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Abstract. Good thermomechanical properties, combined with low density and bulk chemical
stability at temperatures approaching 1300°C, make chromium carbide based composites of interest
for avariety of wear-resistant applications and especially for applications at elevated temperatures.
The purpose of this work is to study the erosion behaviour of CrzC,-Ni cermets at room and
elevated temperatures of 300 and 600°C. Systematic studies of the influence of the impact
variables on the collision process have been carried out using silica particles. The erosion of
ceramic-metal composites is associated with the combination of ductile and brittle modes of wear
and material behaviour is influenced by both microstructure and test conditions. The high
temperature oxidation behaviour of CrzC,-Ni has been investigated to show the advantage of these
materials over conventional cemented carbides at elevated temperatures.
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1. INTRODUCTION

Solid particle erosion is a serious problem in gas turbines, separators, valves,
etc. However, few investigations have been carried out on the elevated
temperature erosion of materials, despite the fact that ceramic — metal composites
have many potential applicationsin such conditions. The cemented carbides WC-
Co are known for their high toughness but exhibit a low resistance to plastic
deformation at high temperatures[']. TiCN-Mo-Co cermets exhibit a high
resistance to elastic and plastic deformation at elevated temperature but their
brittleness limits their application [7].

Refractory chromium carbide based materials have many desirable properties
for applications at high temperature and in aggressive environments. The
primarily covalent bonding, exhibited by carbides, provides many of the key
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properties required for advanced applications, including high stiffness and high
specific strength at high temperature. Unfortunately, covalent bonding also
makes these compounds brittle at ambient temperature. As a result, these
materials have low damage tolerance. In addition, these materials can be difficult
to produce with low porosity. Despite of limitations, refractory CrsC,-Ni cermets
may have application in environments where wear and corrosion resistance is
required, especially if an effective means of enhancing their damage resistance
can be found.

The addition of a ductile second phase is one of the methods that can be used
to improve the toughness of carbides. In this way, a composite structure is
created in which the wear and corrosion-resistant properties of the matrix
carbides are combined with the enhanced toughness of the metallic phase.
However, ductile phase toughening typically results in a drop in the hardness of
the composites[?], resulting in the classical trade-off between hardness and
toughness. The wear of cermets is a direct function of both hardness and tough-
ness, and the optimum wear behaviour is obtained when both these properties are
maximized.

Recently there have been efforts to study the effect of solid particle erosion on
ceramic-matrix composites [*°]. It is generally agreed that hard particle size and
porosity as well as test conditions influence the abrasive and erosive wear rate
[>]. The erosion of ceramic—metal composites is associated with the combina-
tion of ductile and brittle modes of wear and material behaviour is influenced by
both microstructure and test conditions. A change in maximum wear rate is
observed with increasing temperature, and this has been attributed to the transi-
tion between “brittle” and “ductile” behaviour [2°]. The fact that an oxide scale
can form at high temperature further complicates the analysis. The oxide layer,
formed on the binder phase at low temperatures, may be removed through a
brittle erosion mechanism['°]. However, at higher temperatures the oxide
plasticity increases demonstrating that the erosion of cermets is a very complex
phenomenon of competing tribo-corrosion processes, between the erosion and
oxidation of the binder materials and the matrix.

This study was undertaken to examine the erosive wear behaviour of CrzC,-Ni
at room and elevated temperatures. All materials investigated were produced by
conventional P/M technique. Cermets containing from 60 to 90% Cr;C, were
studied to determine the effect of test variables and temperatures on the cermet
wear behaviour.

2. MATERIALS AND EXPERIMENTAL DETAILS

The Cr3C,-Ni cermets were fabricated at Tallinn Technical University from
CrsC, and Ni powders using a conventional P/IM technique [*']. To examine the
microstructure, scanning electron microscope (SEM) was used. Micrographs of
some cermets investigated are shown in Fig. 1. The porosity of specimens was up
to 5%.
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Fig. 1. SEM micrograph of chromium carbide based cermets at room temperature; light grey —
Cr3C,; dark grey — Cr,Ca.

Table 1. Chemical composition and mechanical properties of CrsC,-Ni cermets investigated

Grade Carbide Density, Vickers hardness Fracture toughness K¢,
content, gom™ HV MPam®®
wit%
c1 90 6.9 1490 9.5
Cc2 80 71 1368 13.8
C3 70 7.3 995 18.3
Cc4 60 75 900 19

The chemical composition and mechanical properties are summarized in
Table1l. Carbide particle size was of 3.5-8.0 um for all cermets. Hardness
measurements were made on cross-sectioned surfaces using a Vickers indenter
and 5 kg load. The fracture toughness of the materials was measured using the
indentation method [*]. The density was measured using the water immersion
technique (Archimedes approach).

The erosion tester used in this study was afour-channel centrifugal device that
has been described in detail elsewhere[*™]. To study erosion at elevated
temperature, the centrifugal apparatus was put into the heated test chamber
(Fig. 2). The test conditions that were chosen for this investigation are given in
Table 2. The abrasive used in this work was rounded silica as the most common
naturally occurring erodent.

To quantify weight loss during erosion experiments, the specimens were
ultrasonically cleaned in acetone and weighed before and after the erosion tests
with an accuracy of 0.01 mg. Typically, each test was repeated four times and the
mass |oss averaged. The variation in the measured mass loss was rarely greater
than 5% and the values of the erosion rates obtained for each test were within 5%
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Fig. 2. Schematic of the erosion test apparatus. 1-—abrasive bunker; 2 —isolation; 3 — heating
elements; 4 —rotor with channels; 5 — specimen; 6 — system to avoid vibration; 7 — shaft cooling
system; 8 — electric motor.

Table 2. Erosion test conditions

Particle velocity 10, 20, 60, 80 m/s
Impact angle 30, 60, 75, 90°
Erodent SO,

Erodent size range 0.1-0.3mm
Temperature 20, 300, and 600°C
Hardness of erodent 1100 HV
Toughness of erodent 1.2 MPam®®

of the mean. The volumetric erosion rate (mm®kg) was calculated by dividing
weight loss rate (mg/kg) by the density of the material (mg/mm®).

3.RESULTS AND DISCUSSION
3.1. Erosion at room temperature
Material lossin erosion depends on impingement angle, impact velocity, mass
of the abrasive particles (test conditions) and on microstructure of the

material [***]. Removal of material occurs through the process of micro-plastic
deformation or brittle fracture. For ductile materials, the impact of the particles
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causes severe localized plastic strain at the impact site on the surface. Material is
removed, when the strain exceeds the materia’s failure strain. For brittle
materials, the force of the impacting particle causes localized cracking at the
surface. With subsequent impact events, these cracks propagate and eventually
link together, and as a result the material detaches from the surface. As a
consequence, the particle impact angle on the surface affects each material in a
different manner. Materia loss for ductile metals tends to peak at an oblique
angle of impact. However, material loss for brittle materials tends to increase
with increasing impingement angle with maximum material 10ss occurring at 90°.

Figure 3a shows the angular dependence of the steady state erosion rate of the
materials tested at impact velocity of 60 ms™ at 20°C. The CrsC,-based composites
with low binder content (or with high hardness) such as C1 and C2 grades have
poorer erosion resistance at high impact angles (the value of erosion rate at 75 and
90° is amost the same) than at more oblique angles. Thisis closer to the behaviour
of brittle ceramic materials. At impact angle of 90° the stress is remarkably higher
than at impact angle of 30° and, as a result, wear rates are higher. For comparison,
ductile materias exhibit maximum erosion rates at impact angles between 30 and
60°. The C3 and C4 grades exhibit a maximum erosion rate between 60 and 75°
that is closer to the behaviour of ductile materials. There are clearly two competing
mechanisms of erosion, one responsible for the loss of the softer binder phase Ni
and the other leading to the loss of the brittle CrsC, grains.

Figure 3b shows that the general trend is an increasing erosion rate with
increasing velocity for all the volume fractions used. As it can be seen from
Fig. 3b, the erosion rates of C4 and C3 are much (up to 3 times at 80 m/s) higher
than those of C2 or C1 and the difference in erosion rates of these two groups of
materials increases with increasing impact velocity.

If the material hardness exceeds that of the abrasive (grades C1 and C2), the
erodent particles can hardly cause plastic flow in a hard target and selective
nature of erosion prevails[*]. The degree of elastic penetration and therefore
energy, transmitted to a surface, dependson the elasticity modulusand, if the
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Fig. 3. Effect of the impact angle at particle velocity of 60 ms™ (a) and of the impact velocity at
collision angle of 75° (b) on the erosion rate of cermets at room temperature.
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Fig. 4. Hard particles cracking under impact loading.

latter is high, less elastic penetration occurs. Under these conditions the impact of
abrasive particles may cause alow-cycle fatigue failure of the carbide matrix and
carbide grains. If the hardness of an abrasive exceeds that of the cermet (grades
C3 and C4), the following processes take place: penetration of abrasive into the
material surface, microcutting or ploughing, and failure of carbide grains
resulting in the detachment of small chips.

Because the CriC, particles are brittle (Kic =3-3.5 MPam®) [*], crack
initiation would be expected to occur in them first (Fig. 4). As aresult, more of
the load is transferred to the surrounding Ni alloy binder. However, because Ni is
tough (K,c > 100 MPam®®) [*], it deforms plastically forming ligaments, which
resist the propagation of the crack.

It is well known that plastic cyclic straining of metals leads to low-cycle
fatigue crack extension [*]. In the metal-binder phase, discontinuously filled by
hard particles, the rate of crack extension may be reduced by crack bridging or
accelerated by other factors, but failure is still dominated by one or few major
cracks. It is also true for composites with well-bonded particles that cannot
deflect matrix cracks [*].

3.2. Erosion at elevated temperatures

The influence of the temperature on the erosion rates of CrsC,-Ni composites
tested is shown in Fig. 5. The values of the erosion rate were determined for the
impact angle of 75°. Increasing the temperature up to 300°C, the erosion rate of
cermets with low binder content (C1 and C2) remains relatively constant. On the
other hand, cermets with high binder content show even better erosion resistance
at 300°C than at room temperature. This may be a result of the softening of the
binder metallic material. For those materials the decreasing of the erosion rate to
a minimum value with increasing temperature, followed by an increase in the
erosion rate as the test temperature is increased, is not an uncommon pheno-
menon, particularly at high impingement angles. At 600°C all cermets tested
have higher erosion rates than at room temperature.
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Fig. 5. Effect of the test temperature on the erosion rate of cermets at impact angle of 75°: a— SEM
micrograph of the eroded surface of C3 grade at 300°C; b — erosion rate vs. temperature.

Alman et al. [*’] analysed erosion of WC-Co hard metals. The erosion rate of
the WC-6%Co materials increased steadily with increasing test temperature up to
700°C. The measured erosion rate at 700°C was more than double the rate at
room temperature. Tests were attempted also at 900°C, but oxidation of the
cobalt was severe, thereby nullifying the results. Air oxidizes the surface of the
specimen very rapidly [*].

Figure 6a shows the shift of the maximum of the erosion rates to more oblique
angles measured at the particle velocity of 60 ms™. At high temperature al the
materials investigated have been more ductile than at room temperature.
Figure 6b shows the effect of particle velocity on the erosion rate of cermets.

Figure 6 indicates that in case of a high impact angle at high temperature the
C4 cermet performs better than C3, even though C3 is harder and contains more
carbides. This fact can be explained by evaluation of the mechanisms by which
the material is removed from the surface during erosion.
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Fig. 6. Effect of the impact angle(a) and velocity (b) on the erosion rate of cermets at the
temperature of 600°C.
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Fig. 7. Surface oxidation of C1 grade (a) and weight gain per unit area vs oxidation time (b).

To study Cr3C2-Ni cermets oxidation, tests were carried out using specia
heated furnace at T = 1050°C in the air atmosphere. The grades C1 and C4 were
chosen for the study. The weight gain of the samples due to oxidation in air was
recorded and is shown in Fig. 7. Owing to the low rate of oxidation, the
maximum oxidation time was 80 h.

In an oxidizing environment, the erosion behaviour at elevated temperatures
depends on the rate of oxidation and on the thickness, morphology, adherence, and
toughness of the oxide layer that forms on the surface of the material during the
oxidation process[*’]. For materials with a high level of oxidation, the erosion
behaviour is controlled by the properties of the oxide layer. These materials cannot
be used for applications with erosion processes involved because the oxide layer
(film) readily detaches itself from the surface under abrasive impacts[™]. In
addition, repeated impacts from the erosion particles constantly expose fresh binder
materia to the oxidizing environment, exacerbating oxidation and material loss.
The oxidation rate of chromium carbide based materials is small enough at high
temperatures and cannot affect the erosion rate, thus their erosion resistance at
elevated temperatures depends, first of dl, on the materia tolerance to damage.
However, an increase in Ni content leads to the increase of oxidation rate.

Scanning €lectron micrograph showing the erosion damage of C1 is presented
in Fig. 8a. The failure mode is axial splitting, chipping, and cracking of the
carbide particles. The transgranular crack propagation mode is indicative of the
relatively strong interphase bond. In contrast, the surface of C4 grade appears
somewhat different. In this case, material is removed by the detachment of
plasticaly deformed lips of the binder material as well as by transgranular
fracture (Fig. 8b). During erosion, debris from the erodent, due to the surface
interaction as well as to the fracture of the abrasive particles, accumulates and is
fused by the force and generated heat (Fig. 8b); in the case of other grades the
fused erodent debrisis not apparent.

Other mechanical factors, such as the influence of the temperature on the
hardness, ontheinterfacial strength, and on the fracture resistance (the ability to
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Fig. 8. Erosion damage at 300°C on the surface of the C1 grade (a), and C4 grade (b).

absorb energy of repeated impacts) may also contribute to the erosion behaviour
of these materials; however, these mechanisms have not been studied in detail to
date.

Theerosion rate (E) depends on the testing conditions as follows [

E=kv"f (),

where k is a coefficient depending on material and erosion properties, v isthe
particle velocity and « isthe impact angle. The empirical relationships of E of
chromium carbide based cermets as a function of the particle velocity below the
transition velocity at the impact angle of 75° are the following:

4,11,14, 18] .

Grade ‘ E, room temperature ‘ E, T=600°C

c1 E o v'*¥(R? = 0.995) E o v (R? = 0.935)
c2 E oc vZ*(R? = 0.988) E o vZ3(R? = 0.99)
c3 E o vZ2(R? =1) E o v2*¥(R? = 0.995)
c4 E o v (R® = 0.999) E o« v2% (R? = 0.995)

A value of n=2 would be expected considering the kinetic energy of the
impacting particle, given by % mv?®. A satisfactory explanation for the deviation
of n from 2 has not yet been given in the literature. For more brittle materials
with a low binder content, the values of n less than 2 may be ascribed to the
inefficiency of lateral crack initiation and propagation due to the fragmentation
of the brittle erodents. Also, the lower hardness and toughness of the silica
erodent striking cermets are themselves prone to plastic deformation and fracture
by impact and the initial kinetic energy is apportioned between the target and the
abrasive particles so that less energy is available for erosion.
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Values of n greater than 2 may be caused by target material properties that
affect rebound resilience, such as hardness, or by particle variables, such as size,
shape and composition or, in the case of a more ductile composite, by
embedment of the erodents.

The velocity exponent n decreases with an increase of the erosion test
temperature. Covalent bonding in chromium carbides leads to very narrow slip
systems that restrict the movement of the dislocations. On the other hand, a very
high contact temperature by the collision of two bodies causes the thermal cracks
propagation because of the mismatch of the coefficients of thermal expansion for
two phases of the target material. The increase in temperature coupled with high
stress improves the possibility of dislocations activity that is associated with an
inelastic relaxation process. Dislocation motion occurs first in the metallic binder
with the beginning of stacking fault reduction due to the increase of the
surrounding temperature. Therefore, the dependence of the erosion rate on
particle energy or impact velocity becomes smoother.

4. CONCLUSIONS

The erosion behaviour of CrsC,-Ni cermets with low binder content is
analogous to that of brittle materials. The erosion rate increases with the increasing
particle impact angle, reaching a maximum vaue a about 90° for cermets
containing less than 30 wt% of the binder phase. The erosion of chromium carbide
based cermets with a high binder content is associated with a combination of the
ductile and brittle modes of erosion. The erosion of hard composites (C1-C3
grades) is associated with intergranular spallation and grain crushing.

High temperature erosion behaviour of chromium carbide based composites
depends on the content and properties of the metallic binder. The plasticity of all
materials tested increased with increasing temperature.

Chromium carbide based materials may be useful for applications involving
high temperatures and aggressive environments because of negligible oxidation.
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Kroomkarbiidkermiste korgtemperatuurne kulumine
Irina Hussainova ja Maksim Antonov

Kroomkarbiidi baasil komposiitmaterjalide head termomehaanilised omadused,
nagu véike tihedus ja keemiline stabiilsus kuni temperatuurini 1300°C, on eeldu-
seks nende kasutamisel kulumiskindlate materjalidena eelkdige kdrgel temperatuu-
ril. Kéesoleva t60 eesmérk oli uurida CrsC>-Ni kermiste kaitumist abrasiv-
erosioonil temperatuuril 300 ja 600°C. Uuriti materjali kulumist abrasiivi (kvarts-
lilva) osakeste erinevate langemisnurkade puhul ning selgitati metallokeraamiliste
komposiitide purunemismehhanismi sdltuvus nende mikrostruktuurist ja katsetingi-
mustest. Uuriti ka CrsC,-Ni materjalide kdrgtemperatuurset okstidatsiooni, et kind-
laks teha nende materjalide kasutuseelised vorreldes traditsiooniliste kvasulami-

tega.
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