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FOREWORD

The degradation of materials through high-temperature processes such as
oxidation, corrosion, and abrasive - erosive wear causes enormous costs for the
European industry. It is crucial to avoid failure of various machine components
which can entail catastrophic accidents. About 75 % of these costs are
considered to be a consequence of wear-related losses. According to statistic
reports, wear together with corrosion and fatigue are three main modes of
materials failure. Therefore right selection of materials and cost-effective
processes are a major focus for the industry in an era of global competition and
environmental issues.

Recently hardfacing by welding has become a commonly used technique for
improvement of material performance in extreme (high temperature,
impact/abrasion, erosion, etc.) conditions. The possibility to apply hardfacing
selectively and in pre-determined thickness to suit exact requirements in
combating wear makes this method very attractive and cost effective.

The aim of the present work is to bring together knowledge on the
manufacturing of surfaces of commercial interest, using hardfacing technique
and surface engineering specialised in the characterisation of structures. Current
research is concentrated on the development of novel wear resistant thick
coatings (hardfacings) and their analysis in terms of microstructure, mechanical
and tribological properties. Plasma transferred arc (PTA) welding is used as a
hardfacings fabrication technology. During hardfacing process powders are
transported to the surface of the substrate material, building protective thick
metallurgically bonded coatings. Usually such coatings consist of metal matrix
reinforced with coarse (up to 250um) hard particles like tungsten carbides. In
present research cermet particles are suggested are reinforcements for NiCrBSi
matrix alloy. This can be named as a main novelty of current work. During this
research formation of so-called double metal matrix composite structures is
obtained.

Due to the extremely high temperature during PTA processing, the carbides are
often dissolved in the matrix phase, subsequently recrystallised in form of
precipitates, intermetallic phases or eta-carbides. Those material changes during
the deposition process significantly influence (usually reduce) mechanical and
wear properties of the hardfacings. In present work it was shown, that
application of cermet particles as reinforcements can help to minimise the
problem of carbide dissolution and provide thick wear resistant coatings with
homogeneous distribution of cermet particles throughout the matrix.

Results indicate that TiC-NiMo and Cr;C,-Ni multiphase hardfacings have been
proven to be the reliable candidates for high temperature tribo-applications:
under the conditions of high-stress three-body abrasion TiC-NiMo reinforced
hardfacings show significantly higher wear resistance as compared to the
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commercial WC/W,C reinforced coatings. Cermet reinforced hardfacings are
also attractive candidates for applications in impact/abrasive conditions,
especially at high temperatures. At elevated testing temperatures the volumetric
wear rate values for the TiC-NiMo, TiC-Ni, ZrC-Ni and Cr;C,-Ni reinforced
coatings are significantly lower as compared with commercially used alloys.

Based on the results of present research it is planned to deposit cermet particle
reinforced NiCrBSi hardfacings as prototypes at industrial applications,
particularly as wear resistant parts for iron ore sinter crushers, operating at
temperatures close to 700°C in corrosive environments under impact/abrasion
conditions.



PARTICIPATION AT INTERNATIONAL CONFERENCES

1.

2.

Materials Engineering & Balttrib 2010, Riga, Latvia, October 28-29,
2010.

IFHTSE - International Federation for Heat Treatment and Surface
Engineering 19" congress: Glasgow, Scotland, October 17-20, 2011.
20" International Baltic Conference "Materials Engineering” Kaunas,
Lithuania, October 27-28, 2011.

3" International Symposium on Tribo-Corrosion, Atlanta, USA, April
19-20, 2012.

BALTMATTRIB - 21" International Baltic Conference: Engineering
Materials & Tribology, Tallinn, Estonia, October 18-19, 2012.

IFHTSE - International Federation for Heat Treatment and Surface
Engineering 20™ congress, Beijing, China, October 23-25, 2012.
PLANSEE - 18" Plansee Seminar, Reutte, Austria, June 3-7, 2013.

10



ABBREVIATIONS

AC2T — Austrian Center of Competence for Tribology
ASTM — American Society for Testing and Materials
BSE — Backscattered Electron

CAT - Continues Abrasion Test

CIAT — Continues Impact-Abrasion Test

CTE — Coefficient of Thermal Expansion

CVD — Chemical Vapour Deposition

EDX — Energy Dispersive X-ray

ESAW — Electro-Slag Arc Welding

FCAW — Flux-Cored Arc Welding

GMAW — Gas Metal Arc Welding

GTAW — Gas Tungsten Arc Welding

HT-CIAT - High Temperature Cyclic Impact-Abrasion Test
HVOF — High Velocity Oxy-Fuel

MMAW — Manual Metal Arc Welding

MMC — Metal Matrix Composite

MML — Mechanically Mixed Layer

OM - Optical Microscopy

PTA — Plasma Transferred Arc

SAW — Submerged Arc Welding

SEM — Scanning Electron Microscopy

XPS — X-ray Photoelectron Spectroscopy

XRD — X-ray Diftraction

vol.% — volumetric percentage

wt.% — weight percentage

11



1 REVIEW OF LITERATURE

1.1 Introduction

The degradation of materials through high-temperature processes such as
oxidation, corrosion, and abrasive - erosive wear causes enormous costs for the
European industry. It is crucial to avoid failure of various machine components
which can entail catastrophic accidents. About 75 % of these costs are
considered to be a consequence of wear-related losses. According to statistic
reports, wear together with corrosion and fatigue are three main modes of
materials failure.

In many industrial processes such as in crushing, conveying, mixing and
separating in the field of mining, steel and iron industry, cement industry, coal
power plants, overground and underground working, recycling and
environmental protection, the wear of tools and other work equipment plays a
significant role contributing to final high costs of products. Therefore, the
choice of materials that can sustain intensive wear and corrosion attacks of
working instruments is of paramount importance.

1.2 Surface treatment

One of the successful methods for increasing tool durability is a surface
treatment [1, 2]. Surface treatment or more commonly named “surface
engineering” aims at enhancement of surface properties of the components
without influencing bulk structure and properties. The processes by which a
component can be surface engineered may be sub-divided into three basic

groups [1]:

e Modification of existing surface without changing the composition.
(Examples: shot peening, surface re-melting and transformation hardening).

e Modification of existing surface by changing the composition of a surface
engineered layer. (Examples: carburising of steels, anodising and
boronising).

e Modification of existing surface by application of new materials to the
surface, usually named as coating process. (Examples: hardfacing,
electroplating, thermal spraying, CVD).

1.2.1 Hardfacing as a method for surface treatment

One of the most economical surface treatment technology ways to increase the
durability and efficiency of metal parts subjected to contact loading is
hardfacing. There are many definitions for “hardfacing”; for example, according
to the American Welding Society, “hard surfacing” or hardfacing is “the
deposition of filler metal on a metal surface to obtain the desired properties
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and/or dimensions; the desired properties are those that will resist abrasion, heat
and corrosion” [3]. However, hardfacing by welding is best defined as the
process of deposition by one of the various welding techniques; a layer or layers
of metal of specific properties is deposited on certain areas of metal parts that
are exposed to wear [4]. The possibility to apply such weld overlay coatings
selectively and in various thicknesses to suit exact requirements describes
hardfacing by welding also as a very economical method of combating wear.
Figure 1.1 illustrates a typical wear resistant hardfacing deposited on a mild
steel substrate and consisting of WC/W,C hard particles uniformly distributed
in NiCrBSi type of matrix.

a)

hardfaging .« =
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‘ - .
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i, LR
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&
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=3 ™~ :—'.: I DS I T A 53
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Figure 1.1 Examples of hardfacings: a) typical view of hardfacing deposited on steel
substrate; b) optical microscopy cross-sectional image of NiCrBSi hardfacing reinforced
with WC/W,C carbides using PTA hardfacing process at AC2T research GmbH

Hardfacing by welding technologies offers more advantages than most of the
other “anti-wear treatments” [2, 5-8]:

e Hardfacing by welding is a well established practice.

e Hardfacing can be applied in thickness levels to give long lasting
protection.

e Hardfacing offers a wide variety of deposition types designed for any
wear and service conditions.

e Hardfacing can be applied only to specific areas of metal parts that
require high wear resistance.

There are basically two main areas where hardfacing is used [9-12]:

e To reclaim or build-up worn surfaces (use to return the part or
component to its original size) as shown in Figure 1.2a. There are two
solutions in that case: to replace the part or to reclaim it.

e To overlay a protective layer and protect metal parts against the loss of
material (used by itself to give a component additional resistance to
wear or corrosion) (Figure 1.2b).
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Figure 1.2 Examples of application: a) steel mill roll rebuilt to original dimensions
(build-up); b) bucket lip hard surface as preventive maintenance (overlay) [10]

1.2.2 Hardfacing processes

Generally, most of the welding processes can be used for hardfacing. The weld
surfacing can be classified as shown in Figure 1.3.

Solid phase bonding between metallic surfaces is obtained by cold or hot
deformation processes. In fusion welding the abutting surfaces are joined by
fusing the interfacial areas with or without additional consumable materials.
With exception of gas and manual metal arc techniques, all other fusion welding
processes can be automated. The commonly used processes include manual
metal arc (MMAW), gas metal arc (GMAW), gas tungsten arc (GTAW), flux-
cored arc (FCAW), electro-slag (ESW) and submerged arc (SAW) welding.
Advanced processes with more intense heat sources include plasma transferred
arc (PTA), laser and electron beam welding [7].
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Figure 1.3 Classification of hardfacing (weld overlaying) processes, based on [7]
1.2.3 Plasma transferred arc (PTA) process

The plasma transferred arc (PTA) hardfacing process can be named as one of
the most promising and cost-efficient technologies for production of thick wear
resistant coatings [13—16]. This technology was developed as a modification of
the GTAW and GMAW techniques in the 1960s and offers higher deposition
rates and relatively low dilution. The possibility to use powder as coating
consumables also increases the composition range of coatings to be
deposited [15].

The detailed illustration of PTA technique is drawn in Figure 1.4. Basically this
process employ a non-consumable tungsten electrode located inside the torch, a
water-cooled constrictor nozzle, shield gas for the protection of the molten pool,
transport gas for the delivering of powder consumables to the molten pool and
the plasma gas.

A high frequency initiated non-transferred pilot arc is generated between a
tungsten cathode and a water-cooled copper anode. Argon gas passes through an
inner annulus between the cathode and anode and is ionised, forming a
constricted plasma arc column. This ionised gas provides a current path for a
transferred arc. Powder consumables are transported internally through the torch
via a carrier gas and exit at orifices on the anode face, intersecting the plasma
column at a distance above the substrate. The powder is introduced into a

15



molten pool that forms on the substrate surface. The weld pool is protected from
oxidation by a shielding gas that flows from an outer annulus in the
torch [15, 17].

A A

carbides matrix

argon gas

carrier gas
" with powder

watar cooling — /: condtg
electrode A
shielding gas =
molten pool#’

| substrate

"4 ———overlay alloy

plasma arc

Figure 1.4 Schematic diagram of the PTA hardfacing process

The main advantages of PTA hardfacing process are [1, 7 and 15]:

e PTA provides metallurgical bonding between coating and substrate,
ensuring good adhesion strength.

e PTA permits precise control of important weld parameters i.e. powder
feed rates, gas flow rates, amperage, voltage, and heat input.

e PTA weld deposits are characterised by very low levels of inclusions,
oxides, pores and discontinuities.

e PTA allows application of powder or combination of powders as
coating consumables.

e PTA produces smooth deposits that significantly reduce the amount of
post weld machining required.

e PTA parameters can be adjusted to provide a variety of deposits in
thicknesses from 1.2 to 2.5 mm or higher.

e PTA offer high deposition rates with up to 15 kg/h.

The main disadvantages of this technology are not always controlled dilution
and limited access to complex-shape tools.
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1.3 Trends in materials for PTA hardfacing

The main feedstock materials used for the hardfacing are covered electrodes,
solid wires, tubular cored wires and sintered strips [18—20]. By PTA hardfacing
the main raw materials are powder consumables [15].

Generally hardfacing materials can be classified into the following main types:
“build-up” alloys, metal-to-metal wear alloys, metal-to-earth-abrasion alloys,
carbides and non-ferrous alloys [15,22]. However, from a metallurgical
viewpoint it is better to consider alloy types [1], where the main categories of
PTA hardfacing could be selected as follows:

Iron-based alloys
Cobalt-based alloys
Nickel-based alloys
Metal matrix composites

b

1.3.1 Iron based alloys

The main advantage of iron-based hardfacing alloys can be attributed to their
low cost and moderate wear resistance. Iron-based hardfacings are widely used
in the industry, especially for the hardfacing of large equipment that undergoes
severe wear, e.g. crushing, grinding, mining and earth-moving
industry [1, 21-25]. There is a wide range of pearlitic, austenitic and martensitic
hardfacing alloys established as industrial standards and commonly used in
build-up processes, offering corrosion (austenitic alloys) and high-stress
abrasion (martensitic alloys) resistance.

A very promising group of iron-based alloys belongs to cast irons. For harsh
abrasive conditions the amount of Fe-Cr-C-based systems used is rapidly
increasing because of the low production cost of the Fe-Cr-C powder and the
growing market of high energy density powder sources for the different
hardfacing techniques [26—29].

Fe-Cr-C  hardfacings comprise hypo-, eutectic and/or hypereutectic
structures [30, 31]. This fact depends on the energy input during the welding
process due to the influence of the dilution and chromium/carbon ratio. If the
carbon equivalent is less than 4.3 wt.% C, hardfacing is considered hypoeutectic
and if it is above 4.3 wt.% it is considered to be hypereutectic. For both hypo-
and hypereutectic structures with high carbon content (>2 wt.%) and chromium
content (18-30 wt.%) formation of M;C; pro-eutectic carbides is
evident [33, 34]. Usually those primary carbides indicate a structure of
(Cr,Fe);,C; with rod-shape morphology. Those M,C; type carbides are well
known for their high hardness (about 1600 HV) combined with excellent
abrasion and erosion resistance [29, 34—36]. The typical microstructure of a
hypereutectic Fe-Cr-C alloy is shown in Figure 1.5a. The typical microstructure
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of a complex highly alloyed Fe-Cr-C hardfacing, consisting of borides, carbides
and carbo-borides in shown in Figure 1.5b.

Figure 1.5 Microstructure of PTA-welded deposns a) Fe Cr-C hypereutectlc alloy,
b) Fe-Cr-C complex alloy with high amount of Nb, B, W and Mo. (powders courtesy of
Castolin Eutectic GmbH; hardfacing produced at AC2T research GmbH)

The main disadvantage of iron-based alloys is their limited application at high
temperature and in corrosive environments. Thus a series of alloys is available in
which the iron matrix has been replaced by cobalt and nickel.

1.3.2 Cobalt-based and nickel-based alloys

For the Co-based hardfacings produced by PTA technology the main group of
materials belong to the family of Stellites (carbide-containing cobalt-based
alloys). The typical group of Stellite alloys used is presented in Table 1.1. High
chromium levels are present for oxidation and corrosion resistance and tungsten
or molybdenum provides increased matrix strength and carbide-forming ability.
The main difference between these alloys is the carbon content which
determines whether the alloys are hypoeutectic (for example Stellite 6), near
eutectic (for example Stellite 12) or hypereutectic (for example Stellite 1). A
typical microstructure of a hypoeutectic Co-based alloy is shown in Figure 1.6.

Low-carbon alloys (typically 0.25 wt.%) contain dispersed chromium-rich
M,;Cs and are reasonably ductile. These alloys provide metal-to-metal sliding
wear resistance and cavitation resistance. At a carbon level of approximately
1 wt.% a network of Co-M,C; eutectic is present. These alloys show limited
ductility and may contain check cracks but have better abrasion resistance. At
carbon levels of >2 wt.%, large primary carbides and Co-M,C; eutectic are
present [1].
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Table 1.1 Nominal compositions of selected cobalt-based powders for PTA

deposition [37]
Alloy Nominal chemical composition of powders wt.%

Co Cr Y C Ni Mo Fe Si other
Stellite 1 bal. 30 13 2.5 <20 | <1.0 | <20 | <20 | <1.0
Stellite 4 bal. 30 | 135 ] 07 <25 | <1.0 | <25 | <1.0 | <1.0
Stellite 6 bal. | 28.5 | 4.6 1.2 <2.0 | <1.0 | <2.0 | <2.0 | <1.0
Stellite 12 bal. 30 8.5 145 | <20 | <1.0 | <20 | <20 | <1.0
Stellite 706 bal. 29 - 1.25 | <2.0 4.5 <2.0 | <1.0 | <1.0
Stellite 712 bal. 29 - 2.0 | <2.0 8.5 <20 | <1.0 | <1.0

Figure 1.6 Microstructure of PTA-welded Co-based hypoeutectic hardfacing; (powder
courtesy of Castolin Eutectic GmbH; hardfacing produced at AC2T research GmbH)

To achieve high temperature wear and corrosion resistance, Stellite 700 series
alloys have been introduced. In this alloys tungsten is replaced by molybdenum.
The molybdenum gives also an improvement in hot hardness [38].

Nickel-based materials are generally cheaper than cobalt-based alloys and have
found many application fields by PTA and laser cladding technologies. Nickel-
based alloys have a unique combination of properties that enables them to be
used in a variety of special purpose applications. In particular, the NiCrBSi self-
fluxing alloys provide adhesive wear and corrosion resistance at ambient and
elevated temperatures similar to that of Co-based Stellite-type alloys. Moreover,
because of the boride and carbide dispersions within their microstructures, these
Ni/boride-based alloys also exhibit excellent resistance to abrasive wear.
Therefore, NiCrBSi coatings are widely employed to improve the quality of
components the surface of which is subjected to severe tribological conditions
such as coal-fired boilers, heat exchangers, turbines, tools, extruders, plungers,
rolls for rolling mills and agriculture machinery [39-43].

The typical microstructure of NiCrBSi alloys consists of borides and chromium
carbides in a nickel-rich dendritic matrix [44]. At low chromium content (up to
5 wt.%) nickel boride (Ni3B) is the main hard phase presented in the matrix;
with increasing chromium concentration it is replaced by CrB and CrsBs.
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Silicon provides self-fluxing characteristics and also forms the interdendritic
phase with Ni-Si laminar eutectics or the intermetallic compound Ni;Si [1, 44].
Complex carbides of M»;C¢ and M,C; are also characteristic for the Ni-based
alloys, and their fraction can be controlled by addition of Cr, B, and C and by
the selection of deposition parameters [29, 45].

1.3.3 Metal matrix composites (MMC’s)

Metal matrix composites have found application in many areas of daily life for
quite some time [46,47]. The reinforcement of metals can have many different
objectives like:

Improvement of creep resistance

Improvement of wear and corrosion resistance

Improvement of high temperature properties

Improvement of mechanical properties (hardness, yield strength, tensile
strength, etc.)

MMCs can be classified as shown in Figure 1.7. For the hardfacing
technologies MMCs are commonly used to reinforce the metal matrix with
ceramic particles [15], building so called particle composites. Such ceramic
particles as chromium, tungsten and titanium carbides can be added to cobalt-
and nickel-based materials in various proportions (20-70%) to provide
enhanced resistance to abrasion, impact and erosion, particularly at high
temperatures [1, 8, 15, 17].

| Composites with metal phase ‘

I |

dispersion
hardened and Layer composites Fiber Infiltration
particle (Laminates) composites composites

composites

Figure 1.7 Classification of composite materials with metal matrixes [46]

Titanium carbide (TiC) can be considered as an attractive reinforcement for
MMCs because of its high hardness, quite low density, good oxidation resistance
and high wear resistance in erosion and abrasion environments [48—51]. Several
attempts have been made to apply titanium carbide powders by hardfacing using
different processing methods. For the powder feeding method, TiC-based
powder and metal matrix powder are delivered into the laser or plasma beam,
melted and deposited onto the substrate [4, 5, 52]. This method enables a
uniform distribution of primary hardphases in the matrix and results in low
carbide dissolution. Figure 1.8a illustrates a typical microstructure of laser
cladded TiC reinforced Fe-based alloy.
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Alternative cladding methods include mixing TiC and metal matrix, pre-placing
the powder mixture on the surface of the substrate with the help of an organic
binder and forming a coating layer to be melted [53—55]. The coatings deposited
by these techniques are mostly characterised by formation of a gradient
distribution of hardphase and are highly affected by dilution and its influence on
the microstructure of the final product. A promising method for the
reinforcement of metal matrix with TiC particles using laser cladding involves
in-situ synthesis of TiC by reaction of titanium and graphite during laser
processing [56]. Such hardfacings are characterised by excellent metallurgical
bonding between the coating and the substrate and the high quality of the
deposited material. However, because of TiC’s low density, a uniform
distribution of hardphases is not easily achieved [20].

EWT = 20000 :':A;.O:SD Spot See = 840 KETEK

l

Figure 1.8 SEM cross-sectional micfographs of laser hardfaced coatinggz
a) 50 wt.% TiC reinforced M2 steel alloy; b) 50 wt.% Cr;C, reinforced Inconel 625
alloy [7]

Several attempts have been performed to produce MMCs with Cr;C, as
reinforcing phase [8, 52, 57-59]. Due to the extremely high temperature of
processing, the carbides are often dissolved in the binder phase and
subsequently recrystallize and re-precipitate. This can have a positive effect on
the low-stress abrasive wear resistance [8], but at the same time chromium
carbide addition to matrix alloys can result in an increase in the propensity for
thermal fatigue, cracks initiating at the incoherent carbides and propagating
along their boundaries [1]. The typical micrograph of Cr;C, reinforced Ni-based
alloy in shown in Figure 1.8b, where the dissolution of primary carbides is
evident and only few original carbides stay in the matrix.

Synthetic composite alloys consisting of a Fe or Ni-based matrix reinforced
with fused eutectic tungsten carbide (WC/W,C) are widely used to increase the
lifetime of machinery equipment which is exposed to abrasion, erosion and
impact [17,60-62]. As compared with other carbides, tungsten carbide
combines favourable properties such as high hardness, a certain amount of
plasticity and good wettability by molten metals. Therefore the above
mentioned alloys, mainly containing 40 to 60 wt.% tungsten carbides in a metal
matrix, become dominant wherever the performance of chromium or titanium
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carbides is not sufficient [63—66]. Typical micrographs of tungsten carbide
reinforced Ni-based hardfacing are shown in Figure 1.9.

[ 200m |1~ g
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Figure 1.9 SEM cross-sectional micrographs of PTA hardfaced NiCrBSi matrix alloy

reinforced with 60 wt.% of angular WC/W,C particles (hardfacing produced at AC2T
research GmbH): a) microstructure overview; b) higher magnification image

However, very much care must be taken to ensure that excessive dissolution of
the tungsten carbides does not take place during the hardfacing operation.
Dissolved tungsten carbide precipitates either as WC in nickel-based and cobalt-
based alloys with a high carbon content, or as W,C or eta-phase complex
carbides in these melts with a low carbon concentration. The eta-carbides exist
over a wide composition range and readily occur in the form of M¢C and M;,C
in the Ni-W-C and Co-W-C systems. Both W,C and eta-carbides are very
brittle, and their corrosion and wear resistances are also inferior to those of
WCI1].

A good example can be found in Ni-based matrices, where an extensive
dissolution of primary carbides leads to the formation of eta-phases and
intermetallic compounds such as Ni,W,C, which were identified as a prominent
site for subsequent cracking [67, 68] and formation of so-called reaction zones
(interfaces) on the grain boundary between matrix and reinforcements. The
dissolution kinetic is influenced by hardfacing deposition energy. A detailed
view on the carbide dissolution process for spherical WC/W,C particles
deposited by PTA with variation of welding current is shown in Figure 1.10.
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Figure 1.10 SEM cross-sectional micrographs of PTA hardfaced NiCrBSi matrix alloy
reinforced with 60 wt.% of spherical WC/W,C particles in dependence of welding
current: a) welding current 50 A; b) welding current 80 A [17]

In addition, the wear rate of tungsten carbide reinforced MMCs under three-
body abrasion have been shown to increase strongly with more pronounced
degradation of the primary carbide during the deposition process [17, 69].
Influences of PTA processing parameters on the abrasive and impact behaviour
of tungsten carbides hardfacings are shown in Figure 1.11. Under three-body
low stress abrasion conditions, the wear rate of the hardfacing increases after
PTA processing at higher welding current. By increasing of welding current
from 50 A to 80 A, the wear rate doubles, and the highest wear rates under
abrasive environments are observed for hardfacing deposited with welding
current of 110 A (3 up to 4 times higher compared to 50 A). This can be
explained by an increased dissolution of primary tungsten carbides. For the
three-body abrasion of MMCs the major role for providing high wear resistance
is played by microstructural parameter (e.g. amount of primary hardphases,
their distribution in the matrix and their size); presence of eta-phases and
secondary precipitates can also significantly reduce the wear resistance [69—72]
and dissolution of primary carbides significantly influences most of the factors
mentioned.
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Figure 1.11 Three-body abrasion wear rate (CAT) and low energy impact (CIAT) wear
rates for the PTA welded NiCrBSi matrix alloy reinforced with 60 wt.% of spherical
WC/W,C particles in dependence of welding current [17]

1

1.4 Hardmetals, cermets and their application in coating technologies

The term “ceramic metal composite” or “cermet” designates “a heterogeneous
combination of metal(s) or alloy(s) with one or more ceramic phases” [73—75].

Hardmetals are one of the most known and successful powder metallurgical
products mainly used for the manufacturing of machinery tools, which operate
in environments where severe wear conditions prevail. Due to superior
properties of tungsten carbide as hard phase in combination with different alloys
of Fe, Co or Ni binder, it provides high wear resistance materials used in
cutting, mining, drilling tools and other industrial equipment [1, 62, 76].

Cermets are very attractive candidates for applications in aggressive high
temperature environments. Corrosion-oxidation resistance and wear behaviour
at high temperature for TiC-based and Cr;C,-based cermets are widely studied.
In oxidising environment and at high temperatures, the wear behaviour is
influenced by rate of oxidation, adhesion of oxide layers and their resistance
against impact. It was shown that TiC- as well as Cr;C,-based materials can be
considered as suitable alternatives for WC-Co hardmetals due to their high
temperature wear resistance and corrosion/oxidation stability [77-81].

Application of cermets in coating technologies is already established on the
market. The main materials used there are WC-Co(Cr) and Cr;C,-Ni alloy
powders. The process of cermet hard surfacing by thermal spraying according to
the state-of-the-art is illustrated in Figure 1.12, using the HVOF spray
technology as the most common process.
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Figure 1.12 Illustration of tungsten carbide surfacing by the HVOF spray process: SEM
of the feedstock powder, here an ‘agglomerated and sintered’ feedstock powder is
shown (left); HVOF spray process (above); dense, WC-Co coating (right). Image
courtesy of Fraunhofer IWS

Chromium carbides combined with metal matrix are often used as wear-
resistant coatings on tool parts needing protection [77]. In thermal spray
applications, chromium carbide is often combined with a nickel chromium
matrix. The thermally sprayed Cr;C,-NiCr coatings can serve as a barrier for
high temperature wear [77, 82] and are therefore finding increasing application
in many market sectors. They can be used to mitigate high temperature erosive
wear in fluidised bed combustors and power generation/transport turbines,
operating at temperatures to a maximum of 900-950 °C [82, 83]. Cr;C,-NiCr
thermal spray coatings can be used to protect power station boiler walls and
other utility parts of coal-fired plants that are subjected to degradation by
erosion-corrosion problems at high temperature aggressive
atmospheres [84, 85]. Steam turbine components, in particular fittings, require
high wear protection at temperatures up to 550 °C. Cr;C,-NiCr thermal spray
coatings have already entered this market, due to their excellent
performances [86]. Another property that makes the application of Cr;C,-NiCr
coatings very attractive is the coefficient of thermal expansion (CTE) of
chromium carbide that is almost equal to the CTE of steel, resulting in reduction
in mechanical stress build-up at the boundary layer when coated on steel
substrates [86].
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1.5 Objectives of the study

Selection of materials and cost-effective processes are a major focus for the
industry in an era of global competition and environmental issues.

The aim of the present work is to bring together knowledge on the
manufacturing of surfaces of commercial interest and surface engineering
specialised in the characterisation of structures.

The main objective is to develop advanced multiphase tribo-functional
hardfacings and optimise the process of their deposition using PTA technology.

The main technological goals of the research work are:

- Development of cost-effective hardfacings for tribo-applications using
recycled hardmetals as reinforcements for commercially available
NiCrBSi matrix material.

- Development of multiphase hardfacings especially for high temperature
applications using cermet precursor powders as reinforcements for
commercially available NiCrBSi matrix material.

- Optimisation of the process of hardfacing deposition by PTA
technology.

The main scientific goals are:

- Comprehensive structural, mechanical and tribo-chemical
characterisation of the surfaces.

- Study of materials durability at extreme conditions of high temperature
and corrosive media.

Throughout the thesis, the following scientific and technological aspects will be
addressed:

e Pre-processing of cermets and hardmetals.

e Evaluation of the cermet and hardmetal particles as NiCrBSi matrix
reinforcements.

e Deposition of the developed hardfacings.

e Microstructural characterisation of the coatings.

e Evaluation of the mechanical properties of the coatings.

e Assessment of the hardfacings as the tribo-functional materials for wear
application at room and high temperatures as well as in corrosive
media.
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2 MATERIALS AND EXPERIMENTAL

2.1 Starting materials

Pre-processed cermet and hardmetal particles used as reinforcements for the
NiCrBSi matrix alloy are listed in Table 2.1

Table 2.1: Starting powder data

Powder Description Particle size Chemical composition, wt.%
. . Castolin 0.2C;4Cr; 1B;2.5Si; 2 Fe;
NiCrBSi Eutectic 16221 50-150 um balance Ni
WC-Co ﬁjﬁg’ded from 1 150-310 um | 9-13 Co, 5-10 cont.*, balance WC
Cr;Co-Ni ﬁzﬁ(yded from 1 150_310 um | 20 Ni, 3-8 cont.*, balance CrsCs
. . Recycled from 20 Ni:Mo 2:1, 3-8 cont.*, balance
TiC-NiMo bulk 150-310 pm TiC
Castolin .
WC/W,C | Eutectic 45-210 pm 16r?at\gC/ W2C and 40 Ni-based
PG6503%* X
WC/W,C ?(I)(())é/:* 45-90 um 4 C; balance WC/W,C
Cr;C, Sulzer Metco** | 45-90 um -
TiC-Ni heat treated 150-310 um 10 Ni, balance TiC
ZrC-Ni heat treated 150—310 um 10 Ni, balance ZrC

* cont. — contaminations due to wear of grinding media
** powders used as reference materials

Recycling of hardmetal scrap requires applications of different processes for
breakup, deagglomeration and purification of tungsten carbide particles. One of
the effectively applied mechanical methods for recycling of cermets and
hardmetal scrap is disintegrator milling [87, 88] providing particulates of
uniform size and shape. Recycled powders can be successfully re-used for
fabrication of protective coatings [89-91].

WC-Co hardmetals or cermets were milled with the help of centrifugal-type mill
(DS-350, preliminary size reduction) and disintegrator milling system (DSL-
175) to produce a powder. The principal scheme of the procedure applied in this
work is shown in Figure 2.1, where tungsten carbide based hardmetal scrap was
used as a starting material. WC-Co hardmetals were milled with the help of
disintegrator technology to produce a powder and then chemically pre-treated
(in acid solutions) to clean the surface of the received particles. Similar
procedure was selected for the production of Cr;C,-Ni and TiC-NiMo cermet
particles from bulk.
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hardfacing recycled particles
Figure 2.1 Schematic view of the work procedure

2.2 Hardfacing and main process parameters

PTA hardfacing was performed using a EuTronic® Gap 3001 DC apparatus
(Figure 2.2). Welding parameters such as welding current, oscillation and
welding speed, substrate, powder feed rate, nozzle distance to workpiece,
process gas flow rates are the subjects of optimisation relating to the welding
behaviour and practical welding procedures. A single layer welding procedure
was carried out without preheating or heat control of the substrate.

40 vol.% of cermet particle reinforcements were used in this work. Two
separately controlled powder feeders adjusted the required powder ratio. The
powders were transported internally through the welding torch with the help of
a carrier gas and then introduced into a molten weld pool which after
solidification formed a metallurgically bonded layer on the surface of the base
metal.
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Figure 2.2 PTA welding plant at AC2T research GmbH (Castolin EuTronic® Gap 3001
DC apparatus)

2.3 Methods of characterisation
2.3.1 Microstructural characterisation

Prior to testing, the samples were slowly cut from large pieces using CBN disk,
ground and subsequently polished using diamond paste. A comprehensive
microstructural evaluation was performed by optical microscopy (OM) with a
digital camera (MEF4A, Leica Microsystem) and scanning electron microscopy
(SEM Philips XL 30 FEG), equipped with an energy dispersive X-ray analyser
(EDX) with Dual BSE detector and operating at an accelerating voltage of
20 kV. For EDX quantification the standardless EDAX ZAF quantification
method was used.

The microstructural examination was conducted on samples etched with a
solution of HF and HNO; in volume ratio 1:12 at room temperature for
2 seconds. For the hardfacing with WC-Co reinforcements Murakami's etching
reagent was used (K3Fe(CN)g + KOH).
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2.3.2  Phase analysis

X-ray diffraction (XRD) experiments were performed on an X-Pert powder
diffractometer (PANalytical) in continuous mode using CuKao radiation in
Bragg—Brentano geometry at 40 kV and 30 mA. The diffractometer was
equipped with a secondary graphite monochromator, automatic divergence slits
and a scintillation counter. Relative weight contributions (wt.%) for each
crystalline phase as well as crystallite size were obtained with the help of
Rietveld refinement procedure by using the commercial software
TOPAS V3 [92]

X-ray photoelectron spectroscopy (XPS) experiments were performed on a
Theta Probe® spectrometer (Thermo Fisher Scientific) using a monochromated
AlKo X-ray source with the photon energy of 1486.6 eV. The vacuum chamber
had a pressure of ~10"° mbar during the measurement. Survey spectra were
recorded for binding energies between —10 and 1350 eV with a pass energy of
200 eV, the total dwell time of 0.25 sec per point and step size of 1eV to
determine the elements present in the particular measurement. For elements of
special interest, measurements of higher resolution were also performed. The
pass energy was set to 50 eV, the total dwell time per point to 0.75 s and the
step size to 0.1 eV. The standard software of the Theta Probe® was used to
evaluate the spectra. The evaluation of the data was done with help of the
National Institute of Standards and Technology (NIST) database [93].

2.3.3 Hardness at room and elevated temperature

The hardness was determined by standard Vickers hardness testing. Average
hardness values were calculated from 8 indents per specimen. Microhardness
was measured under load of 0.01 kgf and microhardness (compound) was
measured under load of 10 kgf and/or 50 kgf.

The hot hardness test is based on the Vickers HV10 test method, extended to
elevated temperatures up to 800 °C (Figure 2.3) [94]. A load of 10 kgf was
chosen to measure the compound hardness of multiphase materials. The whole
test is performed under low vacuum (5 mbar) to protect the materials against
oxidation. The sample position can be set by an actuator and hardness-vs-
temperature curves can be measured. Five indents at each temperature were
done for statistical evaluation.

The diagonals of the indent marks were measured by means of optical
microscopy after cooling down, and Vickers hardness was calculated. The
thermal expansion of the material at testing temperatures influences the hardness
value <3 %. Hence, it is in the range of the test accuracy of the Vickers standard
method. For this investigation the hot hardness was measured at room
temperature (RT), 100, 300, 500, 600, 700 and 800 °C, respectively.
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Figure 2.3 Schematic of hot hardness tester, developed at AC2T research GmbH [94]

2.3.4 Nanoindentation

To evaluate the mechanical properties of constituent phases, nanoindentation
measurements were performed using a Hysitron Triboindenter TI900 equipped
with a diamond Berkovich indentation tip with 100 nm tip radius. The load cycle
comprised loading for 5s to reach the peak load of 10 kfg and subsequent
unloading for 5s. The load vs. depth curves were analysed to determine the
reduced elastic modulus and hardness using the procedure described
elsewhere [95].

Micro-mechanical properties of separate phases (hardness and reduced Young’s
modulus) were determined by nanoindentation measurements and statistically
analysed. The reduced Young's modulus (E;) is described by following
equitation [95]:
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1/E, = (1-v2)/E; + (1-v)/Es,

where v is the Poisson's ratio, the index i denotes the values for the indenter tip
and the index s the ones for the sample. For more details see PUBLICATION II
and PUBLICATION III.

2.4 Wear testing

Tribological performances of the hardfacings were evaluated using different
wear testing methods at room and elevated temperature. The wear behaviour
under the following loading modes was investigated in the present study:
abrasion; impact/abrasion and solid particle erosion.

2.4.1 Abrasive wear

The abrasive wear performance was evaluated using a three-body abrasion tester
(as for ASTM G65) with variation of testing conditions:

e use of a dry-sand rubber wheel according to ASTM Go65
requirements [96].

e application of a steel wheel to simulate high-stress wear behaviour of
materials.

The main process parameters are listed in Table 2.2.

Table 2.2 Main three-body abrasion test work parameters

Parameter Value
Wheel materials rubber, steel
Rotation speed 200 rpm
Normal load 130 N
Sliding distance 4309 m
Abrasive material SiO,
Abrasive particle size |0.2-0.3 mm

Before and after testing each specimen was cleaned with acetone, dried and
weighed. At least three tests were run for each material to determine the wear
resistance.

2.4.2 Impact/abrasive wear
Impact/abrasive wear tests were done on a cyclic impact abrasion tester (HT-
CIAT) developed at AC2T research GmbH. The samples were mounted at 45° to

the horizon, cyclically hit by a plunger at a given frequency in combination with
an abrasive flow between the sample and the plunger (Figure 2.4) [94].
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The samples were cleaned in an ultrasonic bath with isopropanol, dried and
weighed before and after testing. Quantitative wear characterisation was
conducted by measuring the gravimetric mass loss of the testing specimens.
Tribo-tests parameters are listed in Table 2.3.

.+ abrasive
. flow

Figure 2.4 High temperature cyclic impact abrasion tester: a) view of testing device
b) testing principle (45° impact angle with abrasives); ¢) abrasive silica particles [94]

Table 2.3 HT-CIAT test conditions

Parameter Value

Impact energy 0.8J

Impact angle 45°

Frequency 2Hz

Testing cycles 7200

Abrasive material Si0,

Abrasive flow 3gls

Abrasive particle size | 0.4-0.9 mm

Abrasive hardness 1000-1200 HV1

Test temperatures 20 °C, 350 °C, 550 °C, 700 °C

2.4.3 Erosive wear

Erosion tests were performed on a centrifugal particle accelerator described
elsewhere [97, 98]. The test parameters are listed in Table 2.4. Before and after
testing each specimen was cleaned with acetone, dried and weighed. At least
three tests were run for each material to determine the erosion resistance.
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Table. 2.4 Erosion test conditions

Parameter Values

Impact velocity 50 m/s

Impact angles 30°, 90°

Erodent Si0,

Erodent particle size 0.1-0.3 mm, angular

Total quantity of erodent 6 kg

Test temperature 20 °C, 350 °C, 550 °C, 650 °C

2.5 High temperature corrosion

High temperature corrosion in solid salts was studied to examine the influence
of different anions at elevated temperature. This study was performed to
simulate the industrial conditions, for example of steel sinter plants and gas-oil
industry, where high temperature corrosion is common wear mechanism.

The corrosion tests were performed at 700 °C to show stability against
corrosion at high temperature and correlate the findings with the oxidation
behaviour of the hardfacings. Both, corrosion and oxidation tests were
performed over a period of 24 hours.

Chosen anions were:
e hydrogen carbonate HCO5’
e chlorine CI
e hydrogen phosphate HPO,*
e hydrogen sulphate HSO4

The resulting salts were:
e sodium hydrogen carbonate NaHCO;
e sodium chloride NaCl
e di-sodium hydrogen phosphate Na,HPO,
e sodium hydrogen sulphate NaHSO,

For explicit oxidation, tests at the same temperature were carried out in air.
After preparing the samples (fine ground condition) of 7X7%2 mm, they were
cleaned with ethanol, weighed and put into small ceramic crucibles for
assembly in the furnace. All samples were completely surrounded with 10 g of
salts to guarantee full contact between the samples and the anions during high
temperature corrosion tests at 700 °C. The corroded surfaces were investigated
by OM/SEM/EDX.
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3 TECHNOLOGY, STRUCTURE AND PROPERTIES OF PTA
HARDFACINGS

3.1 NiCrBSi matrix alloy

3.1.1 Hardfacing deposition and microstructural analysis

The optimised deposition parameters for the NiCrBSi matrix alloy are listed in
Table 3.1

Table 3.1Main process parameters for the deposition of NiCrBSi matrix alloy

Parameter Data

Welding current 80 A

Oscillation speed 20 mm/s

Oscillation width 20 mm

Welding speed 1.2 mm/s

Plasma gas 1.6 1/min

Substrate material austenite steel (316L)
Substrate thickness 5 mm

XRD analysis of the original NiCrBSi matrix alloy indicated a high amount of
v(Fe,Ni) solid solution in Ni-based matrix with presence of small amount of
Ni;B and Cr,C; hardphases (Figure 3.1a). Microstructural analysis has proven
that NiCrBSi self-fluxing matrix alloy exhibits a nickel-rich dendritic matrix
containing borides and carbides (Figure 3.1b), what is a typical phase
composition for alloys with low chromium content [1]. According to the phase
distribution analysis the content of Cr;C; phase is 2+ 1 wt.%, whereas the
content of Ni;B phase is 19 = 1 wt.%. For more details see PUBLICATION II.

)
—

Intensity

20[)
Figure 3.1 NiCrBSi hardfacing: a) XRD pattern; b) optical micrograph in cross-section
3.1.2 Mechanical characterisation

Vickers macro hardness of the NiCrBSi alloy was measured at 375 + 6 HV10.
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The measured hot hardness values for the original (monolithic) and the hard
particle reinforced matrix alloy are presented in Figure 3.2. Hot hardness of the
NiCrBSi alloy is 380 = 40 HV10 at temperatures below 600 °C and rapidly

decreases with increase in temperature. For more details see PUBLICATION II
and PUBLICATION V.

-#- Cr3c2-Ni -B -TiC-NiMo —A— NiCrBSi
800 - —8 - TiC-Ni —@— ZrC-Ni

Hardness [HV10]
©w N o D ~
o o o o o
o o o o o

200 . .
20 100 300 500 600 700

Temperature [°C]

Figure 3.2 Hot hardness distribution curves for original NiCrBSi matrix alloy and
Cr;C,-Ni, TiC-NiMo, TiC-Ni and ZrC-Ni reinforced NiCrBSi matrix alloy
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3.2 WC-Co particles reinforced NiCrBSi hardfacing
3.2.1 Chemical pre-treatment of hardmetal particles

During the recycling process by disintegrator milling, the hard and dense
hardmetals wear the mechanical grinding apparatus, contaminating the obtained
powder. As a result the presence of iron-based particles and surface
contaminations can be found in resulting hardmetal powder as shown in
Figure 3.3.

Surface contamination, especially by oxides, can significantly influence quality,
properties and performance (decrease weldability; increase porosity) of recycled
hardmetal powder. During the PTA process, contaminants can cause CO or
other gases to form, resulting in pores. This negative factor affects the final
surface quality of nickel-based compositions. To produce reliable pore-free
coatings, the quality of recycled powders needs to be improved.

surface
contaminations

surface
contaminations

contaminations
B AT 5

10 500 B s Ed

Figure 3.3 SEM microgaphs.f a) recycled WC-Co particles; b) and c¢) close view on the
surface contaminations; d) EDX analysis of the area in c)

The present study has been focused on chemical pre-treatment of the powders
produced from WC-Co scrap. The process of hardmetal scrap cleaning has been
developed based on the commercially cheapest method of chemical pre-
treatment and simplicity of experimental procedure that allows quick, efficient
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and effective treatment of the recycled hardmetal powders to be used for PTA
hardfacing process.

Cross-section image of both weld deposits (with chemically cleaned compared
to not cleaned WC-Co particles) under the same deposition parameters are
presented in Figure 3.4. The results indicate significant improvement of weld
deposit quality. No porosity is found in either cross or longitudinal sections for
the pre-treated weld. This chemical pre-treatment method has demonstrated to
significantly improve the quality of recycled powders. For more details see
PUBLICATION I.
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Figure 3.4 Cross-sectional images of PTA weld deposits for WC-Co particles reinforced
NiCrBSi matrix alloy with treated and untreated hardmetal particles

3.2.2 Hardfacing deposition and microstructural analysis

The optimised deposition parameters for the WC-Co reinforced NiCrBSi
hardfacing are listed in Table 3.2.

Table 3.2 Main process parameters for the deposition of WC-Co reinforced NiCrBSi

hardfacing
Parameter Data
Welding current 90-100 A
Oscillation speed 18-20 mm/s
Oscillation width 20 mm
Welding speed 0.7-1.0 mm/s
Plasma gas 1.6-2.0 1/min
Substrate material mild steel (1.0037)
Substrate thickness 10 mm

Figure 3.5 illustrates a typical cross-sectional SEM micrograph of the deposited
coating with 40 vol.% of hardmetal particles, where formation of three different
main phases was observed: A complex matrix structure with Ni and Fe as the
main elements and two different modifications of carbide grain structures
(apparent phases B and C).

Microstructural analysis indicates penetration of the matrix elements (Fe and
Ni) into the Co binder “into the” hardmetal agglomerates and partial dissolution
of carbides. However, the carbides retain the angular grain shape developing the
micro-sized MMC-particles in the coating with a “double-dispersed” MMC-
structure (micro carbides with metal matrix).
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The main difference between phases B and C is the matrix composition inside
the hardmetal particle. Apparent phase C shows only 30 vol.% of carbide
particles with average grain size of 1.3 um (Figure 3.5b), whereas apparent
phase B (Figure 3.5¢) indicates mirrored structure of the metal matrix
components with 70 vol.% of carbides and a factor of two coarser average
particles size compared to phase C (2.5 um). For more details see
PUBLICATION 1.
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Flgure 3 5 rosssectlonal SEM 1mages of l WC— o reinforced NiCrBSi hadang:
a) overview of the microstructure; b) detailed view on apparent phase C; c) detailed
view on apparent phase B

3.2.3 Mechanical characterisation

Compound hardness is determined to be in the range between 380 HV10 and
550 HV10. Inside the apparent phases, the microhardness of apparent phase B
(Figure 3.5c) was determined to be 760 = 40 HV1 and hardness value of MMCs
in apparent phase C (Figure 3.5b) is 1250 + 55 HV1.

Micromechanical properties of the phases (hardness and reduced Young’s
modulus) were determined by nanoindentation measurements and statistically
analysed using Box and Whisker plots (Figure 3.6). The results for the received
coating showed mean nanoindentation hardness of 4.7 GPa in the matrix phase,
whereas no significant difference were found for the hardness of micro carbides
in apparent phases B and C (27.2 GPa). This hardness level was in close
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approximation to hardness of WC/W,C particles reinforced NiCrBSi
hardfacing, measured as reference. For more of the details see
PUBLICATION I.
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Figure 3.6 Box-and-Whisker plots of the measured hardness and reduced modulus: A —
carbides in apparent phase B (less dissolved); B — carbides in apparent phase C (more
dissolved); Matrix — apparent phase A; Reference - WC/W,C

3.2.4 Waear resistance

Under three-body abrasion conditions with application of rubber wheel, the
wear resistance of WC-Co reinforced hardfacing is two times lower compared
to WC/W,C (WOKA 50005) reinforced Ni-based alloy as shown in Table 3.3.
Under impact/abrasion and steel wheel three-body abrasion conditions, the wear
resistance of hardmetal scrap reinforced NiCrBSi hardfacing is higher compared
to the reference material. For more detail see PUBLICATION 1.

Table 3.3 Wear values for the WC-Co and WC/W,C reinforced NiCrBSi hardfacings

Material Volumetric wear [mm?]

Three-body abrasion Impact/abrasive wear
WC-Co 62+6 6.6+0.2
WC/W,C 34+4 73+0.1
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3.3 Cr;C,-Ni cermet particles reinforced NiCrBSi hardfacing
3.3.1 Chemical pre-treatment of milled Cr;C,-Ni particles

Purification of the Cr;C,-Ni powder was performed by chemical treatment in
HCI acid and cleaning with ethanol and isopropyl alcohol. This operation was
performed to remove trace elements from particle’s surface after remilling in
the disintegrator consisting of steel working chamber and WC-Co grinding
bodies with the aim to improve the weldability of the powders and the
mechanical properties of the produced materials. Effects of the purification
process on the surface of Cr;C,-Ni particles are shown in Figure 3.7. For more
details see PUBLICATION II.

. om
Figure 3.7 Particles of the cermet powders for PTA: a) untreated; b) chemically pre-
treated particles

3.3.2 Hardfacing deposition and microstructure analysis

The optimised deposition parameters for the Cr;C,-Ni reinforced NiCrBSi
hardfacing are listed in Table 3.4.

Table 3.4 Main process parameters for the deposition of Cr;C,-Ni reinforced NiCrBSi

hardfacing
Parameter Data
Welding current 80-100 A
Oscillation speed 15-18 mm/s
Oscillation width 20 mm
Welding speed 1.1-1.3 mm/s
Plasma gas 1.6-2.0 /min
Substrate material austenite steel (316L)
Substrate thickness 5 mm

Figure 3.8a presents the XRD pattern of the NiCrBSi alloy with addition of
40 vol.% Cr;C,-Ni particles. The matrix phase was identified as y(Fe,Ni) with a
high content of Cr;C, and Cr,C; hardphases. The presence of Cr;C; can be
explained by the structure of the precursor Cr;C,-Ni bulk cermet [99]. Some re-
precipitation process takes places during deposition, forming M,C; carbides,
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especially on the border between cermet zone and matrix as shown in
Figure 3.8b.
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Figure 3.8 Cr3;C,-Ni reinforced NiCrBSi hardfacing a) XRD pattern; b) optical
microscopy micrograph

SEM images of the structure (Figure 3.9) show Ni binder between the primary
carbides. Growth and formation of spine-like carbides occurs mostly at the
interfaces between matrix and cermet particles. No re-precipitated carbides were
found inside the cermet phase (Figure 3.9b). The cermet particles (Figure 3.9¢)
represent the agglomerates of 2-5 um sized Cr;C, and Cr,C; particles embedded
into nickel matrix, i.e. the commonly reported structure of the reactive sintered
Cr;C,-Ni cermets [99]. For more details see PUBLICATION II.

Figure 3.9 SEM images of Cr;C,-Ni reinforced NiCrBSi hardfacing: a) overview;
b) interface between particles and matrix; c) inner structure of the cermet particles

42



3.3.3 Mechanical characterisation

The cermet particle reinforced hardfacing reveals a hardness value of
730+ 110 HV10.

Hot hardness values for the Cr;C,-Ni reinforced hardfacing are shown in Figure
3.2 (section 3.1.2). For the Cr;C,-Ni reinforced hardfacing, a slight decrease in
hardness was observed in the interval between 300 °C and 600 °C. Rapid
decrease in hardness starts from 600 °C; at the temperature of 700 °C the
hardness is below 400 HV10. For more details see PUBLICATION 1V.

Nanoindentation results obtained for the Cr;C,-Ni reinforced coating are
presented in Figure 3.10. The primary chromium hardphases Cr;C, have a mean
reduced Young’s modulus of 378 + 13 GPa and a hardness range from 21 GPa
up to 28 GPa. This high spread of hardness values can be attributed to the
presence of Cr;C; phases. For more details see PUBLICATION II.
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Figure 3.10 Nanoindentation measurements for Cr;C,-Ni reinforced NiCrBSi
hardfacing: Cr;C, — carbides in cermet zone; M,;C; — spine-like carbides in matrix;
Matrix — main phase in NiCrBSi matrix; Matrix (cermets) — Ni binder inside of the
cermet particle
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3.4 TiC-NiMo cermet particles reinforced NiCrBSi hardfacing
3.4.1 Hardfacing deposition and microstructure analysis

The optimised deposition parameters for the TiC-NiMo reinforced NiCrBSi
hardfacing are listed in Table 3.5.

Table 3.5 Main process parameters for the deposition of TiC-NiMo reinforced NiCrBSi

hardfacing.
Parameter Data
Welding current 80-100 A
Oscillation speed 22-25 mm/s
Oscillation width 20 mm
Welding speed 0.9-1.2 mm/s
Plasma gas 1.6-2.0 /min
Substrate material austenite steel (316L)
Substrate thickness 5 mm

Figure 3.11a illustrates the TiC-NiMo reinforced NiCrBSi weld overlay. The
welding seam examination reveals a uniform distribution of hardphases in the
matrix, negligible porosity of the hardfaced layer and overall good quality of the
welding seam with minimal dilution with the substrate of less than 5 %
according to the quantitative analysis.
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Figure 3.11 TiC-NiMo relnforced hardfacing: a) Weld seam analysis of TiC-NiMo
reinforced NiCrBSi hardfacing; b) XRD pattern of the TiC-NiMo reinforced NiCrBSi
hardfacing

orm

T~—substrate

The XRD pattern of TiC-NiMo reinforced NiCrBSi hardfacing is presented in
Figure 3.11b. The analysis reveals five crystalline phases: Ni-rich dendritic
matrix - y(Fe,Ni); (Fe, Ni, Mo)»Bs, which is the most probable Fe-Ni-B
hardphase located in dendrites with some traces of Mo in the crystal lattice; TiC
phase; non-stoichiometric carbide Tip9,M0g 0,Co; and (Mo, Ti)C. Formation of
solid solutions of Mo in the TiC lattice results in development of so-called core-
rim structured grains consisting of a TiC core surrounded by the rim of
(Ti, Mo)C [100,101].
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Figure 3.12 presents SEM micrographs of the TiC-NiMo reinforced hardfacing.
The PTA welding process does not significantly influence the structure and
composition of the cermet particles. However, it is found that besides a high
amount of TiC-based angular precipitates (Figure 3.12d), TiC diffusing from the
cermet zone to the matrix during deposition the structure of cermet particles
along the interface (Figure 3.12b) differs from the microstructure of the cermet
particles at the core (Figure 3.12¢). The particles near the interface are partially
dissolved showing decrease in grain size and modification in their shape.
However, the chemical composition of the partially dissolved grains is kept
uninfluenced. For more details see PUBLICATION III.

2um

Figure 3.12 SEM micrographs of the TiC-NiMo reinforced NiCrBSi Hardfacing:
a) overview of the microstructure; b) interface cermet/matrix region; c) interior of the
cermet particle; d) matrix region with TiC-based precipitates

3.4.2 Mechanical characterisation

The macrohardness of the TiC-NiMo reinforced hardfacing is 571 + 25 HV50.
Hot hardness values for the TiC-NiMo reinforced hardfacing are shown in
Figure 3.2 (section 3.1.2). The hardness values stay at the same level in the
temperature range from 20 °C to 300 °C and then start slightly to decrease in the
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interval between 300 °C and 600 °C. Rapid decrease in hardness for TiC-NiMo
reinforced hardfacings was measured at 700 °C.

Micro-mechanical properties of separate phases (hardness and reduced Young’s
modulus) were determined by nanoindentation measurements and statistically
analysed. The corresponding hardness and reduced Young's modulus variations
for the defined phases in TiC-NiMo reinforced NiCrBSi hardfacing are
presented in a bubble chart in Figure3.13. For more details see
PUBLICATION II1.
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Figure 3.13 Nanoindentation measurements for TiC-NiMo reinforced NiCrBSi
hardfacing: hardfacing (designations: carbide — TiC and (Ti,Mo)C phase; precipit. —
TiC-based precipitates in matrix; dendrite — complex boride phase; binder — Ni-binder
between carbide particles in the cermet zone; matrix — main matrix phase defined as

y(Fe,Ni))
3.4.3 Wear resistance

Wear tests exploiting steel and rubber wheels were carried out to reproduce
three-body abrasion process. The relative wear resistance of the TiC-NiMo
reinforced hardfacing was compared to conventionally used Ni-based reference
hardfacing containing 40 vol.% of WC/W,C particles (Castolin Eutectic
EuTroLoy PG 6503 alloy). The wear values are listed in Table 3.6. For more
details see PUBLICATION III.
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Table 3.6 Three-body abrasion wear values for the TiC-NiMo and WC/W,C reinforced
NiCrBSi hardfacings

Material Volumetric wear [mm?]

Rubber wheel Steel wheel
TiC-NiMo 2242 24+2
WC/W,C 15+1 4043

SEM surface sectional images of the worn areas were examined as shown in
Figure 3.14. Under rubber wheel testing conditions, for the WC/W,C reinforced
alloy high matrix hardness and dense distribution of coarse primary carbides
ensure excellent wear resistance. For the TiC-NiMo reinforced alloy the increase
in wear rate can be attributed to low hardness of the matrix material. The
dominant wear mechanisms in this case are ploughing and cutting of ductile Ni-
based matrix material. Under steel wheel testing conditions, for the WC/W,C
reinforced hardfacing the brittle fracture of both primary carbides and matrix
precipitates was observed; extensive cracking and subsequent chip removal
explains a significant increase in wear rate. For the TiC-NiMo reinforced alloy
no pronounced brittle fracture of hard particles was detected: neither matrix
precipitates nor cermet particles indicate extensive crack formation. For more
details see PUBLICATION III.

ure 3.14 SEM worn surface iraphs thardfacmgs aftry abrasion
tests: a) and b) WC/W,C reinforced coating - rubber and steel wheel; c¢) and d) TiC-
NiMo reinforced coating - rubber and steel wheel
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3.5 TiC-Ni and ZrC-Ni cermet particles reinforced NiCrBSi hardfacings

Process and deposition parameters for those materials are drawn in Table 3.7.
The resulting hardfacing deposits and microstructure images are shown in
Figure 3.15. The microstructures are characterised by dense distribution of
primary hard phases in NiCrBSi matrix.

Table 3.7 Main process parameters for the deposition of ZrC-Ni and TiC-Ni reinforced

NiCrBSi hardfacing
Parameter ZrC-Ni TiC-Ni
Welding current 80-85 A 65-75 A
Oscillation speed 15-17 mm/s 20-25 mm/s
Oscillation width 20 mm 20 mm
Welding speed 0.8-0.9 mm/s 1.3-1.5 mm/s
Plasma gas 1.6-2.0 /min 1.0-1.2 1/min
Substrate material austenite steel (316) austenite steel (316)
Substrate thickness 5 mm 5 mm

S - :
Figure 3.15 Weld seam analysis and optical microscopy images of a) TiC-Ni reinforced
hardfacing; b) ZrC-Ni reinforced hardfacing

The details of those hardfacings are proprietary. Focused studies for the process
optimisation and characterisation steps are not in the scope of present research.
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3.6 High temperature wear
3.6.1 Impact/abrasive behaviour

Figure 3.16 shows the volumetric wear of the coatings tested at room
temperature (RT), 300 °C, 550 °C and 700 °C. Commercially used multiphase
coatings with Ni-based matrix and 60 wt.% of fused WC/W,C (Castolin
PG6503) hardphases were taken as a reference material. Good performance of
the reference hardfacing at temperatures below 550 °C is evident; however, the
volumetric wear increased significantly with increase in temperature, which can
be attributed to hardphase oxidation and excessive fracture of the material
[102]. In comparison, cermet particle reinforced hardfacings have better wear
resistance starting from elevated temperatures. For more details see
PUBLICATION IV. For the ZrC-Ni reinforced hardfacing the most promising
results were detected, with a significant increase in wear resistance with higher
testing temperature.

—&— TiC-NiMo reinf. - B - NiCrBSi - A - Cr3C2-Ni reinf.
—&- WC/W2C reinf. —8- TiC-Ni reinf. —a = ZrC-Ni reinf.

15

12

Volumetric wear [mm?]

RT 300 550 700
Temperature [°C]
Figure 3.16 Volumetric wear values after HT-CIAT testing

For the Cr;C,-Ni reinforced NiCrBSi hardfacing (Figure 3.17a-c) with increase
in testing temperature the presence of SiO, particles in the sub-surface layer of
hardfacing is detected. Trans- and inter-granular cracking results in subsequent
removal of the carbides and material chips from the surface especially when
subjected to high testing temperatures. This could be one of the reasons of
surface degradation. The Cr;C,-Ni reinforced hardfacing at 700 °C shows
intensive plastic deformation and formation of oxide films (OF) with only fine
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crushed ceramic particles found on the surface. For the TiC-NiMo reinforced
coating (Figure 3.17d-f) with increase in testing temperature more than 50% of
the hardfacing surface (almost all matrix regions and some cermet zones) is
covered by SiO, particles. Low amount of precipitates in the matrix and their
sub-micron size facilitate the penetration of silica into the soft matrix. At the
highest test temperature (700 °C), the adhesion between silica particles and
matrix is getting weaker due to oxidation of matrix resulting in higher wear rate.
For more details see PUBLICATION IV.

Figure 3.17 SEM micographs of worn surface after HT-CIAT testing:
a-c) Cr3C,-Ni reinforced NiCrBSi hardfacing at 20°C, 350 °C and 700 °C;

d-f) TiC-NiMo reinforced NiCrBSi hardfacing at 20 °C, 350 °C and 700 °C
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3.6.2 Erosive behaviour

Volumetric wear rates for Cr;C,-Ni and TiC-NiMo reinforced hardfacings are
highlighted in Figure 3.18. On the abscissa the volumetric wear rate of the
materials at the impact angle of 30° is drawn. The ordinate shows the wear rate
of the tested materials at the impact angle of 90°. Both hardfacings show brittle
mechanisms of behaviour, indication higher wear values under impact angle of
90° at all testing temperature.
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Figure 3.18 Wear rates after erosion testing for TiC-NiMo and Cr;C,-Ni reinforced
NiCrBSi hardfacing at constant impact velocity of 50 m/s

Wear mechanism of multiphase Cr;C,-Ni and TiC-NiMo reinforced NiCrBSi
hardfacings are schematically depicted in Figure 3.19 and supported by SEM
micrographs in Figure 3.20. The main erosive wear mechanisms operating at
given conditions are:

e ploughing and cutting of NiCrBSi matrix
e squeezing of a metal binder in cermet particles to the surface with

formation of the rigid supporting compacted layer and top layer with
higher metal content

e selective removal of a matrix binder from cermet particles by crushed
abrasive particles pushed by the stream of particles

e fracturing and/or fragmentation of carbides

e removal of whole ceramic particles insufficiently supported by the metal
matrix

e cmbedment of crushed abrasive particles mainly into the NiCrBSi
matrix
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e intermixing of cermet and NiCrBSi matrix constituents with formation
of well developed mechanically mixed layer (MML) consisting of wear
debris, fused silica dust, finely dispersed different oxides and highly
deformed matrix alloy

e interaction of abrasive particles with formed oxide films at testing
temperature of 650 °C. For more details see PUBLICATION 1V.

Direction of impact

Mechanically
mixed

layer
Compacted
layer

X ~

@ @l, % * \] @ Unaffected

7 x x Cermet and matrix material

_ @ @ @ @ J * |nterm|x|ngzones x <. @ ®

@ @, \ / ---_*

@ U x x x £ 3 Cermetpartlcles * *

NONOIO R **t** e
. .- X x * * .

N @ = x Toxx o * U ____C * Matnx
X SN/ __.- - % Matrix %
* b 3 x x x @
Designations: @ Ceramic grain * 2{)?'3‘;’\‘,& particles 111 Oxides ~  Shifting
Transgranular & Broken X Precipitations O Voids
cracks ceramic grains

Figure 3.19 Features of cermet particle reinforced NiCrBSi hardfacings during high
temperature solid particle erosive wear at the narrow impact angle
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Figure 3.20 SEM cross-sectional images after erosion testing at 650 °C:
a) TiC-NiMo reinforced NiCrBSi hardfacing matrix region; b) TiC-NiMo reinforced
NiCrBSi hardfacing cermet region; ¢) Cr;C,-Ni reinforced NiCrBSi hardfacing matrix
region; d) Cr;C,-Ni reinforced NiCrBSi hardfacing cermet region
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3.7 High temperature corrosion

In the following subsections the effects of high temperature corrosion and
oxidation of the Cr;C,-Ni and TiC-NiMo reinforced hardfacings are shown and
discussed. Figure 3.21 highlights the percentage mass change of both samples in
all tested media. This diagram shows the excellent oxidation behaviour of both
hardfacings. It can be said that the combination of the NiCrBSi matrix and both
chosen hardphases results in high oxidation resistance. For more details see
PUBLICATION IV and PUBLICATION V.
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Figure 3.21 Percentage mass changes of Cr;C,-Ni and TiC-NiMo reinforced NiCrBSi
hardfacings after high temperature corrosion test

It was observed that chloride is highly corrosive to the Cr;C,-Ni reinforced
samples, which leads to intergranular corrosion in the matrix and total
decomposition and oxidation of the carbides. As seen in Figure 3.22a chromium
carbide oxidises, which is catalytic for the reaction with chlorine in high
temperature environment. For the TiC-NiMo reinforced hardfacing the NiMo-
binder of the TiC-NiMo hardphase degrades to NiCl, and more of MoCl,, which
leaves small amounts of Ni in the TiC-NiMo cermet particles as seen in
Figure 3.22b in detail. For more details see PUBLICATION V.
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Figure 3.22 SEM/EDS cross-sectional analysis of the materials investigated after
corrosion tests in chloride environment at 700 °C for 24 h: a) Cr;C,-Ni particle
reinforced; b) TiC-NiMo particle reinforced

Figure 3.23 shows a graphical draw of the areas of resistance for different
corrosive anions at 700 °C. As seen, Cr;C,-Ni reinforced hardfacings behave
well in oxidative and sulphate/phosphate environment. TiC-NiMo hardfacings
show good resistance against carbonate ions at 700 °C. Despite the high mass
gain TiC-NiMo reinforced samples show better behaviour in chloride condition

because of the better stability of the cermet phases. For more details see
PUBLICATION V.
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B Cr,C,-Ni reinforced
TiC-NiMo reinforced

Figure 3.23 Proposing the field of application in for Cr;C,-Ni and TiC-NiMo reinforced
hardfacings in different corrosive and oxidative media at testing temperature of 700 °C

54



4 CONCLUSIONS

Based on the study within this work, the following conclusions can be drawn:

The advanced multi-phase hardfacings based on the commercially
available NiCrBSi matrix material and reinforced by recycled
hardmetals and cermet particles has been developed and successfully
introduced in the present study.

Hardmetal scrap as well as chromium carbide and titanium carbide
based cermet particles were successfully applied for fabrication of the
wear resistant coatings using optimised PTA hardfacing technology.
The produced hardfacings are characterised by minimal hardphase
dissolution and homogeneous distribution of the reinforcements
throughout the metal matrix.

TiC-NiMo and Cr;C,-Ni multiphase hardfacings have been proven to be
the reliable candidates for high temperature tribo-applications: under
the conditions of high-stress three-body abrasion TiC-NiMo reinforced
hardfacings show significantly higher wear resistance as compared to
the commercial WC/W,C reinforced coatings.

The degradation of the NiCrBSi matrix due to oxidation and hardness
loss at temperatures above 700 °C is a main limiting factor for the
application of the TiC-NiMo and Cr;C,-Ni cermet reinforced coatings.

Under conditions of high temperature erosion TiC-NiMo and Cr;C,-Ni
reinforced hardfacings have revealed high wear resistance. Cr;C,-Ni
reinforced hardfacing has exhibited tendency to a brittle failure;
however, only moderate increase in wear rate at elevated temperatures
up to 650 °C has been detected.

Cermet reinforced hardfacings are attractive candidates for applications
in impact/abrasive conditions, especially at high temperatures. At
elevated testing temperatures the volumetric wear rate values for the
TiC-NiMo, TiC-Ni, ZrC-Ni and Cr;C,-Ni reinforced coatings are
significantly lower as compared with WC/W,C reinforced hardfacings.

Cermets reinforced hardfacings have shown stability against oxidation
due to formation of the protective oxide layers on their surfaces. High
temperature corrosion resistance of the developed hardfacings is
influenced by the corroding anions to a great extent. The field of
application for cermet reinforced hardfacings in dependence of the
corrosive environment at 700 °C was proposed. Cr;C,-Ni reinforced

55



hardfacings exhibit high resistance against sulphate and phosphate
environment, while the TiC-NiMo hardfacings show excellent behavior
in carbonate environment.

The novelty of present research can be outlined by:

e Application of cermet and hardmetal recycling powders as
reinforcements for NiCrBSi matrix alloy for hardfacing process.

e Chemical pre-processing of cermet particles for the PTA
hardfacing.

e Development of novel wear resistant thick coatings, especially for
high temperature harsh wear and corrosion conditions.

e Development of double-structured MMCs with fine carbide
reinforcements.

e Optimised PTA process management for the deposition of cermet
particles reinforced NiCrBSi hardfacings.

e Comprehensive mechanical and tribological characterisation of the
coatings of novel compositions.

e Seclection of potential fields of application for the cermet particles
reinforced NiCrBSi hardfacings, based on the characterisation and
wear testing results.

Based on the results of present research it is planned to deposit cermet
particle reinforced NiCrBSi hardfacings as prototypes at industrial
applications, particularly as wear resistant parts for iron ore sinter
crushers, operating at temperatures close to 700°C in corrosive
environments under impact/abrasion conditions.
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ABSTRACT

The degradation of materials through high-temperature processes such as
oxidation, corrosion, and abrasive - erosive wear causes enormous costs for the
European industry. It is crucial to avoid failure of various machine components
which can entail catastrophic accidents. About 75 % of these costs are
considered to be a consequence of wear-related losses. According to statistic
reports, wear together with corrosion and fatigue are three main modes of
materials failure.

Coatings and surface treatments have proved to be a successful approach for
increasing machinery lifespan by preventing severe wear and corrosion of
working tools. One of the attractive surface treatment methods is hardfacing by
welding technique. This method offers the ability to apply thick protective
coatings metallurgically bonded to the substrate material.

Current research is concentrated on the development of novel wear resistant
thick coatings (hardfacings) and their analysis in terms of microstructure,
mechanical and tribological properties. Plasma transferred arc (PTA) welding is
used as a hardfacings fabrication technology. During hardfacing process
powders are transported to the surface of the substrate material, building
protective thick metallurgically bonded coatings. Usually such coatings consist
of metal matrix reinforced with coarse (up to 250um) hard particles like
tungsten carbides. In present research cermet particles are suggested are
reinforcements for NiCrBSi matrix alloy. This can be named as a main novelty
of current work. During this research formation of so-called double metal
matrix composite structures is obtained.

Due to the extremely high temperature during PTA processing, the carbides are
often dissolved in the matrix phase, subsequently recrystallised in form of
precipitates, intermetallic phases or eta-carbides. Those material changes during
the deposition process significantly influence (usually reduce) mechanical and
wear properties of the hardfacings. In present work it was shown, that
application of cermet particles as reinforcements can help to minimise the
problem of carbide dissolution and provide thick wear resistant coatings with
homogeneous distribution of cermet particles throughout the matrix.

The aim of the present work is to bring together knowledge on the
manufacturing of surfaces of commercial interest and surface engineering
specialised in the characterisation of structures for two different fields of
application: (i) cost-efficient wear resistant hardfacings reinforced with
hardmetal scrap; (ii) cermet reinforcements for the high temperature (up to
700°C) wear resistant applications.

Throughout the thesis, the following scientific and technological aspects are
addressed and solved:
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e Pre-processing of cermets and hardmetals.

e Evaluation of the cermet and hardmetal particles as NiCrBSi matrix
reinforcements.

e Deposition of the developed hardfacings.

e Microstructural characterisation of the coatings.

e Evaluation of the mechanical properties of the coatings.

e Assessment of the hardfacings as the tribo-functional materials for wear
application at room and high temperatures as well as in corrosive
media.

Keywords: hardfacing, PTA, tribology, high temperature wear, cermet, NiCrBSi
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KOKKUVOTE

Materjalide hévimine 14bi korgtemperatuurse oksiidatsiooni, korrosiooni ja
abrasiiverosiooni pdhjustab Euroopa todstusele ebanormaalselt suuri kulutusi.
Seetdttu on {ilioluline véltida masinaosade purunemist hoidmaks dra voimalikke
onnetusi. Statistikal pdhinevad andmed kinnitavad, et kulumine koos
korrosiooni ja vésimusega on peamised materjalide rivist vélja langemise
pohjused. Ligikaudu 75% seadme ekspluatatsiooniga seotud kulutustest on
pOhjustatud masinaosade kulumisest.

Pinded ja pinnatodtlus on tdestanud end eduka meetodina masinate eluea
pikendamisel ning aitavad viltida tooriistade kulumist ja korrosiooni. Uks
edukamaid pinnatodtlusmeetodeid on kdvapindamine keevitustehnoloogia abil.
See meetod pakub vdimalusi kanda alusmaterjalile pakse hea metallurgilise
sidemega kaitsvaid pindeid.

Kéesoleva t60 eesmirkideks on: (i) kasutatud koOvasulamiga armeeritud
sadstlike kulumiskindlate kovapinnete viljatdotamine; (ii) korgtemperatuursete
(kuni 700°) kermistega armeeritud kulumiskindlate pinnete loomine.

Kéesolev uurimist6d keskendub uudsete kulumiskindlate paksude kovapinnete
arendamisele:  tehnoloogia  optimeerimisele, pinnete  mikrostruktuuri,
mehaaniliste ja triboloogiliste omaduste uurimisele. Plasmakaarkeevitus (P74-
welding) on iiks levinud mooduseid kdvapinnete valmistamisel. Kdvapindamise
kdigus kantakse pulbrid alusmaterjali/toote pinnale, tekitades nii metallurgilise
sidemega paksu kaitsva pinde. Tavaliselt koosnevad sellised pinded jimedate
kovade osakestega (kuni 250 um), niiteks volframkarbiidiga armeeritud raua
vOi nikli baasil metallmaatriksist. Kédesolevas t60s uuritakse keraamilis-
metalsete komposiitmaterjalide kasutamist NiCrBSi-sulamist maatriksi
armeerimiseks. See on ka kéesoleva t60 peamiseks uudseks lahenduseks.
Uurimist6o kdigus saavutati nn. topeltarmeeritud WC-Co kdvasulami voi TiC-
NiMo ja Cr;C-Ni kermise  osakestega  metallmaatriksstruktuuriga
komposiitpinded.

Erakordselt korge temperatuuri tottu PTA-keevituse kdigus karbiidid sageli
sulavad metalses maatriksis ja rekristalliseeruvad disperssete osakestena,
intermetalliididena v6i muude {ihenditena. Need materjali muutused
pindamisprotsessi  kdigus mdjutavad oluliselt (tavaliselt védhendavad)
kdvapinnete mehaanilisi ja kulumisomadusi. Kéesolevas to0s néidatakse, et
keraamilis-metalsete komposiitmaterjalide (kermiste) kasutamine armeerimisel
aitab vdhendada karbiidide lahustumist ning tekitada homogeenselt jaotunud
osakestega paksu kulumiskindla kaitsekihi kogu maatriksi mahus.

Kéesolevas doktoritods késitletakse ja lahendatakse jargmiseid teaduslikke ja
tehnoloogilisi aspekte:
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e koOvasulami ja kermiste iimbert6dtlus;

e koOvasulami ja kermiste sobivuse hindamine NiCrBSi-baasil pinnete
armeerimisel;

e uutest komposiitpulbritest kovapinnete saamine;

e pinnete mikrostruktuuri kirjeldamine;

e pinnete mehaaniliste omaduste hindamine;

e koOvapinnete sobivuse hindamine tribofunktsionaalsete materjalidena
kulumise ja korrosiooni tingimustes toa- ja korgetel temperatuuridel.

Votmesdnad: kdvapindamine, PTA-keevitus, triboloogia, korgtemperatuurne
kulumine, kdvasulam, kermised, iserdbustuv NiCrBSi-sulam
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The aim of this work was to apply coarse recycled hardmetal particles in combination with Ni-based matrix to produce
wear resistant metal matrix composite (MMC) thick coatings using plasma transferred arc hardfacing (PTA) technology.
Assignment of hardmetal waste as initial material can significantly decrease the production costs and improve the
mechanical properties of coatings and, consequently, increase their wear resistance. The microstructure of MMC
fabricated from a recycled powder was examined by optical and SEM/EDS microscopes, whereas quantitative analyses
were performed by image analysis method. Micro-mechanical properties, including hardness and elastic modulus of
features, were measured by nanoindentation. Furthermore, behaviour of materials subjected to abrasive and impact
conditions was studied. Results show the recycled powder provides hardfacings of high quality which can be
successfully used in the fabrication of wear resistant MMC coatings by PTA-technology.

Keywords: tribology, hardfacing, recycling carbide, PTA, MMC, wear behaviour, chemical treatment.

1. INTRODUCTION

Tungsten carbide hardmetals are one of the most
known and successful powder metallurgical products
mainly used for manufacturing of machinery tools, which
operate in environments where severe wear conditions
prevail. Due to superior properties of tungsten carbide as
hardphases in combination with different alloys of Fe, Co
or Ni basis, it provides high wear resistance materials used
in cutting, mining, drilling tools and other industrial
equipment [1—3]. However, the high marked requirements
lead to permanently increasing price and wastage of
cemented tungsten carbide. Therefore research and
development on alternative solutions such as reuse or
recycling of the hardmetal scrap containing tungsten
carbide became significantly important in recent years.

Recycling technology of hardmetal scrap with worn
cermets requires applications of different processes for
breakup, disjunction and purification of tungsten carbide
particles. One of effectively applied mechanical methods
for recycling of worn cermets and hardmetal scrap is dis-
integrator milling [4—7], which provides particle powders
of uniform size and shape. Also, this method offers some
more advantages in preservation the chemical composition
and mechanically activation of materials. Received
hardmetal powders by application of disintegrator milling
process are successfully used in the fabrication of thin
protective coatings by HVOF thermal spray technology
[8—11]. The studies have shown importance of narrow
granulometry and spherical shape of particles on wear
resistance of coating. Particle size and shape depend on the
duration of milling. An increase in time results in larger
sized particle shape approaching spherical with a smooth
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surface [4]. However increased amount of cycles leads to
extensive wear of a grinding media and increased content
of contaminations (Fe, Fe-based particles) in powder that
significantly influence quality and properties of recycled
hardmetal powder. Therefore to decrease content of
impurities by processing of coarse, angular (up to 0.4 mm)
particles plasma transferred arc (PTA) technology was
suggested in present work.

The PTA-process is an efficient technology commonly
used for the fabrication of wear resistant metal matrix
composites (MMCs) [12—14]. PTA as an unique heat
source for surface modification exhibits an enormous
potential because of its low cost, easy operation and no
need in a special surface treatment. Single or multilayer
depositions provide strong metallurgical bonding between
the deposit and the base metal, as well as porosity-free
coating and relatively low dilution with substrate. In the
PTA process, the heat of the plasma (arc of ionised gas) is
used to melt the surface of the substrate and the welding
powder, where the molten weld pool is protected from the
atmosphere by the shielding gas. The variations in
processing parameters such as preheat temperature, arc
current and welding rate affect the welding performance
(e. g. deposition rate) and the MMC’s quality in terms of
cermets homogeneity and hardness. PTA hardfacing is a
promising approach for fabricating metallurgically bonded
thick coatings of low alloyed steels using recycled cermets
powders.

The main purpose of this work was to apply recycled
cermets (cutting tools) in combination with metal matrix
by PTA routine to produce novel advanced MMCs. It
should be noted that this is a novel experimental process
with no similar precedent found in literature. The principal
scheme of the procedure applied in this work is shown in
Fig. 1, where tungsten carbide based hardmetal scrap was
used as an initial material. WC-Co hardmetals were milled



with the help of disintegrator technology to produce a
powder and chemically treated to clean the surface of the
received grains. Then blends were mixed with Ni-based
matrix and overlaid on steel substrate, producing wear
resistant thick coating.

1 disintegrator
‘ milling

recyad powder

Fig. 1. Schematic view of the work procedure

2. EXPERIMENTAL DETAILS

Powder preparation and characterisation. Recycled
WC-Co hardmetal powders were produced from hardmetal
scrap by disintegrator milling as described in [5].
Purification of powders was performed by chemical
treatment in concentrated sulphuric acid and successive
cleaning with water and isopropyl alcohol. These
processing steps were done to clean the particle surface
after milling and to improve the weld ability and
mechanical properties of material.

Table 1. Characteristics of initial powders

Type Particle size Composition
of powder [pm] [wt %]
9-13 Co; 610 Fe;
WC-Co 150-410 24 Cr: rest WC*
. 02C;4Cr; 1B;
P _ 5 3 1B;
Matrix 32-125 2.5 Si; 2 Fe; 1 Al; rest Ni
Reference*** 45-90 4 C; rest WC/W,C

* Various due to wear of grinding media and Co binder content.
** Castolin 16221 PTA powder.
**% Sulzer WOKA 50005.

Fig. 2. SEM micrographs of recycled hardmetal particles: a — SE
image of WC-Co particles; b — BSE image of grinded and
polished grain surface

Castolin Ni-based 16221 powder was selected as a
matrix material in the PTA processing of the recycled
WC-Co hardmetal powders. The choice of this matrix can
be explained by sufficient knowledge about powder

13

properties combined with experience by PTA cladding of
this powder with tungsten carbide. Chemical composition
and grain size of recycled powder, matrix and reference
powder are presented in Table 1. It should be noticed, that
coarse carbide grains are agglomerates of fine
(3 pum—5 pm) tungsten carbide particles bonded together
by Co-binder. Characterisation of microstructure of
powders was performed by optical microscopy (OM) after
etching as well as scanning electron microscopy
(SEM/EDS). Typical microstructure of recycled WC-Co
particles is shown in Fig. 2.

Hardfacing. PTA hardfacing was performed using a
EuTronic® Gap 3001 DC apparatus (Fig. 3). Welding
parameters such as welding current, oscillation and
welding speed, substrate, powder feed rate, nozzle distance
to workpiece, process gas flow rates are optimised related
to the welding behaviour concerning to practical welding
procedures. Welding procedure was carried out in a single
layer welding without preheating or heat control of the
substrate for reduced dilution. The mean welding
parameters used in the present study are given in Table 2.
The provided PTA-welded specimens were prepared by
water jet cutting for further characterisations. This method
of metallographic sample preparation avoids overheating
of the probes that may induce changes in the properties of
substrate and hardfacing [15].

Table 2. Summary of PTA welding parameters

Parameters Values
Welding current 90/(100) A
Welding speed 0.9 mm/s
Oscillation speed 19.5 mm/s
Oscillation width 20 mm
Substrate material mild steel (1.0037)
Substrate thickness 10 mm
Plasma gas 1.8 /min
Carrier gas carbide: 0.8 1/min; matrix 1.2 I/min
Shielding gas 15 /min
Powders feed rate 35 g/min

control

Fig. 3. PTA welding plant at AC?*T (European Centre of
Tribology)

Materials characterisation and wear examination.
Test samples were cut, grinded and finished by 1 pm
polish. Hardness measurements were carried out with
standard Vickers hardness technique HV10. To determine
hardness of each phase in the microstructure, e.g.



hardphases and metallic matrix, micro-hardness HVO0.1
tests were applied. Four determinations of the micro- and
macro-hardness were repeated for each considered sample
for statistic calculation. Characterisation of microstructure
was performed by OM after etching with Murakami’s
reagent as well as by SEM/EDS. The Leica QWin image
analysis software (Leica microsysteme GmbH, Austria)
was adapted and used to measure carbides/matrix content
and grain size of carbides in MMCs. Mechanical properties
where determined using nanoindentations. The preparation
of samples for nanoindentation was done using standard
methods without etching. The nanoindentation measure-
ments of carbides and matrix were performed using a
Hysitron Tribolndenter® apparatus (Hysitron inc., USA)
equipped with Berkovich indenter operating in line-scan
mode. For indentation an applied normal load of 5 mN was
used.

In order to simulate field conditions in lab-scale as
realistic as possible, wear tests were performed with the
ASTM standard G65 method for 3-body-abrasion and the
Cycling Impact Abrasion Test (CIAT) for combined
impact-abrasion behaviour developed at the Austrian
Centre of Competence for Tribology (AC?T) and described
elsewhere [16—18].

3. RESULTS AND DISCUSSION

Pretreatment of powders. Certain percent of
impurities, oxides and wasted adherences on the surface of
the recycled tungsten carbide were indicated by EDS
(Fig. 4, a). These impurities can influence weldability of
the powders and influence the quality of the provided
hardfacing, especially aggravate the coating porosity and
decrease mechanical properties.

contaminations

ki

§200 um

Fig. 4. Effect of cleaning process on surface composition of
recycled WC-Co powder: a — SEM image and EDS
analysis without chemical treatments of powder;
b — SEM image and EDS analysis with chemical
treatments of powders

A method of fast chemical treatment was developed
for cleaning of the milled powder, which significantly
improves the properties of recycled WC-Co powders. The
impurities in the powder surface were removed by the
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treatment, whereas no dilution of the main elements (WC
with Co binder) was observed. Fig. 3, b, presents EDS
analysis of the surface of recycled powder particles after
the chemical treatment where no additional elements on
the grain surface were indicated. The measured weight lost
during the chemical processing of the powders is less than
1.5 %. Cleaning is found to significantly improve the
hardfacing weld layer quality by decreasing porosity
(Fig. 5).

- p oré’s”

powder without chemical treatment

¥ 1000 ym

powder with chemical treatment

Fig. 5. Cross-section of weld deposit: effects of cleaning process
on hardfacing quality

Formation of pores and concaved form of hardfacing
during PTA-process can be explained by additional energy
required to oxidise the adhered surface contaminations by
the reaction with plasma. It should be noticed that
chemical treatment of hardmetal powder surface is an
experimental process and future investigations with
process improvement steps are required.

Microstructure and hardness. For the developing of
high quality MMCs certain amount of hard particles
homogeneously distributed in the matrix and low
dissolution of carbides in the matrix material are required.
Preliminary investigations with 25 vol. %—30 vol.% of
hardmetal powder provide no homogenous distribution of
carbides in the hardfacings caused by sinking of the heavy
carbide particles (Fig. 6,a) leaving a huge area of the
deposit without particles. Similar problems were observed
by laser cladding of WC in combination with Ni-matrix
[19]. In the present study a homogeneous distribution of
carbides was performed only by addition of 40 vol. % of
hardmetal powder in coating (Fig. 6, b).

matrix

\’\

substrate

1000pm
Fig. 6. OM micrographs of coatings: a — 30 vol. % of hardphases

unetched; b — 40vol.% of hardphase etched with
Murakami's reagent

Fig. 7 illustrates a typical cross-sectional SEM
micrograph of the received coating with 40 vol.% of
hardmetal powder, where formation of three different main
phases was observed. Phase A responds to a complex
matrix structure with Ni and Fe as the main elements.
Chemical composition of the matrix phase A is shown in
Table 3 as indicated by the dispersive X-ray analyser
(SEM/EDS). The certain content of Fe and Cr in the matrix
can be explained by contamination with Fe and FeCr
containing wear particles of grinding media in the
recycling process. Tungsten carbide and Co inclusions
inside the matrix are dissolved and re-precipitated WC-Co



grains are formed the double-dispersed structures.
Hardness of the matrix is determined to be in the range
between 380 HV10 and 550 HV10.

Fig. 8. SEM image of typical cross-section of received coating
with detailed phases’ analysis: a — overview image of
weld deposit; b — BSE image of apparent phase C (more
dissolved hardmetal particles); c — BSE image of apparent
phase B (less dissolved hardmetal particles)

Two different modifications of carbide grain structures
(apparent phases B and C) were received after hardfacing
process. Microstructural analysis indicates penetration of
the matrix elements (Fe and Ni) into Co binder between
hardmetal agglomerates and partial dissolution of carbides.
However carbides retain the angular grain shape
developing the micro-sized MMC-particles in the coating
with a “double-dispersed” MMC-structure (micro carbides
with metal matrix). The main difference between phases B
and C is matrix composition inside the carbide MMC and
average grain size reduction of micro carbides in hardmetal
MMC (Fig. 8). It was assumed that various level of
hardphases dissolution is due to different binder element
content in recycled powder grains. The difference between
binder content responds to quality of recycled powder,
whereas the Co content is always dependent on cutting
tools waste material.

Apparent phase C shows only 30 vol.% of carbide
particles with average grain size of 1.3 um (Fig. 8, b),
whereas apparent phase B (Fig. 8, ¢) indicates mirrored
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structure of the metal matrix components with 70 vol. % of
carbides between matrix and a factor of two coarser
average particles size compared to phase C (2.5 um). The
micro hardness of more dissolved matrix was determined
to be 750 HVO0.1 and hardness value of MMCs in phase C
is 1240 HVO.1. This difference in hardness can be ex-
plained by influence of matrix content. Table 3 illustrates
analysis of chemical composition by EDS of matrix region
in both hardmetal MMC phases, which showed differences
in elements content (especially Co and W).

Table 3. Chemical composition of matrix in phase A, B and C

Matrix, phase | Matrix, phase | Matrix, phase
Element A B C
wt % wt % wt %
W 9 8 12
Co 10 9 20
NI 50 52 43
Fe 28 28 22
Cr 3 3 3

Nanoindentation. Micro-mechanical properties of the
phases (hardness and reduced Young’s modulus) were
determined by nanoindentation measurements and statisti-
cally analysed using Box and Wishker plots (Fig. 9). The
results for the received coating showed mean nanoindenta-
tion hardness of 4.7 GPa in the matrix phase, whereas no
significant difference were found for the hardness of micro
carbides in apparent phases B and C (27.2 GPa). This
hardness level was in close approximation to hardness of
tungsten carbide (whole WC/W,C particles) measured as
reference.

Box-and-Wisher Plot

“ T B
: | T ]
G .
R ]
32 .
S ! 4
° ! 4
& 0 3
= —e ]

. ! ]

A B Matrix Reference
Box-and-Wisher Plot

20 3

480 E
g 7
G| — E
i ]

20 =

" —— E

A B Matrix Reference

Fig. 9. Box and Whisker plots of the measured hardness and
reduced modulus: A — carbides in apparent phase B (less
dissolved); B — carbides in apparent phase C (more
dissolved); Matrix — apparent phase A; Reference —
WC/W,C

Some differences in values of the reduced elastic
modulus were observed between hardmetal with less
dissolved micro carbides (A) and hardmetal with more
dissolved micro carbides (B). This decrease from 320 GPa
to 290 GPa of the elastic parameter can be explained by



influence of the increased content of matrix elements (Ni,
Co, Fe, etc.) and formation of solid solutions in the more
dissolved hardmetal regions. However, the elastic modulus
of these both recycled phases was within the measured
values of the reference carbide (conventionally used
WC/W,C). These results indicate the micro-mechanical
properties of the recycled hardphases were close to the
micro- mechanical properties of the tungsten carbides used
as the reference. However, the distribution broadness as
indicated by standard deviation (Fig. 9) for the measured
micro-mechanical properties of the recycled hardphases
show close values as the measurements for the reference
tungsten carbides. These indicate the high quality of the
obtained hardphases in the recycling process of the present
study.

Wear testing. It is generally assumed that abrasive
wear behaviour of materials influenced by their hardness,
microstructural features and wear conditions. Some
previous studies [20—22] have shown the importance of
hardness of both the matrix and the hardphases, whereas
type, content, homogeneous distribution and size of the
hardphases have a significant influence on wear properties
of the material. The microstructure of investigated coating
consists of coarse carbide MMCs, homogenously distrib-
uted throughout the matrix. The relatively large difference
in hardness due to partial dilution of some hardmetal grains
leads to a higher wear rate. However, decrease in hardness
corresponds to changes in material ductility. In conditions
where impact wear is a dominative factor, increased
plasticity and high content of fine grained hardphases
result in improved wear resistance of a material [18].

Quantitative wear analysis was determined by volume
loss and the results are given in Fig. 10, where the
summary of wear data obtained in different tests is
listened. The relative wear resistance of the coating was
compared to Ni-based reference hardfacing consisting
40 vol. % of WC/W,C grains.
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Fig. 10. ASTM G65 and CIAT wear values: A — produced MMC
coating; B — reference material with 40 vol.% of
WC/W,C

The volume loss of the produced material under
abrasive conditions is increased by a factor of two as
compared to the reference coating, which is in a good
agreement with [23]. Representative worn surfaces of the
produced material are presented in Fig. 11,a. The
predominant wear mechanism is dissection of tungsten
carbides resulted in matrix material’s wear. In the present
study it was found that there is no significant wear of
secondary MMCs regions with high carbides content
(Fig. 11, b). From the other hand the hardmetal regions
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containing more dissolved hardphases do not give enough
protection against wear, resulting in ductile deformation of
the matrix showing microcutting scares on the surface and
failure of small carbide particles (Fig. 11, c). Therefore the
reason for the increased volume loss can be found in the
lack of secondary MMCs regions with high carbides
content in the surface regions which are exposed directly to
abrasive wear attack.

less dissolved
hardmetal particles

Fig. 11. Typical SEM images of worn of produced MMC coating
after abrasion testing

The results observed after cycling impact abrasion test
(Fig. 10) show relatively low wear rate of the produced
material and higher wear resistance as compared to the
reference material. The main mechanisms of material
damage are related to plastic deformation of surface
through microploughing and microcutting, whereas the
brittle fracture of carbides region and breakouts of carbides
is negligible as compared to reference material (Fig. 12).

Fig. 12. Typical SEM of worn surface after

images
impact/abrasion testing: a — produced MMC coating;
b — reference material with 40 vol. % of WC/W,C

4. CONCLUSIONS

Based in the study within this work, the following
conclusions can be drawn:

1. Hardmetal scrap was
fabrication of wear resistant
hardfacing technology.

2. Chemical treatment of the milled powders has
significantly improved quality of the produced hardfacings.

3. A certain amount of WC-Co particles is required
(min. 40 vol. %) to achieve homogeneous distribution of
carbides in the matrix during PTA processing.

4. Formation of two different secondary MMC appar-
ent phases with different microstructure and mechanical
properties in both matrix/carbide areas was observed.

5.Under pure abrasion conditions, reduced wear
resistance by a factor of two as compared to conventionally

successfully applied by
coatings using PTA



used WC/W,C was obtained. This fact can be explained by
significant difference in hardness in secondary MMCs (less
dissolved hardmetal grains — 1250 HVO0.1; more dissolved
hardmetal grains — 780 HV0.1) as well as by certain
percent of contaminations (up to 10 % of Fe and FeCr
particles inside of recycled powder).

6. Under combined impact/abrasion conditions
produced coating has shown promising results with high
wear resistance.
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Ceramic metal composite powders are widely used in thermal spray technologies; however, application of
such hardphases in cladding systems has not been strongly developed yet. In the present study, two different
hardfacings produced by the plasma transferred arc (PTA) process were analysed and compared to reveal dif-
ferences between NiCrBSi coatings reinforced with standard chromium carbide and chromium-based cermet
powders. The coatings were produced from a mixture of hardphases (Cr3C;, or Cr3C,-Ni) and nickel based
powder with a ratio of 40/60 vol.%. The coatings' thickness was set to 2-2.5 mm on an austenite substrate.
Hardfacings were characterised in terms of their microstructures, mechanical properties and impact-abra-
sion wear resistance at room and elevated temperatures. The manufactured Cr3C,-Ni reinforced hardfacing
alloy has shown promising microstructural features with a low level of carbide dissolution and high temper-

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Ceramic metal composites or cermets are known to combine the
hardness of ceramics and the fracture toughness of metals. The wide-
ly used tungsten carbide (WC) based cermets, for example, have both
high hardness and high fracture toughness, making them useful in se-
vere wear applications such as for cutting tools and drill bits. WC
based cermets, however, degrade at temperatures above 500 °C.
Chromium carbide has been a potentially suitable ceramic phase for
use in cermets due to excellent oxidation resistance of its three poly-
morphs — the cubic (Cry3Cg), the hexagonal (Cr;C3), and the ortho-
rhombic (Cr3C;). Chromium carbide-based composites are widely
used tribological materials in high-temperature applications requir-
ing high resistance to wear and corrosion-oxidation [1-3].

Chromium carbides combined with metal matrix are often used as
wear-resistant coatings on tool parts needing protection [4]. In ther-
mal spray applications chromium carbide is often combined with a
nickel chromium matrix. The thermally sprayed CrC-NiCr coatings
can serve as a barrier for high temperature wear [5,6] and are there-
fore finding increasing application in the aerospace market.

Another property that makes the application of CrC-NiCr coatings
very attractive is the coefficient of thermal expansion of chromium
carbide that is almost equal to the coefficient of thermal expansion
of steel, resulting in a reduction in mechanical stress build-up at the
layer boundary when coated on steel substrates.

* Corresponding author at: AC2T Research GmbH, Viktor-Kaplan-StraRe 2, 2700
Wiener Neustadt, Austria. Tel.: +43 2622 81600 322; fax: +43 2622 81600 99.
E-mail address: zikin@ac2t.at (A. Zikin).

0257-8972/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
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Several attempts have been made to improve the mechanical
properties and tribological performance of chromium carbide based
coatings by varying the deposition techniques, processing parameters
and characteristics of the feedstock powder [7]. Hardfacing tech-
niques such as plasma transferred arc (PTA), gas tungsten arc welding
(GTAW) and laser cladding have been widely accepted in industry to
improve the corrosion and erosion resistance of materials in aggres-
sive environments [9-11]. The PTA process exhibits enormous poten-
tial because the PTA overlays have a lower production cost and a
higher productivity compared to thermal sprayed coatings, as well
as easy operation and no need for any special surface treatment
[8-12]. Furthermore, the PTA technique allows the production of
high quality coatings (good metallurgical bonding and low level of
porosity) consisting of metal matrix and carbide hardphases.

Although Cr3C,-20-25% NiCr systems are widely known as wear
protective coatings, only a few studies [13-17] have been concentrat-
ed on the processing of chromium carbide reinforcements in combi-
nation with a nickel-based matrix by cladding technologies. Due to
the extremely high temperature of processing, the carbides are
often dissolved in the binder phase and subsequently recrystallised
and re-precipitated. This influences the oxidation behaviour during
high-temperature applications and leads to changes in wear proper-
ties of the coating [18,19]. At the same time there is a lack of informa-
tion about the deposition of Cr3C>-Ni systems with the PTA process.

For the present study the chromium carbide-based hardfacings
were produced by the PTA technique from (i) Cr3C, hardphase parti-
cles; and (ii) Cr3C,-Ni cermet powder blended with NiCrBSi matrix to
overcome the problem of carbide dissolution. The coatings were de-
posited on austenitic stainless steel substrate. The aim of the work
was twofold: (1) to develop a reliable process to produce hardfacings
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of defined microstructure and properties; and (2) to characterise
coating performance as a function of starting powder composition.
Two hardphase reinforced coating systems (chromium carbide parti-
cles reinforced and cermet particles reinforced) with NiCrBSi matrix
were examined and compared.

2. Experimental details
2.1. Powders

Two hardphase powders were used in the present research: standard
Cr3C, powder with particle size with mesh —45 + 90 um (Sulzer Metco)
and pre-processed powder chromium carbide-based and pure nickel
bonded cermet particles. These cermet particles were remilled from the
bulk of Cr3C,-20 wt.% Ni and then sieved with mesh — 150+ 310 pm.

Purification of the Cr3C,-Ni powder was performed by chemical
treatment in HCl and cleaning with ethanol and isopropyl alcohol.
This operation was performed to remove trace elements (W, Fe)
from the particles' surface after remilling in the disintegrator consist-
ing of steel working chamber and WC-Co grinding bodies with the
aim to improve the weldability of the powders and the mechanical
properties of the produced materials [20]. Fig. 1 demonstrates the dif-
ference between untreated and chemically treated cermet powders.

NiCrBSi alloy powder (0.2% C, 4% Cr, 1% B, 2.5% Si, 2% Fe, 1% Al, rest Ni)
with particle size with mesh — 50 + 150 um was used as matrix material
for the PTA hardfacing process.

2.2. Plasma transferred arc hardfacing

PTA hardfacing of Cr3C, and CrsC,-Ni particles in combination
with NiCrBSi matrix was carried out using a EuTronic® Gap 3001
DC apparatus (Fig. 2). To prevent oxidation of the substrate material
at high temperature, austenitic stainless steel was used as substrate.
The coatings' thickness was set to 2-2.5 mm. Welding parameters
such as welding current, oscillation and welding speed, powder feed
rate, nozzle distance to substrate, carrier, shielding and plasma gas

a
Cr3C,-Ni before treatment
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flow rates are optimised with respect to practical welding conditions.
Main process parameters are given in Table 1.

To adjust the requested ratio of carbide and metal powder, two
powder feeders are controlled separately. A powder consumable
was transported internally through the torch via a carrier gas and
exited at orifices on the anode face, intersecting the plasma column
some distance above the substrate. The powder was introduced into
a weld pool that forms on the substrate surface. The weld pool is pro-
tected from oxidation by a shielding gas that flows from an outer an-
nulus in the torch. The metallurgical bond between coating and
substrate is a characteristic feature of the process. The welding depo-
sition was performed in a single layer without preheating or heat
control of the substrate for reduced dilution.

2.3. Characterisation

Prior to testing the samples were cut from large pieces, ground
and subsequently polished down to 1 pm roughness using diamond
paste.

A comprehensive microstructural evaluation of the plasma hardfa-
cing was carried out by optical microscopy (OM) equipped with a dig-
ital camera (MEF4A, Leica Microsystem) and scanning electron
microscopy (SEM; Philips XL 30 FEG equipped with an energy disper-
sive X-ray analyser) on the surface and cross-section of the coatings.
The microstructural studies were performed on samples etched
with a solution of HF and HNOs in volume ratio 1:12 at room temper-
ature for 10's.

X-ray diffraction (XRD) studies were carried out using X-Pert
powder diffractometer (PANalytical, Netherlands) and CuKa radia-
tion in Bragg-Brentano geometry at 40 kV and 30 mA. The measure-
ments were conducted in continuous mode. This diffractometer is
equipped with a secondary graphite monochromator, automatic di-
vergence slits, and a scintillation counter.

Hardness of the hardfacings was measured using standard Vickers
hardness tester at a load of 10 kg (HV10). An average hardness was
estimated from 10 indentations per specimen.
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Fig. 1. Particles of the cermet powders for PTA: a) untreated; b) chemically treated particles; c) surface analysis before and after treatment.
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Fig. 2. PTA welding plant at AC2T research GmbH.

Vickers hardness test rig [21] specially developed by AC2T was
used to measure the hardness of materials at high temperatures.
The diagonals of the indent marks were measured by OM. The testing
chamber was kept under vacuum to exclude oxidation during the
test. All samples were loaded by 10 kg to measure HV10. The mean
value of hardness at each test temperature was calculated by averag-
ing of the results obtained on at least 8 indents.

To determine the hardness of each phase in the composite and an-
alyse the mechanical properties of each constituent phase, nanoin-
dentation measurements were carried out using a Hysitron
Triboindenter TI900 (Minneapolis, MN, USA) equipped with a dia-
mond Berkovich indentation tip with 100 nm tip radius. The load
cycle involved loading for 5 s to reach the peak load of 10 mN and
subsequent unloading for 5 s. The load vs. depth curves were ana-
lysed to evaluate the elastic modulus and hardness using the proce-
dure described in [22].

2.4. Impact/abrasion testing

The wear rates of the hardfacings were evaluated with the help of
Cyclic Impact Abrasion Tester (HT-CIAT) developed at the Austrian
Centre of Competence for Tribology (AC2T, Austria) for studying com-
bined impact-abrasion action and described elsewhere [21]. Tests
were performed at room and elevated (300, 550 and 700 °C) temper-
atures. The samples were fixed at 45° and cyclically hit by a plunger
while constant abrasive flow was running between the sample and
the plunger.

Table 1

Main parameters of PTA processing.
Parameter Value
Welding current 100 A
Oscillation speed 1.5 mm/s
Oscillation width 20 mm
Welding speed 1.1 mm/s
Substrate material Austenite steel
Substrate thickness 5mm
Nozzle distance to the substrate 8 mm
Plasma gas Ar; 1.7 1/m
Shielding gas Ar/Hy; 151/m

Carrier gas Ar/Hy; 2 |/min

Samples to be tested were cleaned in an ultrasonic bath with iso-
propanol, dried and weighed before testing. Quantitative wear char-
acterisation was done by gravimetric mass loss of the testing
specimens. Tribo-test parameters are listed in Table 2. Upon comple-
tion of testing the topography of the worn surfaces was analysed by
SEM.

3. Results and discussion
3.1. Microstructural analysis

In the present study, two different hardfacings produced by the
identical PTA process tools operating with identical parameters
(Table 1) were analysed and compared to reveal differences between
coatings obtained from standard chromium carbide and cermet pow-
ders. The coatings were produced from a mixture of hardphases
(Cr3C; or Cr3C>-Ni) and NiCrBSi matrix powder with a ratio of 40/
60 vol.%.

The XRD patterns of the Cr3C, and Cr3C,-Ni reinforced alloys and
NiCrBSi matrix alloy are shown in Fig. 3. XRD analysis of the original
NiCrBSi matrix alloy indicated a high amount of FeNis solid solution
in Ni-based matrix with presence of small amount of Ni3B and Cr,Cs
hardphases (Fig. 3a). When 40 vol.% Cr3C, particles were added to
the NiCrBSi alloy, Cr5C,, Cr;Cs and My3Cg phases could be detected
by XRD analysis in the hardphased layer as shown in Fig. 3b. Intensive
dissolution of carbides results in an increased content of free Cr and C
in the liquid alloy [15], which influences the matrix composition and
leads to the formation of an austenite Ni, oCrg7Feq 3¢ phase. The com-
plex phase Cr,Cs is formed in the alloy as re-precipitated carbides
during the rapid solidification process. It should be outlined that
XRD peaks for many chromium carbides and borides are very closely
placed and with significant alloying in these phases, confirmation of
the type of carbides from XRD alone is difficult. Therefore the pres-
ence of My3Cg phase is very doubtful. Almost all peaks of My3Cg
match with Cr;Cs and Cr3C, peaks. Furthermore M;3Cg phase is usual-
ly not formed by high free carbon levels and the microstructural anal-
ysis has not revealed any M;3Cg carbides in the hardfacing matrix.
Most probably those peaks correspond to some mixed Cr-B-Ni
phase presented as precipitations in the matrix. Fig. 3c presents the
XRD analysis of the NiCrBSi alloy with addition of 40 vol.% Cr3C,-Ni
powder. In this case, due to the Ni binder in the cermet particles,
the dissolution of chromium carbides is negligible and the matrix
phase was identified as FeNis with a high content of Cr3C; and Cr,Cs
hardphases. The presence of Cr;C; can be explained by the structure
of the precursor Cr3C,-Ni bulk cermet [23], where a certain amount
of Cr,C3 was formed during sintering.

Fig. 4 illustrates the typical cross-sectional OM micrographs of the
coatings. The reference material (NiCrBSi self-fluxing matrix alloy)
exhibits a nickel-rich dendritic matrix containing borides and car-
bides (Fig. 4a) that is a typical phase composition for alloys with
low chromium content [9]. According to phase distribution analysis
the content of Cr;C; phase is 2+ 1 wt%, whereas the content of
Ni3B phase is 194+ 1 wt.%.

Table 2

Tribo-test parameters.
Parameter Value
Impact energy 0.8]
Impact angle 45°
Frequency 2Hz
Testing cycles 7200
Abrasive material Silica sand
Abrasive flow 3g/s

Abrasive size, shape
Abrasive hardness
Test temperatures

0.4-0.9 mm, angular
1000-1200 HV

RT, 300 °C, 550 °C, 700 °C
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Fig. 3. XRD patterns: a) NiCrBSi hardfacing; b) Cr3C, reinforced hardfacing; ¢) CrsC,-Ni
reinforced hardfacing.

Fig. 4b shows the microstructure of the Cr3C, (Sulzer Metco 70C-
NS) reinforced hardfacing. The micrograph reveals the presence of a
high amount of re-precipitated spine-like carbides (Cr,Cs) resulting
from the extensive carbide dissolution in the matrix. The coating mi-
crostructure is in good correlation with earlier reported observations
[14,15].

Fig. 4c illustrates the microstructure of the coating produced from
cermet powder in combination with NiCrBSi matrix. The microstructure
of this coating can be characterised by three apparent phases: hard-
phase-rich hypereutectic matrix material, some amount of dissolved
and re-precipitated Cr,Cs carbides, and a certain content of particles of

the initial cermet particles homogeneously distributed throughout the
matrix. It is assumed that the nickel binder in the cermet particles pro-
tects the primary carbides from dissolution and helps keep the particles
in the original composition. SEM images of the structure (Fig. 5) show
Ni binder (labelled as Matrix) between the primary carbides. According
to the EDS analysis, the metallic Ni-based binder phases of the cermets
consist of nickel-chromium solid solution. This is in good correlation
with analysis of bulk Cr3C,-Ni cermet [24].

Growth and formation of spine-like carbides occur mostly be-
tween the matrix and cermet particles. No re-precipitated carbides
were found inside the cermet phase (Fig. 5b). The cermet particles
(Fig. 5¢) consist of agglomerates of 2-5 um sized Cr5C, and Cr,Cs par-
ticles embedded into the metal matrix, i.e. the commonly reported
structure of the reactive sintered Cr3C,-Ni cermets [23,25].

3.2. Hardness

Vickers hardness of the (compound) NiCrBSi alloy is 37546
HV10. The Crs;C, reinforced coating shows a hardness of 569413
HV10, while the cermet particles reinforced hardfacing reveals a
hardness value of 730 + 110 HV10. The hardness of multiphase mate-
rials is influenced to a great extent by microstructural features. The
increase in hardness of the Cr;C,-Ni reinforced coating is due to a
high content of uniformly distributed cermet particles. However, be-
cause of the microstructural complexity of the PTA coatings a wide
spread of hardness values is demonstrated. To obtain more informa-
tion on hardness and modulus of each individual phase the nanoin-
dentation method was applied.

The hot hardness of the NiCrBSi alloy is 380 + 40 HV10 at temper-
atures below 550 °C and rapidly decreases with increase in tempera-
ture. The hardness measurements in the hardfacings under
consideration represent a composite hardness of hardphases and
binder. Fig. 6 illustrates HV10 results for Cr3C, and Cr3C,-Ni rein-
forced NiCrBSi hardfacings. The hardness values for both materials
slightly decrease in the temperature range from 20 °C to 500 °C.
Rapid decrease in hardness starts from 600 °C; at the temperature
of 700 °C the hardness is lower than 400 HV for both CrsC, and
Cr3C,-Ni reinforced NiCrBSi hardfacings.

3.3. Nanoindentation

Measuring the intrinsic properties of each phase separately pro-
vides information on the spatial heterogeneity in local material prop-
erties and serves as guidance to process engineering and advanced
materials design [26]. Micro-mechanical properties of the phases
(hardness and reduced Young's modulus) were determined by
nanoindentation measurements and statistically analysed using bub-
ble graphic presentation. The reduced Young's modulus (E,) is de-
scribed by the equation:

1/E, = (1—142)/Ei + (1—u52)/E5.

where v is the Poisson's ratio, the index i denotes the values for the
indenter tip and the index s denotes the ones for the sample. The in-
denter term for the diamond tip can be neglected in the present in-
vestigation; the term 1—1v? introduces a deviation from Eg in the
order of 10%.

The main goal of nanoindentation measurements in the present
research was to compare the differences in mechanical properties of
Cr3C, and Cr3C,-Ni reinforced hardfacings. It was suggested that
changes in the microstructure could lead to changes of the properties,
especially in hardphases.

Fig. 7a illustrates the load-displacement curves obtained for car-
bides and matrix. As expected, carbides exhibit a typical elastic be-
haviour, while matrix alloy shows some plasticity. The scanning
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Fig. 4. OM cross-sectional images of the hardfacings: a) NiCrBSi matrix; b) Cr3C, reinforced coating; c) Cr3C,-Ni reinforced coating.

carbides growth

Matrix

Fig. 5. SEM images of Cr3C,-Ni particle reinforced NiCrBSi hardfacing: a) overview; b) interface between particles and matrix; c) inner structure of the particles.
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Fig. 6. Hot hardness distribution curves for “Cr;C,” — coating reinforced with standard
Cr3C, particles; “Cr3C,-Ni” — coating reinforced with cermet particles; “NiCrBSi” —
NiCrBSi matrix hardfacing.

probe microscopy (SPM) image of a residual indent (Fig. 7b) demon-
strates that there is no significant pile-up around the indentation site
of the carbides, confirming that the Oliver and Pharr method [22]
yields valid estimates of the contact area and, therefore, provides re-
liable parameters for the hard particles.

The bubble chart of reduced modulus of elasticity vs. hardness for
the constituents in Cr3C, reinforced coating is shown in Fig. 8a. A
mean nanoindentation hardness of 5.5 4 1.2 GPa and a reduced elas-
tic modulus varying between 250 and 300 GPa were measured in
the matrix phase. The rather high hardness of the matrix phase can
be explained by extensive carbide precipitations resulting in isolated
or agglomerated groups of small particles that serve as the dispersion
strengthening particulates to harden the matrix alloy. Also, due to
solid solution strengthening generated by extensive carbide dissolu-
tion during PTA cladding, chromium and carbon distort the nickel lat-
tice, inhibiting the motion of dislocations [22]. In Fig. 8a “Cr3C2”
corresponds to undissolved Cr3C, particles which are found in the
matrix. Those phases show a compact distribution of the measured
values of both hardness and elastic modulus with average values of
25+ 1.5GPa for hardness and 274+ 11 GPa for reduced Young's
modulus. “M7C3” corresponds to the re-precipitated spine-like hard-
phases which show a high spread of the measured values, probably
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due to partially completed re-precipitation processes and the pres-
ence of undissolved carbides. It should be noted that these nanoin-
dentation values have a good correlation with the previously
reported data [27,28], where Cr3C, polymorphs were shown to exhib-
it a higher hardness compared to Cr,Cs.

Nanoindentation results obtained for the Cr;C,-Ni reinforced coat-
ing are presented in Fig. 8b. The hardness values of the matrix phase
are comparable with the matrix values for the Cr3C, reinforced coating,
indicating similar processes of matrix development during PTA clad-
ding. The wide data spread can be explained with substantial micro-
structural and compositional variations in the as-sprayed coatings, e.g.
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Fig. 7. a) Typical experimental load-displacement curve of matrix and carbide particles in coating; b) SPM image of the nanoindentation imprint in ceramic phase.
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visibly less precipitation content in the matrix due to minimal dissolu-
tion of chromium carbides. In Fig. 8b “Matrix (cermet)” corresponds
to the binder phase in the cermet particles. Both hardness and reduced
modulus are higher for the nickel based matrix in the cermet particles
compared to those in the coatings' matrix. This could reflect an increase
in the effective hardness due to the small mean free path between car-
bides of the constrained material. The high degree of contiguity of car-
bide particles results in a higher hardness of the material. The wide
data scatter can be explained by diffusion of chromium and carbon
into the binder matrix and inhomogeneous distribution of solute ele-
ments throughout the matrix [24]. The primary chromium hardphases
Cr3C; have a mean reduced Young's modulus of 378 +13 GPa and a
hardness range from 21 GPa up to 28 GPa. This high spread of hardness
values can be attributed to the presence of Cr,Cs particles (which ap-
pear during sintering of the C3C,—Ni bulk as a result of decarburisation
of Cr3C; [23,24]) that are undistinguishable under SPM while they differ
in properties. “M7C3” corresponds to the apparent phase of re-
precipitated spine-like hardphases and the values are comparable to
those found in the Cr3C, reinforced coating.

The results obtained by nanoindentation measurements reveal no
significant difference between the mechanical properties of both
(Cr3C; and Cr3C,-Ni) reinforced hardfacings for matrix region. How-
ever, the presence of inter-metallic phase “Matrix (cermet)” in
Cr3C,-Ni reinforced hardfacing may lead to the considerably different
wear behaviour of this coating.

3.4. Impact-abrasive wear of the coatings

It is well known that abrasive wear behaviour is mainly influenced
by material hardness and microstructural features [1,21,29]. Howev-
er, in conditions where impact loading is a dominating factor, in-
creased plasticity and fine particle hardphases uniformly distributed
in the matrix result in improved wear resistance [21]. Therefore, it
can be assumed that hardfacings reinforced with chromium carbide
based cermet particles could be an alternative to the commercially
used tungsten carbide reinforced coatings, especially at temperatures
exceeding 500 °C.

The impact-abrasive wear behaviour of the hardfacings has been
evaluated using the HT-CIAT technique [21]. Tests were conducted
at different temperatures to study the effect of temperature on wear
performance of the materials. Fig. 9 shows the volumetric wear of
the coatings tested at room temperature, 300 °C, 550 °C and 700 °C.

~<&— Matrix
= A - Cr3C2-Ni reinf.

- B - Cr3C2 reinf.
—e - WC/W2C reinf.

Volumetric wear [mm?]

RT 300 550 700
Temperature [°C]

Fig. 9. Impact-abrasive wear of the tested coatings: “Matrix” — NiCrBSi matrix without
reinforcement; “Cr;C, reinf.” — coating reinforced with standard Cr3C, particles;
“Cr3C>-Ni reinf.” — coating reinforced with cermet particles; “WC/W,C reinf.” —
NiCrBSi matrix reinforced with 60 wt.% WC/W,C particles.

A commercially used multiphase coating with NiCrBSi matrix and
60 wt.% of fused WC/W,C hardphases was taken as a reference mate-
rial. Properties and wear behaviour of the reference material are de-
scribed elsewhere [30].

The wear behaviour of the NiCrBSi matrix without any reinforce-
ment was also evaluated (labelled as “Matrix” in Fig. 9; chemical com-
position is described in Section 2.1). This alloy shows relatively
constant volumetric wear up to 550 °C testing temperature. The in-
crease of wear at a temperature of 700 °C reflects the softening of
the metallic matrix resulting in more pronounced abrasive attack.
The reinforcement of NiCrBSi matrix with CrsC, hardphases results
in a slight increase in volumetric wear at temperatures up to 300 °C.
At higher temperatures the wear rate rapidly increased up to a max-
imum value of ~18 mm? at 700 °C.

The lowest volume loss was found for NiCrBSi matrix reinforced
with Cr3C,-Ni tested at all temperatures under consideration. Rela-
tively small increase in wear loss was detected with increase in test-
ing temperature up to 700 °C (Fig. 9), still wear resistance was twice
higher compared to Cr3;C, reinforced coatings. The better perfor-
mance of the reference hardfacing (60 wt.% WC/W-C in Ni-basis) at
temperatures below 700 °C is obvious, however, at the highest testing
temperature the volumetric wear is increased by ~20% as compared
to Cr3C,-Ni cermet reinforced coatings due to excessive oxidation
and rapid degradation of the material. It should be outlined that at
high testing temperatures the surface oxidation processes and forma-
tion of mechanical mixed layers significantly influence the wear be-
haviour. SEM investigation has revealed the presence of oxides on
the surface of all investigated hardfacings. In fact, the detailed analy-
sis and discussion on the oxidation behaviour of Cr;C,-Ni reinforced
hardfacings are topics of another research.

The performance of chromium carbide reinforced coatings in high
temperature applications is strongly affected by the developed micro-
structure [18]. Processing routes allowing minimisation of carbide
dissolution are expected to produce composites with effective wear
resistance at high temperatures. The cermet particles reinforced coat-
ings exhibit improved wear resistance under impact/abrasion condi-
tions because of the fine carbides in un-dissolved Cr3C, and Cr,Cs
and the short mean free path length in the cermet particles, which
are uniformly distributed throughout the metallic matrix and acting
effectively as large reinforced inclusions.

SEM micrographs in Fig. 10 show the worn surface of the coatings
after HT-CIAT testing at room temperature. The main wear mecha-
nism identified in Cr5C, reinforced coatings (Fig. 9a) is extensive plas-
tic deformation with large flakes and pile-ups of laterally displaced
material. The ductility of the matrix increased with temperature and
the material as a whole exhibits predominantly plastic deformation.
The increase in wear rate at temperatures of 550 °C and 700 °C is in
a good agreement with softening effects of the matrix and with the
hot hardness results [30].

For the homogeneously distributed cermet particles (Cr;C,-Ni) in
the NiCrBSi matrix less plastic deformation of the matrix can be
detected on the worn surface (Fig. 10b). Furthermore, the cermet par-
ticles show only local damage and brittle carbide fracture or intergra-
nular cracking are evident only within the impact site. Hardphases
themselves tend to remain in their original form (marked in
Fig. 10b) serving as effective reinforcements preventing severe defor-
mation and chipping of the matrix and resulting, therefore, in an in-
crease in wear resistance of the coating. Cracks which appear during
cyclic impact can affect the hardfacing only locally inside the few
micro sized carbides. Another reason for increased wear resistance
can be correlated with the properties of the matrix inside the cermet
phase. Hardfacings reinforced with Cr3C,-Ni show less carbides “pull-
ing out” because the mechanical properties of the metallic binder in
the Cr3C,-Ni reinforcing particles are very close to the mechanical
properties of the NiCrBSi matrix, as was detected by nanoindentation
measurements.
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100 pm

Fig. 10. Worn surface of hardfacings at room temperature: a) Cr;C, reinforced coating; b) Cr3C,-Ni reinforced coating.

4. Conclusions

Based on the study within this work, the following conclusions can
be drawn:

1. Chromium carbide-based cermet particles can be successfully ap-
plied to the fabrication of wear resistant hardfacings using the
PTA technology.

2. Minimal carbide dissolution occurs during PTA processing of the
composite hardfacings reinforced from cermet particles. The
resulting coating is characterised by homogeneous distribution of
cermet particles throughout the matrix.

3. In spite of comparable mechanical properties of the Cr3C; and
Cr3C,-Ni reinforced hardfacings, the distinctly different micro-
structures result in different wear behaviours of the coatings.

4. The coatings developed are an attractive candidate material for
high temperature applications. The wear rate at 700 °C is lower
for the Cr;C,-Ni reinforced hardfacing as compared to the com-
mercially used WC/W,C reinforced NiCrBSi coating. At the same
time the wear resistance of the Cr;C,-Ni reinforced coating
shows high temperature stability up to 700 °C with negligible
wear rate growth.

It also has to be mentioned that further process optimisation is re-
quired for the production of PTA hardfacings with high reliability.
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ARTICLE INFO ABSTRACT

In the present study, TiC-NiMo composites were remilled to particle size of 250-315 um and used as rein-
forcements for NiCrBSi alloy by plasma transferred arc hardfacing process. The manufactured hardfacing

Available online xxxx

KeyWOTf_iSi alloy was characterised in terms of microstructure, mechanical properties and abrasive wear resistance. De-
Hardfacing position results indicate good quality thick coating with uniform distribution of hard cermet (TiC-NiMo) par-
ZTA ticles in the matrix, minimum level of hard particle dissolution and low porosity of the hardfacing. Cermet
ermet ) particles remain in initial form and consist of agglomerates (TiC and (TiMo)C grains) embedded into
Nanoindentation . . . . . . . .
Scratching Ni-based matrix. The mechanical properties of the TiC and (Ti,Mo)C phases measured by nanoindentation

are very similar exhibiting a narrow distribution. The nano-scratching test reveals excellent bonding between
the matrix and cermets in the hardfacing. No crack propagation was found in the interface matrix/hard phase
region.

The abrasive wear results ensure the promising features of TiC-NiMo reinforcements for Ni-based alloys. Pro-
duced coatings showed excellent performance under high-stress abrasion with wear values lower than for

Three body abrasion

industrially used WC/W-C reinforced coatings.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Coatings and surface treatments have proved to be a successful
approach for increasing machinery lifespan by preventing severe
wear and corrosion of working tools [1-3]. One of the attractive sur-
face treatment methods is hardfacing by welding technique. This
method offers the ability to apply thick protective coatings metallur-
gically bonded to the substrate material. Many hardfacing techniques
such as laser cladding, gas-tungsten arc welding (GTAW), gas-metal
arc welding (GMAW) and plasma transferred arc (PTA) are widely
employed for deposition of a protective layer on a surface of a bulk
material subjected to severe working conditions [4-6]. The most
common coatings applied by hardfacing are metal matrix composites
(MM(Cs) consisting of Ni, Co or Fe-based matrix, and reinforced with
hard ceramic particles such as tungsten carbides [5,7,8]. Tungsten car-
bide based hard metals are widely used in tribo-conditions because of
their high abrasion and combined impact/abrasion wear resistance
[9,10]. However, due to their poor oxidation resistance at elevated
temperatures, WC-based composites are a less than ideal choice for
tooling parts exposed to temperatures exceeding 550 °C [11].

Titanium carbide (TiC) can be considered as an attractive rein-
forcement for MMCs because of its high hardness, quite low density,

* Corresponding author at: AC2T research GmbH, Excellence Centre of Tribology,
Viktor-Kalpan-Strae 2D, 2700 Wiener Neustadt, Austria. Tel.: +43 2622 81600
322; fax: +43 2622 81600 99.
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0257-8972/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
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good oxidation resistance and high wear resistance in erosion and
abrasion environments [12-15].

Several attempts have been made to apply titanium carbide powders
by hardfacing using different processing methods. For the powder feed-
ing method, TiC-based powder and metal matrix powder are delivered
into the laser or plasma beam, melted and deposited onto the substrate
[4,5,16]. This method enables a uniform distribution of primary hard
phases in the matrix and results in low carbide dissolution. Alternative
methods include mixing TiC and metal matrix, pre-placing the powder
mixture on the surface of the substrate with the help of an organic binder
and forming a coating layer to be cladded [17,18]. The coatings deposited
by these techniques are mostly characterised by formation of a gradient
distribution of hard phase and are highly affected by dilution and its in-
fluence on the microstructure of the final product.

A promising method for the reinforcement of metal matrix with TiC
particles using laser cladding involves in-situ synthesis of TiC by reaction
of titanium and graphite during laser processing [19,20]. Such hardfacings
are characterised by excellent metallurgical bonding between the coating
and the substrate and the high quality of the deposited material. Howev-
er, because of TiC's low density, a uniform distribution of hard phases is
not easily achieved. During solidification, the TiC particles show a gra-
dient distribution in the matrix with respect to size and volume frac-
tion [20].

Although titanium carbides are widely applied as reinforcements
using different cladding technologies, there is a lack of information
about processing of recycled TiC-based cermets as reinforcements for a
nickel-based matrix with the PTA process.
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In the present study, titanium carbide reinforced hardfacings have
been produced by the PTA technique using the powder feeding meth-
od. The precursor materials used were re-milled TiC-20% Ni:Mo (2:1)
cermets added into the NiCrBSi matrix alloy. The coatings have been
deposited onto an austenitic steel substrate. The main objectives of
the work were: (i) to deposit NiCrBSi hardfacing coatings reinforced
by TiC-NiMo cermet particles; (ii) to examine the microstructure
and mechanical properties of the developed hardfacings; and (iii) to
study the wear resistance of the coatings under three body abrasive
wear conditions.

2. Experimental details
2.1. Powders

Pre-processed powder of titanium carbide based and nickel-
molybdenum bonded cermet particles was used in the present
study. These cermet particles were re-milled from the bulk of
TiC-20 wt.% Ni:Mo (2:1) and then sieved to obtain the fraction 150...
310 um using collision milling method. To obtain cermet particles
with the predetermined granulometry, multistage milling (up to 16
times) was used [21]. A representative SEM micrograph of the powder
is shown in Fig. 1. NiCrBSi alloy powder (0.2% C, 4% Cr, 1% B, 2.5% Si,
2% Fe, rest Ni) with particle size of 50 ... 150 pm was used as a matrix
material for the PTA process.

2.2. Plasma transferred arc hardfacing

PTA hardfacing of TiC-NiMo particles in combination with NiCrBSi
matrix was carried out using a EuTronic® Gap 3001 DC apparatus.
Austenitic stainless 1.4301 steel was used as a substrate. The coating
thickness was set to 2.0-2.5 mm. The coating of the identical matrix
alloy with the same volume percentage of WC/W,C reinforcements
(Castolin Eutectic EuTroLoy PG 6503 alloy) was used as reference
material for the wear testing.

2.3. Characterisation

Prior to testing, the samples were cut from large pieces, ground and
subsequently polished using 1 pm diamond paste. A comprehensive
microstructural evaluation of the plasma hardfacing was performed
by optical microscopy (OM) with a digital camera (MEF4A, Leica
Microsystem) and scanning electron microscopy (SEM Philips XL 30
FEG), equipped with an energy dispersive X-ray analyser (EDX) with
Dual BSD detector and operating at an accelerating voltage of 20 kV.
For EDX quantification the standardless EDAX ZAF quantification method
was used. The microstructural examination (OM) was conducted on the
samples etched with a solution of HF and HNOs in volume ratio 1:12 at
room temperature for 2 s.

X-ray diffraction (XRD) experiments were performed on an X-Pert
powder diffractometer (PANalytical, Netherlands) in continuous
mode using CuKa radiation in Bragg-Brentano geometry at 40 kV
and 30 mA. The diffractometer was equipped with a secondary
graphite monochromator, automatic divergence slits and a scintilla-
tion counter.

The hardness was determined by standard Vickers hardness testing
at a load of 50 kgf (HV50). Average hardness values were calculated
from 8 indents per specimen. The choice of such a high load was condi-
tioned by the microstructural features of multiphase hardfacings, where
under load of 10 kgf (10HV) a large scatter of hardness values for sim-
ilar multiphase structures was obtained [22].

To evaluate the mechanical properties of constituent phases,
nanoindentation measurements were performed using a Hysitron
Triboindenter TI900 (Minneapolis, MN, USA) equipped with a dia-
mond Berkovich indentation tip with 100 nm tip radius. The load
cycle comprised loading for 5 s to reach the peak load of 10 mN
and subsequent unloading for 5 s. The load vs. depth curves were
analysed to determine the reduced elastic modulus and hardness
using the procedure described elsewhere [23].

Nano-scratch testing was also performed with the Hysitron
Triboindenter TI900 using the Berkovich tip as described above. The
load during the scratches was set to a constant value of 5 mN. The
length of all scratches was 20 um with a scratch rate of 0.2 pm/s.

2.4. Wear testing

The abrasive wear performance was evaluated using three-body
abrasion tester by variation of testing conditions: a) use of a dry-sand
rubber wheel according to ASTM G65 requirements; b) application of
a steel wheel to simulate high-stress wear behaviour of materials. Rota-
tion speed, normal load and sliding distance were kept constant at
200 rpm, 130 N and 4309 m, respectively. Ottawa silica sand with par-
ticle size of 212-300 pm was used as abrasive. Before and after testing
each specimen was cleaned with acetone, dried and weighed. At least
three tests were run for each material to determine the wear resistance.

3. Results and discussion
3.1. Deposition

Deposits of the TiC-NiMo and NiCrBSi alloy powders in the ratio of
40:60 vol.% were processed onto an austenitic stainless steel sub-
strate. The selection of proportion for PTA hardfacings can be attributed
to the low density of TiC-based reinforcements, where 40 vol.% of hard
phases was suggested to be optimal for uniform hard particles distribu-
tion [24].

Two separately controlled powder feeders were used for the adjust-
ment of the required powder ratio. The powders were transported

200 pm

Fig. 1. SEM images of TiC-NiMo particles: (a) overview; (b) surface of the particle.
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internally through the welding torch with the help of a carrier gas and
then introduced into a molten weld pool which after solidification
formed a metallurgically bonded layer on the surface of the base
metal as schematically shown in Fig. 2.

Optimised hardfacing process parameters are listed in Table 1. The
parameters of deposition of TiC-NiMo phase are influenced by certain
porosity; high welding energy (welding current up to 100 A and high
plasma gas flow rate) is required to overcome this problem and mini-
mise porosity level in a welding seam. Due to low density of TiC-
NiMo reinforcements (~5.5 g/cm?®), which is significantly lower than
density of nickel-based alloy (~8.5 g/cm?), cermet particles float up-
ward in the molten pool during solidification and almost no cermet par-
ticles remain at the close proximity to a coating base. The high carrier
gas flow and pressure rates were found to improve the distribution of
hard particles during deposition.

Fig. 3 illustrates the TiC-NiMo reinforced NiCrBSi weld overlay.
The OM examination reveals a uniform distribution of hard phases
in the matrix, negligible porosity of the hardfaced layer and overall
good quality of the welding seam with minimal dilution with the sub-
strate of less than 5% according to the quantitative analysis. The
obtained coating seems to be metallurgically well bonded to the aus-
tenite substrate.

3.2. Microstructural analysis

Fig. 4 illustrates the microstructure of the cermet particle reinforced
hardfacing. The following apparent phases were detected: dendritic
Ni-based matrix, TiC-based precipitates of less than 2 um in diameter,
and TiC-NiMo cermet grains. Both hard phases were homogeneously
distributed throughout the matrix. The nickel binder in the cermet par-
ticles is assumed to protect the primary carbides from dissolution.

The XRD pattern of TiC-NiMo reinforced NiCrBSi hardfacing is
presented in Fig. 5. The analysis reveals five crystalline phases:
Ni-rich dendritic matrix — y(Fe,Ni); (Fe, Ni, Mo),3Bs, which is the
most probable Fe-Ni-B hard phase located in dendrites with some
traces of Mo in the crystal lattice; TiC phase; non-stoichiometric car-
bide Tig.92M0¢02Cos; and (Mo, Ti)C. Formation of solid solutions of
Mo in the TiC lattice results in development of so-called core-rim

y 4

carbides

Table 1

Main parameters of PTA processing.
Parameter Value
Welding current 80-100 A
Oscillation speed 20-25 mm/s
Oscillation width 20 mm
Welding speed 1.0-1.2 mm/s
Substrate material Austenitic steel (1.4301)
Substrate thickness 5 mm
Distance torch/part 8 mm
Plasma gas Ar; 1.7 I/m
Shielding gas Ar/Hy; 15 1/m
Carrier gas Ar/Hy; 2 I/min

structured grains consisting of a TiC core surrounded by the rim of
(Ti,Mo)C [25-27].

Fig. 6 presents SEM micrographs of the TiC-NiMo reinforced
hardfacing. The PTA welding process does not significantly influence
the structure and composition of the cermet particles. However, it is
found that besides a high amount of TiC-based spherical precipitates
(Fig. 6d), TiC diffusing from the cermet zone to the matrix during de-
position the structure of cermet particles along the interface (Fig. 6b)
differs from the microstructure of the cermet particles at the core
(Fig. 6¢). The particles near the interface are partially dissolved show-
ing decrease in grain size and modification in their shape. However,
partially dissolved grains are still core-rim structured TiC-(Ti,Mo)C
particles as confirmed by the EDX analysis of spots 1 and 2 indicated
in Fig. 6b and c and shown in Table 2.

Table 2 identifies the chemical composition (wt. %) of TiC-NiMo
reinforced hardfacing examined with energy dispersive X-ray (EDX)
analysis. Results presented in Table 2 show average values of at
least 5 spot analyses. The corresponding EDX spots are labelled with
numbers in Fig. 6. Spot 1 corresponds to the core part of the TiC-
based grain and shows only Ti and C, i.e. a TiC phase. Spot 2 was
taken at the rim part of the TiC-based grain and shows the presence
of Mo with a concentration varying between 4 and 12 wt.%. This dis-
tribution of elements, verified at approximately 5 spots taken at the
rim part, confirms the presence of the (Ti,Mo)C phase, which
according to the XRD results can be non-stoichiometric carbide

AN

matrix

]

water cooling
electrode

shielding gas

molten pool

argon gas

el

carrier gas
with powder

| substrate

plasma arc

Fig. 2. Schematic representation of the PTA hardfacing process with application of two separate powder feed units.
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hardfacing

mﬁn -

Fig. 3. Weld seam analysis of TiC-NiMo reinforced NiCrBSi hardfacing.

form Tig 92M00,02Co 6 OF in the form (Mo, Ti)C. The binder phase inside
the cermet particle can be described as a complex Ni-based matrix
(spot 3 in Fig. 6). However it should be outlined that the signals
from points 2 and 3 may be overlapped because of relatively low spa-
tial resolution of the device. That can also explain the presence of Ti
and Mo in the matrix. Spot 4 shows the chemical composition of the
TiC-based precipitates in the matrix. An unexpectedly high Cr content
was found according to EDX measurements. Most probably chromi-
um in the form of chromium carbide diffuses from the matrix to the
re-precipitated (Ti,Mo)C grains during the solidification process.
High solubility of chromium and carbon in TiC during rapid heating/
cooling process resulting in the formation of metastable phases and
solid solutions at temperatures above 1500 K has been discussed in
[28].

3.3. Mechanical properties

3.3.1. Hardness

The measured Vickers hardness of the pure NiCrBSi matrix was
365 4+ 15 HV50, which is in good agreement with the previous study
[22]. The macro hardness of the TiC-NiMo reinforced hardfacing is
571 4 25 HV50. The hardness increase is probably due to the high
content of uniformly distributed cermet particles and TiC-based
precipitations.

3.3.2. Nanoindentation
Micro-mechanical properties of separate phases (hardness and re-
duced Young's modulus) were determined by nanoindentation

x

o TiC

* y(Fe,Ni)

x (Fe,Ni,Mo)23Bs
2 Tio.98Mo00.02Co.6
= (Mo, Ti)C

obm

20[°]

Fig. 5. XRD pattern of the TiC-NiMo reinforced NiCrBSi hardfacing.

measurements and statistically analysed. The reduced Young's modu-
lus (Er) is described by following equation:

1/ = (1=07) B+ (122 /g,

where v is the Poisson's ratio, the index i denotes the values for the
indenter tip and the index s is the ones for the sample. The indenter
term for the diamond tip can be neglected in the present investiga-
tion. The elastic modulus was recalculated assuming a Poisson's
ratio of 0.21 for the carbide phases and 0.3 for the matrix phases. Se-
lected Poisson's ratios introduce an error for E of less than 10% and are
found to be representative for the similar cermet materials [29].

Fig. 7 illustrates the typical load-displacement curves obtained for
the different phases in the tested hardfacing. The curves are labelled
correspondingly to the phases: “carbide” corresponds to the TiC
phase in the cermet zone of the hardfacing (Fig. 6a; it should be
noted that it was not possible to distinguish the core and rim zones
using scanning probe microscopy (SPM) and, therefore, the (Ti,Mo)
C phase is also defined as “carbide”); the label “precipit.” corresponds
to the TiC-based precipitates in the matrix as shown in Fig. 6d; “den-
drite” corresponds to the dendritic precipitates in the matrix, identi-
fied as complex boride phase by XRD analysis; “binder” corresponds
to the complex matrix phase inside the cermet zone (Fig. 6b, c,
white colour); and “matrix” corresponds to the <y(Fe,Ni) phase
(Fig. 4d). The corresponding hardness and reduced Young's modulus
variations for the defined phases are presented in a bubble chart in
Fig. 8. Carbide and precipitate phases show similar hardness with
the mean values of 33.7 4 1.7 GPa and 32.9 £ 2.2 GPa, respectively.

Fig. 4. OM images of the hardfacings: (a) and (b) TiC-NiMo cermet particles reinforced NiCrBSi hardfacing.
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2um

Fig. 6. SEM micrographs of the TiC-NiMo reinforced NiCrBSi hardfacing: (a) overview microstructure; (b) interphase cermet/matrix region; (c) interior of the cermet particle;

(d) matrix region with TiC-based precipitates.

The measured Young's modulus for the precipitate phase varies be-
tween 275 and 330 GPa, whereas the measured Young's modulus
for the carbide phase shows the mean value of 377 4+ 10 GPa.

Narrow distribution of the hardness and Young's modulus results
observed for the carbide phase in the bubble chart (Fig. 8) allows
the conclusion that the mechanical properties of the TiC and (Ti,Mo)
C phases are very similar. Previous nanoindentation investigations
done on the TiC-NiMo bulk materials show comparable elastic prop-
erties of the carbides as measured in present work [30].

The measured hardness value of the binder phase is 6.6 +
0.6 GPa, and the mean measured Young's modulus is 273 + 10 GPa.
The binder phase shows higher hardness values compared to the ma-
trix phase with a hardness of 4.6 + 0.2 GPa. This is in good agree-
ment with the microstructural analysis of the deposited hardfacing,
where some dissolution of TiC and Mo in the Ni binder takes place,

Table 2

Chemical composition of the TiC-NiMo reinforced hardfacing in different zones.
Spot Ti Mo Ni Fe C Cr

(Wt. %)

1 74 + 2 - - - 26 + 2 -
2 65+ 1 8+ 4 - - 27 +5 -
3 12+1 4+2 64 + 5 7+2 7+1 6+ 3
4 53 +2 9+2 10+1 - 20+ 4 8+1

as shown in Table 2. However, this also leads to changes in the
phase plasticity, as can be observed from the load-displacement
curve in Fig. 7. The measured Young's modulus for the -y(FeNi)
phase is 217 + 10 GPa, which is more than 30% lower than for the

5000

4000 -

3000 -

load (uN)

2000 -

1000 -

0 20 40 60 80 100 120 140 160 180
displacement (nm)

Fig. 7. Typical load-displacement curves obtained for the different phases in the tested
TiC-NiMo reinforced NiCrBSi hardfacing (Designations: carbide — TiC and (Ti,Mo)C
phase; precipt. — TiC-based precipitates in matrix; dendrite — complex boride phase;
binder — Ni-binder between carbide particles in the cermet zone; matrix — main ma-
trix phase defined as ~y(Fe,Ni)).
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Fig. 8. Calculated modulus of elasticity (E) vs. hardness (H) of different phases in the
TiC-NiMo reinforced NiCrBSi hardfacing measured by nanoindentation.

binder phase. However, it is worth noticing that pile-ups around the
indents occurring in ductile materials influence the contact area cal-
culations that lead to overestimation of hardness and Young's
modulus.

The Fe-Ni-B hard phase labelled as “dendrite” and located in den-
drites of the NiCrBSi matrix exhibits a mean hardness of 14.1 &
0.9 GPa and calculated Young's modulus of 249 + 10 GPa. This com-
plex boride phase together with the TiC-based precipitates is respon-
sible for the increased compound macro hardness of the hardfacing.

3.4. Nano-scratching

In order to characterise the response of the TiC-NiMo reinforced
NiCrBSi hardfacing to initial abrasive attack, nano-scratch tests were
performed. Nano-scratching of multiphase materials helps to gain
knowledge and in-situ understanding of wear-related properties of
hard reinforcements and metal matrices [31,32].

In the current research, a constant load nano-scratch technique
was used in order to compare the damage of various phases in the
composite. Nano-scratches have been performed in the matrix region
to simulate scratch behaviour of matrix and TiC-based precipitates.
Furthermore, the bonding behaviour of precipitations in the NiCrBSi
matrix was the focus of the study. As a second step, scratch properties
of the cermet particles themselves have been evaluated and correlated
to matrix scratch behaviour. In each region two scratches were
performed to verify consistent behaviour for each phase. The presented
results are exemplary evaluations from one scratch for each region.

The SPM image of nano-scratch mark across NiCrBSi matrix and
TiC-based precipitate is presented in Fig. 9. Fig. 9b traces the profiles
across the scratch line. A maximum depth of ~200 nm can be seen for

300
200

100

height (nm)

-100

-200

-300

Image Scan Size: 30.000 pum

Fig. 9. Nano-scratch across NiCrBSi matrix and TiC-based precipitate at 5 mN normal load:
to the 2D cross section); (b) 2D cross section profiles of the nano-scratch as measured by
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the matrix scratch, whereas in the TiC-based precipitate the penetra-
tion of the indenter was measured to be ~ 20-30 nm. Compared to a
ductile micro-ploughing mechanism in the matrix, the precipitate be-
haves in a less ductile micro-cutting way. The precipitate dissection of
~60 nm can be correlated to the specimen polishing procedure
(Fig. 9b).

Fig. 10 shows the results of similar tests performed in the cermet
zone. As mentioned before, in the present work it was not possible
to separate the TiC and (Ti,Mo)C phases in the nanoindentation and
nano-scratch investigation; however, the nano-scratch does not
show visible variations within the carbide grain, as shown in
Fig. 10a, indicating no significant mechanical differences between
two phases. The presence of the Ni binder between the carbide grains
highly influences the scratch. The 2D cross sections of the scratch
mark clearly resolve both phases. The scratch depth differs for binder
and carbide phases and was measured to be ~120-150 nm and ~20-
30 nm, respectively. Comparing quantitative scratch analysis (Figs. 9
and 10) and nanoindentation measurements (Fig. 8), a good correla-
tion can be found. For example, the scratch profiles for precipitate and
carbide phases are very similar with almost the same depth. Also, the
binder phase differs from the matrix phase and shows higher resis-
tance against plastic deformation although both can be easily pulled
out during scratching.

In order to investigate the hard phase/matrix bonding properties,
SEM examinations were done in the scratch interface region (Fig. 11)
High magnification SEM image in Fig. 11a shows a typical matrix/hard
phase transition zone. In this transition zone no tendency of crack for-
mation can be detected, which can be explained by ductile behaviour
of the matrix (the matrix was ploughed) and good bonding of the
hard phase to the matrix. The nano-scratch of the cermet zone is
shown in Fig. 11b. Extensive binder deformation/ploughing resists
crack initiation and propagation although can result in materials
chipping after multiple scratch actions.

3.5. Abrasive wear behaviour

Wear tests exploiting steel and rubber wheels were carried out to
reproduce three-body abrasion process. Quantitative wear analysis
was performed by determination of volume loss, Fig. 12. The relative
wear resistance of the TiC-NiMo reinforced hardfacing was compared
to conventionally used Ni-based reference hardfacing consisting of
40 vol.% of WC/W-C particles (Castolin Eutectic EuTroLoy PG 6503
alloy). Generally, both materials under investigation indicate low
wear values; however, conventionally used tungsten carbide reinforced
coating shows approximately 40% higher wear resistance.

The volumetric wear values of the materials tested with steel
wheel are drawn on the abscissa. Wear of the commercially used
WC/W-C reinforced alloy is significantly increased (almost by a factor

8
lateral distance (um)

(a) Scanning probe microscopy (SPM) image of 30 x 30 um (horizontal lines correspond
SPM.
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Fig. 10. Nano-scratch in cermet particle at 5 mN normal load: (a) SPM image of scratch (horizontal lines correspond to the 2D cross section); (b) 2D cross section profiles of the

nano-scratch as measured by SPM.
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Fig. 11. High magnification SEM images of the scratch marks: (a) interface between NiCrBSi matrix and TiC-based precipitate (scratch direction bottom up); (b) scratch mark within

a cermet particle.

of three), while wear of TiC-NiMo reinforced coating remains at al-
most the same low level.

It is well known that abrasive wear behaviour is strongly
influenced by material hardness and microstructural features [33].
Under conditions of three-body abrasion several wear mechanisms
can dominate depending on material of a testing wheel. Exploitation
of a rubber wheel simulates low stress abrasion, while application of a
steel wheel results in a high stress mode of abrasion characterised by
other mechanisms of material removal as compared to mechanisms
operating at low stress wear mode. To study the wear mechanisms,
SEM surface sectional images of the worn areas were examined as
shown in Fig. 13. High performance of WC/W-C reinforced alloy
under testing with a rubber wheel is in a good correlation with previ-
ous studies [6,7], where the high matrix hardness and dense distribu-
tion of coarse primary carbides ensure excellent wear resistance
(Fig. 13a). Moreover, the secondary precipitations in matrix do not
negatively influence the low-stress abrasion resistance and no cracks
were detected by scanning electron microscopy. For the TiC-NiMo
reinforced alloy the increase in wear rate can be attributed to low
hardness of the matrix material. The titanium carbide based precipi-
tates are small enough for successful protection of the matrix against
coarse silica abrasive particles (Fig. 13c). The dominant wear mecha-
nisms in this case are ploughing and cutting of ductile Ni-based
matrix. Additionally, the inter-particle distances between cermet re-
inforcements are large that leads to the formation of hills in cermet
supported areas of the matrix.

The behaviour of a material in a rotating wheel abrasion test de-
pends not only on the intrinsic properties of the test piece itself, but
also on the conditions of the test [34]. Application of a steel wheel
can cause a significant fragmentation of abrasive particles or their
embedment into the surface of base material [35]. Certain ductility

and specific microstructural arrangement are required to increase the
abrasive wear resistance of multiphase materials. For the WC/W,C
reinforced hardfacing (Fig. 13b) the brittle fracture of both primary
carbides and matrix precipitates was observed; extensive cracking
and subsequent chip removal explain a significant increase in wear
rate by a factor of three. Compared to the brittle fracture behaviour of
the Ni-based reference hardfacing consisting of 40 vol.% of WC/W,C
particles, the TiC-NiMo reinforced alloy performs in a more ductile
way (Fig. 13d), where no well pronounced brittle fracture of hard
particles was detected: neither matrix precipitates nor cermet particles
indicate extensive crack formation. These results can be also correlated
with the data obtained during nano-scratching, where no cracking of
hard particles was detected.

"E ETiC-NiMo *WC/w2c
Wr——— —_——
S T T T T T
s
2 | \ \ I | | |
[ | — !__ WSRURRD | | PR | | IRVOT | N
| | \ \ I | | |
2 | \ \ I | | |
o O T S A
| [ \ I | | \
g 15—} — @]
g | \ \ I | \ \
3 - | I \ I | \ \
§ 21 24 27 30 33 36 39 42

Volumetric wear (steel wheel),mm?

Fig. 12. Three-body abrasion volumetric wear: abscissa — steel wheel test; ordinate —
rubber wheel test.
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Fig. 13. SEM micrographs of worn hardfacing surfaces after three-body abrasion tests: a) and b) WC/W-C reinforced coating — rubber and steel wheel; ¢) and d) TiC-NiMo

reinforced coating — rubber and steel wheel.
4. Conclusions

Based on the study within this work, the following conclusions can
be drawn:

» The titanium carbide based cermet particles recycled from TiC-
Mo,C-Ni composites’ scrap and applied for hardfacings deposition
using the PTA technology can be successfully used for deposition
of thick coatings characterised by uniform distribution of constitu-
ents and low level porosity.

The mechanical properties of the TiC and (Ti,Mo)C phases measured
by nanoindentation are very similar exhibiting a narrow distribution
of the hardness and Young's modulus values. Both carbide and precip-
itate phases indicate similar high hardness values, whereas the pre-
cipitate phase has significantly lower Young' modulus.

The nano-scratching test reveals excellent bonding between the
matrix and cermets in the hardfacing. No extensive cracking was
detected in the interface matrix/hard phase region.

The performance of the TiC-NiMo reinforced hardfacings under low
stress three-body abrasion is lower as compared to the commercially
used WC/W,C reinforced coatings. Wear mechanisms operating in
TiC-NiMo reinforced alloy are matrix material ploughing and cutting.
Fine structured TiC-based precipitates do not provide sufficient pro-
tection against coarse abrasive particles.

Under high-stress three-body abrasion TiC-NiMo reinforced
hardfacings show significantly higher wear resistance as compared

to commercially used WC/W,C reinforced coatings. The tungsten
carbide reinforced coating shows brittle fracture of the coarse
primary carbides and secondary precipitates, while fine-grained
structure of TiC-NiMo reinforcements is not subjected to extensive
cracking during the test.
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The aim of the current study was to investigate erosive and impact/abrasive wear behaviour of TiC-
NiMo and Cr3C,-Ni reinforced NiCrBSi hardfacings at temperatures up to 700 °C.

Coatings were produced using plasma transferred arc cladding process. It was shown that the high
temperature wear behaviour of TiIC-NiMo and Cr3C,-Ni NiCrBSi hardfacings is influenced by oxidation.
The formation of mechanical mixed layers and oxide films was observed for both investigated coatings.
TiC-NiMo and Cr3C,-Ni reinforced hardfacings show high wear resistance at all testing temperatures
for both impact/abrasion and erosion conditions.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The ceramic-metal composites or cermets are widely used in
many industrial applications where high wear resistance is required.
They combine properties of both ceramics (high temperature stability
and hardness) and metals (deformability). This set of properties
makes cermets attractive candidates for applications in aggressive
high temperature environments. Corrosion-oxidation resistance and
wear behaviour at high temperature for TiC and Cr3C,-based cermets
are widely studied [1-6]. In oxidising environment and at high
temperature wear behaviour is influenced by rate of oxidation,
adhesion of oxide layers and their resistance against impact. It was
shown [1-6] that TiC- as well as Cr3C,-based materials can be
considered as suitable alternatives for WC-Co hardmetals due to their
high temperature wear resistance and corrosion/oxidation stability.

Erosion and impact/abrasion wear are commonly occurring pro-
blems in industry, for example in mining and agricultural applica-
tions. Erosion rate of composite materials is mainly affected by
abrasive particle impact velocity, angle of impingement, particle
size/shape and intrinsic microstructural features of material such as
reinforcements content, homogeneity of phase distribution and
bonding strength between constituents, etc. [7,8]. Impact/abrasion
is a complex wear process requiring outstanding material properties.
For parts subjected to abrasive action the most influential factors
are hardness of both hardphases and matrix material, content of

* Corresponding author at: AC2T research GmbH, Viktor-Kaplan-StraRRe 2, 2700
Wiener Neustadt, Austria. Tel.: +43 2622 81600 322; fax: +43 2622 81600 99.
E-mail address: zikin@ac2t.at (A. Zikin).

0301-679X/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.triboint.2012.08.013

hardphases and nature of precipitations [9-11]. Impact wear rate is
less dependent on hardness; while the size, shape and distribution of
hardphases are of high importance [12,13].

For composite materials with ductile binder an important con-
tribution to wear resistance at elevated temperatures is attributed to
development of a mechanically mixed layer (MML). Well developed
MMLs were found on the surface of many cermets and metal matrix
composites after erosion and impact/abrasion tests [4,14,15]. MML
usually form during 3-body contact wear in the metal matrix, which
is getting softer with increasing testing temperature. The erodent
materials (for example SiO,) get embedded to the soft matrix and
get mixed with it, forming a tribo-composite layer [15]. Mechanical
properties of such tribo-layers differ from the bulk body properties
and, therefore, surface integrity strongly affects the wear resistance
of materials.

Recently hardfacing by welding has become a commonly used
technique for improvement of material performance in extreme (high
temperature, impact/abrasion, erosion, etc.) conditions [16-18]. The
possibility to apply hardfacing selectively and in pre-determined
thickness to suit exact requirements in combating wear makes this
method very attractive and cost effective [10,19].

WC/W,C particles are the most common hardphases applied
by hardfacing process as reinforcements for Ni-based matrix. Such
structures reveal sufficient mechanical properties and provide high
wear resistance at both impact and abrasion conditions [17]. How-
ever, the temperature of 550 °C remains a limiting factor for the high
temperature applications of WC/W,C phase as reinforcements.

In order to overcome problems caused by oxidation, cermet
particles (TiC-NiMo and Cr3C,-Ni) are proposed as an alternative
to WC/W,C. The main objectives of this work are (1) to study
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impact/abrasion and erosion resistance of the developed cermet
particle reinforced double-structured hardfacings at high tem-
peratures; and (2) to examine wear and oxidation mechanisms
operating for the materials under consideration.

2. Experimental details
2.1. Materials

Two types of advanced hardfacings produced by plasma trans-
ferred arc (PTA) process were analysed and compared. The hard-
facings were produced out of cermet particles Cr3C,—Ni or TiC-NiMo
and NiCrBSi matrix powder with a ratio of 40/60 vol%. The composi-
tions of the precursor powders are presented in Table 1.

2.2. High temperature cyclic impact abrasion (HT-CIAT)

The wear rates of the hardfacings were evaluated with cyclic
impact abrasion tester (HT-CIAT) developed at the Austrian
Center of Competence for Tribology (AC2T, Austria). The samples
were mounted at 45° to the horizon, cyclically hit by a plunger at
a given frequency in combination with an abrasive flow between
the sample and the plunger (Fig. 1) [12].

Samples were cleaned in an ultrasonic bath with isopropanol,
dried and weighed before and after testing. Quantitative wear
characterisation was conducted by measuring the gravimetric mass

Table 1
Initial powder data.

loss of the testing specimens. Tribo-tests parameters are listed in
Table 2.

After tests completion the topography of the worn surfaces
was analysed by SEM Philips XL 30 FEG equipped with an energy
dispersive X-ray analyser. The cross-section images were exam-
ined by optical microscopy (OM, MEF4A, Leica Microsystem). OM
imaging was performed on samples etched with a solution of HF
and HNOs5 with a ratio of 1:12 at room temperature for 10s.

2.3. High temperature erosion

Erosion tests were performed on a centrifugal particle accel-
erator described elsewhere [6,12]. The test parameters are listed
in Table 3. Before and after testing each specimen was cleaned

Table 2

HT-CIAT test conditions.
Parameter Value
Impact energy (J) 0.8
Impact angle (deg.) 45
Frequency (Hz) 2
Testing cycles 7200
Abrasive material Si0,
Abrasive flow (gs~ 1) 3

Abrasive size, shape (mm)
Abrasive hardness (HV1)
Test temperatures (°C)

0.4-0.9, angular
1000-1200
20, 350, 550, 700

Grain size (um)

Chemical composition (wt%)

Powder Source

Ni-based matrix Castolin 16221 50-150
TiC-NiMo Milled from bulk 150-310
Cr3Co-Ni Milled from bulk 150-310

0.2% C, 4% Cr, 1% B, 2.5% Si, 2% Fe, 1% Al rest Ni
80% TiC, 20% Ni:Mo 2:1
80% Cr3Cy, 20% Ni

plunger . abrasive

abrasive

Fig. 1. (a) High temperature cyclic impact abrasion tester (HT-CIAT); (b) testing principle (45° impact angle with abrasives tested) and (c) abrasive silica particles.
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with acetone, dried and weighed. At least three tests were run for
each material to determine the erosion resistance. After test
completion the cross-sectional images and the elemental compo-
sition of the worn surfaces were analysed by SEM/EDS.

2.4. Macro-hardness

Vickers hardness test rig [12] specially developed by AC2T was
used to measure the hardness of materials at high temperatures.
The diagonals of the indent marks were measured by OM. Testing
chamber was kept under vacuum to exclude oxidation during the
test. All samples were loaded by 10 kg to measure HV10. The
mean value of hardness at each test temperature was calculated
by averaging of the results obtained on at least 8 indents.

2.5. XRD and XPS analysis

XRD experiments were performed on an X-Pert powder diffract-
ometer (PANalytical, Netherlands) equipped with a secondary
graphite monochromator, automatic divergence slits and a scin-
tillation counter. The measurements were performed using CuKo
radiation in Bragg-Brentano geometry at 40 V and 30 mA, in
continuous mode, in 20 range from 20° to 110°.

Table 3
Erosion test conditions.

Parameter Values
Impact velocity (ms~") 50
Impact angles (deg.) 30,90
Erodent SiO,

Erodent size, shape (mm)  0.1-0.3, angular
Total weight of erodent (kg) 6
Test temperature (°C) 20, 350, 550, 650

precipitations

carbide growth

(G

precipitations

Relative weight contributions (wt%) for each crystalline phase
as well as crystallite size were obtained with the help of Rietveld
refinement procedure by using the commercial software TOPAS
V3 [20].

XPS experiments were performed on a Theta Probe® spectro-
meter (Thermo Fisher Scientific, UK) using monochromated AlKo
X-ray source with the photon energy of 1486.6 eV. The vacuum
chamber had a pressure of ~10~'® mbar during the measure-
ment. Survey spectra were recorded for binding energies between
—10 and 1350 eV with a pass energy of 200 eV, the total dwell
time of 0.25 s per point and step size of 1eV to determine the
elements present in the particular measurement. For elements of
special interest measurements of higher resolution were also
performed. The pass energy was set to 50 eV, the total dwell time
per point to 0.75s and the step size to 0.1 eV. The standard
software of the Theta Probe was used to evaluate the spectra. The
evaluation of the data was done with help of The National
Institute of Standards and Technology (NIST) database.

3. Results and discussion
3.1. Microstructural analysis of hardfacings

The microstructures of the two hardfacings are illustrated in
Fig. 2. Fig. 2a presents the microstructure of NiCrBSi-based
hardfacing reinforced by Cr;C,-Ni. The coatings consist of at least
three apparent phases: hardphases-rich hypereutectic matrix
material, some amount of dissolved and re-precipitated M,Cs
and Cr3C, (spine-like) carbides, and grains of the precursor
cermet particles homogeneously distributed throughout the
matrix. The cermet particles represent agglomerates of 2-5 pm
sized chromium carbides (Cr3;C, and Cr,Cs grains) embedded into
the nickel binder, i.e. the commonly reported structure of the

Fig. 2. SEM micrographs: (a) Cr3C,-Ni reinforced NiCrBSi hardfacing and (b) TiC-NiMo reinforced NiCrBSi hardfacing.
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reactive sintered Cr3C,-Ni cermets [21]. The detailed microstruc-
tural analysis of these coatings is described elsewhere [22,23].

Fig. 2b shows the microstructure of TiC-NiMo reinforced hard-
facing. SEM imaging revealed homogeneously distributed cermet
particles throughout a Ni-based matrix. The cermet particles them-
selves consist of three main phases: core-rim structured carbides of
TiC core surrounded by a rim of double carbide (Ti, Mo)C and
Ni-based alloy binder. In the case of TiC-NiMo reinforced hardfacing,
no measurable carbide growth was detected during PTA processing.
Precipitations in the matrix were of rounded shape of less than 1 pm
in diameter and uniformly distributed throughout the dendritic
matrix.

3.2. Hot hardness

The hardness of the NiCrBSi matrix material is 380 + 40 HV10 at
temperatures below 550 °C and rapidly decreased with increase in
temperature. The hardness measurements in the hardfacings under
consideration represent a composite hardness of hard phases and
binder. Fig. 3 illustrates HV10 results for TiC-NiMo and Cr3C,-Ni
reinforced NiCrBSi hardfacings. For both materials similar compound
hardness values were found at room temperature (~650 HV10). The
hardness values stay at the same level for both materials in the
temperature range from 20 °C to 300 °C and then start slightly to
decrease in the interval between 300 °C and 600 °C. Rapid decrease in
hardness for both hardfacings starts from 700 °C; at this temperature
the hardness is lower than 400 HV. Both materials tested at the
highest temperature show the comparable sharp hardness drop,
which implies the degradation point for the matrix material.

The demonstrated considerable distribution (including stan-
dard deviations) of the mean hardness values for TiC-NiMo and
Cr3C,-Ni reinforced NiCrBSi hardfacings can be explained with
microstructural complexity of the PTA coatings.

3.3. Impact/abrasive wear of the hardfacings

It is well known that abrasive wear behaviour is strongly
influenced by material hardness and microstructural features
[12,24]. However, in conditions with dominating impact load,
an improvement in wear resistance can be obtained by applying
ductile matrixes with fine uniformly distributed hard phases
[12,22]. Therefore, it can be assumed that hardfacings reinforced
with cermet particles could be an alternative to the commercially
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Fig. 3. Hot hardness distribution curves for NiCrBSi matrix alloy, TiC-NiMo
and Cr3C,-Ni reinforced NiCrBSi hardfacing.
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Fig. 4. Volumetric wear values after HT-CIAT testing for TiC-NiMo and Cr3C>-Ni
reinforced NiCrBSi hardfacings. “Ref’—commercially used WC/W2C reinforced
NiCrBSi hardfacing.

used tungsten carbide reinforced coatings, especially at tempera-
tures exceeding 550 °C.

Fig. 4 shows the volumetric wear of the coatings tested at
room temperature, 300 °C, 550 °C and 700 °C. Commercially used
multiphase coatings with Ni-based matrix and 60 wt% of fused
WC/W,C hardphases were taken as a reference material (labelled
“Ref.”). Properties and wear behaviour of the reference material
are described elsewhere [14].

Good performance of the reference hardfacing at temperatures
below 550 °C is evident; however, the volumetric wear increased
significantly with increase in temperature, which can be attributed
to hardphases oxidation and excessive fracture of the material [14].
In comparison, Cr;C,-Ni and TiC-NiMo reinforced hardfacings have
better wear and oxidation resistance up to 700 °C.

Cr3C,-Ni reinforced hardfacings show some increase in wear
rate with increase in temperature, which is mainly the result from
both the matrix softening and fracture of chromium carbide
precipitations. However, the system remains stable with only
20% wear rate increase in the interval between 20 °C and 700 °C.

TiC-NiMo reinforced hardfacings show promising impact/
abrasion resistance with low volumetric wear values. Addition-
ally, in the temperature interval between 20 °C and 550 °C, the
wear rate decreases by 20%. This can be explained by the
formation of mechanically mixed tribo-layers of fused silica dust
and softened Ni-based matrix. At 700 °C oxidation of the matrix
material becomes significant leading to increase in wear rate.
At the highest testing temperature TiC-NiMo reinforced hard-
facing has two times higher wear resistance than the “Ref”
hardfacing.

3.3.1. Cr3C,-Ni reinforced NiCrBSi hardfacings

Fig. 5 illustrates cross-section OM micrographs of Cr3C,-Ni
and TiC-NiMo reinforced coatings after cyclic impact testing.

For the Cr3C,-Ni reinforced coating at low testing temperature
(Fig. 5a) a uniform wear of material surface was observed. Matrix
regions contain high amount of precipitations, which correspond
to broken abrasive particles. Similar fracture mechanisms also
occur in cermet zones of the material. With increase in testing
temperature the presence of SiO, particles in the sub-surface
layer of hardfacing is detected (Fig. 5b). The main mechanism
of surface layer formation during impact/abrasion testing is
indentation of silica dust into the soft matrix between cermet
grains. For the Cr3C,-Ni reinforced hardfacing the presence
of SiO, particles is also found in the cermet zones (Fig. 6a-c).
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Fig. 5. OM cross-sectional images after HT-CIAT testing: (a) Cr3C,-Ni reinforced NiCrBSi hardfacing at 20 °C; (b) Cr3C,-Ni reinforced hardfacing at 550 °C; (c¢) TiC-NiMo
reinforced NiCrBSi hardfacing at 20 °C and (d) TiC-NiMo reinforced hardfacing at 550 °C.

100 um

Fig. 6. SEM micrographs of worn surface after HT-CIAT testing: (a-c) Cr3C,-Ni reinforced NiCrBSi hardfacing at 20 °C, 350 °C and 700 °C; (d-f) TiC-NiMo reinforced NiCrBSi
hardfacing at 20 °C, 350° and 700 °C.



6 A. Zikin et al. / Tribology International 1 (XiER) niE-EiR

Trans- and inter-granular cracking results in subsequent removal
of the carbides and materials chips from the surface especially
when subjected to high testing temperatures. This could be one of
the reasons of surface degradation. The Cr3C,-Ni reinforced
hardfacing at 700 °C shows intensive plastic deformation and
formation of oxide films with only fine crashed ceramic particles
found on the surface (Fig. 6¢).

3.3.2. TiC-NiMo reinforced NiCrBSi hardfacings

For the TiC-NiMo reinforced coatings the wear predominantly
takes place in the matrix material by continuous removal of
the plastic binder. Cermet particles exhibit less damage and the
hardfacing is characterised by elevations and depressions on the
surface (Fig. 5c). Increasing in testing temperature results in
development of well pronounced layers of SiO, particles in the
sub-surface region of the hardfacing (Fig. 5d). Fig. 6d-e illustrates
the surface transformation of TiC-NiMo reinforced coating at
different temperatures after cyclic impact/abrasion testing. It is
determined that with increase in temperature more than 50% of
the hardfacing surface (almost all matrix regions and some
cermet zones) is covered by SiO, particles. Low amount of
precipitations in the matrix and their sub-micron size facilitate
the penetration of silica into the soft matrix. At the highest test
temperature (700 °C), the adhesion between silica particles and
matrix is getting weaker due to oxidation of matrix resulting in
wear rate increase.

The surface of cermet zones in TiC-NiMo reinforced hardfacing
shows formation of oxide films at high testing temperatures (Fig. 6e).

3.4. Erosive wear of the hardfacings

Solid particle erosion of composite materials depends on many
factors including mechanical properties of the target and erodent
as well as the impact parameters. The angle of impingement along
with other test conditions determines the mechanisms and,
therefore, the rates of materials damage. For ductile alloys the
oblique impact of the particles causes severe plastic strain at the
impact site and material removes from the surface by ploughing
and abrasive cutting when the localized strain exceeds the
materials strain-to-failure limit. Brittle materials suffer from
intensive cracking highly promoted at normal angle of impact.
Depending on combination of factors, the mechanism of material
removal during erosion of composites may be described as mixed
mode of material damage. The maximum erosion rate of the
cermets is usually observed at an impact angle of 75-90° [25].
Double-structured advanced hardfacings are proposed as cost-
effective coatings for protection against erosion in the whole
range of impact angles. Volumetric wear rates are shown in Fig. 7.
All tests were performed with a constant impact velocity of 50 m/s.
On the abscissa the volumetric wear rate of the materials at the
impact angle of 30° is drawn. The ordinate shows the wear rate of
the tested materials at the impact angle of 90°.

3.4.1. Cr3C,-Ni reinforced NiCrBSi hardfacing

Cr3C, based cermet with 40 wt% of pure Ni binder was used as
reference material (labelled “Ref”). Erosive wear of this cermet is
almost twice higher under normal angle of impact as compared to
that obtained under oblique impact conditions. Cr;C,-Ni rein-
forced hardfacings having almost twice less content of hard
ceramic phase are performing similarly well as reference mate-
rial. Cr3C,-Ni reinforced hardfacings are clad on a substrate with
formation of the needle-like carbide precipitations reducing
plasticity of the binder and also serving as a source of cracking
under impact. Nickel binder has sufficient oxidation resistance
but experiences softening that accelerates embedment of crushed
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Fig. 7. Volumetric wear rates after erosion testing for TiC-NiMo and Cr3C>-Ni
reinforced NiCrBSi hardfacing at constant impact velocity of 50 m/s. “Ref"—Cr3C,
solid cermet with 40 wt% of Ni binder. Abscissa-volumetric wear rate of the
materials at the impact angle of 30°; ordinate-volumetric wear rate of the
materials at the impact angle of 90°.
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Fig. 8. XRD patterns for Cr3C,-Ni reinforced NiCrBSi hardfacing at three different
temperatures: 20 °C, 350 °C and 650 °C.

abrasive particles, deformation of material and development of
mechanically mixed tribo-layer (MML) consisting of wear debris,
highly deformed matrix alloy, oxides and fused silica. Perfor-
mance of the hardfacings under consideration is good at both
impact angles and test temperature of 650 °C. The tribo-layer
formed on the wear surface may protect the material from removal
and rapid oxidation.

Fig. 8 shows corresponding XRD patterns of Cr3C,-Ni reinforced
samples eroded at three different temperatures: 20 °C, 350 °C and
650 °C. Quantitative XRD analysis of the Cr3C,-Ni reinforced hard-
facing has revealed five crystalline phases: Cr;C,, y(Fe,Ni), Ni3B, Cr,Cs
and SiO,. y(Fe,)Ni) phase composes the major amount (around 60 +
5 wt%) at all testing temperatures. The amount of the Cr;C; phase
decreases with increase in temperature from ~8 wt% at 20 °C to
~2wt% at 650 °C. The relative weight contribution of the Cr3C,
phase was found to be around 33 + 3 wt% for all samples eroded at
different temperatures. Ni;B phase also decreases with increasing
testing temperature from ~11 wt% at 20 °C to ~2 wt% at 650 °C.
The relative weight contribution of the erodent particles debris
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(SiO, phase) increases with the temperature from ~2 wt% at 20 °C up
to ~5 wt% at 650 °C. The changes in relative weight of some phases
can be contributed to the development of oxide layers in the matrix
region. The Ni3B and Cr;C; phases are located in the NiCrBSi matrix
and their reduction with increasing temperature is associated with
softening of matrix and substitution it by the silica particles.
XRD measurements detect no oxides on the surface of the eroded
hardfacing.

3.4.2. TiC-NiMo reinforced NiCrBSi hardfacing

Spherical carbide precipitations, which work as matrix hard-
ening precipitation, in TiC-NiMo reinforced hardfacings serve as
much less severe stress concentrator. The wear rates under
normal and oblique impact angles are very similar indicating that
double structuring along with right material constituent and
coating procedure selection may provide improved wear resis-
tance compared to conventional cermets.

Fig. 9 shows corresponding XRD patterns of TiC-NiMo rein-
forced samples eroded at three different temperatures: 20 °C,
350 °C and 650 °C. For the TiC-NiMo reinforced hardfacing, six
crystalline phases were detected: TiC, the intermetallic matrix
v(Fe,Ni), (Fe, Ni, Mo),3Bs, which is the most probable Fe-Ni-B
hardphase with some traces of Mo in the crystal lattice, (Mo,
Ti)Cy, SiO, and non-stoichiometric carbide Tig9>M0g 02Co 6.

v(Fe,Ni) phase composes the major amount (~55 + 5 wt%) at all
testing temperatures. The relative weight contribution of TiC crystal-
line phase was ~15 wt% and Tig9,Mo0¢0>Cos phase ~12 wt% over
the whole temperature range. The (Mo, Ti)C, crystalline phase
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Fig. 9. XRD patterns for TiC-NiMo reinforced NiCrBSi hardfacing at three different
temperatures: 20 °C, 350 °C and 650 °C.
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appears in traces 3 +1wt%. The Fe-Ni-Mo-B solid solution is
recognised as a (Fe, Ni, Mo),3Bg cubic crystalline phase contributing
in the range from 11 + 2 wt% at room temperature, to 4 + 1 wt% for
the sample eroded at 650 °C. The relative weight contribution of the
erodent particles debris (SiO, phase) increases with the temperature
from ~2 wt% at 20°C up to ~10wt% at 650 °C. As for Cr3C,-Ni
reinforced hardfacing, the XRD measurements reveal no oxide layers
on the surface of TiC-NiMo reinforced coating.

3.4.3. Erosive wear mechanisms of Cr3Co—-Ni and TiC-NiMo
reinforced hardfacings
Wear mechanism of double-structured coatings is schemati-
cally depicted in Fig. 10 and supported by SEM micrographs of the
single impact craters and worn surfaces (Figs. 11, 12 and 13).
The main erosive wear mechanisms operating at given condi-
tions are:

ploughing and cutting of NiCrBSi matrix (Fig. 11a,c);

squeezing of a metal binder in cermet particles to the surface

with formation of the rigid supporting compacted layer and
top layer with higher metal content;

e selective removal of a matrix binder from cermet particles by

crashed abrasive particles pushed by the stream of particles;

fracturing and/or fragmentation of carbides (less intensive for

TiC-NiMo particles reinforced claddings as compared to Cr3C,-Ni

reinforced ones, Fig. 11a-d);

e removal of the whole ceramic particles insufficiently sup-
ported by metal matrix;

e embedment of crushed abrasive particles mainly into the NiCrBSi
binder alloy (Fig. 12);

e intermixing of cermet and NiCrBSi binder constituents with
formation of well developed MML consisting of wear debris,
fused silica dust, finely dispersed different oxides and highly
deformed matrix alloy (Fig. 12);

e interaction of abrasive particles with formed oxide films at

testing temperature of 650 °C (Fig. 12).

Cross-sectional SEM images of the materials under considera-
tion after testing at temperature of 650 °C, Fig. 14, show the
correlation between mechanisms marked out in Fig. 10 for both
hardfacings. Fig. 14 illustrates the high magnitude SEM images of
TiC-NiMo (a—matrix region, b—cermet region) and Cr3Cy-Ni
(c—matrix region, d—cermet region) reinforced hardfacings after
erosion tests at temperature of 650 °C. For both materials in the
matrix region the presence of SiO, particles at the sub-surface
layer is clearly indentified. Cracking of Cr3C, particles exhibits
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Fig. 10. Features of cermet reinforced NiCrBSi hardfacings during erosive wear.
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Fig. 13. SEM micrographs of worn surface after erosion testing for TiC-NiMo reinforced NiCrBSi hardfacing at 20 °C and 650 °C; 1—cemet zone; 2—matrix zone.
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Fig. 14. SEM cross-sectional images after erosion testing at 650 °C: (a) TiC-NiMo reinforced NiCrBSi hardfacing matrix region; (b) TiC-NiMo reinforced NiCrBSi hardfacing
cermet region; (c) Cr3Co-Ni reinforced NiCrBSi hardfacing matrix region and (d) Cr3C,-Ni reinforced NiCrBSi hardfacing cermet region.

more brittle mode compared to TiC particles. For the both
hardfacings formation of oxide layers was detected.

It is well known, that at elevated temperatures the erosion wear
is governed by the synergy of erosion and oxidation. Basically, there
are four different erosion mechanisms at high temperature [26]. The
hardfacings under investigation (Fig. 14) can be related to the oxide
erosion model, where both processes play significant role and the
formation of composite so called MML occurs, comprising the bulk
metal and broken pieces of silica particles and oxide scale [26].

3.5. Oxidation during high temperature erosion

During erosion the formation of oxide products on the surface
can significantly affect wear resistance of materials. Under high
test temperature (650 °C and higher) the development of oxide
films in cermet zones (Figs. 12 and 13—Ilabelled 1) and also oxide
growth in the matrix regions (Figs. 12 and 13—labelled 2); was
detected for both investigated hardfacing. XRD analysis was
unable to detect oxides on the surface of investigated materials.
This can be explained with low thickness of formed oxide layers.
Therefore, to analyse the surface oxidation on nano-scale XPS
measurements were conducted.

3.5.1. Oxidation of CrsC,-Ni reinforced hardfacing during erosion
testing

Fig. 15 shows XPS patterns for the samples eroded at tem-
peratures of 20 °C, 350 °C, 550 °C and 650 °C. The data from the
matrix region of Cr3C,-Ni reinforced sample (Fig. 15a) indicate
the presence of five main elements and their phases in the matrix.
The binding energies (BE) for Ni are measured at 852.7 eV and
870.0 eV. Both peaks correspond to elemental Ni (spectral lines
2psj2 and 2pyp,, respectively). Pure Ni occupy ~34 wt% of the
tested surface at 20 °C. At elevated temperature, the peak in
the Ni is shifted, showing a value of 854.2 eV. This corresponds to
the formation of nickel oxide (NiO). The peaks for NiO appear at
temperature of 350 °C with ~8 wt% from the tested surface and
increase to content of ~10 wt% at 650 °C.

The BE for elemental Fe shows the presence of iron oxides at all
tested temperatures with different iron oxide peaks (FeO, Fe,03).

At testing temperature of 20 °C and 350 °C iron oxides occupy
~25 wt% of the surface and this values decreases to ~17 wt% at
650 °C. For the elemental Cr at 20 °C two peaks have been observed
at a BE of 583.3 eV and 574.7 eV, respectively. Both correspond to
elemental Cr (2p spectral lines), but can also correspond to
chromium carbide. In fact, those two peaks occupy ~25 wt% of
tested surface and disappear at testing temperature of 350 °C.
Increased testing temperature leads the formation of two different
chromium oxides with BEs at 576.6 eV (Cr,03) and 578.0 eV (CrOs3).
The amount of Cr,03 is ~16 wt% at 350°C and 550 °C and
decreases to ~10 wt% at testing temperature of 650 °C. The CrOs;
phase occupy ~3 wt% of tested surface at 350 °C and 550 °C. At
testing temperature of 650 °C the amount of phase CrOs increases to
~12 wt%. This can be correlated to reaction of Cr,03 with O, and its
further oxidation. The phenomenon is widely studied [27,28] and
usually happens at temperatures above 1000 °C. This is also a
limiting factor for the application of Cr-based systems. The forma-
tion of CrOs could be explained with high flash temperatures under
impact of silica particle onto the sample surface. Those temperatures
are significantly higher than the testing temperature that makes the
further oxidation of Cr,03 possible.

The analysis of the elemental boron shows no peaks at room
temperature. However, starting from 350 °C the formation of B,03;
(BE of 192.8 eV) was detected. The content of boron oxide increases
with temperature (from ~16 wt% at 350 °C to ~25 wt% at 650 °C).
The boron forms a protective boron oxide coating being stable up to
1000 °C [29]. The Si region shows the presence of silica abrasive
particles on the sample surface. The BE of 103.5 eV corresponds to
SiO,. The content of SiO, increases in the temperature interval
between 20°C (~18 wt%) and 550 °C (~34 wt%). This can be
explained with softening of the matrix. At 650 °C the content of
silica phase is ~20 wt%. It is hard to explain the high content of SiO,
at temperature of 550 °C and normally it should stay on the same
constant level of approximately 20 wt%. Most probably it can be
contributed to the measurements mistake.

In the cermet zone of Cr3C,-Ni reinforced hardfacing, three main
elements were found during the XPS measurements (Fig. 15b).
All three of them (Ni, Cr and Si) indicate the same phases as in
the matrix region with Cr,03 being dominate phase (~40 wt%) in
the interval between 350 °C and 650 °C. Because of large chromium
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Fig. 15. XPS patterns for samples eroded at the four different temperatures: 20 °C, 350 °C, 550 °C and 650 °C: (a) and (b) Cr3C,-Ni reinforced NiCrBSi hardfacing (matrix
and cermet zone); (c) and (d) TiC-NiMo reinforced NiCrBSi hardfacing (matrix and cermet zone).

reservoir the external scale consist of Cr,03 also acting as a barrier
against further oxidation.

At the highest testing temperature Cr,03 and SiO, are the main
phases presented in the surface of Cr;C,-Ni reinforced hardfacing
and they mostly influence the wear behaviour. Chromium oxides
and silica particles form a mixed composite layer protecting surface
from further oxidation, which can result, for example, in more
ductile behaviour of the hardfacing—only slight wear rate growth at
elevated temperatures and impact angle of 90 °C (Fig. 7) is observed.

3.5.2. Oxidation of TiC-NiMo reinforced hardfacing during erosion
testing

The XPS patterns from matrix region of TiC-NiMo reinforced
hardfacing eroded at the temperatures of 20 °C, 350 °C, 550 °C and
650 °C are presented in Fig. 15.

At testing temperature of 20 °C the main elements in cermet
zone of TiC-NiMo reinforced hardfacing (Fig. 15d) and their
phases are Ni (~30 wt%) and Ti (~20 wt%) with BE of 454.9 eV
(TiC phase). The other elements or phases presented on surface
correspond to Cr (~10 wt%), Mo (~5 wt%), iron oxides (~15 wt%)
and SiO, (~20 wt%). With increase of testing temperature peak
for elemental Ti is shifted showing the BE of 459.0 eV (TiO,).
Content of TiO, remains approximately on the same (~50 wt%)
level for all testing temperatures in the interval between 350 °C
and 650 °C. This is in a good correlation with [30] studying
oxidation of TiC in oxygen. Growth of TiO, inhibits formation of
NiO. Only ~5 wt% of nickel oxide was found on the surface in
the temperature interval between 350 °C and 650 °C. The high
content of SiO, (~30 wt%) at temperatures higher than 350 °C
corresponds to silica particles dust, which most probably inter-
acts with the metal binder between TiC grains. The presence of
Mo in the binder leads to the formation of Ti—-Mo double carbides as
it was shown by XRD analysis (Fig. 9). However, at high temperatures
molybdenum oxidises with formation of MoO, (BE of 228.8 eV).

This oxide forms at temperature of 350 °C and is presented also at
testing temperatures of 550 °C and 650 °C. The content of this phase
remains constant (~4 wt%) at elevated temperatures. Iron oxides are
also present on the surface of eroded sample at high temperatures
with constant (~10wt%) content in the temperature interval
between 350 °C and 650 °C.

XPS analysis of the matrix region (Fig. 15¢) at 20 °C indicates that
the main elements and their phases are Ni (~40 wt%), SiO,
(~20 wt%), iron and iron oxides (~30 wt%), and Cr (~8 wt%). For
TiC-NiMo reinforced coating unexpected high content of iron oxides
was detected also at elevated temperatures. At testing temperatures
in the interval between 350 °C and 650 °C content of iron oxides is
~40 wt%. The content of chromium and nickel oxides in the same
interval is ~6 wt% and ~ 18 wt%, respectively. Some amount of B,O3
(~5wt%) is detected in the interval between 350 °C and 550 °C.
At testing temperature of 650 °C boron peaks disappear. The pre-
sence of TiO, is detected starting from a temperature of 550 °C with
~5wt% of titanium dioxide increasing up to ~20wt% at a tem-
perature of 650 °C. The content of SiO, on the surface remains on the
same high concentration of 20-25 wt% up to the highest testing
temperature. XRD analysis shows that the content of the SiO, below
the surface is higher at elevated temperature due to softening of the
matrix. Content of silica on the surface (measured by XPS) remains
the same with some local variations. This may be explained by the
smearing of the metal matrix over the silica particles.

4. Conclusions

Based on the study within this work, the following conclusions
can be drawn:

1. The degradation of the NiCrBSi matrix at temperatures above
700 °C is a main limiting factor for the application of the TiC-
NiMo and Cr3C,-Ni cermet reinforced coatings.
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2. For hardfacings under consideration the significant decrease in
hardness is observed in the temperature interval between
700 °C and 800 °C.

3. Both cermet reinforced hardfacings are an attractive candi-
dates for applications in impact/abrasive conditions, especially
at high (>550°C) temperatures. The volumetric wear rate
values for the TiC-NiMo and Cr3C,-Ni reinforced coatings are
significantly lower compared with WC/W,C reinforced hard-
facings at testing temperature of 700 °C.

4. The erosion wear results show a low dependence of the TiC-
NiMo reinforced coating on the impact angles. Hardfacing
reveals high wear resistance at shallow as well as normal
angles of impact. Cr;C,-Ni reinforced hardfacing show good
wear resistance only at shallow impact angle.

5. Cross-sectional erosive wear analysis of samples tested at
temperature of 650 °C (Fig. 14) combined with XPS surface
analysis allows to conclude, that at high temperatures oxida-
tion is one of the most wear influencing factors. For both
hardfacings investigated, formed oxide and mechanically
mixed layers protect the surface from the degradation and
provide wear resistance.
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Metal matrix composite hardfacings provide various types of heat and wear resistant products. They are widely used
in high temperature aggressive environments due to their excellent high temperature corrosion and wear resis-
tance. In this study, CrsC,—-Ni and TiC-NiMo particles were used to reinforce a NiCrBSi matrix in plasma transferred
arc welding process. These cermet particle reinforced hardfacings were examined on their oxidation behaviour and
high temperature corrosion in different solid salts to optimise the field of application under high temperature
conditions. Corrosion behaviour in solid salts is strongly dependent on the corroding anion. Cr3C,-Ni reinforced
hardfacings behave better in oxidative and sulphate/phosphate environment, while TiC-NiMo hardfacings show
better resistance against chlorine and carbonate ions up to 700 °C. Additionally, oxidation is no critical exposure
for these types of hardfacings.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

In various types of industrial applications such as sintering plants for
the sintering of iron ore and coke, gas turbines, boilers, combustion
engines, etc., high temperature corrosion is one of the most crucial
problems. Materials working in such applications require not only
high abrasion and impact wear resistance, but also excellent high
temperature corrosion or/and oxidation resistance. Otherwise they
would degrade by high-temperature oxidation processes which lead
to failure and a loss of operability.

Hardfacings produced by high-velocity oxy-fuel (HVOF) spraying
are commonly used in industry for protection coatings against corrosion
and wear [1-3]. They combine high density, increased thickness
capability and good wear resistance [3]. However, the presence of inclu-
sions in the HVOF coatings often impairs the mechanical properties and
may reduce the corrosion resistance. Reinforcement of HVOF coatings
with hard phases can also lead to increased porosity. Cermet particles
in sprayed coatings provide low metallurgical bonding and cohesive
strength within these coatings [4].

Therefore, the development of metallurgically bonded highly
impervious hardfacings, which would work at elevated temperatures
and provide oxidation, high temperature corrosion and wear resistance,
is of high scientific and industrial interest. One such promising technology
for hardfacings production is the plasma transferred arc (PTA) welding
process. PTA welding is an efficient technology commonly used for
the fabrication of wear resistant hardfacings. As a unique heat source
for surface modification, PTA exhibits enormous potential because of
its low cost (compared with other surface deposition processes), easy

* Corresponding author. Tel.: +43 2622 81600171; fax: +43 2622 8160099.
E-mail address: rojacz@ac2t.at (H. Rojacz).
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operation and no need for any special surface treatment [1,5,6].
Furthermore, the PTA technique allows the production of high quality
coatings, e.g. good metallurgical bonding and low levels of porosity,
consisting of metal matrix and carbide hard phases [7].

In the present research, two commonly developed hardfacings
[8,9] were analysed regarding their high temperature corrosion and
oxidation resistance. Both hardfacings have already shown promising
results in aggressive (impact/abrasive and erosive wear conditions)
environments at elevated temperature [9]. But there still is a lack of
information about the behaviour of these hardfacings in high temperature
corrosive environments.

Above mentioned metal matrix composites (MMCs) have a
NiCrBSi matrix reinforced with wear resistant hard phases. One
coating contains hard and oxidation resistant Cr3C,-Ni hard phases.
The choice of chromium-based hard phases can be explained with
excellent oxidation resistance combined with high abrasion resis-
tance of such structures [10-13]. It is also known that Ni and Cr
form mixed Ni and Cr oxides, i.e. NiCr,04 (Ni-spinel), NiO and
Cr,03 in oxidative media [14]. Due to the hard phase content, selec-
tive corrosion of matrix and carbide is expected. The forms of corro-
sion on the Ni-based matrix and the carbides strongly depend on
temperature conditions and the anions; however, the matrix should
be expected to show excellent resistance against most anions
[15-17]. The second mentioned material contains TiC-NiMo hard
phases, which have even higher hardness and promising properties
like low density and high melting point.

The main objectives of this current study are the investigation of
high temperature corrosion and oxidation behaviour of Cr;C,-Ni
and TiC-NiMo reinforced NiCrBSi PTA hardfacings. High temperature
corrosion behaviour in four different salts (NaCl, NaHCO3, Na,HPO4
and NaHSO,) at temperatures up to 700 °C is studied. Results show
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performance of the investigated hardfacings in different high tem-
perature corrosive conditions.

2. Experimental details
2.1. Materials data

Two different hardfacings were used in the present research: Cr3Co-Ni
reinforced NiCrBSi self-fluxing alloy and TiC-NiMo reinforced NiCrBSi
self-fluxing alloy. PTA hardfacing of TiC-NiMo and Cr3C,-Ni particles in
combination with NiCrBSi matrix was carried out using a EuTronic®
Gap 3001 DC apparatus using optimised welding parameters [8]. To
prevent oxidation of the substrate material at high temperature austenitic
stainless steel was used as substrate. The coatings' thickness was set to
2.0-2.5 mm. The hardfacings were produced from cermet particle and
matrix powder with a ratio of 40/60 vol.%. The compositions of the
precursor powders are presented in Table 1. Detailed information on
the production of the coatings and the process of recycling of carbide
scrap (bulk material) used to produce the initial carbide powder can be
found in previous literature by Zikin et al. [8,9].

2.2. High temperature corrosion tests in solid salts at 700 °C

High temperature corrosion and oxidation behaviour in solid salts
were investigated in this study. As seen in different studies [18-20]
influences of different anions at elevated temperature were examined.
Sodium salts were chosen in order to keep the cation constant. The
corrosion tests were performed at 700 °C to show stability against cor-
rosion at high temperature and to correlate the findings with the oxida-
tion behaviour of these hardfacings. Both, corrosion and oxidation tests
were performed over a period of 24 h. Chosen anions were: hydrogen
carbonate HCO3', chlorine C1~, hydrogen phosphate HPOZ ~ and hydro-
gen sulphate HSO, . The resulting salts were: sodium hydrogen carbon-
ate NaHCOs, sodium chloride NaCl, di-sodium hydrogen phosphate
Na,HPO, and sodium hydrogen sulphate NaHSO,. For explicit oxida-
tion, tests at the same temperature were carried out in air. After prepar-
ing the samples (fine grinded condition) of 7x7x2 mm, they were
cleaned with ethanol, weighed and put into small ceramic crucibles
for assembly in the furnace. All samples were completely surrounded
with 10 g of salts to guarantee full contact between the samples
and the anions during high temperature corrosion tests at 700 °C.
After the procedure the samples were extricated from the remaining
salts with deionised water, subsequently filtered and fully dried,
which enables to determine the real mass loss or gain of the materials
investigated. The characterisation of the different corrosiveness was
studied quantitatively by mass change of the materials. In addition
qualitative analysis was performed with light microscope (LM — Leica
MEF4A equipped with a Leica Microsystems digital camera), stereo
microscope (SM — Olympus SZX16 with Progres C5 digital camera),
scanning electron microscope (SEM — Philips XL 30 FEG) and energy
dispersive X-ray spectroscopy (EDX — EDAX X-ray analyser). In
addition metallographic cross sections of the corroded samples were
prepared to analyse carbide degradation, formed layers and the corro-
sive behaviour of different phases from both materials investigated.
The microstructural studies were performed on samples etched with a

Table 1
Initial welding powder data.

Powder Source Particle size, um  Chemical composition, wt.%

Ni-based matrix ~Castolin 16221 50-150 0.2% C, 4% Cr, 1% B, 2.5% Si,

2% Fe, rest Ni

TiC-NiMo Recycled from 150-310 80% TiC, 20% Ni:Mo 2:1
bulk

Cr3Co-Ni Recycled from 150-310 80% Cr3Cy, 20% Ni
bulk

solution of HF and HNOs in a volume ratio of 1:12 at room temperature
for 10 s.

3. Results and discussion
3.1. Materials microstructural characterisation

In the present study, two different hardfacings produced by a
similar PTA process were analysed regarding their high temperature
corrosion and oxidation behaviour. The coatings were produced
from a mixture of hard phases (Cr3C,-Ni or TiC-NiMo) and NiCrBSi
matrix powder. The XRD patterns of the Cr;C,-Ni and TiC-NiMo
reinforced hardfacings are shown in Fig. 1. Fig. 1a shows the XRD
analysis of the Cr3C,-Ni reinforced NiCrBSi alloy. Basically, three
main phases could be detected: the matrix phase identified as -y-Fe,
Ni reinforced with high content of Cr3C, and M,Csz hard phases [8].
Fig. 1b presents the XRD analysis of the NiCrBSi matrix with the
addition of 40 vol.% TiC-NiMo particles. In this case five main phases
were detected: matrix phase — <v-FeNNi solid solution with some
complex borides indicated as a phase (Fe,Ni,Mo)gB,3 and probably
also carbo-borides as precipitations. TiC and Tip9gM0g 02Co¢ are the
main hard phases according to the XRD analysis. Some amount of
complex phase (Mo,Ti)C, was also detected. Fig. 2a illustrates the
microstructure of the coating produced from Cr3C,-Ni powder in
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Fig. 1. XRD-patterns of the materials investigated: a) Cr3C,-Ni particle reinforced; and
b) TiC-NiMo particle reinforced.
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combination with the NiCrBSi matrix. The microstructure of this
coating can be characterised by three apparent phases: hard phase-
rich hypereutectic matrix material, some amount of dissolved and
re-precipitated M;C; (spine-like) carbides, and a certain content of
grains of the initial cermet particles homogeneously distributed
throughout the matrix. The cermet particles are constituted from
agglomerates (2-5 pum sized Cr3C, and M;Cs grains) embedded into
nickel matrix, i.e. the commonly reported structure of the reactive
sintered Cr3C,-Ni cermet particles [21]. A detailed analysis of this
hardfacing was previously presented by Zikin et al. [8,22]. Fig. 2b
shows the microstructure of TiC-NiMo reinforced NiCrBSi hardfacing.
SEM micrograph reveals the structure of the Ni-based dendritic
matrix with homogeneous distribution of cermet particles and TiC-
based rounded-shape precipitations. The cermet zone consists of
TiC-Mo,C-Ni phases and corresponds to typical co-rim structured
hard grains surrounded by a tough metallic binder phase [23].

3.2. High temperature corrosion and oxidation studies

In the following subsections the effects of high temperature corrosion
and oxidation of the investigated hardfacings are shown and discussed.
Quantitative and qualitative analyses were performed to understand
high temperature corrosion of the presented hardfacings, e.g. determina-
tion of mass changes and their comparison to different effects which
took place during the thermal treatment in different corrosive media.

3.2.1. Mass changes due to thermal treatment

Hardfacings under investigation show both mass loss and gain due
to decay of matrix or hard phases, or the forming of a corrosive layer.
Qualitative effects will be discussed in the following sub items for a
better understanding of gain or loss of mass. Fig. 3 highlights the
percentage mass change of both samples in all tested media. This
diagram shows the excellent oxidation behaviour of both hardfacings.
It can be said that the combination of the NiCrBSi matrix and both
chosen hard phases results in high oxidation resistance. Cr3C,-Ni
reinforced hardfacings lose mass due to oxidation (0.625 g/m?). The
oxidation of the cermet particle, which decreases the mass, is higher
than the oxidation of the NiCrBSi matrix, which gains it. TIC-NiMo
reinforced hardfacings also show excellent resistance of the matrix,
but due to the low free Cr content in the NiCrBSi matrix and oxidation
of TiC-based precipitations, they are less resistant against oxidation
which leads to a mass gain of these samples of about 5 g/m>.

Cr3C,-Ni reinforced hardfacing exhibits very low mass gain in
phosphate (12.5 g/m?) and high mass gain in sulphate (620 g/m?)
and chlorine ions (750 g/m?), due to the massive growth of corrosion
product layers. The only mass loss of these samples detected, took

carbide growth

place in carbonate environment. The mass loss of 170 g/m? derives
from the decay of the cermet phases, which is stronger than the
mass gain of the formed carbonate layer on NiCrBSi matrix.

TiC-NiMo reinforced hardfacings show high mass gain under
chlorine condition (880 g/m?), because of the forming of a thick
chlorine layer and the dissolution of the NiMo binder in the cermet
zones. TiC particles show high resistance against chlorine ions. Mass
gain of these samples can be detected in carbonate (190 g/m?) and
phosphate (245 g/m?) ions. High mass loss is seen under sulphate
environment due to the total dissolution of the cermet particles,
which is more influent on the mass change than the formed layer
on the matrix. A slight mass increase (<1%) leads to the forming of
a dense corrosive layer, which inhibits further corrosion attack.
Mass increase at a higher rate (>2%) results in the forming of a
porous layer which can spall off and further increase corrosion. Mass
loss is far more problematic, due to the degradation of materials. Both,
hard phases and matrix, can reveal degradation and decay at high levels.
Excessive mass loss (>2%) probably indicates dropouts of cermet parti-
cles from the matrix. The above mentioned aspects and the quantitative
analysis of the mass changes show that Cr3C,-Ni reinforced hardfacings
are highly resistant against phosphate environment at 700 °C, while
TiC-NiMo reinforced hardfacings show good resistance against high
temperature carbonate corrosion. Exposure to a high temperature chlo-
rine environment results in strong mass increase for both investigated
hardfacings. In contrast, exposure to a sulphate environment at 700 °C
leads to high mass loss for TiC-NiMo reinforced hardfacings, probably
due to degradation of the materials, while highly increasing the mass
of the Cr3C,-Ni reinforced samples by forming porous layers. Both
hardfacings exhibit sufficient levels of oxidation resistance at 700 °C.
To acquire a more detailed understanding of surface interactions with
different corrosive media at 700 °C further investigations with precise
microscopic analysis were elaborated.

3.2.2. Oxidation behaviour

The comparison of both materials investigated, as seen in Fig. 4
shows good stability against oxidation at 700 °C. In both cases the
matrix shows very high resistance against oxidation, due to the forming
of dense layers of NiO and NiCr,0, in a thickness below the visibility
with the SEM, which obstructs further oxidation [24]. Cr3C,—-Ni cermets
show high resistance against corrosion because of the forming of Cr,03
layers directionally into the cermet grain, while Ni and Cr in the matrix
form a dense layer with oxygen from the surface. Both effects take place
at the same time under elevated temperature conditions, which leads
to a decrease or stop of oxidation. The formed oxide layer cannot
be detected in the cross sections, while the TiC-NiMo cermets form a
visible layer of about 2 um thickness due to the high affinity of Ti to O.

precipitates

Fig. 2. SEM cross-section images of produced hardfacings: a) Cr;C,-Ni particle reinforced; and b) TiC-NiMo particle reinforced.
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Fig. 3. Percentage mass changes of the materials investigated.

EDX-analysis, as seen in Fig. 4b, exhibits a mixed Ti-Ni-oxide layer.
It can be said that both materials show very good resistance against
oxidation at 700 °C due to the forming of very thin oxide layers,
which obstruct further oxidation.

3.2.3. Stability against chlorine ions

Chlorine is highly corrosive to the Cr3C,-Ni reinforced samples,
which leads to intergranular corrosion in the matrix and total decom-
position and oxidation of the carbides. The formed chlorine layer of
both of the samples cannot be seen in the cross sections because of
the spalling off while performing the metallographic cross sections.
As seen in Fig. 5a Cr3C, oxidises, which is catalytic for the reaction
with chlorine in high temperature environment. This leads to a
chemical reaction from Cr,03 to CrCl; and CO which brings about
the decay of the hard phases [25]. As seen within the LM, these
samples point out mostly CrCl; di-hydrate. TiC-NiMo shows better
behaviour in this environment, because of the higher stability against
intergranular corrosion, as seen in corrosion resistant steels [26,27].

Only the NiMo-binder of the TiC-NiMo hard phase degrades to
NiCl, and more of MoCl,, which leaves small amounts of Ni in the
TiC-NiMo cermet particles as seen in Fig. 5b in detail. Due to the
low carbide dissolution in the TiC-NiMo samples, the matrix shows
much better behaviour in chlorine environment. There are no signs
of intergranular corrosion. In high temperature chlorine environment
TiC-NiMo as reinforcement for NiCrBSi matrix clearly is the better
choice due to the increase of the resistance against intergranular
corrosion.

3.2.4. Stability against carbonate ions

Carbonate ions encourage the forming of thick carbonate layers on
both investigated samples. The dissolution of Cr3C,-Ni and the
forming of a solid carbonate layer on the whole sample can be seen
in Fig. 6a. Matrix and cermet particles form the layer equally. It can
be said that the hydrogen carbonate anions decay to CO,, H,0O and
Na,CO5; which leads to corrosion under carbonic acid conditions.
In combination with the present oxidation it leads to massive decay

Mixed oxides,
mostly TiO,

Fig. 4. SEM/EDX cross-sectional analysis of the materials investigated after oxidation tests at 700 °C for 24 h: a) Cr3C,-Ni particle reinforced; and b) TiC-NiMo particle reinforced.
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Fig. 5. SEM/EDX cross-sectional analysis of the materials investigated after corrosion tests in chlorine environment at 700 °C for 24 h: a) Cr3C,-Ni particle reinforced; and b) TiC-NiMo

particle reinforced.

of the surface. Different stages of film formation take place on the
matrix in presence of TiC-NiMo reinforced hardfacing (Fig. 6b). The
matrix forms a mixed Ni-Cr-oxide layer as seen on stainless steels,
while the TiC transforms to TiCOs. On the outer side of the layer
there is more Cr, and at the inner side more Ni can be detected
which reliefs good correlation to the fundamentals of corrosion
science [13]. The soluted carbides protect the matrix after oxidation
with a layer of Cr oxides. Due to the low Ni binder amount in the
cermet the hard phase is not protected against the alkaline corrosion,
which leads to the dissolution into chromates. In this range of
temperature according to Boudouard's equilibrium CO, and CO are
present in equal parts. Ni reacts with the CO to Ni(CO)4 and NiO
reacts with CO, to NiCOs, which leads to Ni decay and failure of the
matrix [28]. Due to the mentioned facts it can be said that TiC-
NiMo reinforced samples behave better in carbonate environment
than those with Cr3C,-Ni reinforcement.

3.2.5. Stability against phosphate ions
At 700 °C NayHPO,4 subverts to NayP,0; under loss of H,O.
Simultaneously mixed phosphates with the alloying elements such as

Ni and Ti are formed under release of NaO or NaOH which leads to
a basic corrosive species in addition to the phosphates [29]. On the
Cr3C,-Ni reinforced samples uniform corrosion is the dominant corro-
sion mechanism. This concludes on the basic corrosive species of NaO
and NaOH and the not defined, locally changeable anodic and cathodic
regions and the forming of a constant layer on the whole surface
which is fundamental for uniform corrosion [26]. In phosphate environ-
ment, as seen in Fig. 7a, matrix and cermet particle corrode equally
under forming of a phosphate/oxide-layer with a thickness of about
10 pm, which decreases further corrosion to a minimum due to
parabolic growth of the layer. Due to the low affinity of Cr to P there is
low corrosion on the surface.

The samples with TiC-NiMo hard phases do not show this effect.
Both, the matrix and hard phase exhibits a coat of different phosphate
layers as seen in Fig. 7b. Detailed analysis shows that Me,P,-compounds
and phosphates from Ni, Cr, Ti and Fe are formed in the test. At the outer
side of the mixed phosphate layer, a higher amount of Ni, than on the
inside can be detected, where Ti-richer phases occur. The outer layer
of these mixed phosphates is more porous than the inner layer, so the
decay can be reduced by forming a more concrete layer at the inner

o Corroded MMC
Bt AR
P ‘@".‘iﬁ 20 um

Fig. 6. SEM/EDX cross-sectional analysis of the materials investigated after corrosion tests in carbonate environment at 700 °C for 24 h: a) Cr3C,-Ni particle reinforced; and b) TiC-NiMo

particle reinforced.
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Fig. 7. SEM/EDX cross-sectional analysis of the materials investigated after corrosion tests in phosphate environment at 700 °C for 24 h: a) Cr3C,-Ni particle reinforced; and b) TiC-NiMo

particle reinforced.

side of these formed layers. The decay of the cermet particles is caused
by the high affinity of Mo in the binder to P. This affects the decay of the
TiC-NiMo hard phases and further corrodes the surrounding surface.
Investigations show that Cr;C,-Ni hard phases have better resistance
against the high temperature phosphate environment.

3.2.6. Stability against sulphate ions

As a consequence of the high affinity of Ni to S there is uniform
corrosion of the matrix in both types of samples. The decay of
NaHSO, to Na,S0,4, SOZ~ and H,0 via Na,S,0; and H,0 causes the
release of free sulphur trioxide SO3~ which corrodes the matrix
uniformly. Due to the Cr3C, dissolution in the matrix, better behaviour
is detected in these samples (Fig. 8a). In the case of the Cr3C,-Ni particle
reinforced samples the carbides are more resistant against sulphate corro-
sion than the NiCrBSi matrix. Due to the dissolution of the Cr3C,-cermet
particles and the formed chromium oxide layer on both, carbides and
matrix, these MMCs are more stable than the TiC-NiMo reinforced
samples. Mixed sulphate and oxide layers are formed when exceeding
the temperature of degradation of the Na,S,0; to Na,SO4 and SO3. TiC-
NiMo reinforced samples behave less resistant against sulphate because

4 Mixed sulphate layer

of the missing Cr oxide layer. The TiC-NiMo hard phases, as seen in
Fig. 8b, form a dense protection coating to decelerate corrosion, but the
instability of the matrix leads to dropouts and corrosion on the whole
carbide matrix interface. The typical behaviour of both samples in the
high temperature sulphate environment is as expected unsatisfying. It
can be seen that the Cr3C,-Ni reinforced hardfacing behaves a little better
than the TiC-NiMo reinforced samples. Both are still not resistant against
sulphur corrosion.

3.2.7. Definition of restrictive high temperature corrosive environments

Considering the above mentioned qualitative and quantitative
statements about the high temperature corrosion in different salts
and oxidation we define fields of application for both, Cr3C,-Ni and
TiC-NiMo, hardfacings. Fig. 9 shows a graphical draw of the areas
of resistance for different corrosive anions at 700 °C. As seen due to
the mentioned facts, Cr3C,-Ni reinforced hardfacings behave well
in oxidative and sulphate/phosphate environment. Due to minimal
mass gain in high temperature phosphate environment and the
dense layer formed on the whole surface it can be said that this
hardfacing is resistant against this exposure. The influence of sulphate

Molybdenum
enriched mixed
sulphate zone

Fig. 8. SEM/EDX cross-sectional analysis of the materials investigated after corrosion tests in sulphate environment at 700 °C for 24 h: a) Cr3C,-Ni particle reinforced; and b) TiC-NiMo

particle reinforced.
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Fig. 9. Proposing the field of application in for Cr3C,-Ni and TiC-NiMo reinforced
hardfacings in different corrosive and oxidative media at a testing temperature
of 700 °C.

ions at 700 °C is more problematic, but still a slight resistance due to
the forming of moderately permeable layers, which decelerate but do
not stop further corrosion, can be detected. TiC-NiMo hardfacings
show good resistance against chlorine and carbonate ions at 700 °C.
Despite the high mass gain TiC-NiMo reinforced samples show better
behaviour in chlorine condition because of the better stability of the
cermet phases. Only the Ni-binder dissolutes within the hard phases,
while the TiC itself is inert to chlorine ions. The good resistance
against high temperature carbonate corrosion can be inferred from
the low mass gain; however, the greater part of the inhibiting effect
derives from dense mixed Ni-Cr- or Cr-Ni-oxides, which further
decrease corrosion. Both investigated cermet phases as reinforcement
for the NiCrBSi matrix can be used in oxidative environment, because
of their very low mass changes, and the forming of dense oxide layers,
which decreases further oxidation to a minimum.

4. Conclusions

Based on the study within this work, the following conclusions
can be drawn:

» High temperature corrosion tests of the investigated hardfacings
show high dependence of the corrosion on the corroding anion.
When reinforcing materials with cermet particles as hard phases it
should be ensured that the hard phases are chosen according to the
corrosive environment, otherwise the stability of those hardfacings
cannot be assured. Material loss due to mechanical wear becomes
negligible in comparison to corrosion if the wrong reinforcements
are chosen.

The Cr3C,-Ni reinforced hardfacings exhibit good stability against
oxidation and phosphate ions, while chlorine, sulphate and carbonate
ions lead to high corrosion and in some cases degradation of the
material. In the case of sulphate the Cr3C,-Ni hard phases are more
stable than the matrix, while carbonate is more radical to the NiCrBSi.
Chlorine is highly aggressive to both, matrix and cermet reinforcements.

Intercrystalline corrosion due to chlorine leads to decay even down to a
depth of 300 pm.

For the TiC-NiMo reinforced samples in oxygen environment slight
oxide films can be seen on the surface. Chlorine corrodes the matrix
and the cermet binder, while the TiC itself is not decayed by chlorine.
Phosphate and sulphate ions lead to total consumption of the hard
phases and to massive corrosion products on the surface. Carbonate
environment leads to mixed Ni and Cr oxides, which decreases further
corrodibility.

The field of application for both investigated hardfacings in depen-
dence from the corrosive environment at 700 °C was proposed. Both
hardfacings show stability against oxidation, where protective oxide
layers are formed. Cr3C,-Ni reinforced hardfacings exhibit stronger
resistance against sulphate and phosphate environment, while the
TiC-NiMo hardfacings show better behaviour in chlorine and carbonate
environment at 700 °C.
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