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List of symbols and abbreviations

Abbreviations
HIP hot isostatic pressing,
Sinter/HIP concurrent vacuum sintering and HIP pss¢
TRS transverse rupture strength,
HV Vickers hardness number,
Symbols
do initial average grain size of powder particulates
d final average grain size after sintering,
Vo original volume of material,
\% change of volume of the material,
R gas constant,
T absolute temperature, K,
t time,
o average pore radius,
v tension between liquid and vapour phases,
Lo initial length of material,
L change in length of the material,
k constant for solution reprecipitation process,

thickness of the boundary layer,

D diffusion coefficient of solid in the liquid pbe,
Co equilibrium solubility of solid in the liquid,
yield stress of material,
0 materials constant for the starting stress fslodation movement,
B constant for grain growth dependency of inijedin size,
Q activation energy, J
density, g/crh)
DP dew point;C,
L1 adhesive wear resistance, m/mm
C contiguity
P argon gas pressure, Bar,
p vacuum, mBar,
tmilling time of milling, h
Tsint sintering temperaturéC,
Kia...Kiga grain growth constant dependent of attritor mjltrme, m/h,
K728 grain growth constant dependent of ball millimgd, m/h,
K wear rate in abrasive erosion media, g,



1 Introduction

The losses resulting from wear in life cycle cagtequipment and components
may be tremendous. In some industries such as gpimretallurgy, building
materials production etc, recycling of wear partd aonsumables may compose up
to 40% of life cycle costs. Therefore challengetfa next years is to develop new
reliable wear resistant materials and related teldges. Fundamental
understanding of the correlations between procgssiticrostructure and material
properties is the core of materials science antheegng.

The author of present study focuses on TiC-basechate for metalworking
industry (alloys TiC-FeNi) and for applications iprevalence of erosion wear
(mining, oil refinery, wood and paper industry)legs TiC-NiMo.

The thesis consists of four main chapters. In duotion the theoretical
background of the structure development mechanisfnthe cermets will be
reviewed. The structure — property relations amtirielogical processes for better
performance characteristics will be outlined.

The second chapter is about the materials selectiod the employed
mechanical, wear and microstructure property chiaraation methods.

The third chapter consists of five sections. Thst ection is dedicated to the
effect of pre-sintering techniques on TiC-baseadneds.

The second section of the third chapter is a stolyut sinter/HIP effect in
conjunction with pre-sintering technologies.

In the third section of the third chapter the fumcal properties of the improved
TiC-FeNi steel cermets will be revealed.

In the fourth section of the third chapter posgtib# of employing sinter/HIP
for TiC-NiMo cermets will be studied.

The fifth section of third chapter is dedicatedhe effect of the sinter/HIP and
reactive sinter/HIP of different (up to nanosizéttial average grain size materials

The last chapter presents general conclusionsuaggestions for the research in
the future.

The main results of present research have beernspatlin 3 pre-reviewed
journals and presented in 4 international confexenc

1.1 Titanium carbide-based cermets — an overview

In hard metal industry throughout the history shigus attempts have been
made to displace tungsten as a basic constituenthdod metals. The most
auspicious carbide, carbo-nitride or boride formimetals for this has found to be
titanium.

Titanium carbide based cermets came to the markéhte mid-1960s. Since
around 1968-1970, after systematic investigationKlgffer and co-workers [1]
most research efforts in this field have been sbgketo development of titanium
carbonitride based cermets as being perspectiva mdting tool material [2, 3].



Although having higher strength and toughness ptiggecompared to TiC-
based cermets, the inferior hardness, more dengrsiimering parameters and
elastic modulus [4] are not favorable for wear a@ions involving abrasion and
erosion. For these applications titanium carbidsetdacermets have found most
interest among the tungsten free cermets [5-18].

Titanium carbide — nickel molybdenum ceramic — hetenposites (designated
in literature usually as TiC-NiMo, TiC-MoNi, TiC-Mdli, TiC-Ni-Mo or TiC-
Mo,C-Ni) have shown implications of the abrasive ensiwear properties
amounting and even superior properties in someuistances to the ones of
common WC-Co hard metals [8, 18]. Due to trendsusihg tailored material
properties in industry the TiC based cermets cdndlcbne attractive solution for
specific applications.

Although nickel alloy with added molybdenum or tsten as sintering aid
being the mostly used binder materials for theséenads, iron alloys are more
attractive in respect to their raw materials avmlity, price, environmental
friendliness, health prevention during powder hanggl martensitic behavior etc.
The martensitic behavior occurring at considerdblyer temperatures and stress
levels compared to plain steels with similar conipms [19] allows transformation
toughening of high nickel alloyed materials durargck propagation [8, 20, 21] or
at the surface area during grinding [22]. Lowekala@ontent materials have found
to obtain martensitic, martensitic-bainitic or nesusitic-austenitic binder phase
already during cooling in furnace after sinteri@g]|

Due to martensitic behavior and transformation baugng titanium carbide
cermets with steel binder are used as materialsstaihding high-cycle fatigue -
stamping, blanking or drawing die materials [24]. 2Z&dditionally, high carbide
fraction alloys can be used in applications simi@iTiC-NiMo cermets such as
valves, seals or bearings which are exposed taegverosive fluids in mining,
geothermal drilling and coal liquefaction indussr[8].

Although steel-binder cermets having extraordingoyoperties due to
martensitic behavior, many microstructure relatespeats to technological
parameters are still unclear.

1.2 Mechanisms of cermet structure development dumg sintering

In order to choose and design technological parmsidor cermet production
the driving forces and mechanisms for densificatiarst be understood.

The main driving force for sintering is the redoatiof total surface energy by
the formation of interparticle bonds and reductioh chemical potential by
dissolving of original and growth of equilibriumlgbphase [26, 27]. The basic
mechanisms, which lead to a change of particle slzape and contiguity, are all
connected to the dissolution of solid materialiguid phase, transport via the melt
and reprecipitation on particles on other siteg.[28

Prior to liquid phase sintering there is alwaysidsdtate sintering present.
During this state there are four mechanisms leattirapanges in physical structure
— evaporation-condensation, surface diffusion,ouscor plastic creep and volume
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diffusion. The major roles of these are playingceiss flow and volume diffusion
[26]. For crystalline solids the rate of volumetsiarinkage V/V is given by [29]

2/5

V 20 VODV r 6/5t2/5
v, J2RT

where \§ is the molar volume, Pis the diffusion coefficient, R is the gas constan
T is the absolute temperaturey the volume change, r is the particle radius and t
is the time. In this case the important variables the surface energy, diffusion
coefficient and the patrticle size.

During liquid phase sintering in the densificatjprocess three steps have been
observed — first, formation of a liquid phase armpiid flow to rearrange solid
particles (rearrangement process); second, incredstensity by solution and
reprecipitation of solid (solid reprecipitation pess) and third, coalescence of the
solid particles to form a skeleton.

When liquid phase has appeared, pores are formesisting of a negative
pressure in each pore, given by the relation [27],

where .y is tension between liquid and vapor phases gisdpore radius.

During rearrangement process this pressure, togethih stresses acting at
particle-particle contact points are overcome wpitisitive pressure from capillary
forces.

During rearrangement process the densificationesponds approximately to
viscous flow and follows a relation [27],

L 1V ot

y

L, 3V
where the exponent 1+y is close to unity, as the gize is decreasing and the
driving force is increasing during the process, ahthe same time rearrangement
increases from the initial pure viscous flow.
Solution reprecipitation, being the most importaensification process, has
found to be most adequate for cermets and hardlgnetith mechanism of
diffusion in the liquid film between particles couiting the densification [28]:

/12

1
\4 2k2 DCO LVVO r lt1/2

L1
L, 3V, kRT
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where k and k are the constants of the order of unityis the thickness of the
boundary layer, D is diffusion coefficient in thiguid phase, gis the equilibrium
solubility.

In the case when grain boundary energy of carbidag is smaller than twice
of the solid-liquid interface energy the liquid lniot penetrate completely between
grains. During this mechanism rapid densificatiah ke stopped and material is
transferred through the solid phase.

Aforementioned models of sintering mechanisms aighly simplified
compared with real systems. Those mechanisms &iregaas parallel processes,
involving also secondary phenomena, which inclugengcal reactions, oxidation,
phase transitions, effects of gas trapped in clgsecks, gas evolution from
solution, effects of non-uniform mixing and so forf29]. Nevertheless,
implications contained in sintering theories aradiieial for designing specific
materials and materials technologies.

1.3 Structure — property relations of cermets

In powder metallurgy technological processes of gaction and sintering are
complex processes, where many mechanisms can eperaturrently to influence
the final properties of the material.

The problem of predicting material properties thlylodfunctional connection
with technology is also complicated [5]. The cortiverlink between technology
and properties is structure of materials, havirlgetaimportant role in materials
science during later stages of its evolution. limportant that structure would not
be just a theoretical abstraction but — like tedbgical parameters and properties —
is experimentally controlled.

First estimation in material selection of hard net@nd cermets for specific
wear condition can be done using strength-hardplesgFigure 1. — [30 - 32,]). It
is well known that the common cermets have conaldgr lower strength
characteristics compared to WC based hard metaétsngnéhem not applicable for
many wear applications. Although FeNi steel bondednets having somewhat
higher strength properties compared to TiC-NiMoneets, they are noticeably
inferior to WC-Co, and especially to WC-FeNi bindaitoy hard metals, not
exceeding 2500 MPa of transverse rupture strer@@h [

12
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Figure.l. Typical transverse rupture strength armdmess ranges for hard metals and
cermets with different compositions. [30-32]

The strength properties of cermets with core-rimictire have found to be
dependent on grain size ([15] — Figure 2), binderecomposition ([33], Figure 3)
porosity and contiguity of the carbide particlesldiionally, there are influences
from difficult to quantifiable grain size distridah, grain morphology, stress
situation in the material, interphase bond strenefit[10, 11].
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Carbide mean grain size (pm)

Figure 2. Variation of TRS of TiC-NiMo cermets witlean grain size of carbide. The
grain size of TiC core, shown in the figure [15]

As seen from Figure 2 the strength values in thee aaf coaxial structured
alloys are dependent on both, the core and thesides. In general, strength has
found to increase with increased thickness of sundong structure for fine-grain
alloys and inversely for large-grained alloys (Fmw2, left and right sides
respectively).

Relying on the observed results the desired rine-cgize ratio for the fine
grained TiC-NiMo cermets is to have minimum comegiossible.
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Figure 3. Transverse rupture strength versus bintiemium content of TiC-NiMo
alloys [33]
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Figure 4. Erosion rate versus average grain sizeuafjsten-free cermets [17]

For the performance characteristics in metal fograpplications it is known
the sensitivity of microstructural features to bensiderably higher due to the
tension stresses prevailing in the adhesive weaatgin, whereas in erosive and
abrasion shear stresses are most important fatttegoadation. Abrasive-erosion
wear is much less dependent on microstructuratistief contiguity and grain size
morphology, but highly dependent on average griam (§igure 4 [17]).

Controlling the main structure properties for betmerformance in wear
conditions can be done through evaluating the remeénts for cermet production
technologies. The principal requirement for poeefr contiguous material is
sufficient interfacial forces and diffusion forcekring sintering in order to
overcome gas pressure from the pores and fullyiigethe material.

For microstructure homogeneity of composite the tnooscial is appropriate
initial powder grain morphology and size distriloumti Also wetting of the carbide
phase by liquid metal phase must be adequate. dkxjical parameters during
powder production, handling, milling, pressing amatering are crucial for cermet
quality.

Taking into account the economical point of viewtenal composition and
technological parameters must be adjusted to peodompetitive material.

Grain refinement is another objective in materiglsience and also in
development of ceramic and metal composites méderiehe reason can be
deduced from Hall-Petch relation that represergg¢tationship between the grain
size, or crystallite size, and the yield stressf material by equation:

1
ok_

Jd '
wherek is the fitting parameter,, is a materials constant for the starting stress fo
dislocation movementy is the grain diameter. Consequently smaller gsize
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materials behave less grain boundary slip motiors tae mechanical properties
are higher.

It has been proved that carbide particle size iiéncing the abrasive and
erosive wear rate [34, 35]. Fine particles providereased wear resistance at
equivalent carbide particle volume fractions as jgarad with the coarse particles.

1.4 Technologies for cermet production

As stated in previous paragraph, the main issubiquid state sintering for
defect-free material is to overcome the gas pressapped inside the material (O
CO, Ar, etc.). One possibility is purifying or rdgtion chemical composition of
the raw materials. Also technological parameterslmadjusted and new sintering
methods can be developed for this reason.

1.4.1 Oxidation prevention during powder processin@nd sintering

For titanium carbide cermets one important issue ddequate wetting is
influenced by presence of oxygen in powder coretits. Especially for steel
binder materials it is important because of thémgpctivity of iron powder.

It is known that during milling the steel bindermwet powder mixtures oxidize
in a certain content [23]. Oxygen in cermet comtasivastly deteriorates the
wettability of Fe- group metals on carbide parsclelucidating low contiguity and
porosity in the microstructure, or even binder lautfand insufficient shrinkage of
the material.

During conventional low-energetic ball milling oftesl-binder alloys the
oxygen pick-up is increased with the milling timedareduction of the grain size.
Already after 40 ... 60 hours of milling the oxygemntent can be above 2% [23,
36]. As oxidation is dependent on surface areh®fpowder, powders milled with
higher intensity oxidize more readily [37] and iach cases oxidation can take
place even during handling in atmospheric enviramrf3].

Deduction of oxygen contamination during wet mglican be controlled by
using proper, non-oxygen containing solvent. Additiof certain percentage of
plasticizer during milling [38] can reduce the ogygpick-up by providing a thin
protective film on the surface of the particles][39

The pre-sintering widely used for cermets is uguadinducted in hydrogen [40,
41]. Results presented in [15, 16] refer to thesfimlgy of substituting hydrogen
by argon or nitrogen. One-step pre-sintering-singein vacuum is also possible
with furnaces equipped with vacuum- or controlléd@sphere de-binding module
[42].

During sintering part of the oxygen is absorbedrfrthe powder through
reaction with free and combined carbon. Sinterimgosphere has found to have its
significance on wetting [6]. Vacuum has found tothee most appropriate sintering
medium, showing the lowest contact wetting anglengaxed to hydrogen or
helium [43].
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1.4.2 Hot consolidation technologies and Sinter/HIP

In engineering applications where high performaot@dvanced materials is
needed full density processing of metal and cerapogvders is becoming
dominant. The main hot consolidation technolog@ay applied in industry for
powder consolidation are Hot Pressing (HP), Hostistic Pressing (HIP), Powder
Extrusion and Powder Forging [44]. Another techeitfuat has gained commercial
significance, especially in the case of hard metdustry is Sinter/HIP (In the
literature different nominations as Sinter-HIP, $2tge Assisted Sintering-PAS,
Overpressure Sintering, Gas Pressure Sinteringer8ipping or High Pressure
Sintering can be found).

During Sinter/HIP process a shaped compact isreidtto theoretical density
greater than 92% (or up to the state of closedgity)oand isostatic gas pressure in
the range of 30 to 150 Bar is applied.

The process of Sinter/HIP, compared to ordinary k#€hnology eliminates
containerization and separate sintering cycles. Hpplied pressure during
sintering of Sinter/HIP is at order of magnitudesieompared to HIP.

Sinter/HIP technology has found its application floe consolidation of hard
metals, tool steels, stainless steels, rare eaatinats, titanium alloys of the type
Ti-6Al-4V, silicon nitride etc. [44]. For tungsteparbide based cermets the
technology has found extensive research inter&st2-60] due to the fact that the
strength properties can be increased up to 100%@mg@ared to HIP process there
are no binder lakes in the microstructure.

Concluding from literature comparing HIP and Sifti#P it seems that
Sinter/HIP works better in the case of medium grsice and medium binder
contents of hard metals. Nevertheless, in the cdsew-binder materials the
strength increase of Sinter/HIP alloys comparedaouum sintered materials is
remarkable.

General conditions for strength increase of WC-8dsad metals would be:

a) low cubic carbide materials;

b) high hardness, low Co mean free path materials;

c) materials which have excessive porosity leviier aegular sintering;

d) applications not entailing the product to be tedaduring use at
temperature sufficient to plastic deformation (€€&D coating, heavy grinding)
[60].

Titanium carbide and carbo-nitride cermets are mleds investigated for
Sinter/HIP. General understanding is that Sinté®/lftir this type of materials is
not perspective as the strength properties camfi@need only up to 10-20% [50].

Nevertheless there are results showing improveshgth properties for Ti(C,N)
cermets with Ni/Co alloy binder by HIP [47,52] ant&r/HIP technology [61 - 63].
The improvements in Ti(C,N) cermet properties hasrbexplained to be caused
by the hindering nickel evaporation during sintgrand lower porosity [62].
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Low-carbide (volume fraction below 50%) steel-bind=rmets (frequently
designated as Ferro-TiC) are frequently densifigdhdxt isostatic pressing [62] in
order to eliminate the residual porosity. High dédebfraction alloys are less
intensively investigated. In order to obtain saiisf) porosity level also these types
of materials have been sometimes HIP-ed [8, 19, 37]

1.4.3 Fine-grained cermets.

Grain growth during heating has found to depenahitial grain size of
materials. According to relationship [64]:

_Qy

RT

whered andd, are the final and initial grain sizes, respectiy8ys a constaniQ
Is the activation energy which is usually closéhat for diffusion, andy is a
constant, the small grain materials have highet@ray for grain coarsening.

Grain coarsening of nanostructured powders is Vedieto occur during the
formation of liquid phase. Mainly the ultra-finednanostructured ceramic-metal
composites have been densified by solid statersigtén the case of WC- based
materials [65]. Recently ultra-fine titanium carfidde based cermets have been
processed also by liquid phase sintering by cdyetiloosing the initial grain size
for the materials [66].

The options for obtaining finer-grained cermets ldobe optimizing initial
powder grain size for sintering, decreasing thaitigpphase formation temperature
of binder material or introducing grain growth ibhors.

Another possibility for obtaining ultra-fine struced titanium carbide based
cermets with Ni binder alloy has found to be thitowugactive milling and sintering
[67, 68]. These types of alloys are showing finaimgisizes sintering even at high
temperatures up to 15%D [67]. The microstructure is consisting of (Ti,MJ@rd
grains in Ni binder alloy matrix (M = Mo, W). Theqgperties are promising for
fracture toughness. Another advantage of reactiaegssing is lower cost of
technological processes.

Production of steel bonded titanium carbide throwghctive processing has
also been previously investigated [69-71], showthg possibility to produce
nanocrystalline or ultra-fine grained bulk matesidly combining high-energy
milling and HIP [70].

Reactive sintering combined with high-energy mglimas been performed with
cermets based on chromium carbide resulting in-dnaned, homogeneous
microstructures [72]. This process is believed ® greferential compared to
reactive milling process for materials prone todation, as the formation of thin
oxide layer around chromium carbide particle isvpreged before sintering
increasing wettability of carbide patrticles.

d® dJ Bexp
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1.5 Aims of this work. Setting of study objectives.

Two types of TiC base cermets are investigatedG-HéNi binder cermets for
sheet metal blanking and TiC-NiMo cermets for ewosiwear resistance
applications.

The aim of the work is to develop technological guaeters for vacuum
sintering and sinter/HIP sintering for these mailsriin conformity with pre-
sintering and powder preparation techniques (baling, high-energy milling) for
the best performance characteristics.

In conformity with pre-sintering technologies oxida behaviour and the
ability of gas pressure for oxidation defect mirdation will be studied.

In order to explain the effect of technological graeters on change in
properties structure evolution and mechanisms ofasiructure formation will be
studied.

For studying initial powder grain size effect andsgibilities for densified
materials grain size minimization high-energy mijiat different periods will be
used and concept of high-energy milling — reactiveering will be studied.

The objective is to propose materials and geneegbmmendations for
technological parameters of milling, pre-sinterirpd sintering for the best
performance characteristics in sheet metal stam{ii@-FeNi steel cermets) and
abrasive erosion wear resistance applications Nile cermets)
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2 Experimental procedures. Materials, test methods

2.1 Materials tested

All materials were produced in the powder metalukgboratory of Tallinn
University of Technology. The TiC-NiMo cermets wearkosen for mapping the
sinter/HIP sintered materials for strength and weaistance in abrasive-erosive
environment.

TiC cermets with a steel binder were chosen inrotdecomply with general
requirements for using cermets as metal formind toaterials [25] - hardness
HRA 87 and transverse rupture strength TR%.8 GPa.

The composition and main characteristics of coriveat TiC-FeNi steel and
TiC-NiMo cermets are provided in Table 1 and Tdblespectively.

Table 1. Composition and the main characteristic$i@-FeNi cermets

Powder Binder Hardness, Density Transverse rupture

Grade composition, wt% structure HRA glcnt  strength TRS, MPa
TiC-40(Fe-8Ni- martensite-

T60/8 1.5Si) bainite 88.7 5.85 2300
TiC-30(Fe-14Ni- austenite-

T70/14 1.5Si) martensite 89.0 5.65 2100
TiC-25(Fe-14Ni- austenite-

T75/14 1.5Si) martensite 90.2 5.55 1800
TiC-20(Fe-14Ni- austenite-

T80/14 1.5Si) martensite 91.3 5.45 1400

Table 2. Composition and the main characteristic$i@-NiMo cermets

Hardness, Density Transverse rupture

Grade Composition, wt. % HV glcnt  strength TRS, MPa
TN20 TiC-20(Ni-20Mo) 1392 5.47 1010
TN20A TiC-20(Ni-33Mo) 1515 5.50 990
TN20B TiC-20(Ni-50Mo0) 1656 5.54 730
TN30 TiC-30(Ni-20Mo) 1300 5.74 1210
TN30A TiC-30(Ni-33Mo) 1415 5.80 1180
TN40 TiC-40(Ni-20Mo) 1169 6.04 1460
TN40A TiC-40(Ni-33Mo) 1239 6.02 1350
TN40B TiC-40(Ni-50Mo0) 1337 6.03 890
TN50 TiC-50(Ni-20Mo) 990 6.40 2180
TN50A TiC-50(Ni-33Mo) 1150 6.42 1600
TN50B TiC-50(Ni-20Mo) 1340 6.34 1120
TN60 TiC-60(Ni-20Mo) 750 6.58 2500
TN60OA TiC-40(Ni-33Mo) 853 6.66 2270
TN60B TiC-40(Ni-50Mo) 1216 6.78 1300
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In order to find the relationships between gas qumes applied during sintering
and initial grain size grade composition TN20A amgdh-energy milling was
chosen. Reactive sinter/HIP experiments with ihitiBi-C-W-Ni powders
(composition same as for TN20A with molybdenum sititted for tungsten) and
Ti-C-Fe-Ni-Si powders (composition same as T70i4d)e performed.

2.2 Technological parameters

2.2.1 Traditional cermet materials

Common powder technology was used for TiC-FeNilste®l TiC- NiMo
cermets accompanied with Sinter/HIP sintering (Fég®b) for mapping the
performance properties (strength, hardness, wesistaace) for overpressure
sintered materials.

Carbide powders| [ Metal powders Additives
(Tic) (Fe, Ni, Mo) (5i)
l | ]
]
Il Solvent - Ethanol

72h

|
Drying, granulation
(100 mesh sieve)

Pressing
(angular die)

I
Pre-sintering
(hydrogen, vacuum)

l
Sintering
(vacuum, Sinter/HIP)

Plasticizer - Paraffin wax

Figure 5. Diagram for sintering technology forregulcermet materials

The milling was done in 1 dhiall mill with WC-Co balls and vial linings. The
milling period was set to 72 hours for TiC- Ni allonaterials and 93 hours for
steel-bonded cermets. The powders were dried isgheric environment and
granulated by sieving through 100 mesh sieve. AarguWwo-directional die
pressing at 800 kg/chwas used. Specimens for transverse rupture strearyt
adhesive wear testing were compacted with 6.2x46 dienand for abrasive- and
abrasive-erosion wear property testing in 25x15’ mhie.
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Sinter/HIP sintering procedures were done in sewhisstrial FPW-300/400-2-
1600-100KS/SP  Sinter/HIP furnace. Vacuum sinteriegperiments were
conducted utilizing Super VIl Vacuum System.

An example schematic for pre-sintering and Sintit/kintering technologies
for traditional materials is shown on Figure 6.

— -Temperature - - Pressure
Atmosphere| H, | Air Vacuum.  Ar

Pressure, Bar

ol—— T
0 2 4 6 8 10
Time, h
Figure 6 Schematic of two step Sinter/HIP sinteigygle with presintering in hydrogen

For steel binder materials different pre-sintefi@ghnologies were investigated.
For these types of materials it is known the oxygeck-up of iron during
technological steps (powder handling, milling, siimg) being crucial for final
cermet properties. In the present work hydrogeow (Bnd high dew point),
vacuum pre-sintering and one-step pre-sinteringntesng with sintering were
investigated for different grades of steel-bondeatemals. Additionally sintering
technologies with higher and lower vacuum (5%Bhd 2x10 mBar respectively)
and pressure assisted technologies for mitigatibnoxadation defects were
investigated.

The overview of sintering techniques for steel-lemmhdermets (perspective for
metal forming) can be seen in Table 3.
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Table 3. Technological parameters of studied pttesing and sintering technologies

Pos Sintering Presintering Desig-  Finish sintering

mode Atmos-  Characteristic nation  Vac, Ar, Bar
phere mbar

1  One step 1-1 2510 -

2  One step 1-2 510% -

3  Twostep hydrogen DP*-35C 2-1 2510 -

4  Twostep hydrogen DP -35C 2-2 510° -

5 Twostep hydrogen DP -50C 3-1 2510" -

6 Twostep hydrogen DP -50C 3-2 510° -

7 Two step vacuum intermediate 4-1 2510' -

8 Twostep vacuum storingin air, 6h 4-2 510% -

10 One-step - - 1-1C** 210" 60

11 One-step - - 1-2C 710% 30,60, 90

12 Two-step hydrogen DP -%5 2-1C 210" 60

*DP — dew point of hydrogen used
**C — compression sintering (Sinter/HIP)

Pre-sintering of TiC-NiMo cermet materials was daméydrogen environment
(DP > 50C) at 600C, holding period 30 minutes.

Sinter/HIP for cermets with FeNi-steel and NiMo d@n materials was
investigated in order to find the sinter/HIP effemt the strength and wear
behaviour of these alloys. The parameters of figiskering varied in the range of
temperatures 1360...1500 °C and in argon-gas compres20...90 Bar
respectively.

As a post-sintering operation grinding (with watecled diamond wheel
grinder) was performed.

2.2.2 Technologies of grain size manipulation forditer performance

Two options for studying initial grain size effeoh sintering and obtaining
fine-grained cermets were chosen — high-energyingillintering (Figure 7a) and
high-energy milling of initial powder mixtures-réa@ sintering (Figure 7b).
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Carbide powders Metal powders

(TiC) Fe, Ni, Mo,
I | |
Attritor milling, Solution:
1,2,4,8,16 h' Solvent - Heptane
(wet) Plasticizer - Paraffin Wax
Drying, granulation ——Atmosphere control
Pressing
Sintering
Vacuum, Sinter/HIP

Figure 7A. Diagram of cermet production using higtergy milled powders

Metal powders
Fe, Ni, Mo,

1 | |
l

Ti powders C Powders

Attritor milling, Solution:
Above exothermic L Solvent - Heptane
reaction Plasticizer - Paraffin Wax

Drying, granulation =——Atmosphere control

Pressing

Sintering
Vacuum, Sinter/HIP

Figure 7B. Diagram of cermet production using hiergy milling and reactive
sintering
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For both options high-energy milling was performedaboratory scale attritor
with hard metal vial and rotating arms, with ratgtispeed of 156 rpm. In order to
minimize contamination for TiC-NiMo the milling Hal had similar material
composition as the milled powders (TN4OA balls)orArtechnological reasons
steel-bonded cermets were milled with 100Cr6 b&liameter of 5-6 mm of the
balls was used.

Grade TN20A was selected for high-energy millingudgt and grade
compositions comparable with TN20A and T70/14 &aative sinter/HIP study.

In order to minimize oxidation during milling theaV of the attritor was water
cooled and certain amount of plasticizer (paraffiex) was added to the heptane
solution — 1% of powder mass in initial solutiomu$I0,15wt% after every hour of
milling.

For high-energy milled powders (Figure 7a) différemlling periods - from 1
to 16h were chosen. Milling of initial powder mixés (Figure 7b) was adjusted to
the time period of no reaction of constituents, bptto pre-reactive state of
nanograined powder with some of the carbon tranggdramorphous.

After milling the powders were carefully dried upéxtent of dough-like mass,
sieved and additional plasticizer (couchouc) addedyder to subject a protective
thin coating on the surface of granules. Furthanglation and die pressing were
accomplished as is mentioned previously for traddl materials. Pre-sintering
was done in vacuum at temperature of 1300...336fr in some cases the one-
cycle sintering was used. Sintering (vacuum andteBidIP) was done at
temperatures ranging from 136Dto 1486C, with vacuum above TOmBar and
argon gas pressure ranging from 30 to 90 Bar.

2.3 Wear and property testing methods

The measured performance properties of materiake vardness (Vickers
hardness, in accordance with the standard EN-ISI7)6&nd transverse rupture
strength (ISO 3327, specimen B). As an additiohalacteristic, for selected steel-
bonded cermets the compressive strength was deeumin an uni-axial
compressive test using specimen with height 18dkendeter 10 mm73 .

For attritor milled materials shrinkage behaviouaswexpressed first by
dilatometric behavior by measuring the linear dtage of sintered materials in the
range of 1000 to 150G. Additionally the specimens with closed porositgre
measured for Archimedes density (ISO 3369:1975). bewh, the traditional and
fine-grained materials on selected specimens’ rmatonoture analysis was
complemented using scanning electron microscope LJHSM840A. As
quantitative output the SEM and optical microscomages were analysed by
Biuehler Omnimet Image analysis software. On saledgecimens following
parameters were measured: grain size (sphericae)nqgubrosity (percentage),
microstructure contiguity and binder fraction (volel percentage). Additionally
microcomposition of binders and grains of differatibys was performed with
high-resolution LEO Supra 35 SEM, equipped with if@tec EDX XFlash 3001
detector.
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High energy milled cermet powders and resultantestd materials were
analyzed by means of X-ray diffraction (XRD) methodith CuKa radiation
(Bruker AXS D5005).

The wear behaviour of alloys was studied in adlgesabrasive and erosion
wear conditions. Abrasive wear tests were performsithg the rubber-rimmed
rotary wheel machine (modified ASTM G-65-94 method) as follows: abrasive
— quartz sand (amount 3 kg, particle size 0.1 -nfth®), velocity of wheel 0.24 m/s,
wear distance 145 m, load 3N. The wear was estihasehe volume loss in nfim

Erosion tests were conducted by means of the Gagiti acceleratorl4 as
follows: abrasive — quartz sand (particle size-0012 mm), jet velocity of 80 ",
attack angle 30 The wear was estimated as the specific volumetear in
mm’kg as K= G/Ga ( G — mass wear of specimen,-6mass of abrasive per
specimen, - density of alloy).

The wear behaviour of traditional TiC-FeNi stedbyd (perspective for metal
forming) and selected TiC-NiMo alloys for companswas studied in adhesive
wear conditions. The adhesive wear is featured ssriace failure of very high
structure sensitivity [75]. It dominates in the fage failure of cemented carbides
used as tools for blanking (metal forming) operaig25]. The adhesive wear
conditions were realized by turning mild steel @&470) at low speed (v < 18
m/min). The wear resistance was determined as ¢mgth of cutting path
(distance) L, when the wear track (height h) at the tool (speci) nose achieves
the critical value of h=1 mm (see Figure 8). Fairrelation between the adhesive
wear resistance characteristic &f cemented carbides and their wear in blanking
(blanking performance D/N) was demonstrated in [25].
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Figure 8 Schematic of adhesive wear test. 1-medianbide steel; 2 — specimen.
Cutting distance after notch wear of 1 mm is meadur

A minimum of three tests for adhesive and erosioth fur for abrasive wear
per composite were performed to ensure confidentervial of 10% with the
probability factor of 95%.
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3 Development of technologies for TiC-based
cermets

For steel binder alloys oxidation prevention durprg-sintering and sintering
was investigated. Sinter/HIP technology was ingeséd for both types of cermets
(Fe and Ni-alloy bonded) in order to clarify theegsure effects on pre-sintering
parameters (alleviation of oxidation damage), bintentent, and in the case of
TiC-NiMo cermets on the amount of molybdenum in ¢benposition.

Possibilities of obtaining fine-grained cermets)dying nano-sized powder
sintering and property relationship related to wstructure development by high-
energy milling and sintering were studied for Ti@Wé cermets of grade TN20A

Another attempt for grain refinement for grades /T40and TW20A was made
by concept of high-energy milling of initial powderixtures and reactive sintering.

3.1 Effect of pre-sintering techniques on TiC-basedermets.

The results in paragraph are covered in paperst @fipublications).

3.1.1 Wear behaviour and mechanical properties.

The results of experiments — adhesive wear kinétvesir curves) of three TiC-
cermets of approximately equal carbide volume foacand hardness, differing in
their binder composition and structure and sinténgdtivo different techniques are
shown in Figure 9.

1.4
i
3.2 < /
£
E 1 :’r I'/
45 :>// //
& 0.8 - % ]
C
LY,
o0 / /
o O W - T60/8
= 0.4 - o & -T70/14
A & - TN30A
0.2 O~ TN4DA
D 1 1 1 1 1 1 1 1

] 100 200 300 400 3500 &g00  T00 BOO S00
Wear path, L, m
Figure 9. Wear kinetics of TiC cermets, sinterecbhg step mode in vacuum p<520
mBar (solid marks) and by two step techniques pigsintering in H at dew point -5@C
(open marks)
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It can be seen that in terms of wear performand@;c€rmets with Ni-steel
binder T60/8 and 70/14 are clearly superior overdidinary cermet with Ni-alloy
binder TN30A.

The global presentation plotted in Figure 10 reters&in obvious influence of
sintering techniques onto wear performance of Te@rets. The influence appears
to depend on the TiC content, binder compositiod ahcermet structure. It is
strong for cermets with low TiC content and marigcybainitic binder structure
(grade T60/8) and uncertain for those with high&® Gontent and austenitic steel
binder (T70/14) or Ni-alloy ones (TN30).

800+ I T60/8
£ 700 Y T70/14
£ [ 1TN30A
€
- 600
%97 N N N
§ 500 -
= ]
B 4004 \ \
3 ] N
= 300+
g 4
o 200-
2 ]
&
2 100+
g 4
0- T T T T T T T T T T T T T T
1-1 1-2 2-1 2-2 31 31 4-1 4-2

Sintering mode

Figure 10. Adhesive wear resistances of TiC basgthets as a function of sintering
technique. Designations x-y, where x is for deseglpre-sintering technique: 1-one step
vacuum; 2- two step 4 DP=-35°C; 3- two step bl DP=-50°C; 4-, two-step vacuum,
intermediate storing in atmospheric conditions anid for describing vacuum level (mBar)
of finish sintering: 1-2x18; 2- 5x10%See Table 4)

In respect to adhesive wear performance, cermettersd by one-step
techniques in vacuum (Figure 10, mode 1) demomsiran obvious superiority
over alloys sintered by two-step techniques witk-gintering in hydrogen or
vacuum (Figure 10, modes 2-1, 2-2, 2-3). Hydrogehigh purity (low dew point
<-50 C) used during pre-sintering and high vacuum (pmes® 510° mBar)
during finish sintering, improves the wear perfonta of TiC-steel cermets
substantially. Decrease in the vacuum level dufirgfep sintering up to B0*
mBar does not induce a remarkable reduction ofatifeesive wear resistance of
TiC-based cermets The wear performance of TiC-cemiin martesitic-bainitic
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binder structure T60/8 sintered by optimum techegjuemonstrated a clear
superiority over cermets with austenitic bindeafy T70/14).

The influence of sintering techniques on the stiterof TiC-based cermets is
demonstrated in Figure 11. In general, the relahgn“strength sintering mode
(techniques)” is similar to that of “adhesive weasistance sintering techniques”
(Figure 10). The influence is remarkable for cesneith martensitic-bainitic steel
binder (T60/8) and uncertain for those with augteni (T70/14) or Ni-alloy
(TN30A) ones.

Hardness, HV.

1400
I T60/8

- _ﬁ_‘
1000 -
XY T70/14

2500+ 1 TN30A
2000 ~
N
1500
1000
500
0- : : ,

Transverse rupture strength, TRS, MPa

T T
1-1 1-2 2-1 2-2 3-1 3-2 4-1
Sintering mode

Figure 11. Mechanical properties of TiC cermetsaafinction of sintering mode (for
designations, see Figure 10 captions)

As a result of one-step sintering use instead ofstep one, hydrogen of high
purity (low dew point) during pre-sintering and higzacuum during finish
sintering improve TiC-cermets with steel bindeestth properties.

It should be noted that the influence of sinteriaghniques on the strength of
TiC-cermets is not as sharp as that on its adhes®ar resistance: the wear
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resistance alters, depending on the sintering teabnup to 10 times, while
transverse rupture strength TRS does up to 2,5time

This fact is attributed to the higher structure siiivity of cermets adhesive
wear in relation to their strength [75].

In contrast to transverse rupture strength, thelrtess H\, of TiC-cermets
demonstrates a comparatively low sensitivity tongf&s in sintering technology.

3.1.2 Discussion

The results received of pre-sintering effect rdferan obvious influence of
sintering techniques on the microstructure of Ta3dx cermets with martensitic
Ni-steel binder.

Cermets sintered by one-step-techniques in vacinanhave a considerably
higher performance characteristics (strength, wesistance) in relation to those
sintered by the two-step technology are featuredabsnicrostructure of high
homogeneity. The high homogeneity is expressed dw porosity, higher
uniformity in binder distribution, low contiguityf@arbide selection (Fig 12, C).

.....
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Figure 12. Microstructure of cer etpddiffe (A: two step
sintering with pre-sintering in H2, dew point 85§ B: two step vacuum sintering at
2,5*10" mBar; C: one step sintering in vacuum at p=5x10Bar)

The degradation of the microstructure of a cermeind sintering (Figure 12, A
and B) may be related to the oxidation-decarbudmaprocesses taking place
during pre-sintering and storing in air-atmospkhedter pre-sintering [76 - 78].

Oxides in cemented carbide structure act as contarts, inducing firstly
enhanced residual porosity and secondly, deteidoran wettability (between
metallic binder and carbide phase) [78 - 80]. Titel results in an increase of the
contiguity of carbide skeleton and fail in the wnihity of binder distribution
origin of “lakes” in the structure [6, 79, 80].

The increase in porosity and contiguity inducesdbgradation of the resistance
of carbide composites to brittle fracture — to gufa initiated by tension stresses
(decrease in transverse rupture strengthaRd fracture toughness (81 - 83]).

While transverse rupture strength of a cermet fectfd by porosity and
contiguity, the adhesive wear resistance is, taeatgextent, influenced by the
binder distribution in the structure too.

As stated, roots of the adhesive failure of thdasar of cemented carbides are
in the binder phase, and takes place by extradfogn prevalence of tension
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stresses). It is preceded by the processes ofagtten local plastic strain of
asperities, origin of juvenile surfaces and adhedbonds between wearing-
contacting surfaces [38, 53]. Therefore the adleegigar resistance of cemented
carbides depends on the properties of the bingeamount and distribution in the
structure. Uneven distribution of the binderorigin of binder “lakes” in the
structure results in a fail of cermets resistataclocal failure (to wear).

Thus, the adhesive wear resistance of cementeddearlis influenced by
sintering techniques more strongly than transvergtire strength.

The results presented in Figure 13 refer to thetemce of a fair correlation
between the adhesive wear resistance of the dhegstigated and their transverse
rupture strength. It confirms the relevant rolet@ision stresses and similarity in
both failure processes — in bending fracture aratiimesive surface failure [53].

800
& -TB0/8 &
O -T7014 /
_ A —TN30 /
= 00 DD
E‘ O
~ ®
o 0
T 400 A
° e’ e @
5 /@
=
@ 200 - &
.% /
=
e
0 T
1000 2000 3000

Transverse rupture strength, Rz, MPa

Figure 13. Relationship between transverse ruptsteength and adhesive wear
resistance of TiC cermets sintered by differertinegues

The increase in the purity of hydrogen (decreas#sirdew point) results in
hindrance of oxidation of cermets during pre-sinigrwhile application of higher
vacuum during finish sintering induces dissociatidmxides and their removal [6,
77, 80]. Both procedures result in the improvemehthe microstructure and
performance characteristics of the TiC-cermet.

TiC-based cermets with austenitic steel and esiheasath Ni-alloy binder
(grades T70/14 and TN30 respectively) are lessinedl to oxidation during
sintering [23]. Therefore these alloys demonstrii® dependence of their
structure and properties on sintering techniquégu(es 10, 11, 14). It may be
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related not only to binder composition and struetbut also to higher carbide
content in cermet grades T70/14 and TN3O

Figure 14 Mlcrostructure of cermet TN3O0A (A: onepssintering, B two step sintering)

Although the TiC-cermets with austenitic steel leindand Ni-alloy one) are
featured by a higher adaptability to manufactum@w(lsensitivity to sintering
conditions), their performance characteristicsstrength and wear resistance
achievable, are significantly lower in relationtbmse of cermets with martensitic-
bainitic steel binder sintered by an optimum tedbgy (at equal hardness level
and carbide fraction).

3.1.3 Conclusions

1. The performance characteristics (in adhesiver veesl cyclic loading
conditions) of TiC-based cermets with Ni-steel leinéxceed those of ordinary
TiC-cermets with Ni-alloy binder (at equal hardnésgel and carbide fraction)
substantially.

2. The influence of sintering techniques (sinteriagnosphere, sintering
mode) on the performance of TiC-cermets dependha@ncomposition and binder
structure. It is considerable for cermet with mastgc-bainitic steel binder and
negligible for those with Ni-alloy (Ni-Mo) ones.

3. In respect to performance characteristics Ti@rets with martensitic-
bainitic steel binder sintered by optimum technimme-step vacuum sintering at p

3 10" mBar) have a substantial advantage over thoseawittenitic ones.

4. The improved performance of TiC-cermets wittekténder (sintered by
optimum techniques) is related to the high homotijgioé their microstructure.

5. The fair correlation between adhesive wear t&ste of cermets and their
transverse rupture strength revealed refers tcextience of similarity between
both failure processes (bending fracture and adaesirface failure)

3.2 Sinter/HIP of conventional TiC cermets in confamity with pre-

sintering technologies.

TiC-based cermets prospective for metal formingnglging with the general
requirements were chosen. Additionally grades T¥%iid T80/14 were added in
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order to comply with requirements by strength iaseethrough using Sinter/HIP
technology. The structural and mechanical charsties of TiC-cermets
investigated are presented in Table 1.

The alloys were sintered by two techniques: ong stacuum sintering
(conventional alloys, designated as 1-1 and 1-Pable 3) and vacuum sintering
combined with argon-gas isostatic compression aitesng temperature
(designated as 1-1C in Table 3).

Correlation of temperature and applied argon pressior property
enhancement for selected cermet grades was studied.

The results in paragraph are covered in paperdlliland IV (List of
publications).

3.2.1 Strength properties.

Figure 4. demonstrates the influence of the conspressintering on strength of
TiC-based cermets sintered at low vacuum levelsbawea with hydrogen pre-
sintering (designation 2-1 and 1-1, in the casgratle T60/8 from Table 3). The
results were compared with the ones obtained fgin-liacuum sintered materials
(designation 1-2 and 2-2)

In general, the influence of sintering atmospharestwength is remarkable for
cermets with lower TiC content martensitic-baingteel binder (grade T60/8) and
uncertain for those with higher TiC content andtewisic binder (T80/14) and
bonded with Ni-alloy (TN40) ones.

3500_- [_1final sintering in vacuum 2x10™ mBar
|| I increase in TRS after Sinter/HIP sintering

D;.’ 30004 final sintering in vacuum 5x10” mBar
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Figure 15. Transverse rupture strength of TiC-casnes. sintering mode. 1-2: one step

sintering in vacuum; 2-1: two step sintering witle{sintering in B at dew point -3%C; 3-
1: two step sintering with pre-sintering at dewmoi5FC; 2-3: two step vacuum sintering.
(See Table 4)
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As a result of one-step sintering instead of tvwapsbne, hydrogen of high
purity (low dew point) during pre-sintering and higzacuum during finish
sintering TiC-cermets with steel binder strengtbparties are improved.

Compression during finish sintering (sinter/HIP)sukks in an additional
increase in TRS of TiC-based cermets (Figure 15).

Transverse rupture strength versus carbide fracfmn one-step vacuum
sintered alloys sintered at high vacuum of 5%X¥fBar (designation 1-2) were
investigated. Sinter/HIP sintering was done at uatuevel below 10 mBar by
intermediate holding at 500, 700, 900 and £C56or 30 minutes. The results
presented in Figure 16 refer to a substantial esiéffect of gas compression
during sintering on strength of TiC-based cermeith viNi-steel binder. The
improvement of transverse rupture strength rangedou40% for grades with
higher carbide fraction.

2800 —O— Vacuum sintering

—@— Sinter/HIP

2600:
2400:
2200:
2000:
1800:
1600:

1400+

Transverse rupture strength TRS, MPa

1200 T T T T T T T y T
60 65 70 75 80

Carbide fraction, wt%

Figure 16 Transverse rupture strength as a functiércarbide fraction in TiC based
FeNiSi bonded cermets sintered by vacuum (1) ame@1P(2) sintering

The positive effect of sinter/HIP onto TiC-cermefrfjprmance in compressive

loading conditions is considerably lower as that bending (Figure 17).
Improvement in strength does not exceed 8% (agd0%tin bending).
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Figurel7 Compressive strength as a function of icirtfraction in TiC-based Ni-steel

bonded cermets

Temperature and pressure dependence on strengfieriies presented in
Figures. 18 and 19 suggest also to an obviousende of sintering techniques on
the properties of TiC-cermets. The transverse repsirength alters up to 25%
depending on sintering temperature, gas compressidpre-sintering techniques

The relationships “strength-sintering temperatueférs to the existence of a
slight maximum (at 1430 °C).
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Figure 18. Effect of sintering temperature on tre@ise rupture strength of
composites (compression sintered by p= 60 Bar)

The presence of a maximum is less obvious for #lationship “strength-
isostatic gas pressure” in Figure 19, although rkaide increase in strength with
increasing pressure up to 60 Bar takes place.
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Figure 19. Effect of gas compression on transvenpéure strength of TiC-FeNi steel
composites (sintering temperature T = 1430 °C)

Results have confirmed that presintering techniguresrelevant to composites
with lower TiC content and martensitic steel bindemde T60/8, more inclined to
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oxidation during production. This alloy sintered lbye-step techniques (pre-
sintering in vacuum during compression finish ging) demonstrated a
considerable superiority over alloy sintered by timo-step techniques (pre-
sintering in hydrogen) — at all ordinary sinteripgrameters.

It is important to emphasize that the increaseramsverse rupture strength
(featuring resistance of a material to brittle dedl) is accompanied by a remarkable
decrease in the scatter of strength (Figure 20 tibvious that an increase in
strength and its stability (decrease in scattesyltan the improvement of alloy
performance and reliability in different loadingdawvear conditions.

100d| © Vacuumsintering
e Sinter/HIP

A o)) o
Tl P

[N}
il

Relative cumulative frequency, %

a

1600 1800 2000 2200 2400 2600 2800
Transverse rupture strength TRS, MPa
Figure 20 Distribution curves of transverse ruptustrength of cermet grade
T70/14(open mark — vacuum sintering, p<5SxiBar; closed mark — Sinter/HIP, argon
pressure P = 60 Bar)

Analysis of the results indicates that the relatharease in strength (transverse
rupture strength and compressive strength) dependsermet composition and
increases with the increase in carbide fractioallioy. Transverse rupture strength
of grade T80/14 (80 wt% of TiC) is improved by ov1% while that of grade
T60/8 (60 wt% TiC) by 15% only (Figure 17).

The increase in compressive strength of thesesall@s 8% as maximum.

3.2.2 Hardness

Similarly to that of pre-sintering technologies €s8.1) the results obtained
indicate that sinter/HIP virtually does not affettardness (the ordinary
characteristic of material wear resistance) disiigg of the pre-sintering
technology used (Figure 21).
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Figure 21.. Influence of sintering parameters onkérs hardness of TiC-FeNi steel
composites
3.2.3 Wear behaviour

The results of adhesive wear tests presented uréi@2 refer to a remarkable
positive effect of sinter/HIP onto wear performanédiC-steel cermets.

1 vacuum sintering
1500 | I Sinter/HIP

1000

500+

Adhesive wear resistance L, m/mm

01— . ; .
60 65 70 75 80

] ] Carbide fraction, wt.% ] ]
Figure 22. Adhesive wear resistance of one stepuwacsintered and sinter/HIP

sintered TiC-FeNi steel alloys

The effect appears to be sharper for low-bind@yallanging up to 25%.
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The results of adhesive wear tests of sinter/Hffeesed alloys as a function of
sintering temperature and applied pressure in Egy®3 and 24 show similar
relationships to those of transverse rupture stheag a function of compression
and temperature for both composites investigated.
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Figure 23. .Effect of sintering temperature on aglthe wear resistance of TiC-FeNi
composites
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Figure 24. Effect of gas compression on adhesiar vesistance of TiC-FeNi
composites
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The similarity in behaviour of TiC-FeNi cermetsbending and adhesive wear
tests — the dependence of these composite prapértiecontrast to hardness) on
sintering techniques, may be related to the siihjlan failure mechanism (stress
state) taking place in material during these tet&9, 69.

Results of abrasive and erosion wear tests prasént&igure 25 A and B,
respectively refer to a virtually non-existing go& effect of sinter/HIP sintering.
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03 4
(-E f] .E -
£ =
3 E
: 0z )
= @
5 = 4 -
g 3
=] oo =
= = by E
] i =]
0.1 4 oy
o 47
=+
w —
o gl
E l
0
T D .

a0 75
a0 75
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Figure 25. Abrasive (A) and erosive (B) wear ofwan sintered and sinterhipped TiC-
FeNi cermets

3.2.4 Microstructure studies

The results of SEM-studies presented in Figure Béwsimprovement of
sinter/HIP sintered TiC-cermet microstructure: astantial reduction of porosity
and some increase of homogeneity.

The results indicate that the compression durimgesng virtually does not
affect the grain size of carbide phase and bindatibn in cermet and results in a
slight decrease of contiguity of an alloy (see €ab)l.
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2 — Sinter/HIP sintering)

The results of microanalysis show some changeghfsincrease in alloying
degree) in the binder composition of Sinter/HIRwl (Table 4).

The results for temperature- and pressure dependEnSinter/HIP-ed alloys
presented in Table 5 refer to a slight influencesimitering techniques on the
microstructure of TiC-based cermets.

Table 4. Microstructural parameters of cermet graw®/8.

Sintering process Average Conti- Binder Binder
grain sized, guityC fractionV, microcomposition, %
m %
Fe Ni Ti
Vacuum sintering  2.11 0.23 35.1 86.1 7.2 5.0
Sinter/HIP 2.24 0.18 37.2 848 8.01 5.9
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Table 5. Microstructural characteristics and profies of cermet T60/8, sinte-hipped
by different techniques.

Sample | Sintering Performance Microstructure
T,°C P,Bar | TRS Ly, drc, m|C V, vol
GPa m/mm %
31 1430 | 60 2.7 900 2.4 0.32 27.0
40 1400 | 30 2.3 450 2.3 0.39 26.0

The microstructure of alloys sintered by technalafjiparameters ensuring
enhanced performance characteristics ( transveyseire strength and adhesive
wear resistance) are featured by an increase inogeneity (more uniform
distribution of phases in structure). Using propginter/HIP technologies
additional to porosity driven properties the mit¢rosture driven performance
properties can be greatly enhanced.

- )‘
aSpiany v
ed by d

techniques and differing in performance characterss
A — low performance characteristics (TR2.15 GPa; L, = 350 m/mm)
B — enhanced performance characteristics (TRS =GR4a, L; = 800 m/mm)

3.2.5 Discussion

The substantial improvement of transverse rupturength (strength with
tension stresses prevailing in stress state) anderate one of compressive
strength (strength with shear stresses prevailmgans that sinter/HIP favoring
reduction of porosity in carbide composites, im@®first the resistance to a brittle
failure to a failure initiated by tension stressg4 .

This conclusion complies with the classical Giiiffit strength theory of brittle
materials postulating that the failure of a brittkaterial is initiated as the result of
tensile stresses induced at the tips of flaws @amdcrocracks) in materiaB5 .
According to Griffith the strength of a materialden conditions of prevailing
tension stresses depends on the presehflaws (pores, microcracks) acting as
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failure sources (stress concentrators), their idigion in microstructure and
resistance of the alloy to crack propagation.

In carbide composites the pores (originated madmiythe basis of impurities)
are located preferably at interfaces “carbide-chi “carbide-binder” 78, 86,
87 . In low binder grades (due to the enhanced coityigihe probability of the
location of pores increases at interfaces “carbaid®ide” 86 .

Owing to high rigidity of these interfaces, themability to release (absorb)
elastic strain energy (failure energy) storingigg of flaws during wear-loading by
local plastic strain83, 87, the strength decreasing effect of pores is mbhehnper.
Removal — reduction of those pores by sinter/HiBlte therefore in a relatively
sharper increase in strength.

The remarkable increase in adhesive wear perforenahsinter/HIP sintered
cermets (the strengthening response) and modearatmeexistent improvement of
abrasive and erosion wear resistances may beddfathe differences in the wear
mechanism, in particular, in stress states duriagrwAs stated, the surface failure
of a carbide composite (the material removal) durdhesive wear starts in the
binder, takes place by extraction and is precededdhesive interaction between
contacting surfaces88. During abrasive (and erosion) wear, the carbide
composite material removal occurs predominantlyekirusion and microcutting
89.

Therefore, in the stress state during adhesive tegaion stresses prevail while
in abrasive and erosion wear the relevance of Siesgses is more obvious.

3.2.6 Conclusions

1. Sinter/HIP results in a substantial increas€i@®based cermets resistance
to a brittle failure, i.e. to a failure initiatedy hensile stresses (as evaluated by
transverse rupture strength) and a remarkable wepnent of adhesive wear
resistance.

2. The favourable effect of sinter/HIP on the perfance (strength and wear
resistance) of TiC-FeNiSi cermets increases withiticrease in carbide fraction in
an alloy.

3. The positive effect of sinter/HIP on TiC-baseelncet resistance to a
ductile failure, i.e. to a failure initiated by slrestresses (compressive strength,
hardness, abrasive and erosion wear) is negligibt®n-existent.

4. The favourable effect of sinter/HIP onto the trarse rupture strength and
adhesive wear resistance and a negligible or natesit effect on the compressive
strength and abrasive or erosion wear performanag be explained by the
classical Griffith’'s strength theory of brittle reaials, emphasizing the relevance
of tensile stresses in a failure and dependens&@igth and wear on flaws (pores,
microcracks, cracks and their distribution in doyal

5. The relevant performance characteristidsansverse rupture strength and
adhesive wear resistance increase with an incieasetering temperature and gas
pressure up to a maximum at 1430and 60 Bar.
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6. Cermets with martensitic steel binder show aarkable sensitivity to the
pre-sintering atmosphere, the application of vacupre-sintering (one-step
sinter/HIP) instead of hydrogen one (two step slHi®) ensures a substantial
improvement of properties.

7. Microstructure of the alloys, sintered by theht@ques ensuring enhanced
properties is featured by a higher homogeneity émoniform distribution of
phases in structure).

3.3 Functional testing of sinter/HIP sintered TiC-FeNi steel cermets

3.3.1 Experimental

The performance of the sinter/HIP sintered TiC-e#amnwas evaluated during
functional durability tests, carried out in servicenditions: during blanking
grooves into steel (hardned¥=150, thickness= 0.5 mm) in a multi-position die.
The die was reinforced with the sinter/HIP sintecedmet grade T75/14 and with
the ordinary sintered in vacuum, grade T70/14. ®tdénary cermet T70/14 has
proved its superiority (its higher blanking perf@mee) over the WC-based hard
metal WC-15Co, widely used in metal formirgj.

The die was mounted on automatic press (Figure 28 the blanking
performance was estimated by means of measuringidieewear D (increase in
diameter of groove) after service time 5%14irokes. The service time 5x10
corresponds to the time between two consecutivghytactic sharpenings in
exploitation of blanking dies.

Figure 28. Durability testing of cermets in multgiion die

The side wear measurements were conducted by neédins measuring machine
Mitutoyo strato 9166 in constant environmental ¢bods as an average of 6
measurements.
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3.3.2 Results

The results of functional tests are presented @2Bi as wear contoufs - H”
(side wear = D; — D,, depending on deptH — distance from cutting edge). It has
to be noted that during testind\¥5-10 strokes) neither fracture nor brittle
macrochipping of cutting edges could be detecteuttirit) edges became blunt as a
result of wear.

Figure 29. Wear contours-H of TiC-FeNi steel blanking tools  side wear, measured
from the edge of the die; H — distance from thesmface of the die

The wear contours and side wear data demonstratddous superiority of the
sinter/HIP sintered TiC-based cermet T75/14 over didinary vacuum sintered
T70/14 one.
The higher blanking performance of the grade T75id4 result from:
the higher adhesive wear resistahce
- the enhanced resistance to microchipping (cuttitige stability), resulted
from the positive effect (decrease in microfautis$interhipping.

3.4 Sinter/HIP sintering of conventional TiC-NiMo ermets.

As stated previously pre-sintering technologiesndb affect the cermets with
nickel alloy binder as significantly as they ardhe case of FeNi (especially those
of low nickel content) binder alloys. Yet there lsck of information about
Sinter/HIP of TiC-Ni alloy cermets regarding camidfraction, effect of
temperature, molybdenum addition and applied apgeasure.
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Sinter/HIP sintering effect on composition of difat grades of TiC-NiMo
cermets was investigated. Titanium carbide wasaarigom 40 to 80 wt.% and the
ratio of nickel to molybdenum in the initial powdesmposition was 1:1, 2:1 and
4:1 respectively (See Table 2). On selected médesiater/HIP at different gas
pressures was studied.

These materials are perspective in abrasive-er@iveonments accompanied
with high corrosion and/or temperature. Transvergaure strength (TRS) and
erosion wear resistance as the main performancacteastics were measured.

The majority of the results in paragraph are caleire paper V (List of
publications).

3.4.1 Strength properties — normal sintering tempeatures.

For the WC-Co materials, it is known that the dffefcSinter/HIP is higher for
the grades with less binder fraction. In this watie binder fraction was scaled
from 10 wt. % of Nickel up to 48 wt. % of nickel asmain constituent in ductile
phase in the sintered alloys. Sintering temperatgmmmonly used for vacuum
sintering were performed as follows (preliminargtseshowed no improvements on
strength properties by sintering below the comneonperatures):

Table 6. Sintering temperatures of TiC-NiMo cermatder investigation

Grade Sintering temperaturéC
TN60, TN60A, TN60B, TN50, TN50A, TN50B 1410

TN40, TN40A, TN40B, TN30, TN30A, TN30B 1440

TN20, TN20A, TN20B 1500

For the high binder (above 30wt% of TiC) fractioraterials no significant
positive effect from pressure sintering on thergith properties was found during
sintering at temperatures mentioned in Table 6ui@d0.). It seems that higher
sintering temperatures are needed for strengthovepnent.

For the low binder alloys (up to 25 wt. % of nickéte influence of pressure
can be remarkable, amounting to 50% increase émgn.
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Figure 30. Transverse rupture strengths of vacuanu sinter/HIP sintered alloys
versus nickel in alloy composition (open mark —wa sintering, closed mark —

sinter/HIP)

The results of strength improvement for low-bind#oys (titanium carbide 70
or 80 wt. % - grades TN20, TN20A, TN20B, TN30, TM30dn Figure 31 show
steady improvement of strength in order of 50% ndigas of nickel inclusion.
Exception is in the case of grade TN20B with 10tof nickel.

Figure 31. Transverse rupture strengths of vacuanu sinter/HIP sintered alloys
versus alloy grade (sintering temperature 1%D0argon gas pressure 90Bar)

It can be assumed there is a certain threshold fnnickel content below
which common TiC-NiMo cermet materials cannot bethier densified by
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sinter/HIP (for grade TN20B the volumetric nickelntent is as low as 6-7 %
[90)).

Decreasing argon pressure do not decrease th@tstrproperties (Figure 32).
This indicates to high malleability of the bindehgse at high temperatures at
which no extensive pressures are needed to rerheveldsed porosity.
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1800+ I Argon pressure 90 Bar
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Figure 32. Transverse rupture strength versus lamgdér fraction alloy grade
Strength of grade TN20A versus sintering tempeeatvas investigated (Figure
33).
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Figure 33. Transverse rupture strength of alloy DWNZ/ersus sintering temperature

Clearly above 1480°C the transverse rupture strength increases steeply

confirming the need for high temperatures for propenhancement of low-binder
alloys.
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3.4.2 Strength properties - medium binder alloys.

No significant improvement in strength of gradeswiliiC content of 60 wt.%
or less was observed during sintering at commompeéeatures (Figure 30).

Vacuum sintering of ceramic-metal composites witlhlar binder compositions
at higher temperatures is not recommended due ssije flow out and
evaporation of the binder material. Using pressarigas could hinder those effects
due to higher density of the pressurized argonrenwmient (estimated density
around 2.7x18 g/cnt at sintering temperature 14@and 90Bar) and higher gas
constant of binder material in argon atmosphere.

Grades with 60wt.% of TiC, Sinter/HIP sinteredeanhperature of 144 show
only a slight increase in the TRS values (Figurg. 3dcrease in sintering
temperature to 156G substantial growth (up to 60%) in bending strengas
observed.

Figure 34. Transverse rupture strength of TiC-NiMermets depending on binder
content and sintering parameters

Binder outflow observed in some vacuum sinteredptesnwas not detected in
sinter/HIP sintered samples (with specimen dimemsiof 6x6x40 mr and
6x10x20 mn). As seen from Figure 35 decreased gas pressppied during
sintering could even enhance the strength progediealloys with higher binder
content (TN40).
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Figure 35. Transverse rupture strength of SintePHintered alloys at different argon
pressures

The results for medium carbide fraction alloys wiihder composition Ni:Mo
the highest molybdenum additions as the alloyirgmeint do not decrease the
strength properties. This suggests on importangeagfer molybdenum content on
strength property increase and indicates that madgewvith highly malleable binder
do not need high pressures in order to densifyntia¢erials and low-pressure
sintering could even be preferential for mediunbde grades.

3.4.3 Hardness and wear resistance in erosive eneimrment

As also stated earlier (Paragraph 3.2) the poseéftect of sinter/HIP on TiC-
based cermet resistance to a ductile failure,toea failure initiated by shear
stresses (compressive strength, hardness, abesiverosion wear) is negligible
or non-existent (Figure 36).
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Figure 36. Hardness of TiC-NiMo cermets versuselickntent in alloy composition

Also wear resistance in abrasive-erosive mediandidshow any improvements
compared to vacuum sintered alloys (Figure 37).

Figure 37. Erosion rates of the cermets with déferbinder contents and Ni:Mo ratios

3.4.4 Strength improvement, general.

Comparing strength-hardness areas of sinter/HIersid TiC-NiMo cermets
with other hardmetals (Figure 38) it can be conetuthe possibility of application
of these cermets in more dynamic stress involvedicgtions.
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Figure 38. Hardness-transverse rupture strengthaaref sinter/HIP sintered cermets
compared with common hard metals

3.4.5 Microstructural analysis.

Microstructure analysis was made for the gradeh te binder initial Ni:Mo
powder mixtures of 2:1. The porosity and the voldraetions of core and rim area
were measured in order to find the pressure effatsolubility of constituents and
possible binder evaporation occurring during higimperature sintering reported
earlier [91].

It was found that the applied pressure could nobhmetely eliminate the
microporosity from the structure (Table 7). Esplgiainter-granular porosity
occurred in between the core and rim area of cargrdins (Figure 40). The larger
pores present in high-carbide alloys were remowe8ibter/HIP.
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Table 7. Microstructure parameters for differenCINiMo grades (from 20 to 60 wt.%
of binder) with Ni:Mo ratio of 2:1

Grain size, cor(Grain size, rin
Porosity | Binder, vol. % | m m
Sinter Sinter Sinter Sinter
Grade Vacuuny/HIP [Vacuum JHIP [Vacuum JHIP [VacuunyHIP

T20A 0.95 055 8.1 80 - - - -
T40A;
(Tsint=1446C)0.12 0.26 225 18.6 0.76 0.69 0.96 1.08
T40A,
(Tsint=1506C)0.08 0.13 28.8 23.1 0.89 0.76 1.40 1.11
T60A 0.03 0.07 24.2 31.2 - - - -

For grades T40A sintered at temperature of i@4Gnd at elevated
temperatures of 1500 were studied. As seen from Table 7, the incréagshe
sintering temperature resulted in higher grainssioe vacuum sintered alloys. For
Sinter/HIP treated materials grain coarsening was temarkable.

The Figure 39 A and B shows the grain size distidoucurves for the cores
and rims of these alloys respectively

A) B)
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35 —{— T1440°C Sinter/HIP 354 —(— T1440°C Sinter/HIP
1 —e— T1500°C Vacuum 1 —e— T1500°C Vacuum
304 —O— T1500°C Sinter/HIP) 304 —O— T1500°C Sinter/HIP
%) 12} ]
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Figure 39. Normalized size distribution of vacuumtered and Sinter/HIP-ed T40A
alloys at normal and elevated sintering temperadui® — cores, B — Rims)

When small grains of vacuum sintered alloys hagamheared and some large
grains in order of 3.5...4.0m have appeared after sintering at &0Q@he
distribution curves of Sinter/HIP-ed alloys showlyorslight shift with no
significant large grains (Figure 40 A). The corbew no significant change in size
distribution.
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Figure 40. Microstructures of cermets with 60wt.%6TdC, grade T40A. (A — Vacuum
sintering; B — Sinter/HIP; 1 — Sintering temperatut440C; 2 — sintering temperature
1500°C)

Figure 41. Volumetric fractions of core, rim andethtbinder area versus alloy
compositions and sintering parameters of TiC-NiMadg composites

The Sinter/HIP microstructures were highly homogerse Hindering effect of
argon atmosphere on binder evaporation was notnadxeon alloys (Figure 41).
Although some differences in volume fractions oé thinder and core area of
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vacuum and Sinter/HIP alloys was found, the repetitests showed that the
values stayed in the range of tolerances.

3.4.6 Conclusions

1. Similarly to Sinter/HIP-ed WC-Co alloys, the TR&lues for low-binder
grades can be improved. Steady strength increaabaft 50% was observed for
high temperature sintered alloys with nickel cohtgnto 25 wt.% with decrease of
the improvement above this level.. At higher terapanes further property increase
can be reached by optimizing the sintering gasspires

2. Enhancing the property of the TiC-NiMo cermdteves such materials to
be used for applications where higher strength éeded in addition to wear
resistance.

3. Medium-carbide alloys can be sintered with SiAt#> sintering at
elevated temperatures, leading to homogeneous siigobures and superior
strength properties of the cermets.

4. Due to the prevailing shear stresses the ussndér/HIP did not have a
positive effect on erosion resistance in abrasiediem

3.5 Development of technological parameters usirdifferent powder
grain size materials

The mechanical and wear properties of the cernmetkreown to depend on the
microstructure features like grain size, core sizentiguity etc. Also property
enhancement through Sinter/HIP sintering is preditd occur especially for those
of fine-grain materials. In this paragraph the mstructural features for cermet
grade TN20A for property relationships and sintgramd Sinter/HIP mechanisms
and grain refinement possibilities were studiedngsihigh-energy milling,
conventional ball milling and reactive sinter/Hibutes.

From technological viewpoint the milling time isséest to adjust in order to
vary the milling intensity. Milling powders in corman ball mill there is a certain
value of grain size below which the energy of mdliballs is not sufficient for
further refinement of the powders. For TiC-30NiMaxtare the critical surface
area has found to be &g [92]. In the case of high-energy attritor migjirthe
obtained grain sizes can be in orders of nanomeWéh similar milling
parameters the TiC-50NiMo powders were disintegraie to specific surface area
of 27 m2/g (Figure 42 [92]) estimated to averagargsize of 40 nm.
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In this work the high-energy milling periods of 4,, 4, 8 and 16 hours were
chosen (Table 3). Common, ball milled materialsearilled for 72 hours.

The vacuum and sinter/HIP sintering were perforraedhe temperatures of
1360, 1390, 1420, 1450 and 1480

Part of the contents of paragraph (concerning ineasinter/HIP of cermets) is
covered in paper VI (Appendix A). The recent reskatoncerning high-energy
milling has not been published yet.

3.5.1 Sintering kinetics

The densification of the specimens was studiedinsal shrinkage, measured
after sintering or pre-sintering cycle. The specim&ere pressed with the same
pressure and same amount of plasticizer was used.

As seen from Figure 43 in all the cases the enlthsbeinkage will start at
about 1328C which is around the eutectic temperature of ti@NiMo alloy.
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Figure 43. Densification of materials with diffetemilling parameters versus sintering
temperature

The solid state sintering occurring between 120@ 4:320 °C is most
significant in the case of 16 hours of attritor Imgd. All the lines are shifted to
lower temperatures with higher degree of millingerBification curve of ball
milled specimens lies between 2 and 4 hours atatmilling, which is compliant
with the specific surface area data, being at at&unt/g in both cases.

Table 8. Archimedes densities of vacuum sinteregsl

Time of Sintering temperaturéC
milling, h / method 1360 1390 1420 1450 1440

1/ attritor 0.94 0.94 0.94 0.94 0.96
% o 2 [ attritor 0.94 0.96 0.96 0.96 0.99
3 £| 4/ attitor 0.95 1.00 1.00 1.00 1.00
> £ | 8/attritor 0.97 1.00 1.00 1.00 0.99
@ 16 / attritor 0.99 1.01 1.00 1.00 1.00
72 [ ball mill 0.99 1.00 1.00 1.01 1.00

Full theoretical densities were obtained for tHeyal with at least four hours of
high-energy milling. After sintering at 138D nearly full density materials were
obtained in the case of 16 hours high-energy miled ball milled materials.
Powders milled for two hours reached almost fulisiey after sintering at 1480.
Further increasing the sintering temperature of hadled samples (1 and 2 hours
of milling) could not be performed due to occurk@adder boiling.
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3.5.2 Microstructure development of vacuum sinterealloys

The grain coarsening for both the rim and coreussintering and milling
range was quantified by the relationship

d’ do2 kF (tmilling Teint) 5

assuming normal grain growth (boundary motion igesr only by the reduction of
the total amount of grain boundary surface enenghgre d is the initial and d is
final grain size as the studied range. k is thénggaowth constant of function of
time of milling or sintering temperature.

The results showed steady state growth for coretl@dim as a function of
milling period (Figure 44 A and B).
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2.2
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Figure 44. Average grain size of specimens of leigbrgy milled powders versus
milling period (A — rim size; B — core size)

The grain growth constant is considerably higheitlie rims than of the cores,

irrespectively of the sintering temperature. Itfaind to be in the range of
3.0...3.2x10" my/h for the grains and 1.7...2.2x10m/h for the cores.
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Figure 45.
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Figure 46. Core size development versus sinteengperature

Comparing grain growth coefficients as a functidnsmtering temperature
(Figure 45 and 46) considerable differences fofediint milling periods and for
conventional and high-energy milling can be obsgrv&rain coarsening is
hindered with increased milling period from k=2.0X1Imm/C for one hour of

milling to 1.1x10* mm/FC for 16 hours milled materials.
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Although the grain size of conventional ball milledhterials is finest the grain
growth coefficient is between 2 and 4 hours ofitattmilled materials, similarly to
that of densification behaviour in Figure 43. Tharecsize is growing in certain
amount of ball milled materials. For attritor mdlsamples it can be seen the core
area staying at constant level.

The scanning electron microscopy images (Figure af7¥intered materials
show common core-rim structures for all investigasamples. When ball milled
materials sintered at low temperatures (Figure E7) have fine-grained,
homogenous structure, the high-energy milled maegontain large grains even
after sintering at 136C (D/1 and E/1). At higher sintering temperaturesl a
longer milling periods elongated, plate-like coreshigh-energy milled samples
were observed (Figure 47, C/3, D/2, D/3, E/1, EEZ3), which was not
encountered in ball milled materials. This indisate® different mechanisms
occurring especially during first stages of sintgri

It is assumed that during sintering of nanometowgers (8 and 16 hours of
milling) at first stage of liquid phase sinteringntarkable coalescence of carbide
particles takes place, referring to high amount cofarse particles in low-
temperature sintered materials. At further stabessolid reprecipitation, likewise
of other materials will dominate, indicated by gtbwef only the rim areas.

The plate-like structure formation mechanisms of Tores are not known.
This could be connected with early-stage TiC pkriioalescence processes.

The mechanisms of coherency strain [93]in singldiglas were observed in
some extent for 1 hour milled (and less for 2 houibed) samples, resulting in
core degradation in the course of sintering atdrighmperatures..
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Figure 47. Microstructures of TN20A with varyingllimg times and sintering temperatures
(A,B,C,D,E-1, 2,4, 8, 16 hours of attritaitlimg respectively; F — 72 hours of ball
milling; 1, 2, 3 —final sintering at 1360, 1420 ahd80°C respectively)
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3.5.3 Mechanical properties and wear behaviour
The strength properties of vacuum sintered matewale superior in the case
of ball milling (Table 9).

Table 9. Transverse rupture strength(MPa) of vacuand Sinter/HIP sintered alloys
and the property increase after Sinter/HIP

Time of Sintering temperaturéC

milling, h /

method 1360 1390 1420 1450 148p

1/ attritor 718 753 877 774 897
E o |2/ attritor 796 818 906 723 914
§ '% 4 [ attritor 875 886 1162 963 1061
> :,5, 8 /attritor 780 755 1061 949 925

16 / attritor 669 766 795 754 999

72 [ ball mill 1005 1038 1203 976 122p
o 1/ attritor 747 807 815 761 108%
z o | 2 / attritor 782 952 1037 795 1066
§ '% 4 [ attritor 997 1254 1089 1104 1468
'(',E) E 8 /attritor 676 1177 1131 900 1475

16 / attritor 721 1133 967 1077 1475

72 / ball mill 1015 1038 1272 - 155%
£ 1/ attritor 4 7 -7 -2 21
§ < | 2/ attritor -2 16 14 10 17
%w’ 4 | attritor 14 42 -6 15 38
E P_f 8 /attritor -13 56 7 -5 60

16 / attritor 8 48 22 43 48

72 / ball mill 1 0 6 - 27

The values of high-energy milled and vacuum simtesamples achieve the
strength of ball milled materials only in the casdéour hours of attritor milling.

After sinter/HIP sintering there are visible incgeain TRS at high sintering
temperatures, regardless of the milling time. Roleast 4 hours of high-energy
milled materials also at 1380 considerable increase can be seen.

Hardness of the materials with at least 1.00 th®maledensity (Table 10) stays
unchanged by sinter/HIP regardless of sinteringptrature or time of milling.
This is consistent with previous results. Generd#ig hardness values of ball
milled vacuum sintered materials were also foundeosuperior to the ones of
attritor milled ones. It must be noted that theegtion was with attritor milled and
high-temperature sinter/HIP sintered samples riaguilh high hardness properties,
resulting in extraordinary hardness-strength refestinip. The hardness values for
vacuum sintered materials were inferior in the eaaf§30 to 90 of Vickers number
for the same times of attritor milling at 1480
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Table 10. Hardness Hyof vacuum- and Sinter/HIP sintered alloys

Time of Sintering temperaturéC
milling, h /
method [1360 1390 1420 1450 1480
1/ attritor
E o |2/ attritor 1586 1428 | 1577
§§ 4 | attritor 1578 1571 1601 1583
> £ | 8 /attritor 1624 1570 1567 1577
@ | 16 / attritor 1614 [1539 1568 1545 |
7 /ballmill|1686 1681 1628 1679 1570
a 1 / attritor - 1601
I o 2 [ attritor 1588 - 1637
@ S |4/ attritor 1570 - 1617
& £ |8 /attritor |1557 1618 - 1618 1632
? |16 / attritor 1588 - 1599 1610
7 /ballmill| 1650 1686 1569 - 1573

Erosion rates for 1.00 theoretical density vacuuntesed alloys (Table 11) are
ranging from 3,8 to 7,6 mitkg.

Table 11. Erosion rate K, mifkg of vacuum- and Sinter/HIP sintered alloys (V&88,
a=30")

Time of Sintering temperaturéC
milling, h /
method 1360 1390 1420 1450 1480
1/ attritor
% =2 2 | attritor 6.8
3 S | 4/ attritor 54 7.6 57 4.6
> ¢ |8 /attritor 68 56 60 57 6.3
@ 116/ attritor 68 53 7.4 54 6.0
72 / ball mill 52 38 51 41 6.2
a 1 / attritor -
I o |2/ attritor -
& S |4/ attritor 58 - 6.8 6.4
& E | 8 /attritor 57 54 - 58 6.7
? 116/ attritor 6.1 52 - 6.3 5.6
72 / ball mill 49 - -

For material selection in erosive wear applicati@rsng Tables 10 and 11) ball
milled materials with low-temperature vacuum siimgrcan be proposed, as
resulted in superior wear resistance and hardnessrganied with fair strength
properties. For applications with higher stressed arosive wear high-energy
milling of cermets, milled up to nano-powders (i tpresent case at least 4 hours
of milling, being at about 10ty of BET special surface area) and Sinter/HIP
treatment is recommended.
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Although there is a fair correlation of erosionesawith hardness values the
approximate predictions cannot be made as the wesistance at the same
hardness values can differ in some cases up to(86&u-igure 48).
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Figure 48. Erosion rate K versus Vickers hardnassiber vacuum sintered TN20A
cermets

3.5.4 Property — structure relations

Microstructure parameters — core and grain sizé vaouum sintered alloys
were compared in accordance with strength, harcme$grosive wear properties.

Transverse rupture strength values (Figure 49nbfrhilled materials is well in
accordance with previous results (Figure 2) posihgathat for fine-grain alloys
the strength increases with increased thicknesarodunding rim.
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Figure 49. Transverse rupture strength of vacuumesed alloys versus grain size

For attritor milled materials no conclusions coblldrawn about the strength —
grain, core size relations. Probably there arerddmtors prevailing, like different
amount of alloying elements in binder, microstruatuinhomogeneity, grain
morphology factors etc.

Similar situation can be seen in hardness- grame selationship diagram
(Figure 50). The values of ball milled materiale aastly decreasing with the
increasing grain size, regardless of core size.afator milled samples this trend
seems to be opposite. Some differentiation betvezaenples of different milling
periods can be made. Cermets from 8 and 16 houisdngiowders show steady
increase of hardness with higher grain sizes. Sasrfpbm 4 hours of milling show
similar increase at lower levels and from 2 hotesdy decrease can be observed.

The results for erosion wear tests (Figure 51) slagain the relevance of
degree of milling on performance. When wear rateashsustained growth with
larger particles in the case of ball milled matstifor high-energy milled materials
the growth is sustained and turning negative indase of lower time of milling
materials.
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3.5.5 Technology of reactive sinter/HIP sinteringdr grain refinement

It is known that reactive processing enables primducermets with very fine
microstructures (Paragraph 2.1.2). Normal coavadbide structures are known not
to develop during reactive processing, instead rginf@i,Me)C; Me=Mo,W in
binder alloy matrix have evolved.

This concept is very attractive for its low-cositial materials, new type of
materials properties, new possible materials coatlzins etc.

The possibility to elaborate fine-grain cermets atricture development during
reactive Sinter/HIP sintering was investigated.

Structure development

After eight hours of milling in attritor mill, th&XRD phase analysis (Figure 52)
confirms the remaining metallic phases. Some gtaimadening has occurred,
showing grain refinement and strain hardening of fharticles. No carbide
formation was detected, although a part of carbuase is expected to have been
transformed amorphous.

Figure 52. XRD patterns of the milled powders: AJF&-C-Ni-Si and B) Ti-W-C-Ni
powders

The densification behaviour of the materials isvaidn Figure 53. Sustained
densification of the materials was observed betw&860 and 145C. The
samples sintered to maximum temperature were deasip to a porosity level in
order of two percents (see Table 3).
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Figure 53. Linear shrinkage of the materials asiadtion of sintering temperature

Microstructures of cermets sintered at 1%6@nd 1458C are shown in Figure 54.
At lower sintering temperatures fine-grained stuuetof cermets were observed.
At higher temperatures, accompanied with densifioatboth cermets show
extensive grain coarsening, being remarkably motensive compared to regular
materials.

Figure 54. Microstructures of sintered cermets: A€-FeNiSi cermets; B — (Ti,W)C-Ni
cermets, sintered at: 1) 138D and 2) 145€C
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In the microstructure of (Ti,W)C cermet small cosegrounded by white inner rim
can be observed (Figure 3, B2). Energy DisperspecBoscopyEDS) line scan
analysis on a large grain was chosen (Figure 5&e ©f (Ti,W)C and rim contain
tungsten and an enrichment around the core wastddtelhis enrichment may be
traced back to a solution-reprecipitation processclv is encountered also in
common cermets containing tungsten carbide. Ciystabn centres in the present
are consisting of (Ti,W)C carbides, around whick thner and outer rim have
reprecipitated during the cooling period.

Figure 55. EDS line scan of (Ti,W)C core of cersiatered at 1451C

Mechanical properties

Due to the fact that pore-free fine grain materiaése not achieved the further
investigation on performance properties was notstigated.

Some properties of coarse grained materials weterrdmmed (Table 12). The
hardness of (Ti,W)C-Ni cermet is considerably lowewsmpared to regular
materials due to inferior hardness of carbide grd@mso previously stated for
coreless cermets [68]). TiC-FeNiSi cermet showslhess values comparable to
common steel bonded cermets with equal carbiddidra¢23]. Due to not fully
eliminated porosity strength values do not achibeevalues of common materials.

Table 12. Hardness, porosity and transverse stmecstrength of studied materials

Grade TRS, MPaHardness HY, Porosity, %
(Ti,W)C-13Ni 497 1160 2.33
70TiC-Fel14Nil,5Si 919 1200 1.89

3.5.6 Conclusions

1. Difference in microstructure development mecsiausi for ball milled and
attritor milled materials was found. Short high-gyemilling periods resulted in
prevailing coherency strain and reprecipitationr Rwaterials from higher time
period initial coalescence of nanoparticles wasymed, leading to homogenous
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grain size distribution. For ball milled sampleg tleprecipitation processes were
found to prevail.

2. Strength enhancement after Sinter/HIP is is ntikedy for high-energy
milled materials. The best results were obtained High temperature sintered
materials.

3. For erosive wear applications conventional balled materials with low-
temperature vacuum sintering can be proposed. Thaterials have superior wear
resistance and hardness with accompanied fairgitrgmoperties.

4. For applications with probability of fractureghienergy milled materials,
milled up to BET surface area at least 1¥gmand high-temperature Sinter/HIP is
recommended.

5. Ball milled materials are following the grainzeimechanical property
relationships similar to previous results fromrétteire. The relationships for high-
energy milled materials are involving other prewal mechanisms of structure
development still need to be specified.

6. Titanium carbide cermets were produced by reacsintering of high-
energy milled powders. Fine microstructures cowdachieved at low sintering
temperatures but were accompanied by high poradithe materials. At higher
temperatures extensive grain coarsening was olmkerv@icrostructure
development of the cermets has found to proceedugir coalescence and
solution-reprecipitation processes. After sinterthg microstructure of (Ti,W)C-
based cermet is consisting of binary carbide cemgsounded with tungsten-rich
inner rim and binary carbide outer rim.

7. Technology of high-energy milling and reactivetaring is one possible
low-cost production method of wear resistant cecamétal composites.
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4

Conclusions and suggestions

4.1 Concluding remarks

The main conclusions of the present thesis arellas\s.

1.

Optimal sintering technologies were developedTi€-based cermets with
FeNi and NiMo binders. Alloys with higher binder ntent and these
bounded with iron alloys are characterized by higbeygen sensitivity.
Oxidation damage was found to result in poor mittm$ure accompanied
with inadequate strength properties and performaincexdhesive wear
conditions. Two-step hydrogen presinteringgacuum sintering technology
is applicable for alloys with higher content of T{@wt%).One-step vacuum
presintering vacuum sintering technology is recommendable foya
with lower TiC content (60wt%) bonded with ironfl

It was proven that the sinter/HIP technology bées improvement in
strength properties of TiC-based cermets. The &sgrds more pronounced
for high carbide fraction alloys.

Abrasive-erosion properties cannot be increabgdsinter/HIP due to
predominant shear stresses in such degradationtiomsd Unlike abrasive-
erosion considerable adhesive wear performanceowepnent of sinter/HIP
sintered alloys was revealed due to predominardidanstresses prevailing
in such surface degradation conditions. Increasaliresive wear resistance
and transverse rupture strength of sinter/HIP wmadteTiC-FeNi cermets
enables increase of carbide content of cermetshfeet metal blanking tools
with superior functional properties compared toséhef traditional WC-Co
alloys.

Optimum Sinter/HIP and vacuum sintering techgiae were developed for
Ni-alloy cermets from traditional (ball milled) anlom nanostructured
(high-energy milled) powders. Strength propertiesild be considerably
increased after high-temperature sintering. Su@ngpimenon was attributed
to higher malleability of the binder phase for pelienination.

Different types of structure development mectiasi were revealed in alloys
from high-energy milled powders — coherency stfainminimum time of
milled samples, resulting in decrease of core stehigher sintering
temperatures. Initial coagulation was expectechtoropowder sintering and
following normal grain growth by solution repredation, resulting in
inhomogeneous grain size distribution. Large grainth plate-like cores
were observed in the microstructure.

The optimum erosive wear performance of highrgynemilled and ball
milled TN20A materials was evaluated. For the leeesion wear resistance
with fair strength properties low-temperature vaousintered alloys are
most adequate. If additional high strength is ndddgh-energy milling up
to nanostructured powders, accompanied with higipaature sinter/HIP is
recommended.
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4.2 Suggestions for research

The sinter/HIP technologies show great potentialifieprovement of cermet
performance properties. For further understandihgas pressure effects during
sintering the effect of post-sintering operatioik® Ithermal treatments, grinding
processes and chemical vapour deposited coatinggdshe studied.

As in the case of TiC-NiMo cermets the mechanigapprty improvements
occurred after sintering high temperatures (forrdmaained fine microstructures),
the mechanisms of such hindered grain growth mestelyealed. Accordingly
other sintering processes, like pulsed sinter/Htrild be perspective for further
property enhancement.

The effects of microstructure on mechanical prapercermets from high-
energy milled powders are still not fully understodrhe grain morphology,
intrinsic stress states in the materials and prigliaihder microcomposition should
be studied in order to explain the grain size-mpidzd and wear property
relationships. Additionally sinter/HIP sintered mets grain size-mechanical
property relations should be revealed.

Microstructure refinement in this study was notamplished by using high-
energy milled powders due to coalescence of natiolgsrat early stages of liquid
phase sintering. As the state of solid state siigeof long-period high-energy
milled powders was considerably higher comparedcommon ball milled
materials the solid state sintering and hot is@saessing at orders of magnitudes
higher gas pressures than sinter/HIP could provliefine or nanostructured
materials.

Due to high risk of oxidation it is extremely dfilt to produce defect-free
TiC-FeNi steel cermets from high-energy milled pewsd Nevertheless this route
iIs mostly interesting due to the property of deseeheutectic temperature of
nanostructured steel binder, allowing sinteringeduced temperatures.
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Abstract

~Sinter/HIP Technology of TiC-based Cermets”

The losses resulting from wear in life cycle castequipment and components
may be tremendous. Therefore development of addawear resistant materials
and related technologies is still important in eliéint industrial sectors.

The present study focuses on TiC-based cermetadtalworking industry (alloys
TiC-FeNi) and for application conditions with présace of erosion wear
(especially mining, oil refinery and paper indujtryalloys TiC-NiMo.

One important property impeding the breakthrougltsuwéh materials is strength
and erosion wear resistance demanded in many apphaconditions.

Sintering technologies for wear performance and haeical reliability
improvement were studied in this work. It was pitiee ability of proper vacuum
sintering and sinter/HIP sintering technology teaily enhance the strength and
wear (in adhesive wear conditions) properties d@@-based cermets. Functional
testing (blanking of sheet steel) proved supesioot sinterhipped cermet with
increased TiC content over conditional vacuum sad®ne.

Advanced technologies for studying initial powderaig size effect and
microstructure refinement (high-energy milling, ctt@e sinter/HIP) of TiC-based
cermets were investigated. The effect of technobigparameters on structure
development and material characteristics is unseudsion.

Key words: Sinter/HIP, cermets, blanking tools, erosion weamwder metallurgy.
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Kokkuvote

» I itaankarbiidkermiste survepaagutustehnoloogia”

Uks peamisi seadmete ja masinadetailide lihikagsiili ja sellega seotud suurte
kulutuste p&hjuseid on kulumine. Selle téttu padisiddostusharudes on jatkuvalt
oluline kulumiskindlate materjalide ja tootmisteltoagiate valjatddtamine.
Kéesolev t66 kasitleb titaankarbiidseid kermiseadikamiseks todriistamaterjalina
lehtmetalli valjaldikestantsimisel (sulamid TiC-F@¢Nja rakendustes kus
prevaleerib erosioonkulumine (eriti mae-, naftapgeritdostuses) sulamid TiC-
NiMo.

Nimetatud materjalide laialdast kasutamist t66=ume seni parssinud mdddukad
tugevusomadused ja kulumiskindlus erosioonkulumisel

Kaesolevas t66s uuriti paagutustehnoloogiat eesg#rgarandada TiC-baasil
kermiste kulumiskindlust ja mehaanilist tookindlu§aavutati markimisvaarne
tugevuse ja kulumiskindluse (adhesioonkulumise itigtes) kasv rakendades
sobivat vaakum- ja survepaagutustehnoloogiat. Kinkhalsetel Kkatsetel
(valjaldikestantsimine) leidis kinnitust survepatgud kdrgendatud TiC
sisaldusega kermise paremus vaakumpaagutatud seggmi

Uuriti  TiC-kermiste algse pulbri terasuuruse mojungn mikrostruktuuri
peenendamise (karbiiditera suuruse vahendamise)aldsi rakendades selliseid
tehnoloogiaid nagu korgenergeetiline jahvataminegeaktiiv-survepaagutamine.
TOOs kasitletakse tehnoloogiliste parameetrite mdgermiste  struktuuri
moodustamise protsessidele ja omadustele.

Marksfnad: survepaagutamine, kermised, stantsittoriistadsi@okulumine,
pulbermetallurgia.
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