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FOREWORD

Combination of desirable properties of different materials is met in composites.
Modern composites are a success story from viewpoint of many applications. One
of promising fields of composite application is their use under condition of two one
more bodies interacting, e.g. tribological application where resistance of wear
becomes an important factor to improve durability of tools and other wear parts.

In any manufacturing process where materials are in contact with each other the
wear is present. Wear resistance is one major characteristics of solid materials used
in mechanical engineering. Almost all machines lose their durability and reliability
due to wear and the possibilities of new advanced machines are reduced because of
wear problems. It has effect on the component lifecycle and also for the total cost
of final product. Therefore, wear control has become a strong need for the
advanced and reliable technology of the future.

Due to the wide range of materials used and tribosystems appearing in machines as
well as manufacturing processes this thesis focuses only on the tribological
behavior of carbide composites and their performance as tool materials for
metalforming (blanking).

In this thesis relationships between actual tool wear during blanking and used tool
materials behavior in different wear conditions (abrasive wear, adhesive wear,
sliding wear) are considered.
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ABBREVIATIONS, TERMS AND SYMBOLS

Abbreviations

ASTM — American Standards for Materials Testing
HIP — Hot Isostatic Pressing,

HRA — Rockwell hardness number

HV — Vickers hardness number

P/M — Powder metallurgy

SEM — Scanning Electron Microscope

Sinter/HIP — Compression Sintering — concurrent vacuum sintering and hot
isostatic pressing

TUT — Tallinn University of Technology

XRD — X-ray Diffraction

Terms and symbols

1/V — abrasive wear resistance

B — broadness of X-ray reflections line

E — modulus of elasticity (Young’s modulus)
F —loading during sliding wear

H — depth of groove measured from cutting edge
I — intensity of X-ray reflection line

L — wear length during sliding wear

L, — adhesive wear resistance

N — number of cycles/strokes during blanking
N/A — wear resistance of blanking die (lifetime in strokes per 1mm of side wear)
R, — surface roughness

Rco 1 — proof stress in compression

Rtz — transverse rupture strength

V' — volume loss during abrasive wear

vol % — volumetric content

W — sliding wear rate (volume loss)

wt % — content percent by weight

X — abrasive-erosion wear resistance

48,7 — fatigue sensitivity

A — side wear of the tool




1 INTRODUCTION

1.1 Carbide composites and their application in metal forming

Application of carbide composites (hardmetals and cermets) enables the service life
of tools and wearing machine parts to be prolonged. These materials are mainly
used in service conditions where high wear resistance either in abrasive conditions
or at elevated temperature (high speed cutting operations) is required. Carbide
composites are not so often used in non-cutting (metalforming) operations owing to
complicated service conditions, where severe wear is accompanied by high loads of
cyclic and dynamic nature.

One of the most common metalforming (chipless forming) operations is the
blanking. In this operation, the metal blank is cut from a sheet or strip into a
desired shape. One way of reducing the wear of tool in metalforming operations is
to use carbide composites (hardmetals, cermets). There are lots of alloys that fall
under this category for example TiC-, TiCN- and WC-based composites with
different binder materials.

Carbide composites, particularly cermets, are not so widely used in non-cutting
operations owing to complicated wear conditions in metalforming. In
metalforming, primarily high alloyed tool steels or tungsten carbide-base
hardmetals (with relatively high binder fraction) have been successfully used [1-3].
Cemented carbides (hardmetals) are used to perform coining (generally light
coining of small pieces), wire-drawing, deep-drawing, blanking and bending dies
in large industrial quantities. Of cemented carbides, straight tungsten carbide
grades are most frequently used. Steel bonded carbide composites are also
occasionally used, e.g. for deep-drawing tools [4, 5]. Selection of an tool material
most reliable in the given working conditions is difficult because of insufficient
information about the wear resistance of such composites in different wear
conditions. Carbide composites, particularly hardmetals combine the high hardness
and strength of the covalent carbides (WC, TiC, TaC) with the toughness and
plasticity of the metallic binder (Co, Ni, Fe). This unique combination of hardness
and toughness makes them outstanding as tool materials in the manufacturing
industry. Their application is extremely widespread and includes metal cutting,
machining of wood, plastics, composites, and soft ceramics, chipless forming (hot
and cold), mining, construction, rock drilling, structural parts, wear parts, and
military components. The metal cutting group accounts for about 67% of the total
use, followed by mining (13%), machining of wood and plastics (11%), and
construction (9%) [6].

1.1.1 WC-based composites — hardmetals

Composites based on tungsten carbides are the most widely used wear resistant
carbide composites because of their excellent combination of wear resistance and
mechanical reliability characteristics (transverse rupture strength, plasticity,
fracture toughness) [1]. They are used extensively to improve abrasion resistance.



Binder content and WC grain size influence mechanical and tribological properties
of hardmetals [7]. Hardness decreases but toughness increases with increase of
carbide grain size [8, 9]. Variations in the carbide-to-binder ratio, as well as in the
average grain size of the carbide phase(s), allow adjustment of the desired
mechanical and tribological properties [6, 10]. Also, the hardmetal appears to be
the most cost-effective material for many applications where wear resistance is the
primary requirement, including the machining of non-ferrous metals [10]. WC-
based carbides has been proven successful in conditions where the abrasion and/or
abrasive-erosion prevail [7, 11-15].

1.1.2 TiC-based cermets

In hardmetal industry throughout the history strenuous attempts have been made to
displace tungsten as a basic constituent for carbide composites. The most
auspicious carbide, have found to be titanium carbide. Due to the shortage of
tungsten and its high and increasing price, new ceramic-metal composites have
been developed.

Titanium carbide based cermets came on the market in the mid-1960s. Since
around 1968-1970, after systematic investigation by Kieffer and co-workers [16]
most research efforts in this field have been subjected to development of TiCN and
TiC-based cermets as being promising metal cutting tool material. TiC-
basedcermets may be successful because their thermal expansion coefficient and
friction coefficient (in contact with different metal surfaces) are lower and
oxidation resistance is higher than that of cemented tungsten carbide.

They have been used in special wear applications, such as high-temperature wear
[17] or wear in highly corrosive environments. TiC-basedcermets are attractive
also due to high specific strength because of their relatively low density [18] and
such alloys are used to fill the gap between tough hardmetal and hard and brittle
ceramics [19]. As the hardmetal properties and behavior in different wear
conditions has been studied quite extensively [11-14, 20,21] there are not so many
studies of titanium carbide based composites.

1.2 Wear of metal forming (blanking) tools

Wear has been recognized as meaning the phenomenon of material removal from a
surface due to interaction with a mating surface. Almost all machines lose their
durability and reliability due to wear and the possibilities of new advanced
machines are reduced because of wear problems [22]. In industries like mining,
aggregate and recycling the costs of component wear can be significant [23].
Application of wear parts and consumables may represent 40% of life cycle costs.
In other industries like metallurgy and recycling industry the share of cycle
expenditure can be even higher [24]. Therefore, wear control has become a strong
need for the advanced and reliable technology of the future. Wear is one of the
major factors in determination of the service life of the machine parts or tools for
different operations. Lot of effort has been made to improve materials and
technologies to reduce the influence of the wear.
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Wear types (abrasive wear, adhesive wear, sliding wear, efc.) appearing in different
tribosystems and their domination may change from one to another [25, 26] In
general, wear does not take place through a single wear mechanism, so
understanding each wear mechanism in each mode of wear becomes important.
Depending on the purpose of the machine part or tool different wear conditions can
apply. In most cases the resulting wear is combination of different wear
mechanisms— abrasive, adhesive, erosion, sliding wear etc.

The wear during blanking has many aspects. During the blanking process, the
punches and dies wear out, leading to a progressive modification of the geometry
of the blanking tools [27] The wear of the cutting elements in a blanking tool
affects the quality of the blanked parts. In particular, the appearance of the burr is
closely related to the geometrical characteristics of the punches and dies during
blanking.

As the first assumption it can be presumed that there take place many types of wear
(adhesive wear, abrasion, fatigue wear). Fatigue plays important role since die and
punch edges of the blanking die work under cyclic dynamic load conditions and
the rate of wear is affected by parameters such as tool material, blanked part
material, punch-die clearance, punch velocity, lubrication and material
thickness [28].

The studies [29] have revealed that the conventional evaluator of wear resistance—
hardness, enables one to estimate wear resistance in blanking (blanking
performance) only as the first approximation. Lack of correlation between blanking
performance and hardness may result from the high structure sensitivity of
hardmetal wear resistance which means that imperceptible changes in
microstructure not affecting mechanical properties cause significant alteration of
wear. It may be stated that in blanking tool wear (in contrast to abrasive-erosion
wear) the role of hardmetals carbide phase (its strength and rigidity properties) is
not of the first importance [30]. Also studies have shown that there exists
correlation between blanking performance and adhesive wear resistance in case of
hardmetals and the dependence of blanking performance on the abrasive-erosion
wear resistance seems to be also uncertain [31].

Following subchapters are dedicated to describe different wear mechanism
presumably taking place during the wear of blanking tool. Abrasive-erosion wear is
described as reference to reveal similarities in wear mechanisms in case of WC and
TiC-basedcermets.

1.2.1 Adhesive wear

Adhesive wear occurs when two nominally flat solid bodies are in rubbing contact,
whether lubricated or not (Figure 1.1). Adhesion (or bonding) occurs at the asperity
contacts on the interface, and fragments are pulled off from one surface to adhere
to the other surface. Subsequently, these fragments may come off the surface on
which they are formed and either be transferred back to the original surface or form
loose wear particles. Although the adhesive wear theory can explain transferred
wear particles, it does not explain how loose wear particles are formed.

11
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Figure 1.1 Schematic image of adhesive wear mode [32]

Asperity contacts are sheared by sliding and a small fragment of other surface
becomes attached to the other surface. As sliding continues, the fragment
constitutes a new asperity that becomes attached once more to the original surface.
This transfer element is repeatedly passed from one surface to the other and grows
quickly to a large size, absorbing many of the transfer elements so as to form a
flakelike particle from materials of both rubbing elements [32].

While abrasive-erosion, (three-body) abrasive and sliding wear of ceramic-metallic
composites, particularly WC-based hardmetals, have been addressed by many
researchers, studies devoted to adhesive wear appear to be infrequent.

Only few studies could be pointed out [13, 33]. These studies conclude that in case
of adhesive wear failure of composite starts with adhesive interaction (local plastic
strain, frustration of oxide films, formation of physical contact between contacting
surfaces of alloys) and finishes with removal of material by extraction. In other
words, tensile stresses prevail in the stress state during adhesion failure (wear).

1.2.2 Sliding wear

Wear of most metal forming tools, structural and wear components is usually
classified as sliding wear based on their mechanical function. Almost all wear
mechanisms could occur during sliding wear. However, only one or two
mechanisms may be dominant. For most sliding wear applications abrasion and
adhesion are the primary mechanisms. There are lots of studies carried out
concerning sliding wear of hardmetals [34-37 efc] but not so many dealing with
cermets based on TiC [38—40]. In engineering design, the sliding wear rate of
materials is usually described also by Archard’s equation (see equation (1.1)) [41]:

__ KFy's

4 :
H

(1.1)
where

V is the volume loss, mm’;

s is the sliding distance, m;

K is the dimensionless wear coefficient;

F, is the normal load, N;

H is the Vickers hardness number of the softer material of rubbing pair.
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Landcaster [42] proposed a simple empirical wear formula:

.V
K= P (1.2)

Wear coefficient K, (mm*N"'m™"), has proven to be more useful for the comparison
of the wear behavior of different materials than Archard’s equation.

In studies there have been discovered that the wear resistance of hardmetals under
dry conditions is high and depends on carbide/binder ratio, and carbide grain size,
being greatly dependent on the bulk hardness of the material [43, 44].

Wear mechanism is different for different carbide composites. While wear of the
WC-Co alloys is caused by binder removal, followed by fracture and fragmentation
of the carbide grains, the most important factors during wear of TiC-NiMo cermets
in cermet/steel pairs are polishing and adhesion [40].

1.2.3 Abrasive wear

In abrasive wear, material is removed or displaced from a surface by hard particles,
or sometimes by hard protuberances or asperities on a counterface or embedded
hard particles within a surface forced against and sliding along the surface. There
are two types of abrasion: two-body or grooving abrasion as shown in Figure 1.2(b)
while three-body or rolling abrasion is illustrated in Figure 1.2(a).

T T

Figure 1.2 Schema of abrasive wear: a — three—body abrasive wear, b — two — body abrasive
wear

When wearing material has a ductile property, a ribbon like, long wear particle is
generated by the mechanism of microcutting. In the case of brittle material,
however, a wear particle is generated by crack propagation [32].

The abrasive wear performance is related to the material mechanical properties and
microstructure [45]. Abrasive wear of the WC-Co materials has been intensively
investigated during the last decades due to the high industrial importance of
prediction of the lifetime and performance of various parts and tools fabricated
from WC-Co hardmetals [46]. Describing the abrasive wear most commonly
Archard’s equation (compare with equation 1.1) is used [41]:

13



V_ KFy
ST T (1.3)
According to that formula abrasive wear mainly depends on the distance covered
and force applied, as well as material hardness.

The studies [47-50] have shown that the abrasive wear of carbide composites
results from a combination of three processes — plastic strain, subsurface
transgranular and intergranular fracture. The removal of material during wear has a
selective nature — it starts preferably in the binder phase.

For example, in abrasion of the WC-Co hardmetal the surface shearing and
grooving displace the carbide grains and extrude Co, hardmetal leaving the carbide
grains unsupported to fracture, slip and fall out of the surface [20]. The relation
between the size of the abrasive grits and the dimensions of the material’s
microstructure is also important for the wear properties [51, 52]. Some studies have
shown that the hardness is not the only and major factor to determine the abrasive
wear resistance considering the complexity of the material removal process in chip,
groove and ridge formation. This correlation has deviations and can occur in brittle
materials and in multiphase materials such as and WC-Co also depending on the
abrasive properties [15, 46, 53] Abrasive wear of TiC-based carbide composites
has been studied insufficiently.

1.2.4 Erosive wear

Solid particle erosion is the wear caused by hard particles bombarding a surface.
Like abrasion, abrasive-erosion wear can involve both plastic deformation and
brittle fracture, and the details of the appearing wear mechanism depend on both
the wearing material, the erodents, and the condition of the impacts, primarily
particle mass, velocity, and impact angle [54]. The erosion behavior of materials is
closely linked to the properties of the eroding grit — shape, hardness, toughness,
and size all strongly affect the erosion rate of any test material. The effect of
impact angle is fundamentally different for materials of different mechanical
properties. The erosion rate of brittle materials generally increase continuously
with impact angle, from the particles streaming close to parallel to the surfaces, to
the case of orthogonal impacts [26]. Many attempts have been made to evaluate
erosion resistance of materials based on mainly mechanical properties that are
easier to determine (strength, modulus of elasticity, Poisson’s ratio, hardness,
fracture toughness and etc.). There have been many studies [55—62] that analyze
those relationships.

In the study of mechanical properties and features of erosion of cermets [60] is
shown that the erodent particles of different materials can cause different erosion
rates and mechanisms. The brittle materials are very sensitive to the hardness and
fragility of erodent [63]. Thus, the erosion rate is higher for materials tested if the
erodent hardness is greater than that of the target. If the abrading particles are
harder than the test material microcutting or surface scratching may take place. If
the hardness situation is opposite the main mechanism of wear is low-cycle fatigue.
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Also it is found by Hussainova [47] that behavior of the non-homogeneous
materials cannot be evaluated by looking at one measured mechanical
characteristic only or by looking at a blend of the bulk properties. In the case of
soft erodent, modulus of elasticity can be used as a first approximation. If erodent
is hard, fracture toughness (or strain capacity) of carbide skeleton may give some
evidence for material selection. TiC- and WC-based carbide composites erosion
rate is dependent of the binder content— if the binder content increases also the
erosion rate increases at all impact angles [64, 65].

It has also been shown in previous studies [14, 29] that hardmetals abrasive-erosion
wear resistance cannot be estimated only by hardness, characterizing resistance to
penetration (i.e. large local plastic strains). The hardness can be used for
assessment of erosive wear among the same type of composites but in case of
different types of alloy like TiC-based cermet and WC-based hardmetal it can be
used as first approximation. The difference in wear resistance between ceramic-
metallic composites with equal hardness level can be attributed to differences in
their resistance to fracture.

One factor that affects the erosive wear resistance is impact angle of the abrasive. It
was found [66] that impact angle causing the highest wear differs among carbide
composites and the maximum wear rate depends on the material response to
impacts.Unlike the abrasive, sliding, and adhesive wear the erosive wear both WC-
and TiC-based carbide composites is investigated quite sufficiently.

1.3 Aim of the study

As stated previously, the wear of a blanking tool has a complex nature due to
different wear mechanisms taking place during the wear. Material composition and
structure are significant for the wear resistance of the tool. Studies have been
devoted to abrasive, sliding and adhesive wear whereby different aspects of wear
mechanisms and behavior of carbide composites (predominantly WC-Co
hardmetals) were revealed but clear correlation of these tribological characteristics
and the actual wear of a tool needs yet to be discussed.

The main goal of this work was to investigate the wear behavior of some TiC-
based cermets (prospective as tool materials in metal plastic forming) in different
wear conditions: abrasive, adhesive and sliding wear and also tool wear in the
blanking of sheet metals. The WC-Co hardmetals were used as reference materials.
The following objectives were set in this study:

— to find out differences in the wear behavior of TiC and WC-based ceramic-
metallic composites in the conditions of abrasive, sliding and adhesive
wear;

— to find out relationships between tool wear in blanking and tool material
properties in different wear conditions;

— to specify the surface failure mechanism of carbide composites (TiC-based
cermets, hardmetals) taking place during exposure to different wear
conditions;

— to propose the principles for selection of blanking tool materials.

15



2 EXPERIMENTAL

2.1 Materials

The current study focuses on the tungsten and titanium-carbide base carbide
composites in particular composites prospective for metalforming (carbide fraction
74-85 vol % and properties: Rockwell hardness HRA>86.5 (HV >1100),
transverse rupture strength Rtz >2000 MPa) [31].

The composition and mechanical properties of the composites investigated are
presented in Table 2.1.

Table 2.1 Structural characteristics and properties (hardness HV, transverse rupture
strength Rrz;, modulus of elasticity E, proof stress of compression Rco;) of carbide
composites.

Used in experiments
Carbide, Binder 51 8| .| 8
Grade | content, | composition, | HV Iéﬁ)za G%a Ré}c;;’ 5 i § =
vol % structure ERE o0 %D
21 8| 5|2
El5| 2| =
<|<|®m| M
H10 WC, 83.5 |Co (W) 1350 |2.3 610 2.9 X | X
H13 WC,79.9 |Co (W) 1300 [2.8 590 2.9 X | x X
H15 WC, 76.0 |Co (W) 1150 |2.9 560 (2.5 X | X
H20 WC, 69.0 |Co (W) 1000 |3.1 510 (2.0 X | X
T80/14 |TiC, 86.5 |14Ni- steel 1450 [1.5/2.1* (420 (3.0/ X | x| x
austenite-bainite 32
T75/14 |TiC, 83.0 |14Ni- steel, 1350 [1.8/2.4% (410 (2.8/ X | x| x | x
austenite-bainite 2.9
T70/14 |TiC, 79.0 |14Ni-steel, 1250 |2.3 400 |2.5 X | x| x| x
austenite-bainite
T60/14 |TiC, 74.0 |14Ni-steel, 1050 2.4 380 (1.9 X | x | x
austenite-bainite
TN30 |TiC, 81 NiMo (2:1) 1380 |[1.7 380 |2.3 X | X
TN40 |TiC, 74 NiMo (2:1) 1260 [1.9 360 (2.0 X | x
TN50 |TiC, 65 NiMo (2:1) 1000 |2.1 340 (1.7 X | x| x

*) sinterhipped

All hardmetals (grades H10, H13, H15 and H20) and TiC-based cermets were
produced through ordinary press and sinter powder metallurgy at the Powder
Metallurgy Laboratory of the Tallinn University of Technology. Some grades
(cermets T80/14, T75/14) were sintered by the sinter/HIP techniques (under gas
compression of 50 Bar at the sintering temperature).
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Figure 2.1 shows the microstructures of the composites with carbide fraction =75
vol %. The microstructure of WC-composites consists of WC grains mainly of
angular shape embedded in the binder phase. The shape of TiC grains is more
rounded. Porosity of carbide composites was < 0.2 vol % for all materials and the
average grain size was 1.9-2.3 ym.

Figure 2.1 SEM micrographs of the
carbide composites studied:

a) hardmetal, grade H15,

b) cermet TiC-NiMo, grade TN30),

¢) cermet TiC-FeNi, grade T70/14; (see
Table 2.1)

2.2 Testing procedure

2.2.1 Waear testing

Adhesive wear tests were performed by a special cutting method by turning mild
steel (HV=160) at low speed (v <12 m/min ), simulating blanking tools wear in the
prevalence of adhesion [33].

The wear resistance was determined as the length of cutting path L,, when the
height h of the wear land at the specimen (tool) nose achieved 1 mm (Figure 2.2).
The critical height h=1 mm of wear land corresponds to the onset of accelerated
wear [33]. The wear resistance confidence interval did not exceed 10% when the
number of test pieces was at least three. An excellent correlation between the wear
resistance of WC-Co hardmetals determined by this method and blanking die wear
was reported in [13, 67].
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Figure 2.2 The scheme of adhesive wear testing: 1— mild steel to be turned, 2 — specimen, h

— height of wear land, L; — adhesive wear resistance, L — cutting path.

Abrasive wear tests were performed by help of the rubber-rimmed rotary wheel
machine (modified ASTM G65-94 method [68]) as follows (see Figure 2.3):
abrasive — quartz sand (amount — 3 kg with a particle size of 0.1 — 0.2 mm and
hardness 1100 HV), velocity of the wheel — 0.24 m/s, diameter of the steel wheel —
80 mm, wear distance — 144 m, testing time — 10 min and load — 3 N. The wear was
estimated as the volume loss 7 in mm’ and wear resistance as //V, mm . A
minimum of four abrasive wear tests per composite were performed to ensure the

confidence interval of 10% with the probability factor of 95%.
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Figure 2.3 The scheme of abrasive wear testing: 1 — loading system, 2 — abrasive particles,
3 — specimen, 4 — rubber rimmed steel wheel.

Sliding wear tests were performed in accordance with the ASTM standard

B611-85 [69] procedure, without abrasive at a the loading /= 40 N and a wear
length L= 4000 m, (see Figure 2.4). The wear rate was calculated as a volume loss
W, mm’. A minimum of four tests for sliding wear per composite were performed
to ensure the confidence interval of 10% with the probability factor of 95%.

Figure 2.4 Diagram of block-on ring tester used in this study. 1 — bar, 2 — load, 3 — clamp,
4 — specimen; 5 — steel ring; 6 — chamber.

Wear in blanking. The procedure of the durability functional test — wear tests in
blanking — resembled that in service, i.e. blanking of grooves into electrotechnical
sheet steel (with a hardness of 150 HV and a thickness of 0.5 mm) using a three-
position die reinforced with the three different composites to be investigated,
mounted on an automatic mechanical press [31, 70] (see Figure 2.5).
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The wear resistance, i.e. the blanking performance of carbide composites, was
evaluated by the measurement of the side wear of the die (increase in diameter)
after an intermediate service time N=0.5 x 10° strokes, as N/ (lifetime in strokes
per 1 mm of the side wear). The intermediate service time 0.5 x 10° corresponded
to the time between two consecutive prophylactic sharpenings used in the
exploitation of blanking dies [31,70]. The side wear was measured using the
coordinate measuring machine STRATO 9 - 166 in fixed environmental conditions
(constant room temperature and humidity of 40%) as an average of 4-6
measurements to ensure confidence interval of 10% with the probability factor of
95%

Figure 2.5 Durability testing of carbides composites: 1 — blanking die; 2 — the mechanical
press body and 3 — the sheet steel [31]

2.2.2 Mechanical properties

Transverse rupture strength Ry, was determined in accordance with the ISO
3327method (using specimen B) [71] and Vickers hardness in compliance with
EN-ISO 6507[72].

The proof stress at compression Rco j, featuring the resistance of a material to the
plastic strain and the shear strength (resistance to microcutting) of all composites,
was determined. The proof stress was determined in a uni-axial compression test
using a specimen of a diameter of 10 and a length of 18 mm [73].
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Figure 2.6 Three-point bending fixture

Fatigue testing. Conventional fatigue testing of the ground specimens 5x5x17 mm
was carried out on the fatigue testing rig using a three-point bending scheme. The
three-point bending device used in experiments, with span between supports equal
to 14.5 mm and supports diameters of 5 mm (10 mm for upper part), is shown in
Figure 2.6. Specimens were ground to a surface finish of about R,=1.5 um for
hardmetal and R,=2.5 um for cermets. The stress ratio was R=0.1. The loading
frequency was 30 Hz [70, 74].

The resistance to fatigue damage was characterized by the factor of fatigue
sensitivity — intensity in the decrease of the fatigue strength with an increase in
loading cycles from N, = 10% to N; =107 as AS, 7.

2.2.3 Microstructural study

Microstructural examinations were complemented by SEM and XRD
investigations performed on the scanning electron microscope JEOL JSM 840A
and the diffractometer Bruker D5005, respectively. The line broadening and
intensity of X-ray reflections (measure of local plastic strain) from the composite
phases were determined in the XRD studies. Changes in both carbide phases (WC
and TiC) were determined.
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3 PERFORMANCE OF CARBIDE COMPOSITES IN
DIFFERENT OPERATION CONDITIONS

3.1 Wear performance

The wear performance and relationships between material characteristics in
abrasive, adhesive and sliding wear condition are considered and discussed.

3.1.1 Abrasive wear

The results from the abrasive wear tests show that the increase in volume fraction
of carbides phase causes a monotonous decrease in wear (increase in wear
performance) of all composites unlike the carbide and binder composition (see
Figure 3.1). The results obtained refer to an obvious dependence of the wear
performance (wear resistance) of the test material on carbide composition. At an
equal carbide volume fraction, tungsten carbide-based composites demonstrate an
obvious superiority over TiC-basedcermets.

Also the results confirm an inconclusive influence of hardness on the wear
performance of materials. At equal hardness the abrasive wear of alloys of different
composition may vary up to four times, see Figure 3.2.

The fact that no correlation between abrasion performance and hardness exists may
be attributed to higher structural sensitivity of the wear resistance of the composite
in relation to hardness and differences in the stress states during wear and hardness
tests[70, 75].

1,2 - —>— - WC hardmetal
—6— - TiC-cermet, Ni-alloy binder
mg 1,0 - —A— - TiC-cermet, Fe-alloy binder
3
£ 08 -
©
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o
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Carbide content, vol. %

Figure 3.1 Abrasive wear of carbide composites vs. carbide volume fraction in alloy.
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Figure 3.2 Abrasive wear of carbide composites vs. Vickers hardness.

In previous studies [14] it has been shown that the abrasive erosion wear of carbide
composite may be described by the equation R%,, - E™ (combined effect of proof
stress Rco and the modulus of elasticity £). Our results presented in Figure 3.3
confirm the reliability of such approach (utilizing characteristic of rigidity) also for
abrasive wear.

In essence, the results are in accordance with wear theories concerning the surface
failure of hardmetals and cermets during abrasion and erosion [14, 12]. It may be
concluded that the wear of a carbide composite is characterized by a selective
failure that starts predominantly in the binder phase by its extrusion and
microcutting and continues by a subsurface fracture of carbide (fragmentation —
microcracking).

The extrusion of the binder onto the composite surface is controlled by the elastic
strain of its carbide skeleton — its elastic compression (during the penetration of
abrasive particles). It depends, therefore, on the stiffness (modulus of elasticity) of
the carbide phase. An increase in the modulus of elasticity of the carbide results in
a decrease of elastic strain and binder extrusion. The plastic flow of the binder
(during extrusion), in turn, depends on its resistance to the plastic strain — the proof
stress. As the proof stress increases, hindrance to the plastic flow, to extrusion and
microcutting (shear failure) will grow.
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Figure 3.3 Abrasive wear performance 1/V (V —volume loss mm’) vs. rigidity characteristic
Reo,E? (proof stress times modulus of elasticity) of carbide composites

SEM micrographs (Figure 3.4) refer to some differences in wear mechanisms in
conditions of erosion and abrasion. The structure worn during abrasive wear is
more distinctive in relation to erosion. It refers to the relevance of tension stresses

(extraction) in the removal of material.

The ability of a material to resist brittle failure depends on the level of the elastic
strain energy transmitted to the surface by abrasive particles (during collisions and
fluctuating contact stresses) and storing at tips of flaws in the composite
microstructure and ability of the composite phases to absorb elastic strain energy

by local plastic strain [45, 76, 77].

Figure 3.4 SEM micrographs of cemented carbide (WC-Co
abrasive-erosion (A) and abrasive (B) wear conditions.
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The XRD measurements performed in the present study on the worn surfaces of
carbide composites revealed alterations in their diffractograms — decrease in the
intensities and an increased broadness of the reflection lines of their carbide phases
(see Figure 3.5 and Table 3.1). These alterations refer to changes in the fine
structure (dispersity of micrograins and density of dislocation network) of the
carbide phase induced by their local plastic strain, taking place during abrasive
wear.

Table 3.1 Results of the XRD analysis— X-ray reflections from the carbide phases of the
composites in different wear conditions (1,, 1, I, I — intensity, B,, By, Bs, Ba— broadness
before (O) and after abrasive (W), sliding (S), adhesive (A) wear, respectively).

Grade Carbide, |Decrease in intensity /, | Increase in broadness B, times
line times
/I, 1/I, 1,/1, B,/B, B/B, B,./B,
T75/14 TiC[200] 1.4 1.3 1.1 1.3 1.2 1.1
H13 WC[001] 1.5 1.5 1.2 - 1.3 1.1
w —
(/2] -]
o
(&)
£ 20—
—
>
= i
[
[}
£ 10+ 9
D T T I T T T I ] T T t
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Figure 3.5 XRD diffraction patterns of TiC-based cermet carbide phase [line 200]: 1 —
before testing; 2 — after abrasive wear testing

3.1.2 Adhesive wear

The results of cutting adhesive wear test show that the increase in volume fraction
of carbides (decrease in binder) leads to a monotonous improvement of wear
performance of all composites independent of their carbide and binder
composition, see Figure 3.6. The results refer to an obvious dependence of the
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alloys wear performance on their composition: at equal carbide (binder) fraction
WC-base hardmetal and TiC-cermet cemented with nickel steel show a remarkable
superiority over ordinary TiC-based cermet cemented with nickel alloy.
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Carbide content, vol. %
Figure 3.6 Adhesive wear resistance of carbide composites vs. carbide fraction in alloy.

At equal hardness (ordinary characteristic and measure of material wear resistance)
adhesive wear of different composites differ up to 4 times, see Figure 3.7. In Figure
3.8 the wear performance of test materials is opposed to their proof stress, featuring
material resistance to plastic strain and to shear failure (cutting). The relationships
refer to an obvious dependence of wear on proof stress: the increase in proof stress
improves monotonously the wear resistance.

Results presented in Figure 3.9 and Figure 3.10 allow us to conclude that at an
equal proof stress an additional increase in the wear performance of carbide
composites can be achieved by increasing their transverse rupture strength Ry, and
modulus of elasticity E. In particular, at equal proof stress of 2.9 GPa the adhesive
wear resistance of hardmetal grade H13 is higher than that of grade H10 on account
of'its higher transverse rupture strength (2.8 GPa for H13 against 2.3 GPa for H10).
Also, at equal proof stress of 2.0 GPa the adhesive wear resistance of hardmetal
H20 is higher than that of cermet TN40 on account of significantly higher modulus
of elasticity of hardmetal.
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Figure 3.7 Adhesive wear resistance of carbide composites vs. hardness.
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Figure 3.8 Adhesive wear resistance of carbide composites vs. proof stress.
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Figure 3.10 Correlation graphs of adhesive wear resistance L|, modulus of elasticity E and
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The relationships found refer to the relevance of the carbide-binder content and
their properties, to an inconclusive influence of hardness and to an obvious
relevance of the proof stress. The transverse rupture strength and modulus of
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elasticity appear to have a secondary (less definite) importance in the wear
conditions when adhesion prevails.

As stated [33, 73] the material removal during wear of carbide composites has a
selective nature— it starts preferably in the binder (by microcutting or extraction).
As a precondition of material removal the extrusion of its binder and its adhesive
interaction with counter material has to occur. For adhesion interaction the plastic
strain of asperities, resulting in destruction of oxide films covering surface and
hindering formation of physical contact has to occur. Thus the adhesion wear of a
composite is controlled by its (its binder) resistance to local plastic strain — the
proof stress.

After removal of the binder the carbides lose their protective envelope and its
resistance to failure (microcracking) decreases. The fracture energy (of the loading)
may relax either by brittle failure (microcracking of carbides) or by a local plastic
strain.

As stated, the plastic strain of carbide composite takes place preferably in its
ductile binder [74]. The XRD measurements performed in the present study on the
worn surfaces of the WC- and TiC-basedcomposites revealed alterations in their
diffractograms — a decrease in the intensities and an increase in the broadness of
the reflection lines of their carbide phases (Figure 3.11). These alterations refer to
changes in the fine structure (increase in dispersity of micrograins
(microfragmentation) and density of dislocation network) of the carbide phase
induced by their plastic strain taking place during loading [78, 79].
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Figure 3.11 XRD diffraction patterns of the carbide phase [line 200] of the TiC-based
cermet: 1 — before testing; 2 — after adhesive wear testing.

SEM studies (micrographs presented in Figure 3.12) revealed features of wear
mechanism during adhesion. The structure worn during adhesive wear is more
distinctive in relation to sliding wear (see Figure 3.17). It refers to the relevance of
tensile stresses and removal of material (binder) by extraction.
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a) | " b)
Figure 3.12 SEM image of hardmetal H15 (a) and TiC-cermet (b) surface after cutting-
adhesive wear testing

3.1.3 Sliding wear

In essence, the results of sliding wear tests represent those of abrasive and adhesive
wear ones. WC-base hardmetal has obvious superiority over tungsten free cermets,
and cermet with steel binder over composite with nickel alloy binder (see Figure
3.13). Also the monotonous decrease in wear with increase in carbide fraction in
alloy is demonstrated.

In contrast to cutting adhesive wear (and abrasive wear [45]), the sliding wear of
carbide composites demonstrated a relatively low sensitivity in terms of
composition. An increase in the carbide fraction from 69.0-83.5 vol% in WC-
hardmetals results in the improvement of performance in the cutting adhesive wear
conditions up to four times and in the sliding wear less than two times (compare
Figure 3.6 and Figure 3.13).
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Figure 3.13 Sliding wear of carbide composites vs. carbide fraction

Figure 3.14— Figure 3.16 demonstrate the dependences of the sliding wear of the
test materials on the hardness, proof stress Rco 1 and modulus of elasticity £ (as a
combined characteristic Rco-E-). In general, the relationships repeat those revealed
for the cutting adhesive wear — the uncertainty of hardness and the definitive
relevance of proof stress. In contrast to cutting adhesive wear, sliding wear
demonstrated a more definitive dependence on the modulus of elasticity E
(combined characteristic Rco 1 -E, see Figure 3.16). Results confirm a comparatively
low structure sensitivity of carbide composites to the sliding wear. An increase in
the proof stress of WC- hardmetal from 2000 MPa to 2900 MPa results in an
improvement of performance up to six times in the cutting adhesive wear and less
than 1.5 times in the sliding wear conditions, respectively.
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Figure 3.14 Sliding wear vs. hardness of carbide composites.
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Figure 3.15 Sliding wear vs. proof stress of carbide composites.
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Figure 3.16 Sliding wear vs. rigidity characteristic Reo.; -E-10°GPd’of carbide composites.

The structure worn in sliding wear seems to be more vague in comparison to
structure worn in adhesion (compare Figure 3.17 and Figure 3.12). It refers to
prevelance of shear stress and removal of binder by combined extrusion and
microcutting.

In structure of carbide composites subjected to sliding wear formation of thin
tribofilms (between sliding-wearing surfaces) has been observed ([49] and Figure
3.17). These films originated as a result of binder extrusion and adhesive
interaction act as a protective lubricating layer inducing reduction in wear and a
remarkable decrease in wear sensitivity to alloy composition and properties.

a) b)
Figure 3.17 SEM image cemented carbide H15(a) and TiC-cermet (b) surface after sliding
wear testing
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3.2 Performance of carbide composites in metalforming (blanking)

3.2.1 Wear of blanking tool

Results of functional wear tests (conducted as the blanking of grooves into the
sheet steel) are shown in Figure 3.18 as wear contours H—4 (side wear 4 depending
on the depth H from the cutting edge of the die). During testing (N=5 x 10’
strokes) of the die (three position die reinforced with the sample
cermets/hardmetals), neither fracture nor brittle macrochipping of cutting edges
was detected.

Cutting edges became blunt as a result of uniform wear. The wear contours (Figure
3.18) and the side wear data for the dies tested demonstrate the obvious superiority
of the advanced TiC-based cermetT75/14 over hardmetal H13 and cermet T70/14.
The advanced TiC-based cermet demonstrated a blanking performance exceeding
that of the ordinary composites up to 1.5 — 2 times.

0
-0.1
-0.2
1- T75/14-H
2- H13
3- T70/14
-0.3
-0.4
niw_{rh t t f
2 4 6 A,um

Figure 3.18 Wear contours of carbide tool (die) edges — side wear after blanking of 5-10°
strokes. H — depth of groove measured from cutting edge, A-side wear

SEM studies of worn carbide composite surfaces demonstrate that surface failure
mechanisms occurring during adhesive wear (see Figure 3.12) and sheet metal
blanking (Figure 3.19) are similar: in both cases surface failure (removal of
material) appeared first in the binder phase. The distinctive nature of the worn
surfaces confirms that binder extraction prevails in both cases. In contrast to
adhesive wear, surfaces worn during abrasive (Figure 3.4) and sliding wear (Figure
3.17) do not show this distinction.
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Figure 3.19 SEM image of cemented carbide H13 surface after blanking

3.2.2 Cyclic strength — fatigue resistance

As stated previously the fracture of carbide composite during wear starts in the
binder and after removal of the binder the carbide phase loses its protective-
envelope (generating favourable compressive stress, resulting in increase of its

strength) and on that reason its resistance to brittle failure decreases.

The Figure 3.20 demonstrates the results of fatigue tests of cermet T75/14 and
hardmetal H13. The tested carbide composites exhibit an obvious decrease in
strength with an increase in loading cycles during fatigue tests — they possess

fatigue sensitivity.
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Figure 3.20 Wéhler plots of the carbide composites tested.
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Although the transverse rupture strength (Rrz =2.9 GPa) and cyclic strength at low
cycle (N<10") of the WC-hardmetal exceed that of the cermet (Rr; =2.4 GPa) the
fatigue limit (N=10") show an opposite result — the superiority of TiC cermet
(N’=1.7 GPa against 1.55 GPa of WC- hardmetal). It means that the fatigue
sensitivity of TiC-cermet is lower than that of WC-hardmetal. High fatigue
sensitivity refers to remarkable embrittlement of carbide composite during cyclic
loading (fatigue, blanking).

The elastic strain energy storing in a material during loading (wear) may relax
either by the formation and propagation of cracks or by local plastic strain. The
ability of a material to plastic strain during loading allows the untimely origin of
cracks to be avoided, and therefore increases its resistance to failure.

The XRD measurements performed in present study on the fractured surfaces of
the WC- and TiC-based composites revealed alterations in their diffractograms — a
decrease in the intensities (line peaks) and increase in broadness of the reflection
lines of their carbide phase (Figure 3.5, Figure 3.11 Table 3.1). These alterations
refer to changes in the fine structure (dispersity of micrograins and density of
dislocation network) induced by plastic strain taking place during loading (wear) in
both composite phases — in the ductile binder and in the brittle carbide.

Changes in the fine structure of composites appear to depend on the alloy to be
tested and, working (wear, cyclic loading) conditions. In cyclic loading conditions
the changes leading to embrittlement (decrease of plasticity) carbide phase take
place (see Figure 3.21 and Figure 3.22).

It is known that changes in diffracotgrams refer to local plastic strain of material.
Thus the ability of cemented carbide to adsorb fracture energy depends on the
plasticity (ability to local plastic straining) of its both phases — the ductile binder
and the ‘brittle’ carbide. The results obtained (Figure 3.21and Figure 3.22) show
that there exists dependence between the carbide phase plasticity on its
composition and the loading mode. Under monotonic loading conditions, WC
appears to have higher plasticity compared to TiC (see difference in line
intensities). During cyclic loading (fatigue testing), the plasticity of composites
carbide phases (WC and TiC) decreases — an embrittlement take place. The
intensity in embrittlement depends on the composition of cermet and is more
remarkable for WC-based composites (see line 3 in Figure 3.21and Figure 3.22).
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Figure 3.21 XRD patterns (diffractograms) of carbide phase of TiC-cermet: 1 — before
testing (etalon); 2 — fractured during cyclic loading; 3 — fractured during monotonic

loading.
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Figure 3.22 XRD patterns (diffractograms) of carbide phase of WC-hardmetal: 1 — before
testing (etalon); 2 — fractured during cyclic loading; 3 — fractured during monotonic

loading.

3.3 Correlations between different wear conditions

In Figure 3.23 and table Table 3.12 the blanking performance of tested composites
are opposed to their durability characteristics in different wear conditions — in
abrasive wear, adhesive wear, sliding wear, blanking of sheet metal and in cyclic
loading conditions.

Results confirm the considerations and conclusions presented above. They refer to
the existence of good correlations between blanking performance of composites
and their adhesive wear resistance on one hand and fatigue sensitivity on other
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hand. High blanking performance of a alloy is achieved if it possess high adhesive
wear resistance and low fatigue sensitivity (see Table 3.2).

Table 3.2 Blanking performance of composites, opposed to their properties (L— adhesive
wear resistance; ASy-; — fatigue sensitivity; S—Rrz, S» and S fatigue limit at 10° and 10’
cycles, respectively; A side wear of tool)

Grade Li,m | A um | N/A-10° |Si, GPa| S,, GPa |S7, GPa |4S,-;, GPa
H13 1700 4.0 160 2.9 2.3 1.5 0.75
T75/14-H | 2500 2.5 300 2.4 2.0 1.7 0.5
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Figure 3.23 Blanking performance N/A of carbide composites and their response as inserts
in adhesive, abrasive and sliding wear conditions

On the basis of results, presented in Figure 3.23, it can be concluded that between
composites blanking performance and their resistance to abrasive, sliding, and
erosive wear there does not exists any definite correlation.

The higher blanking performance of TiC-based cermets — compared to WC-based
hardmetal, results from its higher resistance to adhesive wear and fatigue damage
(lower fatigue sensitivity).

As stated above (Figure 3.1, 3.6 and 3.13) the abrasive wear resistance of a TiC-
based cermet compare unfavorably with WC-based hardmetal. Analogical behavior
(relationship) showed composites in erosive and sliding wear conditions too. These
results refer to an existence of a correlation between performances of composites
exploited (tested) in different wear conditions (abrasive, erosive, sliding wear)
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4 CONCLUSIONS

The main conclusions of the present thesis are as follows:

1.

Wear performance in different wear conditions, including cyclic loading
(functional tests in the blanking of sheet metals) of the TiC-based cermet and
the WC-based hardmetal, were compared. In abrasive and sliding wear
conditions, the hardmetals showed superiority over the TiC-based cermets. In
blanking and adhesive wear conditions TiC-based cermets demonstrated the
same level of resistance to wear as hardmetals but certain advanced cermets
(TiC-based cermets with an iron alloy) compare favorably with the hardmetals.

The results of the comparison of tool wear in blanking and tool material (TiC-
based cermets and hardmetals) performance in different wear conditions and
their wear mechanisms revealed a good correlation between the blanking
performance and adhesive wear resistance.

. The advantage of the TiC-based cermet over the WC-based hardmetal results

from its higher resistance to adhesive wear and fatigue damage.

Wear performance predicted on the basis of hardness may lead to pronounced
mistakes when carbide composites of different composition are considered.

. The surface failure of a carbide composite during wear (adhesive, abrasive and

sliding wear) starts preferably in the binder and is preceded by local plastic
strain, taking place in both of the composite phases — in the ductile binder and
in the brittle carbide, ensuring absorption of fracture energy and improvement
of composites resistance to brittle failure.

. Novel characteristics— more reliable than hardness — for prognostication of wear

performance have been developed. They feature stiffness of a material
(composite) — its resistance to elastic strains (estimated by the modulus of
elasticity and plastic strain (estimated by proof stress).

. The fact that certain advanced TiC-based cermets outperformed hardmetals in

the wear condition with prevalence of adhesion makes them favorable tool
materials in blanking and in other working conditions with prevalence of
adhesion.

The novelty of present research is following:

— It is shown that the relative relevance of composite phases in wear performance

differs in different wear conditions.

— The high performance of TiC-based cermets in cyclic loading conditions — in

the blanking of sheet metals, exceeding that of WC-based hardmetals, was
revealed.

— The ability of the brittle phase — the carbide — to resist to local plastic strain

during all wear conditions under investigation was revealed, ensuring
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absorption of fracture energy and improvement of composites resistance to
brittle failure.

— It is shown that during cyclic loading the plasticity of the composite decreases
(an embrittlement takes place) and that the higher blanking performance of the
TiC-based cermet results both from its higher adhesive wear resistance and
higher resistance to embrittlement (lower fatigue sensitivity).

— Development of novel, more reliable than hardness, characteristics on bases of
modulus of elasticity and proof stress for prognostication of composites wear
resistance.

Suggestions for future plans are as follows:

— The high performance of a TiC-based cermet results from its favorable
composition and from the application of advanced sintering techniques
(Sinter/HIP). For further improvement of composite’s properties, application of
alternative high-temperature gas-pressure techniques — the HIP — is of interest.
HIP is predominantly used in the production of ceramics, WC-Co based
hardmetals, P/M high speed steels and nickel-based super alloys.

— The performance of TiC-based cermets has been studied sufficiently in different
wear and loading (including cyclic loading) conditions. Less known is their
behavior in the conditions of creep.

— Carbide composites have been successful as powder metallurgy wear resistance
materials. Their applicability is somewhat limited by the size of parts and cost.
For these reasons hard coatings have been developed. The PVD-coatings have
been prospective for cutting tools and abrasive wear parts. Little is known about
their prospects for use in the tools (in particular blanking tools) working in the
conditions with prevalence of adhesion wear.
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ABSTRACT

Modern composites are a success story from the viewpoint of many applications.
One of the promising fields of composites’ application is their use under the
conditions of two or more bodies interacting, e.g. tribological application where
resistance to wear becomes an important factor to improve the durability of tools
and other wear parts. It has an effect on the component lifecycle and also on the
total cost of the final product. Application of wear parts and consumables may
represent 40% of life cycle costs Wear types (abrasive wear, adhesive wear, sliding
wear, efc.) appearing in different tribosystems and their domination may change
from one to another. Wear does not take place through a single wear mechanism
and understanding of each wear mechanism in each mode of wear becomes
important.

Hardmetals are the most widely used wear resistant carbide composites because of
their excellent combination of wear resistance and mechanical reliability
characteristics (transverse rupture strength, plasticity, fracture toughness). TiC-
based cermets may be successful because their thermal expansion coefficient and
friction coefficient (in contact with different metal surfaces) are lower and
oxidation resistance is higher than that of cemented tungsten carbide.

The current study focuses on the wear performance and failure mechanism of
carbide composites, in particular alloys designed for metalforming (WC-based
hardmetals and TiC-based cermets with Ni-alloy and Fe-alloy binders). Wear tests
including adhesive wear, abrasive wear, sliding wear and wear of blanking tools
were performed. The results were compared and related to the mechanical
macroproperties and microstructure studied by SEM and XRD. Relationships
between actual tool wear during blanking and used tool material behavior in
different wear conditions are revealed.

The results obtained from the abrasive wear tests refer to an obvious dependence of
the wear performance (wear resistance) of the test material on carbide composition.
At an equal carbide volume fraction, WC-based composites demonstrate an
obvious superiority over TiC-based cermets. Also, the results confirm an
inconclusive influence of hardness on the wear performance of materials — at equal
hardness the abrasive wear of alloys of different composition may vary up to four
times.

The study revealed that there is an obvious dependence of abrasive wear resistance
on the stiffness (combined effect of proof stress Rco.; and the modulus of elasticity
E) of an alloy. Also, changes in the fine structure (dispersity of micrograins and
density of dislocation network) of the carbide phase induced by their local plastic
strain were revealed. The wear of a carbide composite is characterized by a
selective failure that starts predominantly in the binder phase by its extrusion and
microcutting and continues by a subsurface fracture of carbides (fragmentation —
microcracking).
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The results of adhesive wear testing demonstrate an obvious dependence of the
alloys wear performance on their composition. At equal carbide (binder) fraction, a
WC-based hardmetal and a TiC cermet cemented with nickel steel show a
remarkable superiority over an ordinary TiC-based cermet with nickel alloy binder.
At equal hardness adhesive wear of different composites differ up to 4 times. The
obvious dependence of wear on proof stress was discovered — the increase in proof
stress improves monotonously the wear resistance. The XRD studies revealed
changes in the fine structure of the carbide phase induced by the plastic strain
taking place during loading.

In sliding wear conditions and carbide composition, WC-based hardmetals have
obvious superiority over tungsten free ones and cermets with steel binder over
composite with nickel alloy binder. Results also demonstrate uncertainty of
hardness and the definitive relevance of proof stress in sliding wear. In contrast to
cutting adhesive wear, sliding wear demonstrated a more definitive dependence on
the stiffness — the modulus of elasticity E. During sliding wear formation of thin
tribofilms (between sliding—wearing surfaces) was observed.

Results of functional wear tests demonstrate the obvious superiority of the
advanced TiC-based cermet over hardmetal and ordinary cermets. SEM studies of
worn carbide composite surfaces demonstrate that surface failure mechanisms
occurring during adhesive wear and sheet metal blanking are similar: in both cases
surface failure (removal of material) appeared first in the binder phase. Also, it was
revealed that there exists a good correlation between the blanking performance and
adhesive wear resistance. XRD studies showed the changes in carbide phase taking
place as a result of plastic strain.

The ability of cemented carbide to adsorb fracture energy depends on the plasticity
(ability to local plastic straining) of its both phases — the ductile binder and the
brittle carbide. The results obtained show that there exists dependence between the
carbide phase plasticity on its composition and the loading mode. During cyclic
loading (fatigue testing), the plasticity of composites carbide phases (WC and TiC)
decreases — an embrittlement takes place. The intensity in embrittlement depends
on the composition of the carbide composite and is more remarkable for WC-based
composites.
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KOKKUVOTE

Vottes aluseks mitmed kasutusvaldkonnad, vaarib mérkimist kaasaegsete kompo-
siitmaterjalide omamoodi edulugu. Uks paljutdotavamaid valdkondi on nende
triboloogiline rakendus, kus kulumiskindlus on oluline tegur tdoriistade ja kuluvate
detailide vastupidavuse suurendamisel. Komponentide kulumiskindlus méiérab
nende kasutusaja ja 16pptoote maksumuse. Kulumisega seotud kulutused vdivad
moodustada kuni 40% kuludest seadmete elutsiikli jooksul. Erinevad kulumise
liigid (abrasiivkulumine, adhesioonkulumine, hdordkulumine jne.) ja nende
domineerimine erinevates tribosiisteemides vdib olla erinev. Kulumine ei toimu
ainult ihe kulumisliigi toimel, mistottu iga kulumismehhanismi mdistmine on
olulise téhtsusega.

WC-baasil kdvasulamid on enamlevinumad karbiidkomposiidid nende hea
kulumiskindluse ja mehaanilise vastupidavuse néitajate (paindetugevus, plastsus,
purunemissitkus) tottu. TiC-baasil kermised on huvipakkuvad, kuna nende
soojuspaisumistegur ja hodrdetegur (erinevatel metallipindadel) on madalamad
ning nende oksiideerumiskindlus on suurem kui volframkarbiidi baasil kova-
sulamitel.

Kéesolev t60 keskendub metallide survega tootlemiseks kasutatavate karbiid-
komposiitide, (WC-baasil Co sideainega kdvasulamid ja TiC-baasil kermised, Ni-
sulamist ja Fe-sulamist sideainega) kulumiskindlusele ja kulumismehhanismidele.

Teostatud on uuringud adhesioonkulumise, abrasiivkulumise, hddrdkulumise ja
tooriista (viljaldoikestants) kulumise viljaselgitamiseks. Katsetulemusi erinevates
kulumise tingimustes on omavahel vorreldud ja seostatud mehaaniliste omaduste
ning mikrostruktuuriga. On tuvastatud seosed tooriista kulumise reaalsetes stant-
simise tingimustes ja vastava materjali erinevates kulumistingimustes kditumise
vahel.

Tulemused, mis saadi abrasiivkulumisel, viitavad seosele kulumiskindluse ja
materjalide karbiidisisalduse vahel. Karbiidi vordse mahulise sisalduse juures
kdituvad volframkarbiidi baasil kovasulamid oluliselt paremini kui TiC-baasil
sulamid. Samuti selgub tulemustest materjalide kdvaduse mdju nende kulumis-
kindlusele, kuid vordsete kdvadusnéitajate puhul voib kulumiskindlus soltuvalt
karbiidkomposiidi koostisest erineda kuni neli korda.

Uuringud néitasid samuti, et materjalide abrasiivkulumiskindluse ja jdikuse
(voolavuspiiri Rco; ja elastsusmooduli £ kombineeritud mdju) vahel on seos.
Samuti tuvastati muudatused karbiidi peenstruktuuris (mikroterade disperssus ja
dislokatsioonivorgustiku tihedus), mis on tingitud lokaalsetest plastsetest
deformatsioonidest. Karbiidkomposiitide kulumist vdib kirjeldada valikulise
purunemisega, mis algab enamjaolt sideainest selle ekstrusiooni ja mikroldoikusega
ning jatkub karbiidi terade purunemisega (killunemine, mikropragude teke).
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Adhesioonkulumise katsete tulemused niditavad samuti otsest seost materjali
kulumiskindluse ja karbiidisisalduse vahel. V3rdse karbiidisisalduse juures on WC-
baasil kovasulamid ja TiC-baasil terassideainega kermised oluliselt parema
kulumiskindlusega kui TiC-baasil nikkelsideainega kermised. Vordsetel kdvadustel
vOib kulumiskindlus erineda kuni neli korda. Uurimistulemused niitasid samuti
seost kulumiskindluse ja materjali voolavuspiiri vahel. Rontgenstruktuurianaliiiisi
(XRD) uuringute tulemuste pohjal vdib Gelda, et ka adhesiooni puhul toimusid
karbiidifaasi mikrostruktuuris muudatused, mis viitavad kohalikule plastsele
deformatsioonile.

Hoordkulumise tingimustes, vottes arvesse sulamite karbiidisisaldust, kditusid WC-
kovasulamid oluliselt paremini kui volframivabad kermised ning TiC-baasil
terassideainega kermised olid paremad kui TiC-baasil nikkelsideainega kermised.
Samuti néitasid tulemused koOvaduse mittetdielikku ja voolavuspiiri paremat
relevantsust kulumiskindluse prognoosimisel. Vorreldes adhesioonkulumisega, on
elastsusmoodulil £ hdodrdekulumise puhul kindlam seos kulumiskindlusega.
Hoordkulumise kdigus tdheldati Shukeste tribofilmide teket hdorduvatel pindadel.

Funktsionaalkatsetuste (tdoriista kulumine stantsimisel) tulemused niitavad, et
optimaalse struktuuri ja koostisega TiC-baasil kermised kiituvad paremini kui
WC-baasil kdvasulamid ja tavalised TiC-baasil kermised. Kulunud pindade SEM
uuringud nditavad, et pinna purunemise mehhanism, mis leiab aset adhesioon-
kulumisel ja lehtmetalli véljaldikestantsimise tooriistal, on sarnane: mdlemal juhul
algab purunemine (materjali eemaldumine) sideainest. Samuti nditasid need
tulemused, et adhesioonkulumiskindluse ja tooriista kulumise vahel on kindel seos.
XRD uuringute pohjal voib kinnitada, et ka tdoriista kulumise puhul toimusid
muudatused karbiidi peenstruktuuri, mis on tingitud lokaalsetest plastsetest
deformatsioonidest.

Karbiidkomposiitide voime adsorbeerida purunemise energiat sdltub molema faasi
— sitke sideaine ja hapra karbiidi — plastsusest (vOimele alluda lokaalsetele
plastsetele deformatsioonidele). Saadud tulemused néditavad, et eksisteerib seos
karbiidi plastsuse ja koormamistingimuste vahel. Tsiiklilise koormuse tingimustes
(vasimuskatsed) komposiitide karbiidifaasi (WC ja TiC) plastsus viheneb — toimub
haprumine. Haprumise intensiivsus soltub materjali koostisest ja on suurem WC-
baasil kdvasulamite puhul.

Mairksonad: kermis, kdvasulam, karbiidkomposiit, stantsi kulumine
abrasiivkulumine, adhesioonkulumine, hodrdkulumine
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metalforming in wear conditions with prevalence of adhesion. Wear tests were performed by a special
metal cutting method which consisted of turning of mild steel at low speed. The results were compared
with those obtained in the sliding wear tests and related to the mechanical properties and microstruc-
ture studied by SEM and XRD. It was shown that the surface failure starts preferably in the binder by a

combined process (extraction, microcutting) and is preceded by the plastic strain taking place in both
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with Ni-alloys.

phases—in the ductile binder and in the brittle carbide. WC-Co composites and cermets on the basis of
TiC, bonded with Fe-alloys demonstrated their noticeable superiority over TiC-base composites bonded

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Combination of desirable properties is met in multiphase mate-
rials, including carbide composites (hardmetals and cermets).
Composites are prospective for use under the conditions of two
or more bodies interacting, e.g. tribological applications.

Tungsten carbide base hardmetals are the most widely used
materials for different wear applications owing to their excellent
combination of high wear resistance and strength-toughness [1,2].
Major applications of tungsten carbide based hardmetals cover
metal removal cutting tools, rock- and earth drilling tools and sheet
metal forming tools [2]. Shortage of tungsten and deficiency of
some properties (oxidation, corrosion resistance, and low weldabil-
ity with steel) result in some restriction of hardmetal applications.
For these reasons tungsten free carbide composites on the basis
of TiC cemented with nickel alloys and alloyed steels have been
developed [2-5].

In general, TiC-base composites are at some disadvantage in
respect of strength and abrasive and erosive wear resistance. Appli-
cation areas of the cermets are still quite restricted. However,
recent developments in technology-sintering in combined atmo-
spheres [6], application of gas compression during sintering (HIP
and sinter/HIP) [7] that have substantially improved the perfor-
mance of carbide composites—have created a renewed interest in
TiC-base cermets.

* Corresponding author. Tel.: +372 6203150; fax: +372 6203153.
E-mail address: marty@staff.ttu.ee (M. Viljus).

0043-1648/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.wear.2010.01.006

This paper focuses on the wear behaviour of some car-
bide composites, in particular TiC-base cermets with nickel
steel binder developed for metalforming [1,7] in the condi-
tions where adhesion (sliding wear and cutting adhesive wear)
prevails. The wear performance was related to their mechani-
cal properties and the microstructure was studied by SEM and
XRD.

2. Materials tested and experimental details
2.1. Materials

Studies focused on tungsten and titanium carbide-base carbide
composites, in particular composites prospective for metalforming
(carbide fraction 74-85vol.% and properties: Rockwell hard-
ness HRA>86.5, transverse rupture strength Rrz >2000MPa)
[1].

Fig. 1 shows the microstructures of the composites with carbide
fraction ~75 vol.%. The microstructure of WC-composites consists
of WC grains mainly of angular shape embedded in the binder
phase. The shape of TiC grains is more rounded. Porosity of car-
bide composites was <0.2 vol.% for all materials and the average
grain size was 2-2.3 wm.

The materials were produced by means of the conventional
vacuum sintering technology of pressed powders [1]. Some
grades (cermets T80/14, T75/14) were sintered by the sinter/HIP
techniques (under gas compression of 50 Bar at the sintering
temperature) [7]. A review of the composition and mechanical
properties of the composites investigated is presented in Table 1.
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Fig. 1. SEM micrographs of the carbide composites studied: (a) hardmetal, grade H15, (b) cermet TiC-FeNi, grade T70/14; (c) cermet TiC-NiMo, grade TN30 (see Table 1).

2.2. Experimental details

Adhesive wear tests were performed by a special cutting method
(by turning mild steel at low speed), simulating the wear of blank-
ing tools—wear in the prevalence of adhesion [6,8]. The wear
resistance was determined as the length of cutting path L;, when
the height h of the wear land at the specimen (tool) nose achieved
1 mm (Fig. 2). An excellent correlation between the wear resistance
determined by this method and blanking die wear was reported in
[1,7].

Sliding wear tests were performed in accordance with the ASTM
standard B611-85 (without abrasive). The wear rate was calcu-
lated as a volume loss W, mm?3. Transverse rupture strength Ryz

was determined in accordance with the ISO 332/7 method (using
specimen B) and Vickers hardness in compliance with EN-ISO6567.
As an additional characteristic, the proof stress Rco 1, featuring the
resistance of a material to the plastic strain and the shear-strength
(resistance to microcutting) of all composites, was determined.
The proof stress was determined in a uniaxial compression test
using a specimen of a diameter of 10 mm and a length of 18 mm
[8].

Examinations were complemented by SEM and XRD inves-
tigations performed on the scanning electron microscope Zeiss
EVO MA15 and diffractometer Bruker D 5005, respectively. The
line broadening and decrease in the intensity of X-ray reflections
(measure of local plastic strain) from the composites phases were

Table 1

Structural characteristics and properties (hardness HV, transverse rupture strength Rrz, modulus of elasticity E, and proof stress in compression Rco 1) of carbide composites.
Grade Carbide, content (vol.%) Binder composition, structure HV (GPa) Rz (GPa) E (GPa) Rco.1 (GPa)
H10 WC, 83.5 Co (W) 135 23 610 29
H13 WC, 79.9 Co (W) 13.0 2.8 590 29
H15 WC, 76.0 Co (W) 115 29 560 25
H20 WC, 69.0 Co (W) 10.0 3.0 510 20
T80/14 TiC, 86.5 14Ni-steel, austenite-bainite 14.5 1.5/2.12 420 3/3.23
T75/14 TiC, 83.0 14Ni-steel, austenite-bainite 13.5 1.8/2.4% 410 2.8/2.92
T70/14 TiC, 79.0 14Ni-steel, austenite-bainite 12.5 2.3 400 2.5
T60/14 TiC, 74.0 14Ni-steel, austenite-bainite 10.5 24 380 2.0
T60/8 TiC, 74.0 8Ni-steel, martensite 12.2 2.2 390 24
TN20 TiC, 86.5 NiMo (2:1) 14.0 1.45 410 25
TN30 TiC, 81.0 NiMo (2:1) 13.5 1.7 380 24
TN40 TiC, 74.0 NiMo (2:1) 12.6 1.9 360 2.0
TN50 TiC, 65.0 NiMo (2:1) 10.0 2.1 340 1.7

2 Sinterhipped.



1124 H. Klaasen et al. / Wear 268 (2010) 1122-1128
A _AA
/ 25 mm
N h l
5mm 5mm
A 8°
1.5
L £
e £
B (Y4
c 1
I n 5 !
5 :
a tf = o5k :
) A ’
1 \2 :
1 1 1 1 1 L 1
100 200 300 400 500 600: 700
L,

Fig. 2. The scheme of cutting adhesive wear testing: (1) mild steel to be turned, (2)

determined in the XRD studies [9]. In the present paper different
sources of X-ray broadening were not taken up separately.

3. Results
3.1. Adhesive wear

Fig.3 demonstrates the adhesive wear performance of the tested
materials plotted against their carbide volume fraction. It can be
seen that the increase in the volume fraction of the carbide phase in
the alloy leads to a continuous improvement of the adhesive wear
performance of all composites regardless of the carbide and the
binder composition. The results obtained refer to an obvious depen-
dence of the wear performance of an alloy on their composition.
The wear performance appears to depend both on the properties of
the carbide phase and on those of the binder. At an equal carbide
volume fraction, WC-base hardmetals and TiC-base cermets with
the Fe-Ni binder demonstrate an obvious superiority over TiC-base
cermets cemented with Ni-alloys.
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O - TiC-cermet, Ni-alloy binder
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2500

2000

1500

1000

Adhesive wear resistance L1. m/mm
o
(=3
o

80
Carbide content, vol. %
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Fig. 3. Adhesive wear resistance of carbide composites vs. carbide fraction in the
alloy.

Wear path L, m

specimen, h: height of wear land, L;: adhesive wear resistance, and L: cutting path.

3.2. Adhesive wear performance and mechanical properties

In Fig. 4 the adhesive wear performance of the test materials is
plotted against their hardness—the ordinary measure of the mate-
rial’s wear resistance. The results obtained refer to the influence
of hardness on the adhesive wear performance being uncertain
similarly to abrasive and blanking wear conditions [1,10]. At equal
hardness, the adhesive wear of different carbide composites differs
markedly (up to four times). The lack of correlation between the
adhesive wear performance of carbide composites and their hard-
ness may be attributed to the differences in the stress states during
the wear and the hardness test and higher structure sensitivity of
the wear resistance of the composites in relation to hardness [7].

In Fig. 5 the adhesive wear resistance of composites is opposed
to their strength property—proof stress. The results obtained refer
to a definitive dependence of wear performance on the proof stress.
Increase in R results in a continuous improvement of the wear
resistance.

Results presented in Figs. 6 and 7 allow us to conclude that at an
equal proof stress an additional increase in the wear performance of
carbide composites can be achieved by increasing their transverse
rupture strength Rrz and modulus of elasticity E. In particular, at
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Fig. 4. Adhesive wear resistance vs. hardness of carbide composites.
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equal proof stress of 2.9 GPa the adhesive wear resistance of hard-
metal grade H13 is higher than that of grade H10 on account of its
higher transverse rupture strength (2.8 GPa for H13 against 2.3 GPa
for H10). Also, at equal proof stress of 2.0 GPa the adhesive wear
resistance of hardmetal H20 is higher than that of cermet TN40 on
account of significantly higher modulus of elasticity of hardmetal.

3.3. Sliding wear

Fig. 8 demonstrates sliding wear rates of the test materials plot-
ted against their composition (carbide volume fraction). In general,
the relationships repeat those revealed for cutting adhesive wear
(Fig. 3): the continuous decrease in the wear with an increase in
the carbide fraction in the alloy and the superiority of WC-base
hardmetals and TiC-FeNi cermets over TiC-base cermets with the
Ni-alloy binder.

In contrast to cutting adhesive wear (and abrasive wear [10]),
the sliding wear of carbide composites demonstrated a relatively
low sensitivity in terms of composition. An increase in the car-
bide fraction from 69 to 83.5 vol.% in WC-hardmetals results in the
improvement of performance in the cutting adhesive wear condi-
tions up to four times and in the sliding wear less than two times
(compare Figs. 3 and 8).

3.4. Sliding wear and mechanical properties

Figs. 9-11 demonstrate the dependences of the sliding wear of
the test materials on the hardness, proof stress Rco; and modu-
lus of elasticity E (as a combined characteristic E-Rco 1 ). In general,
the relationships repeat those revealed for the cutting adhesive
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Fig. 9. Sliding wear vs. hardness of carbide composites.
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Fig. 10. Sliding wear vs. proof stress of carbide composites.

wear—the uncertainity of hardness and the definitive relevance
of proof stress. In contrast to cutting adhesive wear, sliding wear
demonstrated a more definitive dependence on the modulus of
elasticity E (combined characteristic E-Rcg 1, see Fig. 11). Results
confirm a comparatively low structure sensitivity of carbide com-
posites to the sliding wear. An increase in the proof stress of
WC-hardmetal from 2000 to 2900 MPa results in an improvement
of performance - up to six times in the cutting adhesive wear and
less than 1.5 times in the sliding wear conditions, respectively.

4. Discussion

The present study has found major differences in wear when
adhesion (cutting adhesive wear, sliding wear) of alloys differing in
their composition (carbide and binder) prevails. The relationships
found refer to the relevance of the carbide-binder content and their
properties, to an inconclusive influence of hardness and to an obvi-
ous relevance of the proof stress. The transverse rupture strength
and modulus of elasticity appear to have a secondary (less definite)
importance in the wear conditions when adhesion prevails.

In essence, the results comply with the wear theories of hard-
metals and cermets [11-17]. On the basis of these studies it may
be concluded that material removal during wear has a selective
nature—it starts preferably in the binder mainly by microcutting
and extraction. As a precondition to material removal, the extru-
sion of the binder and its adhesive interaction has to occur. For
adhesion interaction (mating of contacting phases through solid
phase welding of asperities) the plastic strain of asperities, result-
ing in the formation of physical contact (as a result of frustration of
oxide films covering the faces and hindering the formation of the
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Fig. 11. Sliding wear vs. rigidity characteristic Rco.1 x E x 10% GPa? of carbide com-
posites.
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Fig. 12. XRD pattern of the carbide phase of the TiC-based cermet; 1: Before testing;
2: after sliding wear testing.

contact) has to occur [1,5,15]. Thus, the adhesion wear of a com-
posite is controlled by its (in particular, its binder) resistance to the
local plastic strain—its proof stress.

As stated, for the binder to be extruded (onto the composite
surface), the elastic strain of the composite carbide skeleton, its
compression, has to occur [10,11]. The extrusion of the binder (and
wear) depends therefore on the modulus of elasticity of the com-
posite while the binder flow during extrusion—on its resistance to
the plastic strain (proof stress).

The higher adhesive wear resistance of the WC-hardmetal and
the TiC-cermet with a steel binder, in contrast that of the TiC-
cermet with a nickel-alloy binder, appears to have resulted from
their higher rigidity—higher resistance to the elastic (modulus of
elasticity) and plastic (proof stress and strength of the steel binder)
strains.

After removal of the binder by microcutting and extraction, car-
bides lose their steady protective envelope (generating favourable
compressive stresses in the brittle carbide), resulting in a drop of
their resistance to brittle failure (subsurface microfailure) [10].

The resistance of the carbide phase to brittle failure is con-
trolled by the level of elastic strain energy transmitted to the surface
during wear and storing at the tips of the flaws of the compos-
ite microstructure [10,18,19]. The elastic strain energy may relax
either by origin and propagation of microcracks or by a local plas-
tic strain. The resistance of the composite carbide phase to brittle
fracture depends therefore on its ability to undergo the local plastic
strain (to absorb the fracture energy by the local plastic stain).

As stated, the plastic strain of a carbide composite takes place
preferably in its ductile binder [20]. The XRD measurements per-
formed in the present study on the worn surfaces of the WC- and

Intensity Lin, cps
N

41 43
2-Theta - Scale

Fig. 13. XRD pattern of the carbide phase of the carbide composite (TiC-cermet). 1:
before testing; 2: after cutting adhesive wear testing.
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Table 2

Decrease in the intensity (line peak) and increase in the broadness of X-ray reflection lines from the carbide phases of the composites tested in the sliding wear (W) and the
cutting adhesive (A) wear conditions. Io, Iw, Ia and By, Bw, Ba—intensity and broadness before (0) and after sliding and adhesive wear, respectively.

Grade Carbide, line Decrease in intensity I, times Increase in broadness B, times

To/lw To/In Bw/Bo Ba/Bo
T70/14 TiC[200] 13 1.2 1.25 1.1
TN30 TiC[200] 1.25 - 1.1 1.0
H15 WC[001] 15 = 13 1.1

Fig. 14. SEM micrographs of the TiC-cermet (T70/14) worn in sliding (a) and cutting adhesive wear (b) conditions.

TiC-base composites revealed alterations in their difractograms—a
decrease in the intensities and an increase in the broadness of the
reflection lines of their carbide phases (Figs. 12 and 13). These alter-
ations refer to changes in the fine structure (increase in dispersity of
micrograins (microfragmentation) and density of dislocation net-
work) of the carbide phase induced by their plastic strain taking
place during loading [9,21].

Changes in the fine structure of the carbides in the compos-
ites tested appear to depend on the alloy’s composition and wear
conditions (Figs. 12 and 13, Table 2): they are more remarkable
in the WC-hardmetals (compared with the TiC-cermets) and in
those subjected to sliding wear (in relation to the cutting adhesive
wear).

These results confirm our previous findings concerning alter-
ations in the fine structure of carbides subjected to cyclic loading
(fatigue) and to abrasion [10,21]. They refer to the ability of the car-
bide phase in a composite to undergo plastic strain during loading
and wear and to the dependence of this phenomenon on the stress
state (loading-wear conditions) and alloy composition.

Results of SEM studies—micrographs, presented in
Figs. 14 and 15 refer to some differences in the surface fail-
ure taking place in the sliding wear and adhesion (and confirm
those revealed by XRD). These differences may be related to
the differences in the stress states—the prevalence of shear
stresses (microcutting) in sliding and the relevance of tension
stresses (extraction) in adhesion. The structure worn in adhe-
sion is more distinctive in relation to sliding wear. It refers
to the relevance of tensile stresses and removal of material
(binder) by extraction. The structure worn in sliding wear
seems to be more vague, which refers to prevelance of shear
stresses and removal of binder by combined extrusion and
microcutting.

As reported in [12,16] and shown in the present study (micro-
graphs, Figs. 14 and 15), tribofilms have been observed to form on
the surface of carbide composites subjected to wear, in particular
sliding wear. These films, resulting from binder extrusion and adhe-
sive interaction, act as a protective-lubricating interlayer inducing
reduced wear and marked decrease in the sensitivity to the com-

Fig. 15. SEM micrographs of the WC-hardmetal (H15) worn in sliding (a) and cutting adhesive wear (b) conditions.
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position and properties (structure sensitivity) of hardmetals and
cermets.

5. Conclusions

1 Atan equal carbide volume fraction, tungsten carbide-base com-
posites are at some advantage over titanium carbide-base ones,
both in sliding and cutting adhesive wear conditions.

2 In respect to cutting adhesive wear performance, TiC-base com-
posites with an iron alloy binder are at a remarkable advantage
over TiC-cermets with a Ni-alloy binder (at an equal carbide frac-
tion).

3 Wear performance in the conditions of prevalence of adhesion
(sliding wear and cutting adhesive wear), predicted on the basis
of hardness may lead to pronounced mistakes when carbide com-
posites of different compositions are considered.

4 The performance of a carbide composite in the wear conditions
with prevalence of adhesion is controlled primarily by its resis-
tance to the local plastic strain featured by the proof stress
depending on the carbide fraction and properties of alloy phases.

5 The surface failure (removal of material) during adhe-
sion wear starts preferably in the binder by a combined
extrusion-extraction-microcutting process, continues by
cracking-extraction of carbides and is preceded by the local
plastic strain taking place in both phases—in the binder and in
the brittle carbide.

6 In the sliding wear conditions tribofilms were found to form,
having a protective-lubricating effect between the wearing-
contacting surfaces “carbide composite-steel counterbody”. The
result is a remarkable decrease in the intensity of wear and its
sensitivity to the composition (carbide fraction and binder com-
position) and properties (proof stress and modulus of elasticity).
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Abstract

This paper describes the wear performance and failure mechanism of some advanced
carbide composites (TiC-based cermets and WC-based hardmetals) in different wear
conditions. Functional tests were conducted in cyclic loading wear (blanking) and laboratory
trials in abrasive, sliding and adhesive wear, complemented by SEM and XRD studies.
Correlation between the blanking performance and adhesive wear resistance of the
composites proved fair and similarities were revealed in surface failure morphology. In these
conditions, the advanced TiC-cermet was found to be superior over the WC-based
hardmetal. It is shown that the wear of a carbide composite starts preferably in the binder
and is preceded by local plastic strain taking place in both phases — in the ductile binder and
in the brittle carbide.

Key words: cermet, hardmetal, carbide composite, blanking performance, abrasive wear,
adhesive wear, sliding wear

1. Introduction

Carbide composites on the basis of tungsten carbide — hardmetals — are a success story
from the viewpoint of their mechanical and ftribological properties and spectrum of
applications [1]. However, deficiency of some specific properties, particularly corrosion
resistance and weldability, restricts the use of hardmetals and alternative ceramic and metal
composites, e.g. on the basis of titanium carbide have been developed. Among them TiC-
based cermets bonded with Fe/Ni alloy (Ni steels) are still the most promising candidates [2 -
4]. A series of TiC-based cermets have been developed at TUT. One of the most successful
so far — the grade T70/14 — has demonstrated its superiority over the ordinary WC- based
hardmetal H15 (85 wt% WC) as a tool material for blanking of sheet steels [5, 6].

This paper focuses on the blanking performance of an advanced TiC-cermet — the grade
T75/14 (75 wt% TiC cemented with Ni-steel and produced by sinter/HIP technology) [7].
WC-Co hardmetal grade S13 (87 wt% WC) and the ordinary TiC-based cermet grade T70/14
were investigated as reference materials.

Another important aim of the study was to identify any correlation that might exist
between blanking performance and wear resistance (in the abrasive, adhesive and sliding
wear conditions) on the one hand and between wear-failure mechanisms on the other hand.

2. EXPERIMENTAL
2.1. Materials

The main microstructural characteristics and mechanical properties of the tested
composites are presented in Table 1.

The alloys were sintered by two techniques: standard vacuum sintering (for grades
T70/14, T75/14 and S13) and sinter/HIP (combined sintering in vacuum + argon gas
compression) — for grade T75/14 — H.



Table 1. Structural characteristics and properties (hardness HV, transverse rupture strength
Rrz,, modulus of elasticity £, and proof stress Rco.1) of carbide composites

Grade Carbide Binder HV Rz, E, Reo.1,
GPa |GPa |GPa
wt % grain size | Composition | Structure
d, um
T70/14 |TiC,70 |2.1 14Ni-steel Austenitic  [1250 [2.11 |400 |2.6
T75/14 |TiC,75 |2.0 14Ni — steel |Austenitic |1320 |1.80 [410 |2.9
T75M14-H | TiC, 75 |2.1 14Ni- steel | Austenitic |1320 |2.40* |410 |3.0
S13 WC, 87 [1.8 Co(W) 1300 |2.80 590 |2.8

*after sinterhipping

2.2. Testing procedures

The procedure of the durability functional test resembled that in service, i.e.— blanking of
grooves into electrotechnical sheet steel (with a hardness of 150 HV and a thickness of 0.5
mm) using a three-position die reinforced with the three different composites to be
investigated, mounted on an automatic mechanical press [5, 6].

The wear resistance, i.e. the blanking performance of carbide composites, was evaluated
by the measurement of the side wear of the die 4 (increase in diameter) after an intermediate
service time N=0-5 x 10° strokes, as N/A (lifetime in strokes per 1 mm of the side wear A).
The intermediate service time 0.5 x 10° corresponded to the time between two consecutive
prophylactic sharpenings used in the exploitation of blanking dies [7]. The side wear was
measured using the measuring machine STRATO 9 — 166 in fixed environmental conditions
(constant room temperature and humidity of 40%) as an average of 4 — 6 measurements.

Abrasive wear tests were performed using the rubber-rimmed rotary machine (modified
ASTM G65 — 94 method) as follows: abrasive-quartz sand (amount 3 kg, particle size 0.1 —
0.2 mm, hardness HV 1100), velocity of wheel 0.24 m/s, testing time 10 min, and load 3 N.
The wear was estimated as the volume lost in mm?.

A special method was used for adhesive wear tests (elaborated for the evaluation of
blanking performance), namely turning of mild steel (HV=160) at low speed v <12 m min™, in
which surface adhesive failure generally prevails [5]. The wear rate was determined as the
height of the wear land h at the tool (specimen) nose after the specific length of the cutting
path L. The adhesive wear resistance L; was determined as the length of the cutting path L
when the height of the wear land h achieved the critical value of 7 mm. The critical height h =
1 mm of the wear land corresponded to the onset of the accelerated wear.

Sliding wear tests were performed in accordance with the ASTM standard B611 — 85
procedure, without abrasive at a loading F= 40N and a wear length L= 4000 m. The
volumetric wear rate was calculated as 4V= Am/p, where Am is the average (of three
specimens) mass loss and p is the density of the alloy.

Examinations were complemented by SEM and XRD investigations performed on the
scanning electron microscope JEOL JSM 840A and the diffractometer Bruker D 5005,
respectively. The line broadening and intensity of X-ray reflections from the composite
phases were determined in the XRD studies [8].

3. RESULTS AND DISCUSSION
3.1. Wear performance

Results of functional wear tests (conducted as the blanking of grooves into the sheet
steel) are shown in Fig. 1 as wear contours A-H (side wear A depending on the depth H from
the cutting edge of the die). During testing (N=5 x 10° strokes) of the die (three position die
reinforced with the sample cermets/hardmetals), neither fracture nor brittle macrochipping of
cutting edges was detected.



Cutting edges became blunt as a result of uniform wear. The wear contours (Fig. 1) and
the side wear data for the dies tested demonstrate the obvious superiority of the advanced

TiC-based cermet over hardmetal S13 and cermet T70/14.
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Fig.1. Wear contours of carbide tool (die) edges — side wear A after blanking of 5-10°

strokes. H — deph of groove measured from cutting edge.

The advanced TiC-based cermet demonstrated a blanking performance exceeding that of

the ordinary composites up to 1.5 — 2 times.

Figure 2 shows the blanking performance N/A of carbide composites investigated (TiC-
based cermets, hardmetal) opposed to their response as inserts in the abrasive, sliding and

adhesive wear conditions.
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In terms of abrasive wear resistance, both of the TiC-based cermets were considerably
worse (up to three times) than the hardmetal.

As stated in previous research, the abrasive wear of carbide composites is controlled by
the resistance to elastic and plastic strain and depends first on the properties of the carbide
phase (modulus of elasticity) [9]. At approximately equal resistance to plastic strain
(measured by the proof stress), the resistance of hardmetals to elastic strain (measured by
the modulus of elasticity) exceeds that of TiC-cermets by a factor of 1.6.

In general, the results obtained in the sliding wear trials and in the abrasive tests are in
agreement, i.e. they demonstrate the advantage of hardmetals over TiC-based cermets
(although their superiority is somewhat less obvious).It also highlights the role of the carbide
phase of alloys (their strength and rigidity) to withstand surface failure during sliding and
abrasive wear.

Concerning adhesive wear performance of carbide composites, a fair correlation was
found between the adhesive wear resistance and the blanking performance. Results
demonstrate the superiority of the advanced TiC-based cermet T75/14-H over hardmetal S13
(by a factor ~1.5).

SEM studies of worn carbide composite surfaces confirm the results described above.
They demonstrate that surface failure mechanisms occurring during adhesive wear and
sheet metal blanking are similar: in both cases surface failure (removal of material) appeared
first in the binder phase (Fig. 3). The distinctive nature of the worn surfaces confirms that
binder extraction prevails in both cases. In contrast to adhesive wear, surfaces worn during
abrasive and sliding wear do not show this distinction.

i

Fig. 3. SEM image of cemented carbide S13 surface after blanking (A), after adhesive wear
testing (B) and abrasive wear testing (C).

3.2. Microstructural aspects of carbide composite surface failure (wear)

As reported in previous studies devoted to the wear mechanisms of carbide composites,
the removal of material during wear has a selective nature and starts preferably in the binder
phase by microcutting (sliding wear, abrasive wear) and extraction (adhesive wear) [5,6, 9 -
11]. After removal of the binder, carbides lose their steady protective envelope (generating
favourable stresses in the carbide), resulting in a drop of their resistance to brittle failure
(subsurface microfailure) [9].

The resistance of the carbide phase to brittle failure is controlled by the level of the elastic
strain energy transmitted to the surface during wear (and storing at the tips of the flaws of the
composite microstructure)[9, 12]. The elastic strain energy may relax either by origin and the
propagation of microcracks or by a local plastic strain. The resistance of the composite
carbide phase to brittle fracture depends therefore on its ability to undergo the local plastic
strain (to absorb the fracture energy by the local plastic strain).

As stated, the plastic strain of a carbide composite takes place preferably in its ductile
binder [13]. The XRD measurements performed in this study on the worn surfaces of the
WC- and TiC-based composites revealed alterations in their difractograms — a decrease in
the intensities and an increase in the broadness of the reflection lines of their carbide phases
(Figs. 4 and 5). These alterations refer to changes in the fine structure (dispersity of



micrograins and density of dislocation network) of the carbide phase induced by their plastic
strain taking place during the wear-loading [8, 14].
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Fig. 4. XRD pattern of the carbide phase of the TiC-based cermet: 1 — before testing; 2 —
after sliding wear testing
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Fig.5. XRD pattern of the carbide phase of the TiC-based cermet: 1 — before testing; 2 —
after adhesive wear testing.

Changes in the fine structure of the carbides in the composites tested appear to depend
on the alloy's composition and wear conditions — they are higher (see Table 2) in the
hardmetal (than the TiC-based cermet) and lower in composites subjected to the adhesive
wear (in relation to the abrasive and sliding wear). These differences in changes in the fine
structure (featuring plastic strain) of the carbide during the wear-failure refer to the
dependence of carbide plasticity (measure I/l and B/B,) on the stress state.

Table 2. Decrease in intensity / and increase in the broadness B of the lines of X-ray
reflections from the carbide phases of the composites tested in the abrasive, sliding and
adhesive wear conditions.

lo, w, Is, Ia — intensity, B,, By, Bs, Ba- broadness before (0) and after abrasive (W), sliding (S)
and adhesive (A) wear testing, respectively.

Grade Carbide, Decrease in intensity, times Increase in broadness, times
line 1/l 1/l /1A B./B, By/B, B./B,

T75/14-H | TiC[200] 14 1.3 1.1 1.3 1.2 1.1

S13 WC[001] 1.5 1.5 1.2 - 1.3 1.1




As stated, during the adhesive wear of composites, material removal occurs preferably by
extraction (with prevalation of tension stresses) and therefore failure plasticity is less
compared to the abrasive and sliding wear when shear stresses (microcutting) prevail [12,
15].

The results received in this study confirm our previous findings concerning alterations in
the fine structure of carbides subjected to cyclic loading (fatigue). [14] They refer to the
ability of the carbide phase in a composite to undergo plastic strain during loading and wear
and to the dependence of this phenomenon on the stress state (loading-wear conditions) and
alloy composition.

CONCLUSIONS

e Wear performance and mechanism in different wear conditions, including cyclic
loading (functional tests in blanking of sheet metals) of an advanced TiC-based
cermet and that of hardmetal, were compared and as a result, the advantage of
the cermet was revealed in blanking and adhesive wear conditions.

e Reasonable correlation between the blanking performance of carbide composites
and their adhesive wear resistance and similarity in the surface failure
morphology was found.

e The surface failure of a carbide composite during wear starts preferably in the
binder and is preceded by local plastic strain, taking place in both alloy phases —
in the ductile binder and in the brittle carbide .

e The failure plasticity of a carbide (TiC, WC) depends both on the alloy
composition and the stress state and is more remarkable for the hardmetal and in
the wear conditions where shear stresses prevalil, particularly in the abrasive and
sliding wear.
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Abstract

The performance of carbide composites (WC-hardmetals and TiC-cermets) designed for
metalforming under conditions of abrasive wear was investigated. Wear tests were
performed by help of a rubber rimmed rotary wheel machine (ASTM 65-949 method),
complemented by SEM and XRD studies of micro and fine structure. It is shown that the
abrasive wear of a carbide composite is controlled by its rigidity characteristics (the modulus
of elasticity and proof stress). The performance depends primarily on the properties of the
carbide phase and its content in the alloy.

Key words. Abrasive wear; carbide composite; cermet; hardmetal.

1. INTRODUCTION

Tungsten carbide based hardmetals are most widely used in different wear conditions
because of their excellent combination of high wear resistance and fair strength-toughness
[1]. TiC-base cermets (so-called tungsten-free hardmetals) are successful in some
applications due to their good adhesive wear resistance, high specific strength and
favourable physical properties (corrosion resistance and fair weldability) [2, 3]. Because of
lack of common information of different cermets it is of interest to test their wear behaviour
under different wear conditions.

The present study was focused on the abrasive wear behaviour of some carbide composites
prospective for metalforming. The wear performance of those composites was studied in
relation to their mechanical properties and microstructure (to specify the mechanism of
wear).

2. Experimental

Tungsten and titanium-carbide based cemented carbides; in particular, composites
prospective for metalforming (carbide fraction 74-85 vol.-%, transverse rupture strength
>2000 N/mm?, Rockwell hardness HRA>87) were investigated [6].

The materials were produced by the conventional vacuum sintering technology of compacted
powders. Some grades (T75/14H, T80/14H) were sintered by the sinter/HIP technique (under
gas-compression of 50 Bar at the sintering temperature) [5]. The composition and
mechanical properties of the composites investigated are presented in Table 1.

Abrasive wear tests were performed by using of the rubber-rimmed rotary wheel machine
(modified ASTM 65-94 method) (Fig.1) as follows: abrasive — quartz sand (amount — 3 kg
with a particle size of 0.1 — 0.2 mm and hardness HV=1100), velocity of the wheel — 0.24
m/s, diameter of the steel wheel — 80 mm, wear distance — 144 m, testing time — 10 min and
load — 33N. The wear was estimated as the volume loss V in mm?® and wear resistance as
1/V, mm™.
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Table 1. Structural characteristics and properties (hardness HV, transverse rupture strength
Rz modulus of elasticity E, proof stress R, ;) of carbide composites

Grade Carbide Binder composition, | HV, GPa R, E, GPa | Re.1,
composition, | structure GPa GPa
wt %

H10 WC90 Co(W) 1.35 24 610 3.0

H13 WC388 Co(W) 1.32 2.8 590 2.9

H15 WC85 Co(W) 1.15 2.9 560 24

H20 WC80 Co(W) 0.98 3.0 510 2.0

T60/8 TiC60 Fe-8Ni, martensite | 1.26 2.2 390 2.4

T60/14 | TiC60 Fe-14Ni, austenite | 1.1 2.4 380 1.9

T70/14 | TiC75 Fe-14Ni, austenite | 1.21 2.3 400 2.2

T75/14H | TiC70 Fe-14Ni, austenite | 1.38 1.9/2.4* | 410 2.6

T80/14H | TiC80 Fe-14Ni, austenite | 1.47 1.4/2.0* | 420 3.0

TN30 TiC70 Ni : Mo (2:1) 1.40 1.7 380 2.3

TN40 TiC60 Ni : Mo (2:1) 1.26 1.9 360 2.1

TN40 TiC60 Ni : Mo (4:1) 1.01 2.2 350 1.8

TN50 TiC50 Ni : Mo (2:1) 1.0 2.1 340 1.7

*

sinterhipped alloy

Transverse rupture strength Rz was determined in accordance with the conventional ISO
3327 method (specimen B) and Vickers hardness in accordance with EN-ISO6567.

As additional characteristics, proof stress Rco s, featuring material resistance to the plastic
strain and its shear-strength (resistance to microcutting) of all the composites were
determined. The proof stress was determined in a compression test, using a specimen with a
diameter of 10 and a length of 18 mm [6].

Examinations were complemented by micro and fine structure studies of the worn surface of
the composites (SEM and XRD studies), performed on the scanning electron microscope
JEOL JSM840A and on the X-ray diffractometer Bruker D 5005, respectively.

3. Results and discussion

In Fig. 1 abrasion rates of test materials are plotted against their hardness — the ordinary
measure of material wear resistance. The results confirm an inconclusive influence of
hardness on the wear performance of materials reported before also for adhesion, erosion
and blanking wear conditions [2, 4, 7]. At equal hardness the abrasive wear of alloys of
different composition may vary up to four times.

The fact that no correlation between abrasion performance and hardness exists may be
attributed to higher structural sensitivity of the wear resistance of the composite in relation to
hardness and differences in the stress states during wear and hardness tests [2, 4].

The results suggest that the wear of the test material depends on its composition
(composition of the carbide and that of the binder). At equal hardness level, tungsten
carbide-base composites demonstrate superiority over TiC-base composites. TiC-cermets
with a steel binder are better than those with a nickel-alloy.
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Fig. 1 Abrasive wear of carbide composites vs. Vickers hardness.

1
Fig. 2 shows the wear resistance 7 (V — volume loss) of the composites investigated as

function of a combined value — the characteristic of rigidity Rco1 -

combined effect of proof stress Rco 1 and the modulus of elasticity E [7].
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Fig. 2 Abrasive wear performance 1/V (V — volume loss mm?) vs. rigidity characteristic
Reco.1 - E2 (proof stress x modulus of elasticity) of carbide composites.

The good correlation obtained — close to linear — suggests that the equation 7/V = R¢o 4 Eis
reliable to prognosticate and calculate the abrasive wear resistance of carbide composites of

different composition.

In essence, the results are in accordance with wear theories concerning the surface failure of
hardmetals and cermets during abrasive-erosion [7 - 10]. It may be concluded that the wear
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of a carbide composite is characterized by a selective failure that starts predominantly in the
binder phase by its extrusion and microcutting and continues by a subsurface fracture of
carbide (fragmentation - microcracking).

The extrusion of the binder onto the composite surface is controlled by the elastic strain of its
carbide skeleton — its elastic compression (during the penetration of abrasive particles). It
depends, therefore, on the stiffness (modulus of elasticity) of the carbide phase. An increase
in the modulus of elasticity of the carbide results in a decrease of elastic strain and binder
extrusion. The plastic flow of the binder (during extrusion), in turn, depends on its resistance
to the plastic strain — the proof stress. As the proof stress increases, hindrance to the plastic
flow, to extrusion and microcutting (shear failure) will grow.

SEM micrographs (Fig 3) refer to some differences in wear mechanisms during abrasion and
erosion. The structure worn in abrasion is more distinctive in relation to erosion. It refers to
the relevance of tension stresses (extraction) in the removal of material.

The abilty of the carbide phase to resist brittle failure depends on the level of the elastic
strain energy transmitted to the surface by abrasive particles (during collisions and
fluctuating contact stresses) and storing at tips of flaws in the composite microstructure [17].
Elastic energy depends on the modulus of elasticity of the carbide: an increase in the
modulus of elasticity results in a decrease of the elastic strain and strain energy.

Elastic strain in the composite during wear (cyclic contact stresses) may be relaxed either by
the origin of cracks or by a local plastic strain. The resistance of a composite (their phases)
to brittle fracture depends, therefore, on its ability to undergo plastic strain (to absorb fracture
energy by local plastic strain).

Fig. 3 SEM micrographs of a cemented carbide (composite H15) worn in erosive (A) and
abrasive (B) wear conditions.

The plastic strain of the carbide composite under static and cyclic loading has been reported
to start and propagate mainly in the ductile binder [12].

The XRD measurements performed in the present study on the worn surfaces of TiC- and
WC-base composites revealed alterations in their diffractograms — a decrease in the
intensities and an increased broadness of the reflection lines of their carbide phases (Fig. 4
and Fig. 5). These alterations refer to changes in the fine structure (dispersity of micrograins
and density of dislocation network) of the carbide phase induced by their local plastic strain,
taking place during abrasive wear.
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Fig.4 XRD diffraction patterns of WC- hardmetal carbide phase [line 001]; 1 — before testing
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Fig.5 XRD diffraction patterns of TiC-cermet carbide phase [line 200].

4. Conclusions

Based on the results of the experiments, the following conclusions could be drawn.

The tungsten—-based composites outperform tungsten-free cermets in abrasive wear
conditions (at the same level of hardness). TiC-base cermets with a steel binder are
superior to those with nickel-alloy.

The surface failure of a carbide composite during abrasion starts predominantly in the
binder as a result of a combined process — extrusion, microcutting and extraction. It
continues by transgranular cracking of the carbides, preceded by the plastic strain that
takes place in both phases — in the ductile binder and in the brittle carbide.

The performance of a carbide composite in abrasion is controlled by its resistance to
elastic (measured by the modulus of elasticity, E) and plastic (measured by the proof
stress Rco.1) strains and may be evaluated at a good accuracy by the combined rigidity
characteristic E? - Reo 1.
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Wear Performance of TiC-Base Cermets
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Some carbide composites — WC hardmetals and TiC-base cermets with Ni-alloy and Fe-alloy binders — were
investigated in different wear conditions. For the simulation of the adhesion wear conditions during blanking of sheet
steel special method was used. Results of these tests were compared with the results obtained from sliding wear and
abrasive wear. Relations between wear performance, microstructure and mechanical characteristics were found. It was
shown that the surface failure of carbide composite during adhesion starts preferably in the binder phase. This is a
combined process of microcutting, extraction and extrusion and depends on the amount of carbide phase and its
composition. Cermets on basis of TiC bonded with Fe- alloy (steel) binder showed superiority over TiC base composites

bonded with Ni alloy in all wear conditions.

Keywords: cermet; hardmetal; carbide composite; abrasive wear; adhesive wear; sliding wear.

1. INTRODUCTION

Tungsten carbide based hardmetals are the most
widely used materials for different wear conditions. This is
because of their excellent combination of fair strength and
high wear resistance. [1].

Tungsten free hardmetals on basis of TiC cemented
with nickel alloys and alloyed steels have been developed.
[2 - 5] to replace the hardmetals due to a shortage of
tungsten and some deficiency of its physical properties
(oxidation, corrosion resistance). These reasons restrict the
application of hardmetal. In general, TiC-base composites
are at some disadvantage in respect to strength and
abrasive and erosion resistance. Recent developments in
technology (sinter/HIP, HIP) resulting in substantial
improvement of performance of carbide composites have
created a renewed interest to TiC-base cermets. [6,7].

The present study was focused on the wear behaviour
of some carbide composites, in particular TiC-base cermets
with nickel steel binder developed for metalforming. [6].
In metalforming the adhesion (wear in blanking, wear in
sliding) prevail. The wear performance was related to their
mechanical properties and microstructure.

2. MATERIALS TESTED AND
EXPERIMENTAL DETAILS

2.1 Materials

Tungsten and titanium-carbide base carbide
composites in particular composites prospective for
metalforming (carbide fraction up to 85 vol% and
properties: Rockwell hardness HRA>86.5, transverse
rupture strength TRS>2000 MPa) were investigated.

Porosity of all materials tested was less than 0.2 vol.%
and average grain size 1.9 —2.2 um.

*Corresponding author. Tel.: + 3725018137 E-mail address:
tonur@tkk.ee@t (T. Roosaar)

The materials were produced through the ordinary
vacuum sintering technology of compacted powders. Some
of grades (T80/14, T75/14) were sintered both by vacuum
sintering and by the sinter/HIP techniques (under gas
compression of 50Bar at sintering temperature) [7, 8]. The
composition and mechanical properties of the composites
investigated are presented in Table 1.

2.2. Experimental details

Adhesive wear tests were performed by a special
cutting method (by turning mild steel at low speed)
simulating wear of blanking tools — wear in conditions
with prevalence of adhesion [6, 8]. The wear resistance
was determined as the length of cutting path L;, when
height / of the wear land at specimen (tool) nose achieved
1 mm.

Geometry of specimen

Testing conditions:

1 ecutting speed V <22 m/ min
« depth of cutt = 0.15 mm
« feed f = 0.05 / revolution

2D

Figure 1: The adhesive-wear testing conditions and geometry of
specimen



Table 1: Structural characteristics and properties (hardness HV, transverse rupture strength Ry, modulus of elasticity £,

proof stress R¢q ;) of carbide composites.

Grade Carbide content, Binder composition, structure HV, Ryy, E, Reors
vol. % GPa GPa GPa

H10 WC, 83.5 Co (W) 1350 2.3 610 2.9
H13 WC, 79.9 Co (W) 1300 2.8 590 2.9
HI15 WC, 76.0 Co (W) 1150 2.9 560 2.5
H20 WC, 69.0 Co (W) 1000 3.1 510 2.0
T80/14 TiC, 86.5 14Ni-steel, austenite-bainite 1450 1.5/2.1 * 420 3/3.2
T75/14 TiC, 83.0 14Ni-steel, austenite-bainite 1350 1.8/2.4 * 410 2.8/2.9
T70/14 TiC, 79.0 14Ni-steel, austenite-bainite 1250 2.3 400 2.5
T60/14 TiC, 74.0 14Ni-steel, austenite-bainite 1050 2.4 380 1.9
T60/8 TiC, 74.0 14Ni-steel, martensite 1200 2.2 390 2.3
TN30 TiC, 81.0 Ni:Mo (2:1) 1400 1.7 380 2.3
TN40 TiC, 74.0 Ni:Mo (2:1) 1260 1.9 360 2.0
TN40 TiC, 74.0 Ni:Mo (4:1) 1050 2.2 360 1.8
TN50 TiC, 65.0 Ni:Mo (2:1) 1000 2.2 340 1.7

*increase after sinter/HIP

Abrasive wear tests were performed by help of the
rubber-rimmed rotary wheel machine (modified method)
as follows: abrasive — quartz sand (amount — 3 kg with a
particle size of 0.1 — 0.2 mm and hardness HV= 1100),
velocity of the wheel — 0.24 m/s, diameter of the steel
wheel — 80 mm, wear distance — 144 m, testing time — 10
min and load — 3 N. The wear was estimated as the volume
loss ¥ in mm3 and wear resistance as //V, mm .

Sliding wear tests were performed in accordance with
ASTM standard B611 — 85 (without abrasive). The wear
rate was calculated as a volume loss W, mm”’.

As an additional characteristic the proof stress Rco ,
featuring the resistance of a material to plastic strain and
the shearing strength (resistance to microcutting) of
composites were determined. The proof stress was
determined in a uniaxial compression test [7].

3. RESULTS AND DISCUSSION
3.1. Adhesive wear

Fig. 2 shows the adhesive wear (cutting adhesive
wear) resistances of test materials plotted against their
composition (carbide volume fraction). It can be seen that
the increase in volume fraction of carbides (decrease in
binder) leads to a monotonous improvement of wear
performance of all composites independent of their carbide
and binder composition.

According to the results there is clear relation between
wear performance of alloys and their composition. At
equal carbide (binder) fraction WC-base hardmetal and
TiC-cermet cemented with nickel steel show a remarkable
superiority over ordinary TiC-based cermet cemented with
nickel alloy.

The ordinary characteristic and measure of material
wear resistance is hardness. In Fig.3 the wear resistances of
test materials are plotted against their hardness. It is
definitively confirmed by the results that there exists the

inconclusive influence of hardness on adhesive wear, as
also revealed for carbide composites tested in erosion,
abrasion and blanking wear conditions [7, 9, 10].

3500

X WC hardmetals
O TiC-cermet, Ni-alloy binder
A TiC-cermet, Fe-alloy binder

3000

2500 -

2000

1500 A

1000 A

Adhesive wear resistance L,, m/mm

500 +

0 T T

60 70 80 90
Carbide content, vol. %

Figure 2: Adhesive wear resistance of carbide composites vs.
carbide fraction in alloy

In Fig. 4 the adhesive wear performance of test
materials is opposed to their proof stress. The relationships
refer to the dependence of wear on proof stress: the
increase in proof stress improves monotonously the wear
resistance. The results obtained are in accordance with the
wear theories of hardmetals and cermets described [10 -
14]. On the basis of these studies it may be concluded that
the removal of material during adhesive wear has a
selective nature — it starts preferably in the binder mainly
by microcutting and extraction. As a precondition for
removal extrusion of binder and its adhesive interaction
has to occur. Shortly, for wear composites binder must be
subjected to elastic and plastic strain. The elastic strain —
elastic compression of carbide skeleton results in extrusion
of binder, while plastic strain induces frustration of oxide



films, protecting composites surface and hindering
formation of physical contact (juvenile surfaces) —
precondition for adhesion.

Increase in composite resistance to elastic strain
(modulus of elasticity) and plastic one (proof stress) results
in improvement of wear performance.
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Hardness
Figure 3: Adhesive wear resistance of carbide composites vs.
hardness

The high wear resistance of WC-hardmetals and TiC-
cermets with steel binder (compared with cermets with
nickel binder) appears to be resulted from their higher
rigidity (WC-hardmetal) and higher binder strength (steel
binder with austenitic-bainitic structure).
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Figure 4: Adhesive wear resistance of carbide composites vs.
proof stress

3.2. Abrasive wear

In Fig. 5 abrasion rates of test materials are plotted
against their hardness. The results confirm an inconclusive
influence of hardness on the abrasive wear performance of
materials reported before. At equal hardness the abrasive
wear of alloys of different composition may vary up to
four times.

The fact that no correlation between abrasion
performance and hardness exists may be attributed to

higher structural sensitivity of the wear resistance of the
composite in relation to hardness and differences in the
stress states during wear and hardness test [5, 8].

The results suggest that the wear of the test material
depends on its composition (composition of the carbide
and that of the binder). At equal hardness level tungsten
carbide-base composites demonstrate a superiority over
TiC-base ones. TiC-cermets with steel binder are in
advantage over those with nickel-alloy.

—a—Tic-NiMo (2:1)
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£ v —%—WC-Co
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[
2
0
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<
0.2}

10 11 12 13 14
Hardness HV,, (GPa)

Figure. 5 Abrasive wear of carbide composites vs. Vickers
hardness.

3.3. Sliding wear

In Fig. 6 the sliding wear rates of test materials are
plotted against their composition.

From the figure 6 it is obvious that the WC-base
hardmetal has superiority over tungsten free ones and
cermet with steel binder over composite with nickel of
alloy binder. Also the monotonous decrease in wear with
increase in carbide fraction in alloy is demonstrated. In
general these relationships repeat those revealed for cutting
adhesive wear (Fig. 2 — 4).
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Carbide content, vol. %
Figure 6: Sliding wear of carbide composites vs. carbide fraction
in alloy.



In contrast to adhesive wear and to abrasive one the
sliding wear of carbide composites demonstrated a
relatively low sensitivity to composition and mechanical
properties. Increase in carbide fraction from 69 — 90 vol. %
in  WC-hardmetal results in improvement of its
performance in wear conditions with prevalence of
adhesion up to 4 times and in sliding wear less than 2 times
(compare Fig. 2 with Fig. 6).

During sliding wear formation of thin tribofilms has
been observed [15]. These films — a result of binder
extrusion and adhesive interaction, — result in decrease of
wear and sensitivity to alloy composition.

5. CONCLUSIONS

1. At equal carbide volume fraction WC-base hardmetals
and TiC-base cermets with steel binder are at an
advantage over ordinary TiC-cermets with nickel
(nickel-alloy) binder in wear conditions with prevalence
of adhesion.

2. The performance of a carbide composite in wear
conditions with prevalence of adhesion (in cutting
adhesive wear and sliding wear) is controlled by
resistance to local plastic strain (measured by the proof
stress) and depends first on the amount and properties
of its binder.

3. The tungsten—based composites outperform tungsten-
free cermets in abrasive wear conditions (at the same
level of hardness). TiC-base cermets with a steel binder
are superior to those with nickel-alloy.

4. In sliding wear conditions formation of thin tribofilms
with protective-lubricating effect has been observed. It
results in reduce of wear and in remarkable decrease of
its sensitivity to alloy composition and properties.
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Abstract

The performance of advanced TiC-based cermets bonded with Fe/Ni alloys (designed for
metalforming applications) was investigated in cyclic loading conditions: blanking of sheet
metal and three-point bending fatigue. Comparative trials were performed with a standard
WC-based hardmetal widely used in metalforming.

TiC-based cermets were found to be superior to a standard WC-based hardmetal in cyclic
loading conditions. This superiority is related to better adhesive wear resistance and fatigue
characteristics of cermets.

Relations between blanking performance, fatigue characteristics and changes in the fine
structure were found.

Key words: cyclic loading, fatigue, blanking performance, adhesive wear
1. Introduction

Hardmetals based on tungsten carbides are the most widely used wear resistant carbide
composites because of their excellent combination of wear resistance and mechanical
reliability characteristics (transverse rupture strength, plasticity, fracture toughness, etc) [1].
Due to the shortage of tungsten and its high and increasing price, new ceramic and metal
matrix composites have to be developed. Among them TiC-based cermets bonded with Fe/Ni
alloys are still the most promising candidates. Such composites have proved to be
successful in some applications due to their high specific strength, lower coefficient of friction
and higher service temperatures as compared to WC-based hardmetals [2 - 4].

A series of TiC-based cermets have been developed at TUT. The most successful so far —
grade T70/14 (70 wt% TiC, cemented with Ni-steel) has demonstrated its superiority over the
standard WC-hardmetal H15 (85 wt% WC) in the blanking of sheet steels [5, 6].

This paper focuses on the study of blanking performance of an advanced (with improved
properties) TiC-cermet — grade T 75/14-H (75 wt% TiC cemented with steel and produced by
the sinter/HIP technology) [7]. As reference materials for comparison a WC-hardmetal S13
(87 wt% WC) developed and the standard TiC-cermet T70/14 were investigated.

Another important aim was to identify any correlation that might exist between the blanking
performance and fatigue endurance of carbide composites.

2. Experimental
2.1. Materials

The main microstructural characteristics and mechanical properties of the tested composites
are presented in Table 1.



Table 1. Structural characteristics and properties (hardness HV, transverse rupture strength
Rz, proof stress Rco.1) of carbide composites

Grade Carbide, |Average Binder compositionand |HV, |Ryz Rco.1,
wt % grain size, structure GPa |GPa GPa
pm
Compos. Structure
T70/14 TiC, 70 21 14Ni-steel Austenitic 1.25 |2.11 2.5
bainitic
T75/14 TiC, 75 2.0 14Ni-steel austenitic 1.32 |1.80 29
bainitic
T75/14-H |TiC, 75 2.1 14Ni-steel 1.32 |2.42* |3.0
S13 WC, 87 1.8 Co(W) - 1.30 |2.81 2.8

* after sinterhipping

The alloys were sintered by two techniques: standard vacuum sintering (for grades T70/14
and S13) and sinter/HIP (combined sintering in vacuum + argon gas compression) — for
grade T75/14 — H [7].

2.2. Testing procedures

The durability (blanking performance) trials were carried out as functional ones, i.e. blanking
of grooves into electrotechnical steel sheet (thickness of 0.5 mm) by a three-position die
(reinforced with alloys in Table 1), mounted on an automatic press [5].

Durability was characterized by the side wear A (increase of groove dimensions after a
service of 5 - 10° strokes) performed by the coordinate measuring machine STRATO9166 in
fixed environmental conditions. The blanking performance (N/A, strokes/mm) was evaluated
as lifetime in strokes N when the side wear exceeds 1 mm.

The wear performance of composites was studied in the cutting adhesive wear conditions [5,
8]. The wear resistance L, was determined as the cutting path (by turning mild steel at low
speed) when the wear track at the nose of the specimen (tool) exceeded 1 mm.

Conventional fatigue testing of the ground specimens 5 x 5 x17 mm was carried out on the
fatigue testing rig using a three-point bending scheme. Specimens were ground to a surface
finish of about R,=1.5 ym for hardmetal and R,=2.5 pym for cermets. Opposite ground faces
were parallel within 0.03 mm. The stress ratio was R = 0.1. The loading frequency varied
from 1 up to 35 Hz [6, 9]. Lower frequencies were used for LCF (Low-Cycle Fatigue, up to
N=10? cycles) and higher for HCF (High-Cycle Fatigue, up to N=10° cycles).

The resistance to fatigue damage was characterized by the factor of fatigue sensitivity —
intensity in the decrease of the fatigue strength with an increase in loading cycles from N, =
10°to N; = 107 as AS,.7.

3. Results and discussion

Results of functional tests are shown (see Fig. 1) as wear contours “A - H” (side wear A
depending on the distance H from the cutting edge (depth of the groove) of the tool. During
durability testing of the die — the three-position die reinforced with composites — neither
fracture nor brittle chipping of cutting edges was detected.

The developed TiC-base cermet grade T75/14-H (cermet with improved properties Table 1)
demonstrated the highest blanking performance, exceeding that of the WC hardmetal (grade
S13) and the standard TiC-cermet T70/14 by a factor up to 2.
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Fig. 1. Wear contours of carbide tool (die) edges.

The results of adhesive wear trials (see wear kinetic curves h — L in Fig. 2) confirm the
results of the blanking tests — the superiority of the developed TiC-based cermet (grade
T75/14-H) over hardmetal S13 (WC-based composite).
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Fig. 2. Adhesive wear kinetics h — L, .

Figure 3 demonstrates the results of fatigue testing — the Wohler plot. The tested carbide
composites exhibit an obvious decrease in strength with an increase of loading cycles during
the fatigue test — they possess fatigue sensitivity (slope of S-N curve on the Wéhler plot).

Although the mean inert strength (at N=1 and fatigue strength at low loading cycles, N=10?
cycles) of WC-hardmetal exceeds that of TiC-cermets, the fatigue limits (fatigue strength at
N>10° cycles) for both composites are almost equal. It means that the intensity in the



strength decrease (fatigue sensitivity) of a hardmetal is higher than that of TiC-based
cermets.

Wobhler plot for S13 hardmetal and T75/14-H cermet
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Fig. 3. Wéhler plot of the carbide composites tested.

0% Our results show that dependence exists between

the scatter of fatigue-strength and the material
composition: the scatter of WC hardmetal exceeds
that of the TiC-cermet. High fatigue sensitivity and
high scatter of strength data — both refer to a
remarkable embrittlement (fatigue damage) of the
alloy during fatigue.
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Figure 4 shows the blanking performance N/A of
carbide composites opposed to their response as
inserts in adhesive wear and fatigue conditions.
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The results obtained (Figs. 1, 2) confirm that during
blanking the adhesive wear prevails in the surface
failure of carbide tools [5].
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After removal of the binder (by adhesive wear) the carbide loses its protective binder-
envelope (generating favourable compressive stresses), resulting in a drop of its resistance
to brittle failure (in particular, fatigue failure) [10,11].

Conclusions

Focus was on the performance of an advanced TiC-base cermet in a cyclic loading
application — in the blanking of sheet steels and three-point bending fatigue. Comparative
trials with WC-based hardmetals (widely used in metalforming) were performed.

The fatigue endurance of carbide composite is featured by its fatigue sensitivity (slope of S-N
curves on Wéhler plot) and stability in strength (scatter in fatigue strength data).

The cermet was found to have higher performance due to its higher adhesion wear
resistance and fatigue endurance.
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