE2
WD = 14 mm Mag= 2.00KX

100 pm* EHT = 20.00 kv Signal A = SE2
WD = 14 mm Mag= 500X

Figure 32. a,b,c,d) Characteristic failure obtained by sciatest of the (Ti,Al)N coating
deposited on cemented carbides substrate

In the case of Ti(C,N) coatings we can observeribe of tensile eigen-stresses in the
contact area after the replacement of the singlerlaoating with the gradient one (Table 3-4).
In spite of this, higher adhesion has been dematestiin the case of gradient Ti(C,N) coatings
than in the case of respective single-layer coatifigcan be connected with the character of
surface topography and the size of coating graitis r@spect to the roughness of the substrate,
which, combined with the presence of tensile segssan result within certain limits in the
positive influence of such stresses on the adhediom to anchoring of the coating in a
relevantly developed surface of the substrate [11].
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Figure 33. Comparison of the approximated values of the V8rwéthe cemented carbides
sample: uncoated and coated with the PVD coatidgpending on machining time
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Figure 34. Comparison of the approximated values of the VBrwéthe cermets sample:
uncoated and coated with the PVD coatings, depgndmmachining time
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Figure 35. Comparison of the approximated values of the V8rwéthe AJOs+TiC oxide tool
ceramics sample: uncoated and coated with the P&dRirgs, depending on machining time
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Due to the application of gradient coatings on iallestigated substrate materials, we
obtained compressive stresses in the surface tfyifie coating having a direct contact with
the machined material during the operation pro¢€able 3). In the case of gradient (Ti,Al)N
coatings, we can observe a considerable rise opoesnive stresses on the coating surface as
compared to single-layer coatings (Table 3). Indhse of Ti(C,N) coatings we can observe the
change in the character of stresses on the costiifigce from tensile stresses ,occurring on the
surface of single-layer coatings, to compressivesses occurring on the surface of gradient
coatings. The generation of compressive stressehensurface layer brings about better
resistance to cracking, and through the rise ofliess, improves the wear resistance. The
generation of compressive stresses in the surfager Ican prevent the formation of cracks
when the element in the operational conditionsuigjected to stresses generated by external
forces. Yet, an excessive value of compressivestsecan lead to adhesive wear and can bring
about the formation of too high tensile stressedeurthe coating, lowering the fatigue
resistance of the element [61,68]. Volvoda [67]nped out the relation between the value of
stresses and the hardness of the layer of titamitrides obtained in effect of magnetron
sputtering, demonstrating that with the rise of pogssive stresses the hardness of the obtained
layer is progressively increasing. Basing on theied out research, it was demonstrated that
the occurrence of compressive stresses on thecsuofagradient coatings of the investigated
materials has a positive influence on their medwnproperties, in particular on the
microhardness (Table 1).

0,25

y =0,0231%- 0,1091% + 0,2129x

R? = 0,9946 /0
0,2 n
/

0,15
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0,1 - R2 = 0,9929

*
*

0.05 - Turning:

N a=1Imm f=0,IT mm/tm
* V=150 m/min k = 70°
* grey cast-iron

Wear VB [mm]

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
W uncoated + (Ti, AN gradient Time t [min]

Figure 36. Comparison of the approximated values of the VBrwéthe cermets sample:
uncoated and coated with the (Ti,Al)N gradient augtdepending on machining time
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Figure 37. Comparison of the approximated values of the VB8rwéthe cemented carbides
sample: uncoated and coated with the Ti(C,N) cagtifepending on machining time

0,25

Wear VB [mm]
o

o
& N
:‘i\_
>
4
\\

0,1

I ’ N
*
L 4
0,05

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40
B uncoated @ Ti(C,N) gradient Time t [min]

Turning:

a=1mm f=0,1 mmitr
V =150 m/min k = 70°

grey cast-iron

Figure 38. Comparison of the approximated values of the V8rwéthe AJOs+TiC oxide tool
ceramics sample: uncoated and coated with the Wi(@radient coating, depending on
machining time

Table 4. Results of computer simulation of internal stresedhe analysed single-layer PVD

coatings
Substrate Coating Computer simulation results ofiatlestress, [MPa]
. (Ti,ADN 170
Cemented carbide THC.N) 150
(Ti,ADN -410
Cermet Ti(C.N) 15
. (Ti,ADN -180
Al205#+TIC TIC.N) 150

Structure and properties of gradient PVD coatirggodited on the sintered tool materials 225



Open Access Library
Volume 1 2011

Figure 40 present schematic distribution of stresge the gradient coating (Ti,Al)N
deposited on cemented carbide obtained by compumedation

To verify the results of computer simulation, tldues of eigen-stresses in the investigated
single-layer and gradient coatings were calculatidg the X-ray sify technique (Table 5).

100 ym 100 pm

Figure 39. Classification of character of tool wear of thetsred tool materials uncoated and
coated with PVD coatings
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Table 5. Results of experimental internal stresses usingtnay sirfy technique of the
analysed PVD coatings

Substate Coating Internal stressefyIPa]
(Ti,A)N 212442
. (Ti,AN gradient -395+45
Cemented carbide TICN) -
Ti(C,N) gradient -
(Ti,A)N -459+49
(Ti,Al)N gradient -647+77
Cermet TI(C.N) -
Ti(C,N) gradient -
(Ti,A)N -228+48
) (Ti,A)N gradient -456+76
Al2Og+TIC TIC.N) 122452
Ti(C,N) gradient -235165

Middle layer
-220 MPa

f

—>
¢ Contact layer
130 MPa

Figure 40. Schematic distribution of stresses in the gradarating (Ti,Al)N deposited on
cemented carbide obtained by computer simulation

4. Conclusions

The main objective of the work was to investigdte structure and properties of sintered
tool materials, including cemented carbides, cesraaetl oxide ceramics deposited with single-
layer and gradient coatings (Ti,A1)N and Ti(C,Npdato determine the relation between
substrate type, coating material and linear vadlitgbof the chemical composition of the
coating and the structure and properties of thaioétl tool material (Fig. 41).
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Figure 41. Schematic diagram of the objective of the work

Basing on the analysis of the obtained researdhitsethe following conclusions can be
demonstrated:

1. The fabrication of PVD coatings of the type (TiRljand Ti(C,N) of the gradient structure
and variable concentration of the components ontdloés from sintered tool materials
results in a considerable rise of applicability gedies of tools produced in this way as
compared to the tools deposited with a single-I&8MD coating or non-deposited coatings.

2. Gradient coatings are characterized by a lineanghaof chemical composition in the
direction from the substrate to the coating surfadee deposited coatings demonstrate
good and uniform adhesion to the substrate matenidlare characterized by column, fine-
grained structure. In the contact area from théasarof the coatings we can observe a rise
in the concentration of chemical elements beingdbeponents of the substrate, with a
simultaneous decrease of the concentration of adamelements forming these coatings,
which can bespeak of the presence of a transit between the substrate material and
coating.

3. A more advantageous distribution of stresses idigra coatings than in respective single-
layer coatings yields better mechanical propertses], in particular, the distribution of
stresses on the coating surface has the influenaaicrohardness, and the distribution of
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stresses in the contact area between the coatitigsalnstrate has the influence on the
adhesion of coatings.

4. The wear resistant gradient coatings of the typeA)N and Ti(C,N) deposited on the
investigated sintered tool materials yield a comsiflle rise of microhardness in the area
around the surface, which, combined with good adhesf the coating to the substrate
obtained in effect of the application of gradietrtusture of the coating, has the influence
on the applicability properties of these materidisgring machining tests, since the
deposition of both single-layer and gradient caggtiof the (Ti,Al)N type results in the rise
of cutting edge durability as compared to the tat#posited with Ti(C,N) coatings. It is
connected with high wear resistance of the (Ti,Abdating in raised temperature. It was
also demonstrated that independent of the applibdtsate type, higher wear resistance is
exhibited by the materials deposited with gradiemdtings as compared to the materials
deposited with single-layer coatings.
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