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Abstract

Deposition of TiC-NizAl composite coatings by high velocity oxyfuel (HVOF) and
directed energy laser deposition (DED) was investigated for enhancements, modifications
and/or repairs of steel surfaces with extensive wear and oxidation characteristics. Gelation
of sodium alginate was employed as an aid to preposition aqueous suspensions, comprised
of micron-sized ceramic-metal particles, into micron-sized spherical ‘cermet’ feed-stock
powders. Spraying a sodium alginate containing ceramic-metal particle suspension, with a
suitable air atomizing nozzle, into an aqueous bath was outlined as a solution to produce
nominally spherical ‘cermet’ feedstock for HVOF thermal spraying.

Consequently, dip coating of substrate in colloidal suspension containing ceramic-metal
particles, has been suggested as an efficient method for layer-by-layer deposition of
preplaced cermet feed stock prior to the laser processing. Processing parameters were
identified in the case of both HVOF and DED deposition procedures for optimum structural
and mechanical characteristics of fabricated builds. Cermet coatings were subjected to
microstructural and mechanical characterization through combination of latest available
techniques and results are provided in relation to several processing parameters. Improved
wear resistance, hardness, scratch resistivity and corrosion behavior of the coated

substrates suggest the effectiveness of proposed routes.
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Chapter 1. Introduction

1.1.  Background Information

Engineering components serving under harsh environmental conditions are invariably
tailored to meet the required functional constraints. However, design and development of
a new alloy is a costly task that often requires complex manufacturing routes to be
developed. Alternatively, advanced coatings deposited by various techniques have been
developed to accommodate for such requirements [1-3]. Ceramic-metal composites, often
referred to as ‘cermets’, are commonly used in applications where high wear and corrosion
resistance is required in such coatings. The presence of ceramic and metallic phases
simultaneously provides high strength and stiffness, while retaining good toughness, which
has resulted in the use of these materials in many applications. Over the past 80 plus years,
hard metals and refractory materials based on tungsten carbide (WC) and titanium carbide
(TiC) have been researched extensively [2,4—8]. WC based ceramic-metal composites
(traditionally termed ‘hard metals’), typically with Co, CoCr, or Ni-based metal binders,
have been used traditionally in a wide range of abrasion and erosion wear-resistant
applications [9-12] and have also recently been implemented as replacements for
hexavalent chromium in the aerospace industry [13]. However, WC-based cermets suffer
from several limitations, notably a high density (typically between 12 to 15 g/cm?,
depending upon the binder content n=and composition), which is an issue for applications
where mass is a critical component [14]. As a consequence, increasing recent attention has
been focused on relatively lightweight cermets based on TiC and the closely related

titanium carbonitride (Ti(C,N)), with associated cermet densities typically ranging from 6



to 7 g/cm® [15]. TiC has been demonstrated to exhibit high electrical conductivity and a
stable chemical response in acidic media [16,17]. Due to its excellent mechanical
properties, TiC itself has been widely used as the reinforcing phase in composite materials
due to superior hardness (3.17 GPa), high melting point (3340 °C), high elastic modulus
(~420 GPa), low density (4.92 g/cm?), and excellent corrosion resistance [11-15].

In addition to the binders traditionally used for WC, there has been recent interest in further
improving the binder properties, which has resulted in a variety of developmental alloys
being examined. Among these, the nickel aluminide intermetallic compounds NiAl and
NizAl have been used commonly as high temperature materials due to their ability to retain
strength and stiffness at high temperature, high melting point, good oxidation/corrosion
resistance up to 1400 °C, and excellent wettability to substrates [23—-25]. NizAl as metallic
matrix offers exceptional combination of high strength and thermal stability with low
specific weight and high thermal conductivity (76 W/mK), [23,26,27].

The production of TiC based coatings has been investigated using a variety of deposition
techniques, including chemical vapor deposition (CVD), physical vapor deposition (PVD),
electroplating, and thermal spray [28—38]. In particular, thermally sprayed high hardness
coatings are suited for many wear and corrosion scenarios. Thermal spray coatings can
present excellent adhesion and cohesion properties for such applications, and consequently
have been the subject of numerous studies, such as investigation of the bond strength
between the metal and the ceramic matrix, minimizing residual stress, and developing low
porosity coatings [39—44]. During the process of thermal spraying, the feed stock particles
are melted and sprayed onto the surface of substrate. High-velocity oxy-fuel (HVOF) is a

thermal spray coating process that offers manufacture of components with high



temperature operating capabilities [45], and is particularly suited to cermet-type
formulations.

The deposition of exceptionally dense, crack-free, and non-porous metal-ceramic coatings,
with a much wider thickness range is possible through laser directed energy deposition
(DED) [46-50]. Laser processed protective coatings offer excellent metallurgical bonding,
combined with very low compositional dilution (of the coating and/or substrate) and low
heat input to the component. Due to the use of a highly focused beam, laser cladding creates
a relatively small heat-affected zone (HAZ) compared to other related processes, such as
welding. Laser cladding and directed energy deposition (DED), with a coaxial powder
nozzle has thus been used in many industrial applications to apply composite coatings onto
substrates of interest [51-53].

The main challenge in both the HVOF and laser DED processing routes, relates to the
requirements of the powder feeding system and nozzle, which usually demand a precise
particle size and morphology for the feedstock powder, while the resultant mechanical
properties that can be achieved for the bulk composition are retained [54]. There is
consequently a drive to produce novel powders with the aim of achieving excellent
mechanical performance. This has resulted in decreasing powder grain size (e.g., ultra-fine
powder constituents, with a size of less than 15 um) [55]. With such a reduction in grain
size the flowability of the powder is decreased, which causes problems with control of the
feedstock during processing [S6—60]. Moreover, the formulation of micron (or sub-micron)
sized feedstock materials with the required packing characteristics, and minimal final
levels of porosity is a difficult and costly task, which plays a major role in determining the

feasibility of the thermal coating processes [61,62]. Therefore, the manufacture of complex



ceramic structures (including coatings), advances with emphasis on identification and
resolving of issues arising from such feedstock materials [63]. With this in mind, the
present thesis is focused on advancing developments in both HVOF and laser DED

processing, notably in terms of novel materials and feedstock preparation.

1.2.  Thesis Motivation

The research presented within the current thesis has been conducted with the parallel
objectives of designing and manufacturing novel TiC-based coatings/clads via both HVOF
and laser DED. In particular, an emphasis has been placed upon development of novel
feedstock preparation/application routes for both approaches. In each case, the feasibility
of performance enhancement, modification, and/or repair of tool steel substrates is
evaluated. The wear and corrosion characteristics were explored in relation to state of the
powder production and feed delivery system, with the further objective of improving the

properties of these coatings in comparison with current commercial solutions.

1.3. Thesis Structure and Research Contributions

The thesis starts with a literature review that outlines the development of HVOF and laser
DED processing methods for depositing cermet coatings, including the latest developments
in material design for feed stock purposes. Furthermore, the basic properties that are
required, and how they are measured, is also discussed. This initial literature review is

provided in Chapter 2 and helps to set the scene for the subsequent research.



Initially, TiC-based cermet feedstock, with a NizAl metallic matrix, was manufactured
through a gelation approach using sodium alginate, from a colloidal suspension. Cermet
feedstock powder with desired size, morphology, and flow capabilities was then obtained
by controlled spraying of sodium alginate/TiC-NizAl suspension into a chelating bath
followed by drying and heat treatment. This feedstock was then applied to HVOF
processing. The details surrounding the design and manufacture of this feed stock have
been presented in Chapter 3. Mr. Tyler Stewart and Mr. Peter Grey primarily examined the
applicability of the intended route through microstructural and chemical analysis of single
droplet gel/cermet particles. Formulation of the feed stock powder, spraying procedure and
heat treatment process were developed by the thesis author and Mr. William Sparling. In
depth rheological characterization of the cermet/gel suspension were performed by the
author, under the guidance of Dr. Gianfranco Mazzanti. The thesis author drafted the final
manuscript, which was subsequently edited by Drs. Mazzanti and Plucknett.

The fabricated powders outlined in Chapter 3 were subsequently utilized in the fabrication
of TiC-NizAl based HVOF coatings, deposited onto steel 4130 substrates. A comparison
was made between the gel-based feedstock and a more conventional agglomeration and
sinter equivalent. The HVOF coated substrates were then subjected to a range of
microstructural, mechanical, and electrochemical characterization techniques. The details
of this study and the results of such evaluation in relation to processing parameters are
presented in Chapter 4. The thesis author facilitated and performed the manufacture of
thermally sprayed TiC based HVOF coatings from both gel-based feedstock and a more
conventional agglomeration and sinter equivalent, with assistance from Mr. Marc Froning

(Boeing Research & Technology), who conducted the actual HVOF thermal spray



deposition. Microstructural and mechanical characterization of the fabricated coatings was
then completed by the author, and the results of analysis were employed by her for the draft
of the subsequent manuscript. The prepared manuscript was reviewed and edited by Dr.
Plucknett.

The comparatively low yield of the proposed production route discussed in Chapter 3,
along with concerns relating to the capability of the available powder feeding system when
depositing novel and complex compositions, resulted in further development of a feedstock
delivery process by preplacement of the feedstock for laser DED processing. Dip coating
was proposed as an appropriate and efficient method for layer-by-layer deposition of
preplaced feed prior to laser DED processing. Successfully preplaced coatings were
subjected to DED and processing parameters were identified for optimum structural and
mechanical characteristics of coatings. The research relating to this study is provided in
Chapter 5. Design and the assembly of the projected feedstock delivery system was
completed by the thesis author, with assistance of the technical support team within the
Department of Mechanical Engineering of Dalhousie University. Notably, additional
support was provided from Mr. John Mc Donald in terms of the design and implementation
of the electrical control system for the dip coating apparatus. For the cladding process, the
preplacement development for the feedstock powder was performed by the thesis author,
while the laser processing of the prepared specimens was performed by Dr. Greg Sweet
and Dr. Addison Rayner. Metallographic preparation and subsequent microstructural
analysis of the fabricated cermet clads, along with the analysis of the subsequent findings,
was performed by the author. The thesis author also drafted the associated manuscript,

which was further reviewed and edited by Dr. Plucknett.



The impact of the proposed feedstock preplacement technique upon the mechanical
enhancement of D2 tool steel, via laser DED cladding of TiC-Ni3Al based composites, was
consequently quantified through a series of micro-scale hardness testing techniques. The
results for this part of the study are presented in relation to laser processing parameters in
Chapter 6. Sample preparation, initial design and implementation of the designed
mechanical testing procedures, and data analysis and documentation were performed by
the thesis author, who also drafted the subsequent manuscript. Notably, repetition of
microhardness measurements were performed by Achillis David while the EBSD analysis
was completed with the assistance of Dr Mark Amegadzie. The final manuscript review
and editing were performed by Dr. Plucknett.

Chapter 7 presents the results of electrochemical measurements performed on the
fabricated laser DED clads, generated under a range of processing parameters.
Electrochemical measurements, as well as the collection and analysis of the data, were
performed by the thesis author and a subsequent manuscript was drafted by her. This
manuscript was then reviewed and edited by Dr. Plucknett.

Chapter 8 presents the overall conclusions of these various studies, with a focus upon how
the developments and observations relate to the initial research objectives. Comparison is
made between the HVOF and laser DED approaches, and also with current commercially
produced coating solutions. Finally, a series of recommendations are also presented in this
chapter, in relation to future research paths that might be followed to further develop these

studies.



Chapter 2. Literature review

The background information relating to the objectives of the current study is presented in
this chapter. Development of wear and corrosion resistant TiC-Ni3Al cermet coatings and
a brief overview of existing coating deposition methods, particularly HVOF and DED, is
discussed. In addition, the microstructures and associated failure modes of such coatings
are also reviewed. Procedures that are subsequently used to characterize the mechanical
behavior of the fabricated coatings and approaches to conduct proper measurements are

discussed in detail.

2.1.  Advances in deposition of TiC based cermet coatings.

Fabrication of TiC based coatings has been investigated through variety of deposition
techniques including chemical vapor deposition (CVD), physical vapor deposition (PVD),
electroplating, thermal spray, laser melt injection, and laser cladding [28-38]. Very hard
coatings with excellent adhesion and cohesion properties for applications with extensive
wear requirements, have been subjected to numerous studies, to maximize the mechanical
integrity of the manufactured parts [39—44]. In particular, thermal spraying has been
traditionally used in deposition of a variety of cermet compositions. It is a well-established
technique for applying wear and corrosion resistant coatings that and have the capability
of depositing a wide spectrum of feed stock materials (powder or wire), with diverse
chemistries including metals, ceramics, alloys and cermets [64—69]. As outlined in the
‘Handbook of Thermal Spray Technology’ [70], thermal spraying can be viewed as a high-

speed heat treatment where the mass of the feed powder experiences a desired temperature



cycle within a given period of time, which is referred to as the dwell time. Consequently,
the particles of the feed stock material are melted (or partially melted) by a heat source and
then invariably sprayed by a stream of pressurized gas onto the surface of prepared
substrate simultaneously. Figure 1 presents a summarized list of currently available thermal
spraying technologies. Based on the utilized heat source, thermal spray processes are
further categorized into plasma arc, electric arc, kinetic, and flame-based processes. In
particular, carbide coatings processed via high velocity oxy fuel (HVOF), with a flame as
the heat source, have demonstrated low residual stress, high hardness and bond strength,

and a lower volume of porosity among the outlined methods [71,72].
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Figure 1. Classification of thermal spray coating systems [70].

More recently with the arrival of high-powered lasers, the deposition of exceptionally
dense and crack-free cermet coatings, with a much wider thickness range and shorter
processing time became possible [5,73—76]. From the literature it was shown that laser

processing routes can significantly reduce the operational costs as a result of reduced



fabrication steps and material loss [77]. Several studies have reported successful
production of cermet coatings with excellent metallurgical bonding and very low rates of
dilution at low heat input to the component. Laser cladding and directed energy deposition
(DED), with a coaxial powder nozzle have been used in many scientific investigations and
industrial applications to apply cermet coatings on substrates of interest [S1-53]. Chen et
al, reported fabrication of TiC reinforced Ni-based composite coatings by coaxial laser
cladding with a resultant hardness of 520 HV 3, which was about 2.5 times harder than the
as-received substrate [78]. Subsequently, similar work by Zhao et al reported hardness
valued in the range of 1308 HVos when 5wt% TiC was incorporated in production of
cermet coatings in the presence of 30wt% B4C which were 4.38 times harder than the
starting surface [79]. Compared to processes involving highly focused beams, such as
welding, laser cladding creates a relatively small heat-affected zone (HAZ). The narrow
HAZ in laser cladding prevents crack formation and decreases the impact of heat on the
substrate mechanical properties.

The common challenge in both deposition routes, be it thermal spray or laser cladding,
relates to the requirements of the powder feed system and nozzle, which usually demands
a precise particle size and morphology for the feedstock powder while mechanical
properties of the bulk composition are retained [80—82]. In recent years, production of
novel powders with the aim of achieving excellent mechanical performance has resulted in
decreasing powder grain size (e.g., ultra-fine powder with size of less than 15 pm). With
such a reduction in grain size the flowability of the powder is decreased, which causes
problems with the controlling of the feed [83,84]. The following sections outline specific

progress in the thermal spray and laser deposition technologies used in the present thesis.
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2.2.  High velocity oxyfuel HVOF thermal spray

The high velocity oxy-fuel spray (HVOF) spraying technique is a comparatively newer
addition to thermal spray processes which was introduced by Browning and Witfield in the
early 1980s, using a rocket engine. Design HVOF uses a combination of oxygen with one
or more fuel gases including propane, hydrogen, and propylene [85]. In thermal spraying,
the particles of the feed stock material are melted by heat source and sprayed by a stream
of pressurized gas onto the surface of a prepared substrate. High-velocity oxy-fuel (HVOF)
coatings, also known as high-velocity flame spray, is a thermal spray coating process that
offers potential manufacture of components with densities of >95% of theoretical and
adhesion strengths >69 MPa, which are also capable of operating at high temperatures
[86,87]. In comparison to the alternatively used plasma spray technique, tensile quenching
is minimized due to the reduced amount of heat experienced by particles and the coatings
therefore exhibit much lower levels of internal residual stress [88]. Additionally, the impact
of particles onto the substrate at high velocities results in the generation of compressive
peening stresses that overlay the previously generated tensile quenching stresses, which
consequently allows the fabrication of maximum coating thickness within the desired
mechanical constraints [88-91].

The mechanical and physical properties of HVOF sprayed coatings are strongly influenced
by the size and the microstructure of the deposited feed stock material. However, at the
point of impact on the substrate, the state of the particles within the molten feed material
are largely affected by operational factors, such as their velocity and degree of melting,
which is controlled by several key process parameters including the total gas flow rate, the

fuel/oxygen ratio, stand-off distance, and powder size distribution [92]. Further progress
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in HVOF technology has been acquired in assessing the effects of these key processing
factors in terms of optimizing the operating performance of coatings. Here, a further aim
relates to optimization of the combustion response, minimizing fuel consumption, and

increasing the particle acceleration.

2.2.1. HVOF technologies and equipment

A schematic representation of a typical HVOF spraying setup is presented in Figure 2. The
basic HVOF system shown consists of a gun, powder feed unit, air and gas supply unit,
and a flow meter [93]. The physical constraint of the deposition is often controlled through

a computer numerical control (CNC) system which is often equipped with robotic arm.

Pre-Ignition compartment

Base alloy

Powder supply unit Ignition comparment
powder injecting point
Acceleration of Molten powder particles

Figure 2. Schematics of a typical HVOF spraying setup [93].
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The parameters of the thermal spray process are selected by the operator, which dictates
the particle velocity and the temperature of the flame jet. In HVOF spraying processes, the
fuel gas (typically propylene or hydrogen) is fed to the air cap along with oxygen, where it
leads to high-temperature combustion gases. Depending on the torch design and the fuel
being used, the temperature of the combustion jet may reach anywhere between 2300 and
3000°C. The injected air from the annular inlet orifice, in contrast to the exhaust gases,
expands through the nozzle to reach supersonic velocity (i.e., 550-850 m s!), resulting in
the formation of a diamond pattern within the exiting flame jet [94].

The feed stock powder is fed from the powder feed unit via a carrier gas, to the gun, where
combustion occurs. Powder feeding units for thermal spray applications are generally
selected based on their compatibility with the rest of the thermal spray system and the
volume of the feed canister. Once powder particles are injected at the central inlet nozzle,
via an inert career gas (e.g., nitrogen or argon), the transfer of heat between the gas and the
powder particles, and the momentum generated in the process results in further acceleration
and heating of the particles. Therefore, as a consequence, the expanding gas jet transfers
the partially melted particles toward the prepared surface of the substrate. Fast cooling and
solidification of the molten feed stock on the substrate then leads to the formation of thin
layer of coating with relatively low levels of porosity [95].

More advanced HVOF units are also equipped with CO; based cooling systems for
fabrication of exceptionally uniform microstructures. A number of these systems also

include a continuous thermal surveillance setup, since optical methods are often inadequate
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for measurement of temperature in the presence of the bright flame of the spray gun

[94,96].

2.2.2. Characterization of cermet coatings fabricated by HVOF.

Grain size, interfacial strength, and the chemical composition of the materials fabricated
by thermal spray systems (including HVOF), often vary from their feed stock materials
when processed in other forms such as their wrought, forged, and cast counterparts. Thus,
standard testing and characterization methods, in addition to specialized preparation routes,
have been developed to understand the material response and its critical attributes for this
family of coatings. Several characterization techniques are employed to evaluate the
physical and mechanical aspects of thermal spray coatings. These methods include
examination of intrinsic and extrinsic characteristics of the coatings with regards to the
nature of mechanical property measurements for thermal spray fabrication. A summary of
frequently performed measurement approaches for assessment of the mechanical and
microstructural properties of HVOF coatings and its related execution protocol is gathered

in Table 1.
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Table 1. Summary of the intrinsic and extrinsic properties typically measured for HVOF

coatings.

Attributes

Characterization techniques

Metallography &

phase identification

OM!, SEM?, CLSM?, EBSD*, EDS’, TEM®, XRD’

Porosity

MIP [97]%, XCT’ [97], BET! [98], OM and SEM [99], Gas

absorption [97], Electrochemical techniques [100]

Residual stress

Destructive (i.e., hole drill method [101]) and nondestructive (i.e.,

XRD, ND'!, LBES') testing [89,102]

Adhesion/cohesion

Tension testing [103], Stud-pull test [104], Shear load test [105],
Peel test [106], Scratch test [110,111], Interfacial indentation

[110]

Hardness
Elastic modulus

Fracture toughness

Indentation tests (i.e., Knoop or Vickers hardness) [111]

Wear

Pin on disc [112], Taber abrasion [113], Sliding wear testing

Corrosion

OCP'® &PD' [114], EIS™ [115], Salt fog spray [116]

1Optical microscopy, *Scannin electron microscopy, *Confocal laser microscopy, “Electron backscatter
diffraction, SEnergy-dispersive X-ray spectroscopy, *Transmission electron microscopy, 'X-ray diffraction
$Mercury intrusion porosimetery, °X-ray tomography, '°Brunauer-Emmett-Teller

""Neutron diffraction, ?Laser beam excitation spectroscopy.

3Open circuit potential, '*Potentio-dynamic polarization resistance, '“Electrochemical Impedance

Spectroscopy
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2.2.2.1.Metallographic preparation and Microstructural evaluation of HVOF coatings

Metallographic preparation of HVOF coatings, prior to microstructural analysis, is a
detrimental step in relation to gathering accurate and repeatable results from mechanical
testing of these materials. However, the heterogeneous nature of these components often
makes choosing an appropriate preparation method very complicated. During
metallographic preparation of HVOF coatings special attention must be paid to
deformation processes particular to every material, including metallic slip, shearing,
twinning, polymeric responses, and ceramic fracture modes to the abrading mechanisms of
the polishing process [70,117]. This involves preparation of the coating for sectioning
which may involve imbedding the specimen in a suitable protective film/resin. Specimens
are often sectioned using abrasive blades such as aluminum carbide (ceramics), diamond
blades, and waterjet systems. Sectioned specimens then are embedded in appropriate
molding material such as epoxy or Bakelite and subjected to sequential polishing using
variety of polishing cloths with a wide range of naps, resiliencies, etc. [117-119].

Microstructural characteristics of the solidified layer demonstrate a substantial amount of
information on the dynamics of the system and the potential mechanical performance of
the final coating. Metallographically prepared cross sections of the thermal spray coatings
are usually examined for porosity, cracks and the state of residual stresses, employing a
variety of preliminary and advanced microscopy techniques. Important microstructural
features which combine to identify the characteristics of the coatings have been highlighted
in Figure 3, representing a typical microstructure of the HVOF coating/substrate. In
general, the morphology of the HVOF coatings includes splat structure, oxide stringers,

pores, cracks, entrapped un-melted particles, various phases, grains, and the bond interface.

16



1
' |I|

In-flight particles J

uonaaIp Surieads

Oxide stringers

Splat thickness —5%

Roughened surface of the substrate

Figure 3. Schematics of common microstructural features observed in structure of the

HVOF coatings [70].

HVOF coatings are often characterized by thin overlapping lamellar layers, formed as a
result of the spatial interaction of the feedstock and substrate with a defined field of
temperature and velocity. A single impacted droplet/particle is referred to as a ‘splat’
which solidifies and adheres to other splats to form a continuous layer. The morphology of
the molten splats leaving the nozzle, is generally spherical, which spread over the
underlying layer upon their impact with the surface of the substrate. Therefore, the

cohesion, porosity, and subsequent properties of the deposited coating layer are largely
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dependent on the degree of melting of in-flight particles [70]. Moreover, highly anisotropic
mechanical properties of coatings are associated with the mechanical structure of the splats.
‘Oxide stringers’ or inclusions are referred to as dark contrast and elongated phases that
are generally formed parallel to the substrate and are generated as a result of the interaction
of any high temperature metallic phases within the coatings and the surrounding
atmosphere [120]. Although it has been reported that such inclusions often add to the
hardness of the coating, because of the decreased cohesive strength of the coating (due to
added brittleness) they are not desired for most applications. The concentration of oxide
inclusions may be reduced by elimination of the reactive environment, use of proper feed
stock (larger particles form less oxides due to lower surface area to volume ratio),
decreasing the process temperature, etc.

Another microstructural feature that significantly affects the mechanical properties of
HVOF coatings is the ‘porosity’ [89,99,100]. Presence of porosity is often reported in
contrast with a high concentration of un-melted and/or resolidified particles, and therefore
poor cohesion and other undesirable characteristics of protective coatings such as high
surface roughness [70]. Premature cracking, spalling or delamination resulting from
inadequate cohesion, leads to reduced hardness and wear resistance of the protective
coatings [6,121,122]. In addition, the hard phase removed as a result of excessive wear
generally acts as an abrasive ‘third body’ cutting agent and damages the surface even
further. Moreover, fine porosity and interconnection of the pores within the coating results

in increased corrosion rates due to contamination of the substrate by corrosive media [123].
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2.2.2.2 Mechanical testing of the HVOF coatings

HVOF coatings are generally subjected to mechanical characterization techniques much
like other engineered components, using common but specialized measurement approaches
according to their qualification requirements for specific applications. Thus, many testing
routes have been developed in recent years in relation to accelerating advancement of the
thermal spray technologies and HVOF coatings [124—126]. In this section a few of many
available techniques that are more commonly used are discussed.

Adhesion is a property of major concern for many types of coatings, as a minimum
requirement through the designed life of the fabricated components. Intrinsic factors
related to the deposition parameters and extrinsic aspects resulting from post-treatments
and the service conditions that are experienced, can influence the adhesion properties of
the HVOF coatings [127,128]. Several techniques have been suggested within the literature
for the measurement of adhesion or interfacial fracture strength of the HVOF coatings,
including: the shear adhesion test, pin test, double cantilever beam (DCB) test, bending
test, etc. [129-132]. However, due to the ease of specimen preparation and experimental
setup, the tensile adhesion test (standardized in ASTM C633-69) is most commonly used
[133,134].

Measurement of hardness in both the macro and micro scale, both on the surface and the
cross sections of the thermally sprayed coatings have been reported by many authors
[59,135-137]. Due to its capability to differentiate between various presented phases,
micro-Vickers hardness has been a popular technique for accurate identification of the
hardness properties throughout the microstructure of the coatings (Knoop micro

indentation hardness testing is less widely used). In the Vickers indentation technique, a

19



square-based diamond pyramid with an included angle between opposite faces of 136° is
used as an indentation to apply force onto the surface of the specimen. Xie et al, reported
the manufacture of WC-based HVOF sprayed coatings exhibiting micro-Vickers hardness

values exceeding 1100 HV (Figure 4) [138].

Figure 4. Typical indentations on transverse section with in-plane cracks for four WC

based coatings fabricated by HVOF.

The microhardness test can be influenced greatly by the method of which specimen has
been metallographically prepared. According to the ‘Handbook of Thermal Spray
Technology’ [70] the measured hardness values of two similar specimens prepared via

different polishing routes can vary by over 100 units. The Rockwell superficial hardness
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test, under constant applied load, is another common technique used in hardness
measurement of HVOF coatings because of its comparative ease and minimal requirements
for surface preparation.

Electrochemical methods for determining the corrosion performance of thermal spray
coatings have also been specially modified to better understand the heterogeneous response
of the component in corrosive media. Both DC and AC testing techniques have been
reported repeatedly by authors to assess the complex electrochemical characterization of
these systems [139—144]. In DC setups, increasing voltage is applied to the surface of a
specimen that has been exposed to corrosive media. The resulting current response is then
recorded as an indication of the performance of the coating as a nonconductive barrier.
Therefore, properties such as corrosion potential Ecorr, corrosion current, leorr, cathodic
slope, and anodic slope can be utilized for the calculation of corrosion rates [145,146]. In
AC corrosion measurements, the fundamentals of the parallel circuits are applied to the
specimen where the lag of current response determines the exact phase shift. Thus, the time
that takes current to decay from its original value, can be measured as a time constant, 7

(Figure 5).

"n [::l -

Figure 5. Equivalent circuit of the corroding system shown in Fig. 6 with an

electrochemical impedance spectroscopy Nyquist plot [70]
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This method, which is also known as electro impedance spectroscopy (EIS), then uses the

following equations to compute the values of resistance and capacitance:

Equation 1
Impedance, Z = V/I Resistance
Equation 2
R=Zcos 0
Equation 3
1/owC=Z sin 0

Consequently, by knowing V, I, 8, and w, the values of R and C can be determined as an

indication of the material’s resistance to oxidation attack.
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Figure 6. Time constant of a resistive/capacitive (RC) circuit [70].
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For the RC circuit shown in Figure 5, driving the system from the point of low frequencies
to very high frequencies (i.e., 1072 to 10° Hz), the resulting plot is referred to as a ‘Nyquist
plot’, which describes the real versus the imaginary components of impedance that
computes the total resistance of the system as Rp, Rp and C where R¢ represents the
resistance of the solution or electrolyte, Rp is an indication of the resistance of the coating
and C is the capacitance of the coating. At very low frequencies, the capacitor effectively
blocks the current, while at higher frequencies the capacitor acts as a conductor and the
current will flow through the capacitor, bypassing the resistance R [146].

A simpler way to understand this is through construction of what is commonly known as a
‘Bode plot’, which plots the log of the impedance versus the log of the frequency, and does
not involve the imaginary parts of the impedance (Figure 7) [70,147]. Rp and (Rp + Rp)
can then be obtained from the horizontal portion of the corresponding log plot at low and

high frequencies, independent from the frequency itself.

Figure 7. Example of Bode plot [148]
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Residual stresses in HVOF coatings (tensile or compressive) are generally caused by
differences in temperature and the rate of shrinkage between the hot sprayed coating and
the substrate while rapid cooling is in effect. According to Matejicek et al, methods of
residual stress measurement in thermal spray coatings can be divided into three main
groups [149]; Material removal methods, which includes the hole-drilling technique,
deflection measurement or measurement of the curvature and X-ray diffraction.

In the hole-drilling method, a shallow hole is first drilled into the test specimen to a depth
approximately equal to the diameter of the hole (typically ranging from 0.8 to 5.0 mm (0.03
to 0.20 in.)). A specially designed three-element strain-gage rosette then measures the
associated partial strain relief generated by the presence of the hole [70,150]. Residual
stresses that originally existed in-plane, can then be calculated at the location of the hole
from the measured strain relief, applying the method described in ASTM E 837,

“Measurements of Residual Stresses by Hole-Drilling Strain-Gage Method.”

Figure 8. Hole-drilling method for measuring residual stresses [150]. (a) Typical three-
element strain-gage rosette. (b) In-plane strain components caused by release of residual

stresses through the introduction of a hole.
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Measurement of substrate curvature formed due to residual stresses is another very
common method which is based on optical or mechanical measurement of substrate
curvature. If dimensional variations in both the coating and the substrate are measured after
detachment, more information can be recovered. With this approach, stress created by
thermal mismatch can be separated from the stress induced by quenching with a simple
experimental arrangement and limited requirements for specimen preparation. The
highlighted advantages of this method have been related to its direct determination of
coating stress, rather than strain, and the in-sifru monitoring of stress changes during
deposition.

X-Ray Diffraction (XRD) is a nondestructive testing route that measures the changes in
crystal plane dimensions in different directions, through the shifting in angular position of
specific diffraction peaks with respect to the surface of the specimen, which subsequently
allows a measure of the stress. Moderate restrictions have been noted in relation to sample
preparation and dimensional limits. More detailed information on the XRD stress
measurement method is beyond the scope of this document and details can be found in

suitable articles [151,152].

2.2.3. Applications of thermally sprayed TiC based HVOF coatings.

Owing to its cost effectiveness and flexibility, HVOF thermal spraying has been adopted
extensively in numerous industries. These include aerospace, automotive, industrial gas

turbine, marine, and (to some extent) oil and gas [94]. From the literature, aerospace and
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industrial gas turbine applications hold approximately sixty percent of the thermal spray
market [153] and thus, this industry has been involved in large portion of its developments.
Depending on the characteristics of the feedstock material, HVOF technology has been
utilized for dimensional restoration and repair, and providing lubricity, thermal insulation,
and/or protection from wear and corrosion. Consequently, the principal function of the
traditionally applied WC based HVOF coatings is to resist severe wear mechanisms in the
aerospace sector. Moreover, the latest innovations in processing of feedstock materials
have broadened the range of thermal spray applications even further. A good example of
this is the development of a new technology for protecting ceramic powders lacking
suitably low or any melting point (e.g., silicon nitride and silicon carbide, which sublime)
for thermal spray. Spraying ceramics with no melting point has been achieved by protecting
each individual particle with a nanolayer that works as barrier against heat [154]. However,
as it has been noted by authors, the buildup of residual stresses as a function of increasing
coating thickness still is the biggest challenge in forming high-thickness solid structures,

by HVOF spraying due to the buildup of residual stresses [94].

2.2.4. Material design and feedstock processing

Feedstock is generally referred to as materials that are fed into the thermal spray system.
Feedstock materials for a thermal spray device are classified into three variants [155]:

(i) powders, (ii) rods and wires, and (iii) solutions and suspensions.

Further classification of feedstock materials is related to their material chemistry and type,

material morphology, particle size distribution, and associated spray process. The
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following discussion principally refers to powder feedstock since this is the primary
component for the HVOF spraying processes.

A prerequisite of any thermal spraying process is the transportation of the feedstock to the
heat source and then further to the surface of the substrate. Challenges related to the powder
feeding systems refer only to the initial stage of powder transportation, and generally arise
from ‘spray-ability’ of the feedstock powder. Such technical challenges may result in poor
quality coatings. Use of high-quality feedstock material is an essential factor for the
fabrication of consistently high-quality coatings. The typical powder size used for
feedstock in HVOF ranges from 15 to 45 um. The average speed of the particle and its
distribution at the injection point is a critical condition of the feed system. However, the
momentum of the individual particles and their trajectory will differ, based on the mass of
each particle, which results in variation of final impact velocities and distinction of coating
properties [156].

Particle morphology is another significant factor that affects the impingement velocity and
temperature, and thus influences the coating porosity content. For example, hollow
spherical powders have shown excellent flow characteristics and their low mass allows for

consistent melting of particles [157].

A wide range of traditional and commercial powder fabrication techniques are available
for preparation of HVOF feedstock materials based on mechanical nature of the various
alloys, such as crushing and mechanical milling, atomization, fusion, self-propagating high
temperature synthesis (SHS), and spray drying method. Ductile metal feedstocks are often
fabricated via water or gas atomization, and utilization of methods such as ball milling and

solid impaction are found to be impractical. Subsequently, composite materials can be
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fabricated by the process of diffusion sintering which often results in formation of large,
agglomerated particles and require further mechanical steps to reduce the particle size.
Mechanical milling has been commonly considered as one of the most feasible methods
for preparing a range of metallic, non-metallic, nanocomposite, and nanocrystalline
powders within the recommended range of particle size for HVOF. In this technique,
ductile metals are mechanically deformed and physically alloyed by mutual impact.

A typical example of mechanically alloyed feedstock powder for fabrication of protective
coating via HVOF is mechanically alloyed Ni—Ti—C powders with a particle size range of
8-38 um for deposition of approximately 250 um thick onto mild steel substrates [158].
Furthermore, nanostructured feedstock powders for HVOF applications such as
nanostructured Cr3C2-NixoCr coatings, have received much attention, owing to exceptional
wear resistance characteristics of the fabricated parts [159].

More recently, fabrication of highly dense coatings with good mechanical properties have
also been reported in association with sol gel synthesis technologies [160-162]. A list of
available commercial powders processing routes used for fabrication of thermal spray

feedstock is presented in Table 2.
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Table 2. A summary of available commercial powders processing [163].

Chemical Processes

Solid state phase decomposition
Thermal decomposition
Liquid phase precipitation

Gas phase precipitation

Electrolytic Processes

Mechanical communication

Machining

Milling

Impact attrition
Mechanical alloying

Mechanising

Water Atomization

Gas Atomization

Vacuum Atomisation

Ultrasonic Atomisation

Micro atomisation Impact

Plasma Melting

Centrifugal Method

Rotating Electrode
Centrifugal atomisation

Spark discharge atomisation

Several commonly utilized feed stock materials for the purpose of the HVOF spraying

process are:
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Tungsten Carbide-Cobalt: HVOF tungsten carbide coatings are extremely dense,
well bonded and can be applied to a high thickness. HVOF tungsten carbide
materials are recommended for applications that are subject to wear [115,135,164].
Tungsten Carbide-Cobalt/Chrome: HVOF tungsten carbide-cobalt-chrome
coatings are more wear resistant in most applications than tungsten carbide coatings
and are more corrosion resistant because of the chromium content. HVOF tungsten
carbide-cobalt-chrome is recommended for applications with abrasive or sliding
wear, which may also be exposed to some level of corrosion. HVOF tungsten
carbide-cobalt/chrome coatings are an excellent alternative to hard chromium
plating [165].

Tungsten Carbide-Nickel Superalloy: Spraying a material with HVOF tungsten
carbide-nickel superalloy produces a well bonded coating with a high level of wear
resistance to abrasive grains, hard surfaces, and fretting [124]. These coatings are
ideal for hydraulic rods, ball valves, drilling, and saltwater applications [166].
Chromium Carbide metal matrix: HVOF chromium carbide coatings have high
microhardness and are well bonded [167,168]. These coatings are ideal for
providing resistance to solid particle erosion, abrasion, and tribo-corrosion at
elevated temperatures [138].

Stainless Steel: Spraying a material with HVOF stainless steel produces a dense
and well bonded lower cost coating. These coatings are used for protection against
corrosion, cavitation, and low temperature particle erosion in salvage and repair

applications [169].
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2.3. Laser cladding

Since the development of high-power gas lasers (e.g., CO: lasers) in 1975, laser technology
has given rise to the invention and development of unique techniques such as laser welding
and laser cladding [170-172]. The development of laser technology was then followed
through enhancement of related devices such as powder feeders, cooling systems,
hemispherical reflecting devices for re-absorbing the reflected light, etc. Beam deposition
processes are referred to as a family of additive manufacturing techniques that employ a
focused heat source such as electron beam, plasma arc, or laser beam for the melt and

deposition of feedstock powder or a thin metal wire (Figure 9) [173].
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Figure 9. Schematics of laser cladding process, highlighting the process overview [173].

The traditional beam deposition-based techniques such as welding are generally designed
for repair, joining, or to apply coatings, while laser cladding is designed to create

depositions of complex 3D shapes directly from computer software.
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Table 3 illustrates a general overview of the advantages of laser cladding over other, more

conventional, processes [174].

Table 3. General overview of the advantages of laser cladding over conventional processes

(adapted from reference [174]).

Thermal
Attribute Welding Laser cladding CVD PVD
spray
Bonding
High Moderate High Low Medium
strength
Metals & Metals & Metals & Metals &
Feed material Metals
ceramics ceramics ceramics ceramics
Dilution High NA Medium NA NA
HAZ High Low Low Very low Very low
Coating 50 um to
Several mm 50 umto2 mm | 0.05-20 pm 0.05-10 pm
thickness several mm
Repeatability Moderate Moderate Moderate-High High High
Cost Moderate Moderate High High High

Laser cladding processes produce dense, wear, and corrosion proof structures with smooth
and consistent surface finishes. The bonding zone between the substrate and clad layer
usually contains a metallurgical bond (vs. the mechanical bond that is more typically
obtained through thermal spray) with a smaller heat affected zone (HAZ) in comparison to

conventional welding techniques [175]. Depending on the type and amount of material
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added to the melt pool, the process can be identified as glazing, laser alloying, or laser
cladding [176]. Glazing is generally referred to metallic glass coating, which can provide
an environmentally effective surface in terms of wear and corrosion, by alteration of the
microstructure(s) without changing the composition [177]. In laser alloying, a small
amount of powder is fed into the melt pool to create homogeneous mixing throughout the
melt region. The phenomena of dilution by the substrate are thus kept to a minimum with
laser alloying, and further addition of material to the surface is required [178]. Reduced
dilution, which is the mixing percentage of the substrate to the clad region (compared to
laser alloying), reduced thermal distortion, and reduced porosity (particularly in laser
cladding by powder injection) are typical advantages of laser cladding compared to other

alloying techniques (Figure 10) [174].
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Figure 10. Different microstructures of laser alloying, glazing, and cladding [174].

In laser cladding, a stream of the desired powder is fed into the melt pool created by a

focused laser beam as it is scanned across the target surface, leaving behind a deposited
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coating of the chosen material [179]; this enables the applied material to be deposited
selectively, only where it is required. Laser cladding is often characterized by generation
of a fine and homogeneous microstructure, within a dense coating layer. The
microstructure of the clad layer is usually designed to promote desirable mechanical
characteristics of the surface, such as wear and corrosion resistance. The precise nature of
laser beam cladding process has been found to offer flexible technology for repair and rapid
design changes in numerus applications such as protective coating of lightweight motors
for cars and highly stressed hot work [180,181]. Integration of laser technology into
machine tools and manufacturing processes has been a popular research focus in recent
years. Additionally, combination of laser technology with complementary techniques such
as plasma transferred arc (PTA) welding and inductive heating has made the connection of
technical and economic advantages of the individual processes possible. Today’s major
applications of laser cladding include production of protective coatings, component
repair, and rapid prototyping [182].

Laser deposition is an advanced coating technology for improving the surface properties
of various components and associated equipment. These coatings exhibit exceptionally
dense, crack-free, and non-porous microstructures. Laser coatings offer excellent
metallurgical bonding, with very low dilution and (typically) low heat input to the
component [183,184]. It has been reported in the literature that there have been many
successful applications of coatings that are exceptionally durable, corrosion-resistant, and
provide load bearing capabilities [185—188]. These have included using titanium-based

alloys, nickel-based superalloys, and cobalt-based alloys, deposited on variety of substrates
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mainly steel, aluminum alloys, cast irons and nickel-based alloys [185—188]. An example

of such a clad is shown in Figure 11.

15.060 10.8mm =1 .00k

Figure 11. Cross-section SEM micrographs of the laser clad coating: (a) overview, (b)
bonding zone and heat-affected zone, and (c) typical microstructure of the NiCrBSiFe

composite coating at intermediate region [188].

Thermal control over the kinetics of the deposition makes laser cladding a safe technology
to repair tooling, particularly on critical contacting surfaces, while increasing tool life
[189,190]. In this respect, a primary application of laser cladding is in the repair of high
value components. The low heat input characteristic of the cladding technology is
especially beneficial in repair of superalloys, which are highly susceptible to strength loss

and physical distortion when exposed to excessive temperature variations. Moreover,
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repair of components with an exact desired geometry, and with equivalent microstructure
and performance to the original damaged work piece through laser cladding can reduce the
overall cost for many repair problems [181,191,192]. This is achieved by elimination of
finishing steps and without the drawbacks of conventional repair techniques, such as a large
HAZ and high residual stresses [181,191,192]. Furthermore, the costs associated with
repairing/replacing a high-volume workpiece such as train tracks, turbine blades, airplane
engines, etc. is significant.

Rapid Prototyping is referred to a ‘layer-by-layer’ approach of laser processing that
manufactures mechanical components with homogeneous structure, enhanced mechanical
properties, and allows one-step production of complex geometries. The costs of this
operation are low with a short manufacturing time. Examples from the literature for rapid
prototyping include laser engineering net shaping (LENS), laser additive manufacturing
(LAM), laser consolidation (LC), and direct metal deposition (DMD). The concept of
layered manufacturing was outlined in 1971 and 1977 through patents from Ciraud and
Housholder, but these early ideas did not reach the stage of commercialization without the
advent of powerful computers and laser systems [193,194]. The first cladding system was
introduced under the name of “selective laser sintering” (SLS) and was acquired by 3-D
systems in 2001. SLS uses a wide range of materials, including PVC, polycarbonate, ABS
(acrylonitrile butadine styrene), polyurethane, nylon, polypropylene, resin, and polyester.
Today, the laser engineering net shaping (LENS) process is used for aeronautical
applications by Aeromet which specializes in making parts from titanium parts through

powder bed and powder injection mechanisms.
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Laser cladding processes are applied in one or two steps, based on the way that
the feedstock is supplied. In a two-step process a thin layer of material is deposited onto
the substrate and subsequently melted with the laser beam. In the single step method
the feed stock is fed continuously into the melt pool generated by the laser beam (Figure
12) [174]. The feed material can be introduced as paste, wire, or powder injection. Among
these methods, laser cladding by powder injection has been demonstrated to be most
effective due to its high energy efficiency, and it allows for better process control and
reproducibility. In laser cladding via powder injection, the powder particles are fed into the

heated zone (i.e., the melt pool) to produce a layer of clad on the surface of interest.

Laser Beam Laser Beam
Powder & Inert Gas

Inert Gas

Placed
Powder

Substrate ” Substrate

Figure 12. Different methods of laser cladding: a) one-step laser cladding, showing powder

injection laser cladding, and b) two-step laser cladding [174].

From the laser cladding history and related documented literature, the development of the
cladding technologies and the quality of its process depends upon technological
improvement of the involved technologies (e.g., lasers, positioning devices, powder
feeders, nozzles, feedstock materials, optimal cladding conditions, etc.) [174,179,195]. The

following sections outline a brief review of laser cladding and its related technologies,
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covering the fundamentals of laser—matter interaction and the classification of laser

material processing under following sections:

o Cladding technologies

o Feed-stock materials

o Kinetics of laser cladding

o Characterization of classes.
o Applications

2.3.1. Cladding technologies

Characteristics of the clad system are determined by two categories of inputs, namely
intrinsic and extrinsic. The intrinsic properties of the feedstock and the substrate are ones
such as absorptivity, thermal conductivity, heat capacity, thermal diffusivity, and the actual
workpiece geometry. However, the quality of laser cladding is largely dependent on a
variety of extrinsic operating parameters and physical phenomena. The main inputs or
operating parameters in laser cladding are the lasers, positioning devices, powder feeders
and nozzles, as shown in Figure 13 [196]. The physical phenomena or processes occurring
as a result of the various input parameters can vary from one clad couple to another. The
outputs of the process, which represent the clad quality, include the geometry,
microstructure, component integrity (i.e., cracks, porosity, etc.) surface roughness, residual
stresses, and dilution [174,197—-199]. Thus prior to understanding the characterization of

the output of cladding processes, it is essential to understand the mechanics and the
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interaction of the processing parameters, as well as the trends in the advancement of their
related technologies. The following provides a review of available lasers, powder feeders,

and nozzles found suitable for cladding applications according to the available literature.
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Figure 13. Schematic diagram representing the component of a laser cladding system.

2.3.1.1. Lasers

Characteristics of the laser beam play an important role in laser-material processing,
including laser cladding. Laser types can be categorized based on physical and operating

parameters which are involved in the laser beam generation. The most common way is to
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classify lasers based on the physical state of the active material. According to this criterion,
lasers can be categorized as gas lasers, excimer lasers, solid-state lasers, semiconductor
lasers, liquid dye lasers, and fiber lasers.

There are many commercially available laser systems, however, CO; lasers, lamp-pumped
Nd: YAG lasers, diode-pumped Nd: YAG lasers, and high-power diode lasers (HPDL), are
most used in the laser cladding process. There are several parameters that indicate the
quality of a laser beam, including the beam parameter product (BPP), laser beam mode,
energy distribution over the beam spot area, polarization, and ‘focus-ability’. Table 4
summarizes characteristics of these four types of lasers which have been widely used in

laser cladding.

Table 4. Properties of common lasers employed in the process of laser cladding [174].

Nd: YAG Nd: YAG
Attributes CO: HPDL
Lamp pumped | Diode pumped
Wavelength (um) 10.64 1.06 1.06 0.65-0.94
Efficiency% 5-10 1-4 10-12 30-50
Mean Power Density (W/cm?) 108 1037 108 103
Max Power (kW) 45 4 5 6
Fiber coupling No Yes Yes Yes
In-service life (hours) 1000-2000 200 5000-10000 | 5000-10000
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In laser cladding, the average power, spot size, pulse, beam profile, and laser wavelength,
are all factors that are determined by the characteristics of the laser device. CO; lasers are
traditional high-power lasers that are available with power levels up to several tens of kW
[200]. They usually support systems with high power density and excellent beam quality
(low “beam-parameter-product” number) [201]. CO> lasers have long wavelengths and,
unfortunately, consequently result in low absorption of the laser beam by most used metal
systems (e.g., steels). Solid state lasers Nd: YAG lasers are characterized by their ability
to operate at shorter wavelengths, which improves the absorption characteristics of the laser
[174]. However, the low electrical/optical efficiency of this family of lasers makes the
equipment bulky and costly to run. HPDL (high power diode lasers) are available up to a
maximum of ~6 kW power level. The newest generation of high-power lasers has been
especially designed for common end chain applications such as welding, coating, surface
treatment, polymer welding, and brazing. These lasers offer the lowest wavelength while
benefiting from high electrical/optical efficiency (30-50%). HPDL lasers are generally

smaller in size than the other alternate laser technologies of the same kilowatt level [202].

2.3.1.2. Powder feeders

Powder feeders are among the most important pieces of equipment in several industrial
applications that involve the transmission of powders, such as thermal spraying, laser
cladding, and advanced materials processing. Powder-based laser cladding results are
heavily dependent on optimal feeding features of the powder, controlled supply, and

metering [203].
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Due to the development of numerous powders with distinct sizes, shapes, and other
physical and mechanical properties, specialized feeders have been developed to provide
flowability and an efficient steady feed stream. In recent years, the production of novel
powders, designed with the aim of achieving excellent mechanical performance, has
resulted in decreasing powder grain size (e.g., ultra-fine powder with size of less than 15
um) [182]. With such a reduction in grain size the flowability of the powder is decreased,
which causes problems with controlling the feedstock delivery. In general, powder feeders
are classified based on their operational parameters [S6—60]. The most common types of
powder feeders are known as gravity-based, mechanical wheel, fluidized-bed, and
vibrating. In laser cladding, the feed rate and the profile of the powder stream is set within

the many features of the powder feeder. Feeder systems mainly consist of following parts:

° Stirrer
o Damper
. Vent tube

o Metering disk

The stirrer motor and stirrer are used to maintain powder movement. The adjustable
damper regulates the powder feed, while the vent tube equalizes the pressure of the
metering disk housing. The metering disk itself, with spreader and suction bars, is used to
distribute the powder evenly within the disk groove and to exhaust the powder to the spray

gun (Figure 14).
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Figure 14. Schematic diagram of a powder feeding system for laser cladding [204].

2.3.1.3.Nozzles

An appropriate nozzle design is the one that provides the minimum distortion of the solid
particles per solid surfaces and increases the powder catchment efficiency [205]. In laser
cladding through powder injection, the powder delivery nozzles perform in two different
configurations: coaxial and lateral. A coaxial nozzle design is more popular due to its
independence from the direction of motion; however, experimental work has shown that
its powder delivery efficiency, which is the ratio between the deposited powder on the

substrate and the delivered powder by the powder feeder within a specified period, is
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significantly less than the lateral nozzle design [206]. The major advantage of coaxial
powder injection, in comparison to the off-axis powder injection system, is the potential

for 3D cladding applications [207].

2.3.1.4. Positioning devices

Positioning devices assist the laser cladding process through translation of a model of the
desired part into mechanical work. A previously generated ‘solid” model is sliced by an
appropriate Computer aided manufacturing (CAM) software based on the trajectory
planning algorithm, in order to identify the required paths to allow fabrication of the part.
Optimal positioning allows enough workspace and maneuverability for the required paths
to be followed and determines the appropriate velocity, which is a major process parameter.
The positioning device can be a computer numerical control (CNC) table or a robot
manipulator with multiple degrees of freedom. The relative velocity and its accuracy are a
general input parameter of the positioning devices, which are usually selected based on the
size and type of the related process applications. Figure 15 presents the cladding head
attached to the robot manipulation system, which was used for a study on the recommended
laser-based repair procedures for the worn surfaces of main bearings and crankpin journals

in marine diesel engines, as well as for damaged crankshafts (Figure 15).
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laser cladding 6-axis-robot |

Figure 15. Laser cladding of a crankshaft segment and laser cladding head attached to a

robot manipulation system [208].

2.3.1.5.Programming and software

There are number numerical and analytical models proposed for laser cladding that
considers heat transfer, melting and crystallization kinetics of the melt pool in relation to
processing parameters such as mass feed rate, laser power, and the associated scanning
velocity [209-211]. Steady state models are independent of time and simulate key physical
reactions (i.e., thermal conduction, thermocapillary, etc.) in relation to the processing
parameters. These parameters play an important role in determining the profile of the clad,
bonding of the clad to the substrate, compositional dilution, homogeneity of layers, surface

finish, defects, etc. However, it is not possible to identify the effects of each parameter on
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the characteristics of the final clad but, in general, several constraints are quantified
simultaneously to obtain the desired features of the clad layer. The state of the powder
when it arrives on the substrate surface was observed in a study on relevant parameters for
process control on laser cladding [212]. It was suggested that the particle should be hot
enough to adhere to the surface, but not too hot to result in vaporization, followed by
ionization and plasma formation. Therefore, the amount of the available energy per unit
length of clad, per unit mass of powder, and the time of their interaction are key factors in
controlling the state of the powder. These characteristics can be controlled through
associated parameters such as the powder mass flow rate and the CNC table traverse speed.
There are number of modelling techniques that have been submitted by various researchers
for the optimization of such dynamic processes, along with their related process
parameters.

While steady state and reported dynamic models do not seem to satisfy the long list of
considerations of the various available processing parameters, a lumped model can offer a
simplification that can transform complex differential equations to a balance of energy

within the process [174]:

Equation 4

Qc = Ql - Qrs - QL + (n - 1)Qp - Qrp - Qradiation - Qconvection
where Q. is the total energy that is absorbed by the substrate [J], O is laser energy [J], Ors
is reflected energy from substrate, 16) [is latent energy of fusion [J], n is powder catchment

efficiency, Oy is energy absorbed by powder particles [J], Oy is reflected energy from
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powder particles [J], Oradiation 1S €nergy loss due to radiation [J], and Qconvection 1S €nergy loss

due to convection [J] (Figure 16)[174].
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Figure 16. Balance of energy in laser cladding by powder injection [170].
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2.3.2. Kinetics of laser cladding

In laser cladding, the substrate absorbs a significant part of the energy that is applied from
the moving laser beam (which has a Gaussian distribution intensity). This energy generates
a melt pool which ultimately contains powder particles (in the case of powder injection),

which also carry part of the energy that has been applied by the laser beam. The heat profile
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at time ¢ = 0 for a moving laser beam with general strike distribution is described from the

literature by the means of heat conduction (Equation 5) [174,213], following:
Equation 5

d(pc,T)
ot

+V.(pc,UT) — V.(KVT) = Q

where O represents the power generation per unit volume of substrate [W/m?], K represents
the thermal conductivity [W/m-K], ¢, is referred to as specific heat capacity [J/kg-K], p
represents density [kg/m?®], ¢ is time [s], and U is referred to the travel velocity of the
workpiece (i.e., process speed) [m/s].

The dynamics of the melt pool are then further driven by surface tension and the flow of
the fluid (i.e., melt) within the surface of the substrate, which is characterized by heat/mass
transfer and the momentum of added particles, based on the equation of momentum and

the Newton’s second law for fluid flow.

2.3.3. Applications of laser processing

Laser beam cladding is an industrially unique process within the field of aero engine and
gas turbine repair. Cladding is also a convenient technology for repair and in situ
modification of design in the tool and die industry. Lightweight, highly stress resistant
protective coatings for automobiles and a variety of tools have been widely implemented
in production [214]. More recently, laser development focus has been invested in

application of the laser technology towards machine tool and manufacturing processes
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[174,214]. The new fiber lasers, which are generally distinguished by an extremely high-
beam quality, the possibility of rapid beam oscillation, very compact size, uncomplicated
adjustability, and moderate costs [215-218]. The current stage of laser cladding technology
implementation primarily serves the industries of coating, repair, and rapid prototyping.
With this in mind, the primary applications of laser cladding are for the deposition of wear
and corrosion resistance coatings. Laser cladding provides an environmentally friendly
alternative to hard chromium plating, as it generates no harmful substances (unlike
hexavalent chromium) and provides a wear-protection process that offers controlled
adhesion and high-speed coating abilities.

Laser cladding is particularly suitable for the coating of rotating parts, such as crank shafts,
cover axles, gear flank, bearings, shafts, tubes, wheels, extrusion screws, etc. and can
significantly multiply the operational lifetime of wear resistant parts (Figure 17). Some
high-speed installations can apply coatings on components up to 10 m in size and 3500 kg
weight, and with diameters of 120 mm.

and this cost is largely elevated by the operational down time needed for the replacement
of the damaged gears. It has been shown that laser cladding is highly effective in extending
the operating lifetime of these parts, by improving their wear resistance properties.

The heavy-duty gears, which undergo severe abrasive wear, is another large filed where
coating through laser cladding is utilized. The replacement of failed gears is usually costly,
and the application of a laser clad coating layer that exhibits a fine microstructure and small
crystal size, arising from the ultra-rapid kinetics of solidification during the clad process

[219].
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Figure 17. Pet-food granulate extrusion screws, coated with laser cladding, extended

lifetime by ~300% [219].

Improvement of wear properties also arises for titanium alloys, in comparison to
traditional/advanced spraying techniques. Titanium alloys are widely used as structural
components in the aerospace, chemical, petrochemical, and marine industries, owing to
their low density, high specific strength, and exceptional corrosion resistance [174,220].

Laser cladding offers in situ repair of high value components such as turbine blades,
specialty tools, gas turbine parts, and the component of internal combustion engines [221].
Ultra-high strength steels materials, which are widely used in modern aircraft structures,
are highly sensitive to damage caused by corrosion, fatigue, and associated stress corrosion

cracking.
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This type of damage, in applications with geometrically optimized components, is usually
followed by costly replacement of the parts. In such cases, laser cladding has been applied
to rebuild material through ‘grind-out’, with the mechanical properties of the component
subsequently restored, with special attention to its fatigue life that can qualify for the
minimum safety level. One study proposed that rolling contact fatigue, amongst other
mechanisms of wear, between railway tracks and train wheels, can be reduced and repaired
by laser cladding using premium wear resistant alloys (i.e., nickel alloy, Stellite 6,
maraging steel, and Hadfield steel) as a facing to a much cheaper rail material substrate
[221].

The repair of atomizer shafts used in electric power generation, hollow shafts, rotating
equipment for the dredging industry, and low-pressure turbine blades for the power
industry, are other excellent examples of the repair applications that are made possible by
laser cladding (Figure 18) [222-224].

Rapid prototyping and manufacturing (RP&M) have emerged in recent years using several
laser processing techniques including stereolithography, laminated object manufacturing
(LOM), ballistic particle manufacturing (BPM), selective laser sintering (SLS), fused
deposition manufacturing (FDM), and three-dimensional printing (3D printing) [225].
Rapid prototyping was initially used for the fabrication of prototypes made from polymers
as communication and inspection tools and functional prototypes made from polymers is

already well established in the market [214,226].
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Figure 18. Atomizer shaft with laser cladding deposit [220]

In more recent year rapid prototyping has been used widely for the fabrication of molds
and dies by additive and rapid manufacturing, which eliminates the need for most prototype
and production tooling. Both metallic and non-metallic rapid prototyping has been
attempted using laser deposition technologies. Available approaches in the marketplace for
the purpose of the rapid prototyping utilize plastics and non—functional materials to create
parts. Laser based systems for rapid prototyping have been introduced as a suitable
technology for the creation of functional, near-net shape metal prototypes. A current focus
of attention for research topics in the field of rapid prototyping is related to the cost-
effective production of parts with consistent geometry and mechanical properties, but at
large scale. A number of companies, including Texas Instruments, Inc., Chrysler
Corporation, Inc., and Ford Motor Co. have reported the use of rapid prototyping to
improve their product development in design engineering manufacturing and marketing

aspects [225]. Additionally, rapid prototyping is a promising and powerful technology in
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the field of medical science, offering the benefits of prototypes built from functional
materials in relatively short periods of time. Although the use of rapid prototyping for
medical applications is still at a relatively early stage, the technology has already made
impressive strides. Prototyping through laser processing has been already implemented in
orthopedic surgery, maxillo-facial and dental reconstruction, the preparation of scaffolds
for tissue engineering, and as educational tool in fields as diverse as obstetrics and

gynecology, and from forensic medicines to plastic surgery [227].

2.3.4. Material design and feed stock processing

With the rapid advancement of cermet coatings processed using laser cladding, and closely
related research activities over past three decades, a wide range of materials have been
investigated, including assorted metals, ceramics, glasses, intermetallics, and composite
systems [181,185,189,192,199,228-231]. Alloy systems that have been investigated
include those based on Ni, Co, Nb, and Ti, along with a range of steel grades. This research
in general investigate the basic physical metallurgy applied to laser cladding for each
specific material/substrate and the relevant solidification conditions of the cladding
process. The phrase ‘clad-ability’ is used to define the viability of the cladding material
and the substrate of interest in the “formation of a continuous, high density clad deposit
with a uniform or homogeneous microstructure, possessing a strong metallurgical bond to
the substrate but with low/specific levels of dilution” [174]. Many studies have shown that
the clad-ability of various materials can be determined by identifying the parameters that

are used during the cladding process and the chemical interactions of the clad and substrate
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materials. Therefore, incompatibility between the substrate and clad material can inhibit
the formation of a strong bond between the substrate and the clad material, in which case
clad-ability will be nonexistent. The melt pool created by the energy from the laser beam
during laser cladding of a powder feedstock onto a substrate, melts a small volume of the
substrate itself. Depending on the melting point of the feed powder and the temperature of
the melt pool, cladding material can exist in the form of molten droplets or solid particles.
Consequently, it is more likely to observe both liquid and solid powder particles in the melt
pool surface. Temperature gradients of these surfaces is then generally explained in the
literature through the existence of intense convection between the two material systems in
relation to the Marangoni effect (mass transfer along an interface between two fluids which
can be characterized by the measurements of the surface tension) [232].

Considering laser cladding as a rapid and localized alloying process, arising between the
clad material and substrate, typically with dissimilar melting points, the systems of
cladding couples generally fit into one of the following three categories of alloying

systems:

1. Eutectic Cladding Process
2. Isomorphous Cladding Process

3. Complex Multi-Component Alloy Systems

In eutectic binary alloy systems, the melting point of the melt pool is reduced in
comparison to the melting point of the pure constituents, due to alloying action and melting

of the substrate/clad by compositional dissolution of the constituents within the molten
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pool. This reduces the laser beam energy that is required during cladding and, as a result,
can increase clad-ability.

In isomorphous binary alloy systems, the consequence of alloying at the melting point is
very different than in a eutectic system and can result in two distinct scenarios. If the
substrate is made of the higher melting point component, the alloying process will result in
melting of the substrate interface, by reducing its melting point, and its compositional
dissolution into the molten pool. However, this also results in an increase of the melting
point for the clad feed and a necessary increase in processing parameters, such as the laser
power. If the substrate material has melting temperature lower than the clad feedstock, the
alloying will cause an increase in melting temperature of the substrate interface with the
melt pool. In this case the requirement for a melt pool with higher temperature usually
results in undesired melting of the substrate and higher levels of dilution.

Major industrial applications of laser cladding contain complex, multi-component alloy
systems in order to produce a hard, wear-resistant coating on a softer and more ductile
substrate. Moreover, large temperature gradients between the cladding components are
necessary to acquire low solubility which can lead to difficulties in controlling the degree
of dilution. Among complex multi-component alloy systems, titanium alloys have broad
applications in areas such as aerospace, marine environments, the chemical industry, and
biomedicine. As an example, the alloy Ti-6Al-4V has been widely used to produce
orthopedic implant materials owing to its superior mechanical and oxidation properties.
However, titanium alloys are also known for their poor tribological behavior under severe
wear and friction conditions [233,234]. Subsequently, although titanium alloys have been

commonly analyzed for the design of medical implants, some researchers have shown that
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titanium alloys are subjected to failure due to corrosion-fatigue within the specific
environment of body fluids. Further classification of the material couples for the purpose
of laser cladding is generally related to the dynamics of solidification. Factors such as
mechanical strength, thermal expansion, and the texture of the solidified microstructure are
usually characterized in relation to the solidification dynamics of each material within the
clad couple. These couples are classified as two main groups: high temperature alloys, and
metal-ceramic composites.

High temperature alloys in modern laser cladding are usually Ni, Co, or Fe-based, with
smaller amounts of W and/or Mo, as well as C, which promotes formation of metal carbides
with the alloy ingredients. In this case, the substrate is generally composed of less
expensive low carbon or low alloy steels [199,235-238]. However, it has been reported
that the presence of metal carbides and intermetallic compounds can result in hot and/or
cold cracking and requires pre- and post-heat treatment through the cladding process [239].
Development of desirable hard and wear resistant surfaces, as a primary intention in laser
cladding, has led to an increasing rate of research effort in the exploration of composite
systems [174,192,230,240,241]. In the study of metal-ceramic composites for the purpose
of laser cladding, the primary objective has focused on limiting the reaction between the
ceramic particles and the metallic melt pool. TiC and SiC have been found to offer
minimum reaction rates between the ceramic constituents and the molten pool, when used
with Al and Ni, respectively [241-243]. In some cases, it has been observed that the
reaction between the hard phase and the melt pool can be beneficial to some extent. In this
scenario the ceramic phase or added elemental powders such as Mo, Si, C, Zr, and/or Ti,

dissolve into the molten pool to form fine particles (e.g., MoSi», SiC, ZrC, and/or TiC),
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that are well bonded to the matrix [241,242,244,245]. In recent years, TiC-based coatings

processed by laser cladding have received researchers’ attention.

2.3.4.1.Gelation based feedstock technologies.

The earliest developments in processing of ceramics through colloidal routes dates back to
3500 BC, which mainly involved clay-based pottery [246,247]. Later advancement of this
approach led to a number of forming methods, such as slip casting, extrusion, filter
pressing, and tape casting. Many research activities have focused on understanding the
behavior of clay-based systems and characterizing ceramic crystal structures. Clay-based
ceramics have an inherently plastic nature, with an aggregated particle network, which
provides appreciable yield stress and excellent shape-forming capabilities. Unlike clay-
based systems, most ceramic suspensions that serve as feedstock are required to be
engineered into a plastic system by incorporating them with organic processing additives,
such as polymers and plasticizers. This class of materials can modify the rheological
behavior and impart handling strength to ‘as-formed’ ceramic bodies [248]. Gelation
approaches for powder synthesis have the potential to be less expensive and more
environmentally friendly but, such systems can only be utilized from a stable (i.e.,
agglomeration-free), monodisperse colloidal suspensions, with the consequent capability
to produce the desired degree of microstructural homogeneity that is required for functional
ceramics. Studies have reported that these systems usually lack the desired plasticity, while
the manufacture of monomodal particle size is almost impossible [249,250]. Further

challenges for these systems have been consequently related to the presence of undissolved
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organics of various species within the mixtures and their related decomposition reactions,
which can generate defects during subsequent binder removal [247,248,250-252].
Theoretically, colloidal stability can be achieved through careful control of interparticle
forces such as the interparticle potential energy, electrostatic forces, stearic forces, and
depletion forces. The rheological behavior of such colloidal dispersions is among the most
important properties. Rheological measurements are frequently used to observe changes in
flow behavior in response to an applied stress or strain. For suspensions of novel
composition with unknown rheological behavior, the viscoelastic properties, solids loading
capacity, apparent viscosity, and yield stress under shear and compression, can be obtained
from simultaneous rheological experiments. This information can thus be effectively used
for the design of a specific forming method to be used during ceramics processing. With
this in mind, the rheological characterization of TiC based cermet feedstocks within the
proposed thesis has been provided in detail.

Sodium alginate is a naturally occurring polymer chain, derived from brown seaweed, and
used to increase viscosity and/or form gels used in the food and medical industries [253].
The viscosity of sodium alginate solution is determined by both the concentration and the
alginate chain length. The gelation phenomena in sodium alginate rises from a-L-
guluronate (G) sections that are chained together on into groups the alginate polymer
backbone, known as G blocks [254-258]. When sodium alginate is hydrated, it dissociates
into free Na" ions and alginic acid. Exposure of alginic acid to divalent or trivalent cations
results in bonding of the G blocks and form a box around 3 sides of the cation typically

referred to as the “egg-box” model [257,259]. At this stage molecules of alginic acid can
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be drawn to and bond with the cation. A schematic representation of this model is presented

in Figure 19 [260].

. : OH wo o -00C
o HO
i 7 Om i 4
o (o]
0. HO [«e]o fo)
HO
o O,

.

“00C OH

G G M M G

Figure 19. Physical characteristics of chain conformation in alginates.

Gelling agents for alginate generally fall into one of two categories: (i) acid gelation, and
(i1) divalent (or trivalent) cation generated polymer cross linking. Gelation can be induced
at low and high pHs, and through introduction of organic solvents [255]. Such conditions
cause the alginate molecules to denature, forcing the polymer chains to bend and entangle
with one another, yielding gelation. This mechanism is less stable than gelation produced
through chelation, and as such gelled material will readily degrade when returned to a
neutral pH. Acid gelation does not produce a permanent gelled structure, but rather, when
acid gelled particles are rinsed with water, the alginate returns to its original state of a long
straight polymer chain, and de-binds. By contrast, in chelation, the polymer chains bind to
divalent or trivalent cations, crosslinking and creating a gel. This is considerably more
stable than acid stabilization and can be washed with deionised water without degradation.

Calcium chloride (CaCly) is the standard chelating agent used in the gelation of most
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solutions [254,255,258,261-264], as it is low-cost, highly soluble, chemically stable, and

reacts quickly with alginate.

2.3.5. Characterization and analytical methods

Characterization of the clad layer has been studied through microstructural, chemical, and
physical analysis of the surfaces subjected to wear, corrosion, range of stress, indentation
etc. Measurements of the clad height and its microstructure along the substrate offer
valuable information such as roughness of the clad deposit and evaluation of the clad bead
quality. Although the mechanical characteristics such as hardness, wear, and corrosion
properties of the clad or post cladding substrate can be measured using number of
instruments, the study of the microstructure and phase transformations of the cladding
feedstock, clad layer, substrate, and its interface with clad layer, are reported as being the
most useful information in terms of the material design for specific cladding couples. The
following diagnostic parameters for the clad/substrate couple have been reported with

advanced microstructural analysis [5,265-271]:

o Dynamics of solidification
o Adherence

o Porosity

o Cracks

o The bonding zones.

o Heat affected zone.
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o Presented phases.

o Particle distribution

o Particle size distribution

o Particle geometry

J Chemical composition

o The wear and corrosion mechanisms

Each of the above characterization approaches are possible via one or more types of
microstructural analysis of the clad component. Scanning electron microscopy (SEM),
transmission electron microscopy (TEM), orientation imaging microscopy (OIM), X-ray
diffraction (XRD), optical microscopy (OM), energy dispersive X-ray spectroscopy (EDS),
electron backscattered diffraction (EBSD), and electron probe microanalysis (EPMA), are
common techniques that are regularly applied in such materials analysis.

The microstructure and properties of laser clad coatings studied by OIM has shown that
this technique combines the advantages of SEM observations with information about the
crystal/grain orientation and solidification microstructure after laser processing. Using this
approach, Ocelik et al. showed that formation of strong epitaxial growth of Co grains on
the substrate does not depend on the laser beam scanning speed, based only on a transverse
cut of a laser track [272]. They suggested that a longitudinal cross-section at the center of
the laser track provides much more information concerning grain size, grain shape and the
solidification texture of the coating microstructure formed during laser cladding, as shown

in Figure 20 [272].
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(a) (b)

Figure 20. a) Inverse pole figures with grain boundaries from transverse (left) and
longitudinal (right) cuts across single laser tracks formed at four different laser cladding
speeds. b) SEM image of a laser clad sample cut in the plane perpendicular to the substrate

bar axis and almost parallel to the cladding direction [272].

Characterization of the solidification dynamics by studying the gradient microstructure is
particularly feasible with SEM and TEM micrographs, as demonstrated in laser clad TiC-
reinforced Ni-alloy composite coatings [273]. In this work, an increase in both the size and
volume fraction of TiC particles was reported, along with a change in morphology from
small, globular to coarse, flower-like clusters (Figure 21). The same study reported the
growth of TiC particle size in relation to its location, which became less effective at higher

scanning speeds of the laser beam.
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Figure 21. TEM micrographs showing the growing features of TiC particles in different
regions of the clad layer, processed at 2000 W laser power and 6 mm s~ ! scanning speed:

(a) at bottom; (b) at lower part; (c) at intermediate part; (d) at upper part [273].

The effect of processing parameters on the quality of the clad is generally explained by its
solidification and the represented phase microstructure. Chiang et al reported the presence
of dendrites, inter-dendritic eutectics, faceted dendrites, and the retaining of WC particles
(Figure 22), in the laser clads of Stellite12 plus WC, using a combination of SEM, EPMA,
and EDX. They stated that an increase in laser energy density may result in a decrease of

the Co, Cr, and/or W contents of the dendrites, and an increased dilution of Fe [274].
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(©) (d)

Figure 22. SEM micrographs showing the microstructure of the laser clad 90% Stellite12
plus 10% WC (wt.%) alloy coating obtained at: (a) 28.65 J/mm?, (b) 38.20 J/mm?, (c) 45.84

J/mm?, and (d) 50.93 J/mm?[274].

2.4. Summary

Selection of deposition techniques including thermal spray and laser cladding has been
investigated for fabrication of hard TiC based coatings for applications with extensive wear

and/or corrosion requirements. Thermal spraying is a well-established technique used in
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deposition of wear and corrosion resistant coatings that have the capability of depositing a
wide spectrum of feedstock materials with diverse chemistries such as metals, ceramics,
alloys, and ceramic metal composites. In thermal spraying the mass of the feed powder
encounters a temperature cycle within an allocated period, namely known as the dwell time.
As a result, the particles of the feedstock material are melted (or partially melted) and
sprayed by a stream of pressurized gas onto the surface of a prepared substrate. Thermal
spray processes are further classified into plasma arc, electric arc, kinetic, and flame-based
processes. High velocity oxy fuel (HVOF), with a flame as the heat source, have been used
to process carbide with low residual stress, high hardness and bond strength, and a lower
volume of porosity among the outlined methods.

Rapid development of lasers with higher power and more advanced wavelength, pulse
duration, and beam format, have resulted in advancements of laser processing in recent
years. Research efforts have focused on understanding the interaction of the laser beam
with the processed material(s), the role of process parameters, the dynamics of non-
equilibrium process solidification, microstructural development, and modelling of the
process. Today, synthesis of nonequilibrium metallic phases is possible due to the inherent
rapid heating/cooling rates arising in laser processing, which cannot be rivalled by other
processes.

Most of the laser surface processes, such as laser surface melting (LSM), laser-supported
absorption (LSA), laser cutting system (LCS), laser surface cladding (LSC), and laser
shock processing (LSP), have shown significant improvement in mechanical properties
(i.e., corrosion, wear, fatigue, etc.) of the substrate. Currently, laser cladding competes

commercially against several major coating techniques, such as welding, thermal spray,
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chemical vapor deposition (CVD), and physical vapor deposition (PVD). However, the
high initial and maintenance costs of laser systems prevent them from rapid
commercialization via industrial manufacturing. Newer generations of high-power lasers,
with high efficiency and low maintenance requirements, are expected to overcome this

1Ssue to some extent.
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spray development: Micro-composite powder preparation and HVOF
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Abstract

The current study proposes use of the polysaccharide, sodium alginate, as a gelation aid to
‘solidify’ aqueous suspensions, comprised of micron-sized ceramic-metal particles, into
spherical, micro-composite ‘cermet’ feedstock powders. These feedstock powders, with
finely divided ceramic and metallic components, can then be used for the preparation of
high velocity oxygen fuel coatings and/or laser deposition cladding. Sodium alginate
gelation is typically based on ion exchange, and a variety of gelation agents have been
examined in the present work. It is shown that aqueous solutions of CaCl2, Ca-acetate, Al-
nitrate, methanol, acetic acid, and 5 % HCl acid are all capable of gelling alginate droplets
through a simple cross-linking mechanism. Consequently, spraying a sodium alginate
containing ceramic-metal particle suspension, with a suitable air atomizing nozzle, into an
aqueous bath of one of the outlined solutions allows the production of nominally spherical
‘cermet’ feedstock particles. In the present work, TiC-NizAl micro-composite cermet
particles have been successfully produced, and then analyzed both before and after a
sintering heat-treatment. Furthermore, rheological assessment of the colloidal suspensions
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both prior to and during the gelling stage are also described. As a preliminary ‘proof-of
principle’, an initial set of HVOF coatings has also been prepared using the gelled

feedstock material, and initial characterization of these coatings is presented.

3.1. Introduction

High velocity oxygen fuel (HVOF) spraying allows for dense coatings to be quickly
applied to a wide variety of surfaces. HVOF is used in many industries to produce wear
resistant and/or thermal barrier coatings, with the most commonly applied ceramic-metal
(cermet) systems being WC-Co and WC-CoCr [275-278], which are often used as
replacements for hard chromium plating. To achieve dense, consistent quality coatings, the
feedstock powder for HVOF systems must be tightly controlled. A mono-modal, narrow
particle size distribution, typically in the 15-40 um size range, and particles with a
spherical morphology are preferable for HVOF, in order to reduce gun clogging during
spraying. Furthermore, spherical particles have also been demonstrated to improve flight
within the HVOF process gas stream. These criteria help to achieve fully dense coatings,
and to reduce inconsistent feed rates, which can lead to variation in coating thicknesses
[275-278]. Therefore, the powder production for HVOF applications is often lengthy,
costly, and thermally intensive. In simple cases, such as in pure and low alloy content
metals, such powders can be produced through inert gas atomisation. However, due to the
dispersoid nature of cermets, and the differences in density which normally exist between
the metal and ceramic phases, inert gas atomisation is difficult to apply. Instead, operations

such as the melt spinning, spray dried agglomeration, or metallic coating of ceramic
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particles are employed [275-277], requiring a large initial investment, with a long and
energy intensive production path. Therefore, a refined microstructure can be difficult to
achieve, although several studies have shown the mechanical benefits of retaining a finely
dispersed small ceramic phase [276,277]. Such fine-scale structures can be achieved
through approaches such as mechanical alloying [246], whereby even nano-sized ceramic
particles can be incorporated into a metallic matrix for each individual particle, with the
subsequent potential to create a nano-structured feedstock. The challenge with that
approach is then to scale up the overall process to the level needed for production.
Consequently, there is still a considerable incentive to find alternative feedstock production
techniques for thermal spray. The earliest developments in processing of ceramics by
colloidal routes date back to 3500 BCE, which mainly involved clay-based pottery
[246,247]. Later advancement of this approach leads to a number of forming methods such
as slip casting, extrusion, filter pressing, and dry pressing. Unlike clay-based systems, most
ceramic suspensions need to be engineered into a fluid or plastic/paste system through pH
control and/or by incorporating organic processing additives. These additives can include
dispersants, binders, and plasticizers, and they modify the rheological behavior and impart
handling strength to as-formed ceramic bodies and particles [248]. A disadvantage of this
approach is that often a binder removal stage is needed. As an alternative, gelation
approaches for suspension processing have the potential to be less expensive and more
environmentally friendly. However, if the aim is to produce spherical, micro-composite
type particles, such systems need to initially be in the form of stable (i.e., no
agglomeration), monodisperse colloidal suspensions. There is then the capability to

produce the desired degree of microstructural homogeneity that is invariably required for
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structural and functional ceramics. It has been reported that these systems usually lack the
desired plasticity without suitable process control. Additionally, manufacture of
monomodal particle size is almost impossible, and in fact multi-modal powder distributions
are often favored [249,250]. Further challenges for these systems have included the
presence of undissolved organics of various species within the mixtures and its related
uncontrolled decomposition reactions which generate defects during binder removal
[247,248,250-252]. Colloidal stability itself can typically be achieved through careful
control of interparticle forces, for example through electrostatic, steric, or electrostatic
stabilization. The associated rheological behavior of these colloidal dispersions is then a
critically important characteristic for subsequent processing approaches.

In considering approaches for gelation processing of suspensions, sodium alginate is a
naturally occurring polysaccharide, derived from brown seaweed, and often used to
increase viscosity and/or form gels used in the food and medical industries [253]. The
gelation mechanism of alginate also works in favour of being able to produce fine spherical
gelled particles. It has also already been used in the production of spherical zirconia and
silicon nitride particles [12—16], utilising an ion exchange mechanism for gelation, and also
for processing SiC bulk ceramics. The viscosity of a sodium alginate solution is dependent
on both the alginate chain length and concentration. The gelation mechanism in sodium
alginate arises from a-L-guluronate (G) segments, chained together on the alginate polymer
backbone into groups, referred to as G blocks [254-258]. When Sodium alginate is added
to water, it dissociates into free Na* ions and alginic acid. If a molecule of alginic acid is
exposed to divalent (or trivalent) cations, the G blocks in the polymer backbone will

attempt to bond with the cation and bend the polymer backbone to form a ‘box’ around
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three sides of the cation. Additional molecules of alginic acid can then be attracted to and
bond with the cation. This gelation mechanism is typically referred to as the “egg-box”
model, due to the visual similarity of the bent alginic acid polymer to an egg carton[254—
258]. A schematic representation of the structure of the alginate components and this model

are presented in Figure 23[260].
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Figure 23. (a) Schematic representation of the structure of the mannonate and guluronate
monomer units. (b) Alginate chain structure. (¢) Schematic representation of the alginate

ion exchange gelation mechanism. Figures adapted from [284].

This process of absorbing metal cations, termed chelation, has been used in the food
industry to produce vitamin capsules, candies, and haute cuisine fruit and vegetable
“caviar” [255,257,258], as well as in the medical industry for encapsulating bacterial
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cultures, or producing cell culture substrates [254,256,257]. Gelling agents for alginate
generally fall into one of two categories: (i) acid gelation, and (i1) divalent cation polymer
cross-linking. Gelation can be induced at low and high pHs, and through introduction of
organic solvents [255]. Such conditions cause the alginate molecules to denature, forcing
the polymer chains to bend and entangle with one another, yielding gelation. This
mechanism is less stable than gelation produced through chelation, and as such capsules
will readily degrade when returned to a neutral pH. Acid gelation does not produce a
permanent gelled structure, but rather, when acid gelled particles are rinsed with water, the
alginate returns to its original state of a long straight polymer chain, and de-binds. By
contrast, in chelation, the polymer chains bind to divalent or trivalent cations, crosslinking
and creating a gel. This is considerably more stable than acid stabilization and can be
washed with deionised water without degradation. Calcium chloride (CaCl2) is the
standard chelating agent used in the gelation of most sodium alginate solutions
[254,255,258,261-264], as it is low-cost, highly soluble, chemically stable, and reacts
quickly with alginate. In the current study, these sodium alginate gelation approaches are
utilised with the aim of producing nominally spherical, micro-composite powders that
might be suitable for application in a variety of coating approaches, most notably high-
velocity oxy fuel (HVOF) thermal spray, or potentially laser directed energy deposition
cladding. A titanium carbide-nickel aluminide (TiC-NizAl) cermet system has been
selected for this assessment, based on prior work relating to bulk cermets of similar
composition and, consequently, their known performance characteristics in terms of wear
and corrosion [16,285-288]. The rheological responses of the aqueous suspensions have

been assessed, including the development of a novel approach for dynamic evaluation of
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the gelation process. Furthermore, suitable micro-composite particles have been
manufactured using an air atomising nozzle system, and these have been successfully
gelled. However, the desire to remove as much chlorine as possible has also led to several
alternative gelation agents being assessed. Based on this study, preliminary TiC-NizAl
HVOF coatings have been prepared using optimised micro-composite powders made by
such gelation technology; the wear and corrosion responses of these coatings will be

discussed in a future publication.

3.2. Experimental procedures

3.2.1. Raw materials

The TiC powder (lot no. PL20126240; particle size of 1.0-2.0 um) used in the present
study was supplied by Pacific Particulate Materials Ltd. (Vancouver, BC, Canada). The
‘NizAl” component was produced through combination of Ni powder (lot no. L10WO013;
particle size of 2.2-3.0 um) and an appropriate amount of Ni: Al (50:50 wt%) powder (lot
nos. D28X029 and G19X071; each with D50 = 32 pum); both the Ni and Ni:Al powders
were supplied by Alfa Aesar (Ward Hill, MA, USA).

The morphologies of the starting powders were subsequently determined using in a field
emission gun scanning electron microscope (FEGSEM; model S-4700, Hitachi High
Technologies, Tokyo, Japan), with example images presented in Figure 24. It is apparent
that the TiC powder is quite angular, with both micron- and nano-sized components,
including quite coarse particles, as noted previously [289]. The Ni powder is more

equiaxed, but again has some angular surface features. In comparison, the Ni: Al raw
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material exhibits a spherical morphology, with numerous satellite particles, that is typically
seen for feedstock materials synthesised using a gas atomisation procedure.

The various gel forming agents were acquired from Alfa Aesar (Ward Hill, MA, USA)
and/or Sigma-Aldrich (St. Louis, MO, USA) and were reagent grade quality; a summary
of the chelating agents examined is provided in Table 5. Organic solvents were all acquired

from Fisher Scientific and were of >99.6 wt% purity.

20.0um

Figure 24. Representative FEG-SEM images of the starting powders used for micro-

composite particle preparation: (a) TiC, (b) Ni, and (c) Ni: Al
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Table 5. The various gelling agents employed in the present work, along with their initial

qualitative performance in terms of particle morphology (droplets pipetted into the gelling

agent solution).

Droplet
Chemical Abbreviation
Gelling agent Concentration morphology after
formula used (if any)
gelation
Calcium chloride CaCl, CaCl, 02M
Calcium acetate CaC4HsO4 Ca-acetate 02M
Aluminum nitrate AIN3O9 Al-nitrate 02 M
Spherical
Hydrochloric acid HCI HCI 5%
Methanol CH4O Methanol 100 %
Acetic acid CH3;COOH Acetic acid 100 %
Ethanol C2HsO Ethanol 100 %

Calcium lactate CaCsH 1006 Ca-lactate 02M Donut/
Isopropyl alcohol C3HsO IPA 100 % ‘Blood cell’
Aluminum nitrate AIN3O9 Al-nitrate 0.13 M

Nickel acetate NiC4HeO4 Ni-acetate 0.2M Splat

3.2.2. Preliminary gelation studies

Each of the chelating agents was compared on a molarity and normality basis to evaluate

their efficacy. Preliminary investigations involving pipetting droplets of TiC/sodium

alginate suspension into aqueous calcium chloride (CaCly) solutions of various
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concentrations. It was observed that a CaCl, concentration of 3 g/100 ml produced
qualitatively spherical particles, which corresponds to a molarity of 0.2 M (or a normality
of 0.4 N). Lower concentrations yielded particles exhibited ‘tails’ or were donut shaped.
Higher concentrations resulted in no significant improvement to shape retention, while at
the same time increasing the Cl content. All Ca- and Ni-based chelating agents were
compared as 0.2 M solutions. Two concentrations of aqueous aluminum nitrate (Al (NO3)3;
henceforth abbreviated as Al-nitrate) solutions were prepared, one 0.2 M (0.6 N) and one
at 0.13 M (0.4 N), to investigate whether the charge of the Als" ion improved gelation. As
sodium alginate has been shown to gel in ethanol for culinary applications, alcohols of
different chain lengths, along with acetic acid, were also investigated. These organic acids
were examined as industrially pure solutions. A 5 % solution of hydrochloric acid (HCI)
was also investigated as proof of concept. Solutions of the following compositions were
consequently prepared: methanol, ethanol, isopropanol, acetic acid, HCI, CaCly, calcium
acetate (C4H6Ca04; Ca-acetate), calcium lactate (C¢H10CaOs; Ca-lactate), nickel acetate
(C4HeNiOg4; Ni-acetate), and Al-nitrate. For salt hydrates, the concentration of water was
determined through thermogravimetric analysis (TGA; Model Q600 Simultaneous
Differential Thermal Analyzer, TA Instruments, New Castle, DE, USA) and the
concentrations were appropriately adjusted. 2.3. Suspension processing and micro-
composite powder production Stable suspensions with an overall cermet composition of
70 vol% TiC with 30 vol% NizAl where the ‘NizAl’ is actually comprised of Ni and Ni:
Al (50:50 wt%), were created using a solution of 1.6 wt% sodium alginate and water. The
sodium alginate solution was initially prepared through blending the alginate in water for

2 min and then degassing the solution. The suspension itself was prepared with 50 wt%
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total solids (i. e., TiC and ‘Ni3Al’), with the pH adjusted to 8.5 using a solution of NaOH,
and with 0.1 vol% Darvan® C-N added as a dispersant. This suspension stabilization
formulation is adapted from a prior study [289]; the general development and mixing
procedures for this aqueous suspension are described in detail in that previous work for the
same TiC powder. The TiC-NizAl/sodium alginate suspension was then homogenized and
degassed, before being sprayed through an atomising nozzle into a water bath containing
the gelling agent at a predetermined concentration. In terms of the production of micro-
composite powders, the use of air assisted atomisation is an affordable and easily scalable
technique for high volume production of micro-droplets, which can in turn be gelled using
any number of gelation techniques. In the present work, a TurboTak (Waterloo, ON,
Canada), air-assisted atomising nozzle (2 mm diameter) was used, which can finely
atomize high-viscosity liquids or suspension by means of compressed air. All experiments
were conducted at room temperature (23 + 2 °C). The generated droplet sizes are controlled

through simultaneous adjustment of the air pressure and liquid flow rates, as highlighted

in Figure 25.
—a‘- 80 I 1 | 35 >
c ¥  Air pressure (psig) =
5 | 3
E 5 .- 30 @
£
™~ d
70 25 3
a
65 20
®
60 |+ v 15
: 4
® D50 (microns) | L]
55 [ I i 10
50 100 150 200 250 300 350

Flow rate (ml/min.)

(a)

77



T

) ‘
=
o ® D50 (microns)
[T}
2
o
70
65
® ®
60
4
°
55 i
14 16 18 20 22 24 26

Air pressure (psig)

(b)
Figure 25. The generated cermet droplet sizes at simultaneous adjustment of the air

pressure and liquid flow rates.

The nozzle itself is composed of a steel cylinder with radially drilled holes, allowing air to
enter and disrupt the liquid stream. For the present work, the fine droplets generated from
this turbulence are then ejected into a gelling bath; the distance of the nozzle to the bath
was roughly 40 cm, and a peristaltic pump was used to pump the liquid. As in traditional
gas atomisation techniques, the droplets fall and become more spherical due to the lowered
energy associated with a reduced surface area-to volume ratio for a spherical morphology.
They then contact the surface of the chelating agent bath and begin to gel; some slight
deformation from ideally spherical might be anticipated at this point. A magnetic stir bar
in the bath helps to prevent clumping of the particles during gelation but does not yield a
significant reduction in inter-particle sticking during drying. The gelled particles were
subsequently removed from the bath, rinsed with deionised water, collected using a

vacuum filtration system, and then dried overnight in an oven held at 60 °C. After drying,
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particle clumps were very gently broken apart using a mortar and pestle. Particle size
distributions were subsequently measured using a Malvern Mastersizer 3000 (Malvern
Panalytical, Malvern, UK). Analysis was performed without ultrasonic vibration so as not
to damage the gelled particles. A flow chart of the overall micro-composite powder
production process is presented in Figure 26. Simple micro-composite particle heat-
treatment operations were also investigated within a differential scanning calorimeter
(DSC)/thermogravimetric (TGA) system (model Q600 SDT, TA Instruments Inc., New
Castle, DE, USA), to examine melting events and mass loss associated with the gelled
particles during heating, and to determine if the mechanical integrity of the particles could
be improved through sintering or partial metallic phase melting (which may also improve
the powder flowability). These operations were performed with a heating rate of 20 °C/min,
in and Ar atmosphere, to various hold temperatures. The micro-composite particles were
subsequently examined in a field emission gun scanning electron microscope (FEG-SEM;
model S-4700, Hitachi High Technologies, Tokyo, Japan). The micro composite particles
were supported on electrically conducting silver paste for imaging in the FEG-SEM, both
before and after sintering. Furthermore, cross-sectional imaging, both pre-/post-sintering,
was conducted by mounting powders in epoxy resin, polishing, and then gold coating to
better examine the degree of bonding within the micro-composite powder. Particle size
distribution and chemical composition of the participating powders was analysed using
inductively coupled plasma atomic emission spectroscopy (ICP-OES; model Thermo iCap
7400 Dual View, MA, USA), with an internal calibration standard (scandium). Powders
were dissolved into solution by a near total acid leach digestion procedure (using HF,

HNO3, HC104, and HCI) before running on the ICP. Solutions were diluted 10x and up to
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7,000x (for higher compositional content in order to keep the readings within the

calibration range), in 5% HNO:s.
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Figure 26. Simplified flowchart of the process applied to produce TiC-NizAl micro-

composite particles for HVOF thermal spraying.

3.3. Rheological Characterisation of Suspensions and Gelation Response

Flow and oscillatory rheometry tests (model AR-2000 Advanced Rheometer, TA
Instruments, New Castle, DE, USA) were conducted on the cermet-alginate suspensions to
characterize their viscoelastic behavior. The tests were done before and after the addition
of the gelling agent. A 40 mm diameter parallel plate geometry was used for the rheometric

study of the colloidal suspensions, prior to spraying, at 20 °C. The gap was re-zeroed for
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each experiment. The upper side of the flat disk had a fixed water trap. A sampling cup
with centering capability was specifically designed as an addition to the standard geometry
(Figure 27). The inertia of the disk was calibrated with a volume of 1.0 ml of water added
to the moisture trap. Liquid samples were introduced on to the plate and left to equilibrate
for 5 minutes to minimize residual shear history. The bottom plate of the geometry has a
controllable thermal Peltier unit, which allowed the programmed temperature to be

accurately maintained for the duration of the experiments within a reasonable range, e.g.,

20+ 0.05 °C.
- — - -
t = 0, solvent trap is -.- -‘ ! .‘_ -.
m— - 2=y 6 -
t = 5 min, geometry is 5 ’F_' '_q
i 4 - L
t>5 min, gelation aid 3 - )
) -—
— —
‘ = L
Alginate/oelatinn  aid ! il
(a) (b)

Figure 27. Schematic images of modified lower attachment geometry with solvent trap
cover demonstrating a) before and after loading the specimen, and b) detailed diagram of
the disassembled trap cover specifying the components of the apparatus: 1. Peltier plate, 2.
Base tray, 3. Nitrile O-ring, 4. Sample tray, 5. Sample manifold, 6. Rheometer plate and 7.

Solvent trap.

Sodium alginate solutions with 0.1 vol.% Darvan® C-N added as a liquid dispersant, were
prepared under atmospheric conditions on a hotplate at 60 °C prior to their rheological

measurement or their mixing with the cermet powder blend. The test suspensions for the

81



rheological studies were prepared with 50 wt.% total cermet solids (TiC and NizAl), as
used for the micro-composite powder synthesis described in the previous section. The pH
was adjusted to 8.5 using ~5ml of 0.1M NaOH solution per 500 ml of suspension.

The density of the cermet was estimated from the volume fraction v of ideal mixing of its

components:

Equation 6

Pc = VUnisal * PNisal T (1- vNi3Al) " Pric

Converted to a function of mass fraction w the expression becomes:

Equation 7

1
p =
‘ Wnizat/Pnizal (1- WNi3Al)/pTiC

After loading the material onto the sample cup, the disk and the moisture trap cover were
slowly lowered, until the disk reached the predetermined test gap (1000 or 1500 mp). The
moisture trap minimized changes due to humidity and evaporation, which are often sources

of error during rheological testing of aqueous substances over extended time periods.

3.3.1. Preliminary Flow and Oscillatory exploration

After performing preliminary experiments to establish reasonable boundaries for test

parameters, the oscillation frequency was set at 5 Hz and the applied strain to 0.5%, which
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were used for most oscillatory experiments. Rheological studies were carried out using a
1000- or 1500-microns gap at 20°C for the cermet/sodium alginate suspensions. The

suspension sample volume used was 1.8 mL.

3.3.2. Reported tests: flow and oscillatory.

The tests were performed in two steps: (i) During the first 8 minutes, a shear flow ramp
from either 10 s or 100 s to 1000 s}, and back, was applied four times. (ii) The oscillatory
experiment was then started, allowing for equilibration oscillatory time sweep for 5
minutes sweep on the raw material. (iii)) The gelation agent was then added around the
sample with minimal disturbance, while the oscillatory time sweep was continued. The
measurements from the oscillatory test were recorded for 30 minutes (5 equilibration, 25
gelation), at intervals of 6 seconds. (iv) After the 30 minutes, an oscillatory strain sweeps
between 0.2 and 20 % was applied, to evaluate the strength of the gel. The volume of
chelating agent added around it, through the centering device shown in Fig. 4, was 3.4 mL
of CaCl; solution.

Through this approach, the rheological responses of the raw suspensions have been
gathered and are summarized in terms of the apparent viscosity. For the raw/gelling/gelled
the storage modulus (elastic component), G', the loss modulus (viscous component), G",
and the loss angle o (from its tangent, the ratio of the viscous to elastic responses for a

viscoelastic material), as a function of time.
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3.4. HVOF Thermal Spraying Trials and Microstructure Characterisation

The gelation-processed TiC-NizAl feedstock powders were deposited using an HVOF
system (Model Diamond-Jet, Oerlikon Surface Solutions AG, Pfiffikon, Switzerland) at
Boeing Research and Technology (South Park, Seattle, WA, USA). Coatings were
deposited onto Ti-6Al-4V alloy panels at thermal spraying ‘stand-off” distances of 203,
238, 254, 279 and 305 mm (i.e., 8", 9", 10", 11" and 12", respectively). The substrate
materials were first cleaned with acetone and the surface of each panel was prepared by
grit blasting with 60 grit SiC particles, in order to increase the surface roughness and hence
the adherence between the TiC-NizAl coating and the substrate material. An average
coating thickness of 100-150 um was achieved after 42 passes. The HVOF gun was
programmed for a H»:O> ratio of 1300:500 SCFH. The micro-composite feedstock powders
then were fed into the HVOF gun at 12 RPM (25 g/min), with 75 SCFH Ar used as the
carrier gas.

After coating, the HVOF sprayed samples were sectioned perpendicular to their planar
surface, using a precision saw to provide an accurate and clean cut. For imaging of the as-
deposited surface, the coated substrates were hot-glued onto stainless steel discs. For cross-
sectional imaging, the samples were mounted within a cold-setting epoxy resin and then
metallographically prepared for characterization. This was achieved by grinding/polishing
with successively finer grades of diamond abrasive to a 0.25 um final diamond paste
particle size. Microstructural characterization of the HVOF deposited TiC-30 vol.% NizAl
cermet coatings was subsequently conducted using optical microscopy (OM; Model BX-
51, Olympus Corp., Tokyo, Japan) and FEG-SEM (details as before). Compositional

analysis was performed in the FEG-SEM using energy dispersive X-ray spectroscopy
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(EDS; Inca X-maxN, Oxford Instruments, Concord, MA, USA). The degree of porosity
was assessed by adopting the standard black spot test with associated photographic

software.

3.5. Results and Discussion

3.5.1. Comparison of Sodium Alginate Gelation Systems

To initially verify that the alternative gelling agents had some degree of functionality, small
droplets of a suspension of TiC-NizAl/sodium alginate, produced as described previously,
were pipetted into beakers containing individual solutions of each of the various gelling
agents. This allowed a preliminary qualitative observation of gelation ability. Solutions
containing 0.2 M CaCly, 0.2 M Ca-acetate, 0.2 M Al-nitrate, pure methanol, pure acetic
acid, and 5 % HCl acid produced nominally spherical gelled droplets. In contrast, solutions
of Ca-lactate, ethanol, and IPA yielded misshapen, ‘donut-like’ particles. Ni-acetate
produced flattened, ‘splat-shaped’ structures which due to their lack of strength broke upon
impact with the bottom of the beaker. These qualitative results are summarized in Table 5.
Based upon these initial observations, only CaCl,, Ca-acetate and Al-nitrate were selected
for further study. While methanol and acetic acid performed comparatively well, their high
volatility makes them dangerous to work with and the atomising nozzle setup could not be
easily recreated in a fume hood. HCI was subsequently eliminated as, though particles
gelled well, HCI contained CI™ ions which are deemed unsuitable for most metallurgical
applications, while also presenting some obvious safety concerns. Particles gelled with Al

nitrate were similar in nature to the Ca-containing systems. However, during gelation, the
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Al nitrate aqueous bath changed color, turning lightly green. This color change was
associated with the dissolution of Ni from the solid material in the TiC-NizAl suspension
and was confirmed using ICP-OES analysis of the retrieved solution. Roughly 4.5 wt.% of
the nickel from the powder had dissolved into the Al nitrate aqueous solution. As such, Al
nitrate was deemed unsuitable for use with this specific cermet powder. Ca-acetate was
continued as a baseline. Hence, the following results and discussion is based on TiC-NizAl
powders produced with these three chelating agents only.

A preliminary series of experiments demonstrated that the mean particle size of the dried
particles following suspension spraying through the TurboTak nozzle corresponded well
to the particle size suggested by the manufacturer. Additionally, it was generally found that
the spray could be greatly increased over the manufacturer’s recommended flowrates,
which was recommended at 1 to 40 mL/min, without impacting the particle size. Spray
gelation trials were performed using both CaCl, and Ca-acetate containing baths, to verify
the accuracy of the performance curve provided by MEGTEK at moderate flow rates of
about 300 ml/min. Higher flow rates, up to 500 mL/min, were used to test the operational
limit for droplet formation. It is unclear if increased flowrates impact the spherical nature
of the particles, since several problems were observed in operation at flowrates greater than
400 mL/min. The back pressure from any blockages that occur at these flowrates resulted
in a failure of the friction fit of the tubing and severe vibration of the tubing was seen at
these flowrates. These vibrations made the tubing and the apparatus unwieldly. However,
low flowrates were also problematic. The peristaltic pump used in this experiment only

had two rollers and no accumulator, and thus a severe fluctuation in flowrate was observed.
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A typical powder size distribution after spraying and drying of the particles is presented in
Figure 28. The distribution is moderately large, with a Dig of 17.4 um and a Dgo of 187
um. The distribution is also unimodal though with a slight skew for finer particles. At least
part of this skew is likely a result of isolated particle fracture occurring during the crushing

of the gelled particles with mortar and pestle to liberate them from one another.
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Figure 28. Particle size distribution for TiC-NizAl particles sprayed into a bath of 0.2 M

concentration Ca-acetate at a liquid flow rate of 300 mL/min and an air pressure of 0.173

MPa (25 psig).

Example SEM images of gelled and dried particles, sieved to collect the fractions between
45 and 75 pm, as well above and below these limits are presented in Figure 29 and Figure

30; it should be noted that the cermet example prepared with CaCl, has a higher NizAl
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content than for most of the present work, at 40 vol.%. The particles appear somewhat
spherical, though are often slightly irregular or oblong in nature. Nevertheless, the particles
produced were roughly spherical, and it was possible to then handle and sinter them to
increase their mechanical robustness.

The samples that did not pass the 75 um are quite uniform, as is the fraction collected
between 45 and 75 um. In contrast, the fines that passed through the 45 um sieve show
both intact particles and fragmented material, which is presumably damaged either during
the light grinding by mortar and pestle, or during the sieving step itself. However, these

particles show a suitable morphology for use in techniques such as HVOF or for laser DED

processing.

500um

(a) (b)
Figure 29. TiC-Ni3Al particles produced at sprayed into a bath of 0.2 M Ca acetate at a
liquid flow rate of 300 mL/min and an air pressure of 25 psig. The images shown the
separated particles sized between 75 pm and 45 um: (a) high magnification, and (b) low

magnification.
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Figure 30. Examples of fractionated TiC-40 vol.% NizAl particles after gelation with
CaCly, sprayed from a 50 wt.% solids suspension: (a) the +75um fraction, and (b) the -

45um fraction.

3.6. Rheological Analysis

3.6.1. Alginate suspension before gelation

The apparent viscosity of the 1.6 wt.% sodium alginate in distilled water (without the
addition of cermet particles) versus shear rate is plotted in Figure 31. The alginate solution

is shear thinning and the presence of a normal stress indicates that it is viscoelastic.
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Figure 31. Rheology plots from 1.6 wt.% sodium alginate in distilled water. (a) Flow
viscosity and normal stress vs. shear rate. (b) Oscillatory elastic (G’) and viscous (G”)

moduli vs. oscillation frequency; the secondary axis shows the phase angle, delta.

The flow viscosity 7 (Pa-s) is described well by the Carreau-Yasuda equation, with

negligible infinite shear viscosity:
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Equation 8
n="1n,"[1+@-p)*ta

where 7, 1s the viscosity at zero shear rate (Pa-s), A is response time (s), ¥ is the shear rate
(sh), p is analogous to the power law index and a is dimensionless parameter that describes

the transition from the negligible shear rate region to the power law region.

Table 6. Values of the parameters of the Carreau-Yasuda equation to estimate the apparent

viscosity of the cermet suspensions.

Parameter | Units | Value
o Pa‘s 0.810

A S 0.00621
a - 0.888

p - 0.626

For plate-plate geometries this thrust (the normal force) Fpp () (N) is, in fact, the first
normal-stress difference Ni(y) minus the second normal stress difference No(y), as

described by Equation 4 [40,41]:
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Equation 9

2Fpp(¥) d1In Fpp(y) . .
TTR2 1+ O'ST()/') = (N1(¥) = N2(PD)ly,=r

The radius of the parallel plate is R (m) and ¥ is the shear rate (s). The Reynolds number

for parallel-plates geometry is given by:

Equation 10

__ pwRh _ pyh?

e [ —

pp n n

Table 7. Rheometry parameters utilised for the cermet suspensions.

Parameter Symbol Units Value
Density p kg/m’ 2.57x10°
Apparent viscosity n Pa-s ~0.1
Gap h m 1x1073
Nominal shear rate y st 10! to 10°

The oscillatory frequency sweep shows a liquid-like behaviour at frequencies below 1 Hz.
Below this value the elastic component is insignificant compared to the viscous component.
Above 1 Hz, the elastic component increases faster with frequency than the viscous
component. The crossover is close to 10 Hz, however, the liquid-like behaviour is still

dominant, since the complex viscosity remains virtually constant, at approximately 0.127
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+0.002 Pa-s. The relationship between frequency, w, and complex viscosity 7* is described

by a power-law regression to characterize the gel properties [290-292]:

Equation 11

(@) =Kro™ (0 <nf<1),
where n* is defined by {(G? + G"*)"?}/iw
Constant Krrepresents the dynamic consistency index, in this case, whereas exponent nfis
the dynamic power-law factor. When the exponent is equal to 1, the system is completely
elastic, and #* decreases with increasing @w. When the exponent is equal to 0, on the
contrary, the system is completely viscous, and #* stays constant regardless w. The
exponent for the alginate solution is very close to zero for frequencies below 10 Hz. These
results agree with reported values for sodium alginate media while there was very little

work has been done on the rheology of ceramic suspensions [293,294].

3.6.2. Rheology of the Cermet Suspensions

Figure 32 shows the effect of shear rate on the apparent viscosity for cermet suspension
with 1.6 wt.% alginate and 50 wt.% solid loads without addition of chelating agent solution.
The apparent viscosity of the suspension decreases with respect to shear rate (i.e., it has a
pseudoplastic or shear-thinning behavior). These plots show hysteresis as well. The
separation between the up and down legs of the hysteresis loops decreased if the rate of
change of the shear rate over time was increased, i.e., if more equilibration time was

allowed for each step. The fluid behaviour was thus thixotropic. On the other hand, in the
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range of higher shear rates (500 to 800 s™) it was also possible to measure the normal stress.
The presence of significant normal forces indicates that the fluid, as expected, was

viscoelastic.
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Figure 32. Flow rheology plots from cermet suspension within the sodium alginate
medium stabilized at pH 8.5. (a) The viscosity vs. shear rate response. (b) The associated
viscosity vs. high shear rate response. (¢c) The measured plate normal stress vs. (high) shear

rate behavior. (d) The measured plate normal stress vs. (high) shear stress behavior.
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The apparent viscosity of the thixotropic cermet suspension changes with time under any
given shear rate. Additional experiments were conducted to explore this time dependence

of the suspension and the results are summarized in the plots in Figure 33.
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Figure 33. Apparent viscosity of cermet suspension in the sodium alginate medium
stabilized at pH = 8.7, as a function of “time after changing shear rate”. (a) Viscosity versus
time, as the shear rate is switched alternatively between 1 s and 2 s™' every minute. (b)
Detail of the viscosity vs. time curve, for the last shear step down from 2 s to 1 s7. (c)

Detail of the viscosity vs. time curve, for the last shear switch step up from 1 s to 2 s,

At short time scales (less than 60 s) the time change of the apparent viscosity follows an

exponential function:

Equation 12

n = +An-e_<%)
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Table 8. Characteristics of the time-dependent response of the apparent viscosity of cermet

suspensions to change in shear rate.

Variable  units Shear step down Shear step up
no Pa-s 0.940 —1.13 0.760 —0.685
An Pa‘s 0.190 -0.0730
T s 79.2 27.9

At longer settling times this behavior is more complicated, as seen in the viscosity data for
240 seconds after the step reduction of the shear rate from 2 s to 1 s™!, Figure 34. This
response is associated with the magnitude of yield stress that is related to the strength of

the particle network.
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Figure 34. Apparent viscosity of the cermet suspension as a function of time under

alternating shear rates (1 and 2 s™). Initial stabilization was at a sheer rate of 1 s\
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3.6.3. The gelation process using calcium chloride.

The increase in the moduli of the material due to the gelation process are evident in Figure
12. The elastic modulus (G’) is larger than the viscous modulus (G”) at all points after the
addition of the gelling agent. The Ca"" ions rapidly reached the outer perimeter of the

material, thus gelling first the most sensitive part of the parallel plate, i.e., the external rim.

(seaiBap) v)jeq

5 0 5 10 15 20 25
Time (min.)

Figure 35. Elastic (G") and viscous (G") moduli as a function of time are plotted on the left
y-axis, whereas their relative angle (J) is plotted in the right axis. The frequency was 5 Hz,

and the strain was set to 0.5 %, while the temperature was 20 °C.

During the first five minutes (negative in the plot) the raw material was equilibrated. The
CaCly solution was then added, and the oscillatory measurements continued. The

diffusivity of CaCl, in water at 25 °C and concentration 0.0 ~ 0.2 M, is 1.12x10” m?/s [35].

99



The suspension of 50% wt.% cermet solids loading has a volume fraction of water volume

v ~ 0.86, estimated from the density of the materials with Equation 13.

Equation 13

S (1 —we)/pw _ 1
v we/pe + (1 - Wc)/pw 1+ Wc/(1 - Wc) " Pw/Pe

The tortuosity was estimated approximately at 1.12 using Pisani’s method for spheres
[295-297]. Thus, the effective diffusivity in the gel must be lower than 0.86-1.12/1.12x10"
9 = 9x1071% m%/s (~ 5 x10”* cm?/min). The penetration length would be then about 1 mm

from the rim of the disc. This narrow ring would be responsible for observed moduli.

3.6.4. Gelled matrix containing cermet particles.

After gelation, oscillatory frequency sweep tests were run to explore the viscoelastic
characteristics of the cermet suspension gelled with CaClz. Frequency sweeps and strain
sweeps at 20 °C produced results such as those illustrated in Figure 36. From these tests, a
strain of 0.2% was found to be high enough to produce a good measurable response, and
small enough to maintain the integrity of the gel structure. In a similar manner, a frequency
of 5 Hz was chosen as being high enough to provide adequate sampling cycles to evaluate
the gel or sol properties, while not disrupting the structure. The elastic and viscous moduli

increased very little with the frequency at the 0.2% shear strain (Figure 36a). The complex
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modulus was around 2x10* Pa. The elastic modulus was about 10 times the viscous
modulus, indicating a sol.

After the gelation oscillatory tests, the sol was subjected to an increasing oscillatory shear
strain (0.2 to 20%) to examine the tolerance of the structure to deformation. An example
of the results is shown in Figure 36b. At strains below 0.5% the sol structure appeared
unaffected. Structure deformation starts to happen above 0.5%, with a total collapse of the
structure at a shear strain around 2%, which corresponded to an oscillatory stress of about

400 Pa. Measurements were thus restricted to strains below 0.5%.
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Figure 36. (a) Elastic (G’) and viscous (G”) moduli of cermet suspension gelled with CaCl»
as a function of oscillatory frequency, with a constant shear strain of 0.2%, and (b) Elastic
(G’) and viscous (G”) moduli (left y axis) and phase angle (3) (right y axis) from cermet

suspension gelled with CaCly, as a function of shear strain, keeping the frequency at 5 Hz.

3.7. Preliminary Assessment of HVOF Coating Trials and Morphology

For the initial study of HVOF deposition, the samples were prepared using the CaCl, ion-
exchange chelation approach. In this instance, the TiC-Ni3Al coating feedstock was prepared
with 30 vol.% of the metallic binder phase. The average thickness of the TiC-Niz;Al HVOF
coating vs. the gun stand-off distance for the powder is presented in Figure 37. The reason for
the thickness deviation at 203 mm (8") stand-off is not clear at the present time but may relate

to particle effectively ‘bouncing-off” the substrate.
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Figure 37. Average thickness of the HVOF deposited TiC-NizAl coatings vs. stand-off

distance.

The elemental compositions of the gelation-route feedstock powders, and related HVOF
coatings, were assessed using EDS (Figure 38). The result of chemical analyses revealed that
the compositions of final HVOF coatings closely resembled the composition of feedstock
powder for coatings sprayed at stand-off distances of 203 mm (8"), 229 mm (9"), 279 mm
(11"), and 305 mm (12"). Coatings that were sprayed at 254 mm (10") set off distance

exhibited the least amount of oxygen contamination, while also showing the highest carbide

deposition rates.
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Figure 38. Average elemental composition of TiC based feed-stock powder produced by

gelation and resulting coating generated via HVOF for different stand-off distances.

Figure 39 and Figure 40, with the latter at higher magnification, demonstrate representative
FEG-SEM micrographs obtained from cross sections of the HVOF thermal spray coatings
deposited onto Ti-6Al-4V substrates at various stand-off distances. From the microstructural
analysis, it is apparent that there is a general increase in the volume of residual pores with an
increasing stand-off distance above 254 mm (10"). The shape of the residual pores (shown in
Figure 39) suggests that the coalesced splat/splat boundary is most likely a consequence of
metallic bonding and, potentially, also partial re-melting the under-layer upon the arrival of a
subsequent droplet. The coatings showed an increase in the thickness of the splats through
increasing the stand-off distance, in proportion to the increased porosity. This is believed to

be the result of the low flowability of the newly developed powder. Lamellar splat structures,
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which are expected for this type of coating, are observed with inclusions of partially melted
particles and oxides. Oxide inclusions (dark contrast phase), which are a common
characteristic of HVOF coatings sprayed in air, may be beneficial to the mechanical
characteristics of the coatings such as hardness and wear resistance. However high
concentration of oxides can result in reduced wear and corrosion resistance and cohesive
failure of coating, due to their inherently brittle nature. Moreover, EDS analysis confirmed
that the internal oxides are mostly formed from Al and Ni (Figure 40. a and b). The formation
of oxide particles is related to the intrinsic properties of the material. In addition, un-melted
particles are present, following a preferred path distribution of spraying powder, according to

their inertia during the thermal spraying process. This can potentially generate porosity, or the

particles can become trapped in the body of the coating.
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Figure 39. Representative SEM micrographs obtained from the polished cross sections of
HVOF coated TiC-NizAl (30 vol.%) on Ti-6Al-4V substrates, deposited with stand-off

distances of: (a) 229 mm, (b) 254 mm, (¢) 279 mm, and (d) 305 mm.

15.0kV 11.7mm x5.00k SE(L)

Figure 40. Higher magnification SEM micrographs obtained from the polished cross
sections of HVOF coated TiC-NizAl (30 vol.%) on Ti-6Al1-4V substrates, deposited with
stand-off distances of: (a) 229 mm, and (b) 279 mm. The SEM images highlight some

residual porosity and oxide particles.
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3.8. Effects of Pre-Sintering Trials

It is important to note from the initial HVOF trials that without any form of pre-sintering
operation (to physically sinter the core of each micro-composite powder particles), the
powders had moderately poor flowability during HVOF processing, resulting in clogging
of the HVOF spray gun. This relates to the observations in Figure 30 (b), where there is
evidence of the particles fragmenting under any form of moderate mechanical loading. To
explore simple pre-sintering treatments of the powder as a possible route to improve the
flowability, the powder was subjected to high temperature treatment in the TGA
instrument.

The sintered powders, however, were prepared only in very small amounts in the TGA and
thus were not tested in the HVOF coating process; here the benefit of TGA is that weight
changes can be monitored, while the heating cycle can be very carefully controlled.
Powders were heated at 20 °C/min to 690 °C, 925 °C, and 1310 °C; approximately 50 °C
above or below notable phase transformations in the metallic binder phase. The Ni:Al
(50:50 wt.%) powder, which contributes all of the aluminum to the NizAl formulation,
contains the nickel aluminide phases Al3Ni, and Al3Niz2. The eutectic aluminum melts at
roughly 640 °C. On the nickel aluminum phase diagram, Al3Ni is observed to have its
solidus at ~854 °C [298,299], but previous experiments had indicated that the solidification
onset on cooling occurred closer to ~872 °C in a similar cermet system [260,300].
Significant self-propagating high-temperature synthesis reactions (SHSs) followed both
transformations, resulting in a non-convoluted Ni3Al melting peak in a metallic compact.

Slightly aluminum rich NizAl experiences a eutectic at 1360 °C and pure NizAl experiences
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a peritectic at 1362 °C. These transformations are registered as one melt peak due to their
thermal proximity and the high ramp rate of the DSC/TGA.

FEG-SEM micrographs obtained from the heat-treated powders after they were
subsequently embedded in epoxy (Figure 42), reveals that the particles heated to 690 °C,
have poor mechanical integrity and are effortlessly removed from the analysed surface
during epoxy mount and polishing. The particles heated to 925 °C also suffered from pull
out, but to a substantially lower extent, with the particles that were held at 925 °C for 15
minutes appearing to have reduced pull out. The particles heat treated at 1310 °C show
significant mechanical integrity as the metallic binder was observed to coat and connect
the individual TiC grains. As such, a heat treatment of temperatures up to 1310 °C is

recommended.

200um [ 15.06V 12.2mm x2.00k SE(M)
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15.0kV 12.2mm x3.00k SE(M) 10.0um

Figure 41. SEM images show particles sintered with no hold to temperatures of: (a) 690
°C, (b) 925 °C, and (c) 1310 °C. In each case the particle is embedded in cold mounting

resin, and lightly ‘polished’.

3.9. Conclusions

From this work, it is shown that air atomising nozzles can be employed in conjunction with
sodium alginate gelation to produce nominally spherical particles with a mean size below
100 um. The achieved particles have sufficient mechanical strength in the gelled form that
they can be efficiently fractionated into relatively narrow size ranges. These particles can,
in turn, be used to produce high quality HVOF thermal spray coatings.

It is also evident that, in addition to calcium chloride, alternative cross-linking agents such
as calcium acetate, methanol, acetic acid, and 5 % hydrochloric acid can also be employed
to produce gelled particles, at least on the macro scale; however, often these particles are

not stable and will readily degrade if rinsed with water.
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Finally, it is also noted that particles made via air atomising spray gelation can be sintered
to improve their strength for subsequent HVOF processing. However, necking can occur
between small particles at elevated temperatures, creating non-spherical feedstocks. The
theoretical understanding of interparticle forces through rheological analysis has given
some preliminary characterization of the produced powder in one type of gel system, using
one of the suggested chelating agents. However, to better understand the interaction of the
particles within the gel systems there is a need for further analysis such as direct force

measurements, absorbed layer chemistry and solution composition.
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Abstract

The aqueous corrosion and wear performance of TiC-Ni3zAl cermet coatings, deposited by
high-velocity oxy-fuel (HVOF) thermal spray onto AISI 4130 steel substrates, is examined
in the present work. Two powder feedstock formats were investigated. The first is a
conventional agglomerated and sintered powder, which is then compared to a micro-
composite powder feedstock fabricated via a novel gelation technology. The HVOF
coatings were subsequently examined in terms of their microstructure, corrosion, and wear
behaviors. The potentiodynamic polarisation responses of the cermet coatings were
assessed in a simulated sea water environment (deaerated H>O with 3.5 wt.% NaCl). The
reciprocating sliding wear responses were also examined, against a WC-Co counter-face
sphere. The post-corrosion and worn surface morphologies were subsequently investigated
with optical microscopy, scanning electron microscopy, and associated energy dispersive
X-ray analysis, with focused ion beam milling used to evaluate the wear track cross-
sections. The TiC-NisAl HVOF sprayed cermet coatings demonstrate a combination of
high wear and corrosion resistance in comparison to conventional WC-Co and WC-CoCr

cermet coatings that were also HVOF deposited and tested under similar conditions.
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4.1. Introduction

It is common to require coatings on a variety of metallic substrates to improve the wear
and/or corrosion resistance of the underlying material [155]. As a consequence, a broad
range of coating and surface treatment technologies have been developed. In particular, the
high velocity oxy-fuel (HVOF) thermal spray process has been examined by many
researchers and shown to exhibit significant benefits [155,301,302]. The application of
HVOF thermal spray coatings offers greater thickness capabilities than techniques such as
sputtering or physical vapour deposition, with essentially no restrictions on part size [303].
Repair/rebuilding of damaged or worn parts is also feasible with HVOF [304]. HVOF is
therefore applicable to extend the useful working lifetimes, and hence manufacturing
economics, of a broad range of materials. Coatings with excellent bonding characteristics
and attractive wear and corrosion properties have been developed to optimize the in-service
performance of cermet-based, HVOF thermal spray materials [305-308].

The growth in HVOF thermal spray technology applications and advances in feedstock
materials has led to the widespread use of ceramic and composite coatings. In particular,
the properties of carbide based HVOF coatings have been highly refined, offering excellent
component protection. As a consequence, cermet coatings have been deposited onto a wide
selection of substrate materials and have been used across a broad range of commercial
applications, including in the aerospace and automotive industries [155].

The primary example of these materials is tungsten carbide (WC) based ‘hardmetals’,
typically manufactured with Co- or Ni-based metal matrices (WC-Co and WC-N;i,
respectively). These coating materials have been widely investigated in recent years as an

alternative replacement for chromium electroplating [309,310]. However, there are
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concerns due to drawbacks related to the reduction in the fatigue strength of the substrate
metal [311]. WC-Co coatings are also heavy, due to the relatively high density of WC (e.g.,
15-16 g/cm?, depending on binder content). A further drawback of WC-Co based coatings
is that, although they are hard and wear resistant at ambient temperatures, their range of
application is invariably limited to service conditions below ~450 °C due to significant
oxidization in air, especially above 600 °C [312,313]. This severe oxidation degradation is
also reflected in poor high temperature strength retention for WC-Co [314]. WC-Co
coatings also exhibit relatively poor aqueous corrosion resistance[315], although this can
be significantly improved with Cr addition[316]. As a potential alternative to WC-Co,
‘bulk’-form cermets based on titanium carbide (TiC) offer high mechanical strength,
thermal conductivity, and wear and corrosion resistance, while still remaining
comparatively lightweight; typically, cermet densities ranging from 5.5 to 6.5 g/cm?, which
are roughly half those of WC-Co based hardmetals. At the same time, TiC-based cermets
can also exhibit exceptional fracture toughness behavior [317]. As with WC, a variety of
binders have been examined for TiC-based cermets, ranging from simple elemental
systems such as Ni [318] or Co [319], through to steels [320,321] and advanced, ductile
intermetallics [322,323]. In particular, TiC cermets that utilize a ductile nickel aluminide
(Ni3Al) based binder system have been shown to exhibit excellent high temperature
strength retention in their bulk form, to the extent that the materials are stronger at 950 °C
than they are at room temperature [323]. Furthermore, recent work has shown that the
reciprocating wear resistance of TiC-Ni3Al cermets can match that of commercial WC-Co
hardmetals [285], at less than half the mass, while exhibiting far better aqueous corrosion

resistance [324]. Therefore, there is a clear interest in developing these materials in coating
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form, for example using HVOF. The properties of HVOF coatings can potentially be
modified for the desired applications by altering the characteristics of the feedstock
powder, such as the ceramic grain size, binder alloying additions, the content of the metallic
phase, etc. The method of feedstock powder production is particularly crucial, to ensure
the material produced has the specific required chemical and phase composition, and which
also ideally exhibits a spherical morphology, low porosity, and a fine-grained structure.
Feedstock powders for HVOF can be produced by a sintering route, followed by crushing
and sieving to size [325]. However, cermet powders for HVOF thermal spray can now also
be produced by ‘atomization’ methods from a liquid phase, ‘agglomeration and sintering’,
as well as mechanical and high temperature synthesis [326,327]. Often, they can also
undergo an additional plasma heat treatment to fully spheroidize them [3].

The present study investigates the development and performance characteristics of HVOF
thermally sprayed TiC-Ni3Al cermet coatings onto steel 4130 substrates. The TiC-based
cermet samples have been prepared with a stoichiometric NizAl intermetallic phase as the
binder (at a fixed content of 30 vol.%). Two feedstock powders have been investigated.
The first of these is produced through a conventional agglomeration and sintering route. In
contrast, the second feedstock powder is manufactured using a novel aqueous spray
atomisation and gelation method [160]. This approach was designed to produce nominally
spherical particles that are of an ideal size for HVOF thermal spray processing but using a
micron-sized ceramic powder to develop these micro-composite feedstock particles. The
feasibility of using this gelation-produced feedstock for HVOF coating, and the quality of
the coating layer, is evaluated by means of microstructural characterization, and

measurement of the electrochemical corrosion and tribological responses. For comparative
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purposes, WC-Co and WC-CoCr HVOF coatings with ~30 vol.% metallic phase, were also

prepared onto the same 4130 steel substrates.

4.2. Experimental Procedures

4.2.1. Raw Materials and HVOF Feedstock Preparation

A nominally spherical, agglomerated and sintered, TiC-Ni3Al powder (lot no. AE 10385-
SNT; Dso =27.3 wm) was custom manufactured by Oerlikon Metco for the purpose of this
study; this powder, and the related coatings, are subsequently referred to as “AS TiC-
NizAl”, as an abbreviation for ‘agglomerated and sintered’. For the gelation-based
feedstock, subsequently referred to as “GEL TiC-NizAl”, the TiC-NizAl mixture was
produced from a TiC source powder (lot no. PL20125339; Dso = 1.25 um [289]), acquired
from Pacific Particulate Materials (Vancouver, BC, Canada). The fine TiC was blended
with a metal binder mixture, where the NizAl was effectively generated in-situ during
HVOF thermal spray through reaction sintering of a mixture of Ni and NixAly. The Ni
powder (lot no. L1I0WO013; 2.2 - 3.0 um) and NixAly powder (lot no. D28X029; Dso= 38
um) were both provided by Alfa Aesar (Ward Hill, MA, USA); the NixAly powder
exhibited a composition with a 1:1 elemental weight ratio. Appropriate amounts of the TiC
ceramic powder were mixed with the corresponding Ni and NixAly powders to prepare the
final cermet powder blend. Each composition was then ball milled with yttria-stabilized
zirconia media in acetone for 24 hours, followed by a 24-hour drying period. The process
to fabricate the gelation-based feedstock is discussed in greater detail in a prior publication

[160]. However, briefly, the procedure involves the preparation of a stabilized aqueous
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suspension, at a solid loading of 50 vol.%; the suspension is adjusted to ~pH = 8.5, with
the addition of Darvan® C-N (0.1 wt.%) as a polyelectrolyte dispersant. To promote the
gelation process, 1.6 wt.% sodium alginate is added to the suspension as a fine powder,
which readily dissolves. The stabilized suspension is then further ball milled for 24 hours,
and then sprayed through a system that generates fine aerosol droplets of the aqueous
mixture. This spray is directed into a bath of 0.5 M calcium chloride (CaCl) dissolved in
distilled water (25ml/L). Ca*" ions from the CaCl, then undergo an ion exchange process
with the Na!* ions within the solution. The chemical compositions of the HVOF feed-stock
powders were determined using inductively coupled plasma optical emission spectroscopy
(ICP-OES), and values are presented in Table 9. The mean particle sizes were determined
using a Malvern Mastersizer system (Mastersizer 3000, Malvern Instruments, Malvern,

UK), and this information is also provided in Table 9.

4.2.2. HVOF Thermal Spraying

The AISI 3140 substrate (150 mm x 38.1 mm x 1 mm coupons) were first cleaned with
acetone, and the surface of each panel was then prepared by grit blasting with fine SiC
particles (60 grit) to increase the adherence between the cermet coating and substrate. The
HVOF gun (Diamond Jet hybrid gun, Sulzer Metco, Westbury, NY), then was programmed
for a hydrogen/oxygen ratio of 1300/500 SCFH. Feed stock powders then were fed to the
system at 12 RPM (25 gr/min) with 75 SCFH argon as a carrier gas. The fuel gas is mixed
with oxygen in the HVOF gun and ejected from a nozzle and form a circular flame, in order

to uniformly heat the powder as it exits the gun, with the heated powder then propelled

116



towards the grit blasted surface of the coupons. The feed-stock powders were subsequently
deposited on the steel 4130 coupons at various spraying distances, from 203.2 to 304.8 mm
(i.e., 8" to 12") until a satisfactory coating thickness was acquired. The majority of data

subsequently presented is for an HVOF spraying stand-off distance of 228.6 mm (9").

Table 9. a) Average chemical compositions of the AS TiC-NizAl and GEL TiC-NizAl
feedstock powders, together with their mean particle sizes and b) Average chemical

compositions of the AS WC-Co and WC-CoCr feed stock powders

. P p
Production | Dso Chemical composition (wt.%)
Identification
method (nm) Ni Al Ti C Other
Agglom.
AS TiC-NizAl 27.3 32.83 4.34 Bal. 11.45 0.28
/Sinter.
GEL TiC-Niz;Al Gelation 25.5 34.88 5.24 Bal. 12.38 3.26
(a)
Production Dso Chemical composition (wt.%)
Identification
method (nm) Co Cr W C Other
Agglom.
WC-Co 47 12.26 - 82.21 5.41 0.21
/Sinter.
Agglom.
WC-CoCr 53 10.54 4.7 79.14 5.37 0.25
/Sinter.

(b)
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Sprayed samples were subsequently sectioned perpendicular to the deposited surface using
a precision saw and then subjected to appropriate mounting and metallographic preparation
for characterisation of their surfaces and cross-sections. Microstructural characterization
was conducted using scanning electron microscopy (SEM; Model S-4700, Hitachi High
Technologies, Toyko, Japan) with energy dispersive X-ray spectroscopy (EDS; Inca X-
maxN, Oxford Instruments, Concord, MA, USA) also utilised for compositional analysis
in the SEM. Phase analysis of the composition of the fabricated thermally sprayed coatings,
as well as the as-received substrate, was identified by means of X-ray diffraction (XRD)
investigations, (model AXS D8 Advance, Bruker Corp., Billerica, MA, USA) using Cu Ka
radiation with an associated wavelength, A, of 1.5406 A.

For corrosion assessment, electrochemical measurements were conducted using a
potentiostat/galvanostat (EG & G Model 273 A, Princeton Applied Research, TN, USA)
combined with an associated frequency response analyzer (Solartron Model 1250,
Schlumberger, TX, USA). Corrosion tests were performed using a three-electrode flat cell,
with the sample as the working electrode. The counter electrode that was employed was a
platinum mesh (Pt), with a saturated calomel electrode (SCE; -0.241 V vs. a standard
hydrogen electrode) applied as the reference. The aqueous-based electrolyte was prepared
using 3.5 wt.% NaCl addition into distilled water. The test surface area of the working
electrode was 1 cm? which was modified to approximately 0.3 cm?2 for the single-phase
NizAl following the approach of Hochstrasser-Kurz [328]for the calculations of the
corrosion rate according to the associated ASTM Standard (G102-89: Standard Practice
for Calculation of Corrosion Rates and Related Information) [329]. Prior to each

polarisation measurement, a minimum of 1-hour immersion in the electrolyte was
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conducted to determine the open circuit potential (OCP). Each sample then was polarised
with scan rate of 0.1667 mV/s, scanning from a potential of -0.3 V (vs. OCP) to +1.0 V
(vs. SCE) for all of the examined the compositions. The corrosion current density (icorr) and
potential (Ecorr) Were subsequently determined through an instantaneous Tafel-type fit
analysis software (CorrView Version 2.8, Scribner Associates, Inc., Southern Pines, SC,
USA). This process involves simulating the Tafel curve through fitting four parameters of
the Tafel equation, specifically both the anodic and cathodic Tafel slopes (Ba and P,
respectively), as well as icor, and Ecorr. Subsequent refinements to these parameters are then
applied, in order to minimise the sum of the differences of the current values for the real
and simulated curves. To assess reproducibility, 3 to 5 samples were tested for each of the
HVOF samples. Post-corrosion, potential modification of the surface composition was
assessed for each sample using EDS analysis within the SEM. Changes in the electrolyte
pH values after each test were also measured, using a portable pH meter (model E488,
Metrohm Canada Inc., Mississauga, ON, Canada). The post-corrosion electrolyte was also
compositionally analysed using inductively coupled plasma atomic emission spectroscopy
(ICP-OES; model Varian Vista Pro, CA, USA). To achieve this, the recovered electrolyte
was first filtered through a 1.5 pm size membrane filter (ProWeigh®, Environmental
Express, Charleston, SC, USA), which allows for the separation of solid material from the
filtered solution. The recovered solids were subsequently dried in an oven (model
Isotemp™, Fisher Scientific Co., Ottawa, ON, Canada) at 105°C, prior to a ‘total acid
leach’ digestion technique (using a sequence of HF, HNO3, HC104, and HCI acids).

The wear response of the thermal spray coatings was evaluated under reciprocating sliding

conditions. Wear tests were conducted using a ball-on-flat testing geometry, on a universal
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micro-tribometer testing platform (UMT; Model UMT-1, Bruker Corp., Campbell, CA,
USA). The counter-face sphere material was a WC-6 wt% Co ‘hardmetal’ composition,
with the spheres being 6.35 mm in diameter. Reciprocating wear tests were then performed
under applied loads of 20 to 60 N, in 20 N increments. Dry sliding was carried out at room
temperature (21 £ 2 °C) and with a relative humidity of 40-50 %, with tests conducted for
15 minutes at a frequency of 10 Hz. The track length for reciprocating wear tests was 5.03
mm, consequently generating a total sliding distance of 95.4 m for each individual test.

The reciprocating wear responses were subsequently characterized using a combination of
SEM, and EDS, together with optical profilometry using a confocal laser scanning
microscope (CLSM; VK-X200/X210, Keyence, Mississauga, ON, Canada). This
technique was used to measure the depth of each wear and scratch track and to calculate
the volume of material that was removed under the evaluated wear conditions for

reciprocating sliding, thus allowing the specific wear rate to be calculated.

4.3. Results and Discussion

4.3.1. Feedstock Characterisation

Figure 42 presents typical SEM images obtained from both of the TiC-NizAl feed-stock
powders, manufactured through agglomeration and sintering (Figure 42 (a,b)), and gelation
(Figure 42 (c,d)). In both cases the feedstock powders are broadly rounded in shape. In the
case of the agglomeration and sintered powder, occasional examples of fractured particles
are clearly present (highlighted in Figure 42 (b)). While the gelation-based feedstock has a

broadly similar morphology, greater evidence of fine particulate matter is apparent, which
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is not ideal from the perspective of powder feeding. Furthermore, the gelation-derived
feedstock is somewhat more irregular in terms of the overall particle shape, deviating more

from spherical.

04 G
20.0kV 11.8mm x1.00k SE(M)

(©) (d)

Figure 42. SEM micrographs obtained from TiC-NizAl feed-stock cermet powder
manufactured through: (a,b) agglomeration and sintering (AS), and (c,d) gelation-based
(GEL) feed stock technology. Images are shown at lower (a,c) and higher (b,d)

magnifications, in each case. Fractured particles are highlighted in (b) for the AS powder.
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4.3.2. Coating Morphology and Phase Identification

Micrographs obtained from the cross sections of the as-sprayed HVOF coatings, deposited
onto 4130 steel substrates, are shown in Figure 43. Microstructural examination of the
manufactured specimens confirmed the successful deposition of coatings using both of the
TiC-Ni3Al feedstock powders (AS and GEL), with well-adhered splats and the presence of
a few isolated, globular-shaped pores; to a certain extent, these pores are likely to be
ceramic grains pulled out from the coating during metallographic preparation. However, it
is also important to note that the powders produced via gelation exhibited a comparatively
lower flowability in the HVOF gun, when compared to the conventional agglomeration
plus sintering feedstock, which resulted in periodic clogging of spraying nozzle and
consequently slightly higher levels of porosity; application of a post-gelation heat-
treatment of the feedstock powders, in order to avoid such issues, is described in a prior
study [330]. For each of the coatings, a lamellar splat structure is observed, with occasional
inclusions of partially melted particles and oxides (dark contrast phase), which are a
common characteristic of such coatings when sprayed in air. The shape of the residual
pores with both types of feedstock powder suggests the presence of coalesced splat/splat
boundaries, which are a consequence of metallic bonding/solidification and then re-melting

upon the arrival/bonding of a subsequent droplet.
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Figure 43. Representative SEM micrographs obtained from the HVOF-deposited thermal
spray coatings prepared from: (a,b) the AS feedstock powder, and (c,d) the GEL feedstock
powder. The SEM images are shown at lower (a,c) and higher (b,d) magnifications, in each

casc.

The results of EDS analysis on the GEL TiC-NizAl coating confirmed that the internal
oxides are mostly formed from Al (and possibly Ni), which is known to take place during

the interaction of the molten layer/atmosphere with the one deposited beneath, throughout
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the deposition of thin lamellar layers (Figure 44). Furthermore, the formation of oxide
particles is related to process dwell time and particle temperature. It has been reported that
the thickness of these oxide ‘stringers’ increases with increasing dwell time and particle

temperature [70].

I iy

AlKa1 Ni Ka1

Figure 44. Phase identification from EDS mapping obtained on the cross section of the

HVOF Gel TiC-Ni3Al coating, highlighting AlxOy-rich regions (shown circled).
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The results of x-ray diffraction analysis on as the as-sprayed AISI steel 4130 substrates, is
provided in Figure 45. XRD peaks obtained from HVOF sprayed surfaces at all the stand-
off distances confirmed the presence of TiC predominant peaks, while the intensity of the
NizAl peaks increased dramatically as stand-off distance was increased. This is attributed
to longer in-flight intervals at lower speeds and as a result more time to react. Furthermore,

no oxides were detected in the XRD characterization confirming the absence of significant

oxidization or decomposition.
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Figure 45. XRD trace obtained from the polished surface of the as-sprayed AISI-Steel

4130 categorized based on the stand-off distance of the HVOF process.

4.3.3. Electrochemical Measurements

Figure 46 illustrates the open circuit potential (OCP) curves recorded from both types of

TiC-NizAl cermet coating (AS and GEL) on a 4130-grade steel substrate (Figure 4(a)),
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along with examples of the potentiodynamic polarization curves obtained for these coating
using an aqueous electrolyte with 3.5 wt.% NaCl, from -0.03 V vs. OCP up to +1 volts vs.
reference (Figure 46 (b)). Representative examples of both the WC-Co and WC-CoCr
baseline coatings are also shown in Figure 46 (a,b) for comparison to the TiC-NizAl
coatings. The corrosion behavior of the TiC-Ni3Al HVOF coatings is characterized by a
true passivity regime, with associated current densities <1 pA/cm? [331]. Both types of
TiC-NizAl feed stock reached their passivation current at a potential of ~200 mV vs. SCE,
while coatings sprayed from the gel-based powder also exhibited a trans-passive region at
an applied potential of ~600 mV vs. SCE. This type of coating exhibits a visible level of
degradation that occurs over the trans passive region, through selective dissolution of the
metallic matrix due to galvanic coupling between the ceramic and intermetallic phases.
Consequently, broadly speaking, the overall corrosion mechanisms tend to stay the same

for essentially all the cermet coatings.
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Figure 46. (a) Representative OCP curves obtained for the TiC-NizAl based cermet

coatings, on a 4130-steel substrate, after a 1 h stabilization period in 3.5 wt.% NaCl
aqueous media. (b) Representative potentiodynamic polarisation curves obtained for the
TiC-NizAl based cermet coatings, on a 4130-steel substrate, after a 1 h stabilization period
in 3.5 wt.% NaCl aqueous media. For comparison, WC-based cermet coatings (WC-Co

and WC-CoCr) fabricated and tested under the same conditions are also shown.

The average corrosion parameters for each of the cermet materials (presented in Table 10)
were determined from the polarisation curves, including the corrosion potential, Ecor, the
resultant current density at the corrosion potential, icor, and the current density when
passivation arises, ipass. The corrosion rate was then calculated for the exposed surface area
following the ASTM standard, G102-89, Standard practice for calculation of corrosion

rates and related information, modified solely based on the ‘active’ material, namely the
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NizAl binder for the as-sprayed composition [329]. It is apparent from the potentiodynamic
polarisation curves that the TiC-Ni3Al based cermet coatings offer a greater degree of
protection, compared to both the WC-Co and WC-CoCr coatings, with lower corrosion
rates. Furthermore, as noted earlier, the TiC-Ni3Al coatings possess a significantly lower

theoretical density and do not contain chromium.

Table 10. Average corrosion parameters for the HVOF sprayed TiC-NizAl coatings in

comparison to those based on WC hardmetals.

Corrosion | Corrosion rate
Coating type Ecorr icorr Ipass
rate - active phase
and *5x10%) | 1x107) | (£2x10Y)
(=6x10% F4x10%)
composition
V (vs. SCE) A/em? A/em? mm/yr mm/yr
GEL TiC-NizAl -0.32 22x10°% | 1.9x10% | 1.6x 1072 4.1x102
AS TiC-NizAl -0.27 34x10°% | 1.3x107! 1.4x 1072 3.4x102
WC-Co -0.52 53x10°% | 6.9x10* | 24x10? 3.0x 10!
WC-CoCr -0.44 1.8x10% | 53x10* | 1.4x10"! 1.4x 10!

Figure 47 illustrates examples of the post corrosion cross sections of the TiC-NizAl
coatings sprayed using both the agglomerated and sintered and the gelation derived
feedstocks. As has been outlined in previous work [315,316,324,328], cermets are
generally susceptible to aqueous corrosion through active dissolution of the metallic matrix

and subsequent weakening of the nominally ‘three-dimensional’ ceramic network
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structure. Microstructural observations for the present coatings show that the oxidation
reaction initiates in local sites, such as pores, and becomes galvanically active in the
presence of Cl ions in both TiC-NizAl coatings. Further oxidation through galvanic
corrosion has resulted in dissolution of the metallic phase at the interface with the carbide
grains (i.e., TiC) and loss of the material to the electrolyte prior to eventual passivation of
the surface. This was more noticeable in coatings prepared using the gelation technique
(GEL TiC-Ni3Al), which were previously noted to exhibit an undesired flow performance
within the HVOF gun during spraying. The SEM micrographs in Figure 47 show that the
oxidation attack for both types of powder is initiated on the interface of metallic matrix and
carbide grains. However, the extent of attack is highly dependent upon the density of pores

and pre-existing surface flaws when both types of feedstock powder are compared.

15.0kV 11.4mm x1.00k SE(L)

Figure 47. Representative SEM images obtained from the post-polarised surfaces of
HVOF thermal sprayed TiC-NizAl highlighting the depth of oxidation during
potentiodynamic polarisation tests: (a) AS TiC-Ni3Al, and (b) GEL TiC-NizAl. The 4130-

steel substrate is shown on the left-hand side of both images.
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EDS analysis was used to assess the variation of coating composition both before and after
corrosion evaluation (Figure 48). The chemical compositions of the post-corrosion surfaces
showed an increase in Ti, C, O, and Al. In contrast, Ni was notably depleted post-corrosion;
it should be noted that EDS analysis of a non-planar surface is not an optimal evaluation
condition, however, this does highlight the general loss of Ni and (to a lesser extent) Al.
The EDS analysis has confirmed that a protective oxide layer is formed, which is mostly
composed of TiO1.x and Al,O3. Moreover, dissolution of the binder leaves behind a carbide

skeleton arrangement, which exhibits a much larger exposed surface area in comparison to

the as-sprayed coatings.
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Figure 48. Results of EDS analysis on the pre- and post-corrosion (i.e., after
potentiodynamic polarisation) surfaces of the HVOF thermal sprayed TiC-Ni3Al coatings

for: (a) AS TiC-NizAl, and (b) GEL TiC-NizAl.

4.3.4. Sliding Wear Behaviour

Examples of the dynamic coefficient of friction (COF) curves obtained from the
reciprocating wear tests using both types of TiC-NizAl feedstock powder, HVOF sprayed
onto 4130 steel substrates, are presented in Figure 49. Both coatings exhibited the least
amount of COF fluctuation at the lowest applied load (20 N), over the full duration of the
wear tests, with the degree of COF variation increasing with the applied load. Coatings that
were sprayed using the agglomerated and sintered TiC-NizAl feed-stock powder exhibited

slightly higher variations in COF at the lowest load (20 N), while steady state conditions
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were obtained at a relatively faster rate for higher loads of (40 N and 60 N). Typically,
steady state is reached once enough volume of the coating has been removed to form a
coupled surface, which results in frictional forces without interference from any surface
asperities that may be present on either face. This can be further enabled through the
formation of a tribolayer. A summary of the mean COF values determined through the
UMT-1 software are shown in Figure 49. It is apparent that there is considerable scatter in
the TiC-Ni3Al values, reflecting the developmental stage of coating production. To contrast
these values for the COF, bulk TiC-Ni3Al cermets with broadly similar compositions (i.e.,
with stoichiometric NizAl contents varied from 20 to 40 vol.%), showed steady state COF
values within the range of 0.45 to 0.55 [25], which are notably lower than for the present
HVOF coatings. A number of factors may play a role in this difference, notably the
anisotropic, splat-type morphology of the HVOF coatings as well as their higher oxide
contents, and also the broadly finer grain size noted for the bulk cermets relative to the
coatings, which may promote a more rapid tribolayer development. It is also notable that
the WC-Co baseline presents the lowest coefficient of friction in this instance, although the
wear rates of the four materials are broadly comparable, as shown in Figure 50. When
assessing wear, it is important to keep in mind the greater stiffness of the WC-based
materials, due to the intrinsically higher elastic modulus of WC relative to TiC (i.e., ~690

GPa [332] vs. ~400 GPa [333,334].)
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Figure 49. The dynamic COF responses as a function of applied load for the TiC-NizAl

cermet coatings using: (a) AS feedstock, and (b) GEL feedstock.
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Figure 50. Steady state coefficient of friction values for the TiC-NizAl and WC-based

cermet coatings applied onto 4130 steel substrates under 20 N, 40 N, and 60 N applied

loads.

The specific wear rates determined for the HVOF sprayed TiC-NizAl and WC-based

coatings, deposited onto 4130 steel substrates, under applied loads of 20 N, 40 N and 60

N, are presented in Figure 51. In this instance, the specific wear rate, kw, for each coating

was calculated from the wear track volume using the Lancaster approach:

Equation 14

4
k T
w PD

where V represents the total volume of material that was removed from the wear track (in

mm?), P is the applied normal force during the test (in N), and D is the total sliding distance

for each test (in m). Broadly speaking, lower wear rates were observed for the TiC-Ni3Al
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based cermet coatings fabricated from the commercially produced agglomerated and
sintered feedstock powder. The specific wear rates did not show any clear trend with
increasing applied load. While there is a moderate degree of scatter, it is notable that these
wear rates compare quite closely with bulk TiC-NizAl cermets [285], which were ~0.5 x
107 mm>3/Nm, highlighting the promise of these coatings. Furthermore, the bulk cermets
exhibited specific wear rates that were largely independent of applied load between 20 N
and 60 N; in contrast, the specific wear rates for the GEL TiC-NizAl HVOF coatings do

continuously increase within the same range of load.
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Figure 51. Calculated wear rates for the TiC-NizAl and WC-based cermet coatings applied

onto 4130 steel substrates under 20 N, 40 N, and 60 N applied loads.

The type and severity of wear mechanism(s) were identified by subsequent microstructural
observations, for example the extent of damage accumulation both within and in the
vicinity of the wear track, and the formation/amount of tribolayer that has been generated
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during the reciprocating sliding process. Figure 52 shows example SEM images obtained
after wear testing, at 40 N applied load, from the surfaces of the TiC-Ni3Al coatings (both
AS and GEL) deposited onto 4130 steel. Figure 52 shows that the formation of a tribo-
layer is readily apparent (as it was for all examined loads), and the extent of this formation
broadly increased with increasing applied load. Microstructural observations of the worn
surfaces show the formation of fine, shallow grooves which are generated in result of two-
/three-body abrasion with the indenter tip and wear debris fragments. Additionally, at loads
above 20 N some lamellar spallation of the tribo-layer was identified, regardless of the
feedstock powder production technique for the TiC-Ni3Al coatings.

No evidence of microstructural damage in the regions immediately adjacent to the wear
track was observed. Prior studies have shown that this lack of damage and, in particular,
the absence of evidence of oxidation adjacent to the wear track indicates the frictional
forces do not achieve high enough temperatures to generate high temperature oxidation

damage [286].
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Figure 52. SEM images obtained from the post wear test surface of HVOF sprayed TiC-
NizAl coating on 4130 steel (at 40 N applied load), for the AS-based HVOF feedstock: (a)
lower magnification, and (b) higher magnification image of damage. SEM images obtained
from post-wear tested (at 40 N applied load) surface of HVOF sprayed TiC-NizAl coating
on 4130 steel, GEL-based HVOF feedstock: (c) lower magnification, and (d) higher
magnification image of damage. The sliding direction is represented by the red arrows in

each case.

Figure 53 demonstrates the tribolayer is greater detail, with associated EDS mapping of the
composition within the layer. It is apparent that there is increasing oxygen incorporation
into the tribolayer layer with increasing applied load during reciprocating wear. As noted
in prior studies on bulk TiC-NizAl and Ti(C,N)-Ni3Al cermets [285,286], mechanical
attrition arises during the wear test, with debris continuously refined under the moving
counter face, resulting in an increasing oxygen content through continuous exposure of

clean faces on the debris and their subsequent passivation.
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Figure 53. Phase identification from EDS mapping obtained on the cross section of the
HVOF GEL TiC-Ni3Al coating, highlighting the composition of formed tribo-layer within

the wear track.

138



Cross sectional characteristics of the tribo-layer were confirmed by excision of small
volumes of material through FIB milling, as shown in Figure 54(a) for the gel based
feedstock powder, to allow observation of the cross-section through the tribolayer and sub-
surface region. The use of FIB allows sub-surface damage to be observed without requiring
significant sectioning and, in particular, allows the sub-surface observation of different
orientations within a single wear track, which is not really feasible with large scale
sectioning. In this instance, it is apparent that the sub-surface coating integrity is largely
retained, with minimal evidence of cracking (Figure 54 (b)); in this instance, one minor
crack may be apparent, which seems to be associated with a porous region within the
coating itself. SEM micrographs obtained from cross section of milled wear tracks were
characterised by the formation of distinctive pits at point of brittle fracture. These pits are
often associated with lamellae spallation and are likely responsible for increased wear rates
under higher loads. The SEM and EDS examination of cross sections of the HVOF surface
layer, through the wear generated tribo-layer, revealed formation of an intermediate layer

containing fine particles of both phases.
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Figure 54. (a) High magnification SEM image of a FIB generated cross-section for the
tribo-layer formed on HVOF sprayed TiC-NizAl coating on 4130 steel substrates at 60 N;
the sliding direction is represented by the red arrow. (b) Associated SEM image of the
cross-section through the tribo-layer, formed on HVOF sprayed TiC-Ni3Al coating on 4130
steel substrates at 60 N, for the FIB cut shown in (a), highlighting subsurface integrity and

possible minor evidence of lamellar cracking.

4.4. Conclusions

In the present work, initial ‘development-stage’ TiC-Ni3Al based cermet coatings have
been manufactured through HVOF thermal spray, specifically comparing a novel gelation-
based feedstock preparation route to a standardized agglomeration and sintering method.
Furthermore, comparison has been made with more conventional WC-Co and WC-CoCr

HVOF coatings. The following conclusions can be drawn from the present work.

e Development-stage TiC-Ni3Al based cermet coatings offer a greater degree of

aqueous corrosion protection when compared to both the WC-Co and WC-CoCr
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coatings, with the further benefits of significantly lowered theoretical density and
an absence of Cr in their overall composition.

The TiC-based HVOF coatings, regardless of their feedstock production technique
(agglomerated and sintered, versus gelation), were found to be superior to the
traditional WC-based hardmetal coatings by exhibiting a more noble Ecorr and lower
icor under similar corrosion testing conditions. However, the full passivation
response of the TiC-based HVOF coatings was hindered by physical defects (i.e.,
residual porosity), associated with the preliminary development stage of the

coatings.

The calculated specific wear rates compare closely with those frequently reported
for WC-based coatings. The TiC-Ni3zAl based cermet coatings fabricated using the
commercially based agglomeration and sinter feedstock manufacturing route
exhibited slightly lower specific wear rates than the gelation-based feedstock,
which broadly increased with increasing applied load.

The formation of a tribo-layer was readily apparent for all of the examined
reciprocating wear loads, with a stable response observed for the COF once steady
state conditions are achieved. The tribo-layer itself was observed to contain
increasing concentrations of O, with increasing load, which is attributed to an

attrition/passivation mechanism.

In conclusion, it is demonstrated that TiC-based cermets, with a ductile NizAl intermetallic

matrix, offer a viable alternative for the development of high-performance wear and

oxidation resistance hard coatings. Furthermore, the advancement of feasible feedstock

production techniques is crucial for the design of such alternative coating systems, and this
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preliminary work has identified a simple gelation-based technique as being a suitable
method for the production of micro-composite powders with a fine-scale internal structure

in the final HVOF coatings.
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Abstract

The effects of various processing parameters were assessed in relation to the geometrical
size and microstructure of dense, TiC-Ni3Al metal-matrix composite (MMC) coatings on
D2 tool steel substrates, fabricated using laser direct energy laser deposition (DED). A new
powder preplacement approach was applied, utilising in-situ gelation of aqueous TiC-
NizAl MMC feedstock suspensions, with sodium alginate (Na-alginate) employed as the
gelation aid. Dip coating of the steel substrates into the TiC-NizAl based aqueous
suspensions, containing either 30, 40, or 50 wt.% solid loadings, was used as an alternative
to conventional dry powder preplacement of the feed stock to achieve the maximum
powder density after preplacement. Throughout the laser processing stage, partial
remelting of steel substrate was employed to explore the possibility of producing a nickel-
based matrix. High density, laser processed cermet coatings, with 30, 40 and 50 vol.%
NizAl intermetallic contents, were subsequently subjected to both macro- and
microstructural evaluation. The volume fraction of reinforcing hard phase (TiC) and

dynamics of the solidification front were found effective in controlling the formation and
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morphology of these clads. Tensile testing was subsequently conducted on samples
prepared from the clad substrates. Partial dissolution of TiC particles in the coating arose
during the laser processing and subsequent sub-stoichiometric TiCy precipitation was noted
within a carbon enriched matrix. The clad specimens demonstrated a very low elongation
(0.1 % and 0.01 %) and a low toughness (42.73 J/m? and 19.29 J/m?), although exhibiting

an excellent tensile strength (404.8 and 333.18 MPa).

5.1. Introduction

Application of composite coatings as a surface treatment for improving the mechanical
properties of wear resistant steel parts has received considerable attention in several
industrial and research fields, owing to its large economic impact [1-3]. Hard, refractory,
titanium carbide (TiC) has been commonly utilised as a suitable reinforcing phase in iron
(Fe) based metallic matrix, due to its exceptional physical and chemical properties such as
low density (~4.93 g/cm?), high hardness (~31 GPa) [335,336], high wear resistance
[337,338], high toughness [8], high thermal and chemical stability, and low coefficient of
friction (COF) [339-342].

Metal matrix composite coatings (MMC), based on TiC, have been investigated through a
variety of deposition techniques, including chemical vapor deposition (CVD), physical
vapor deposition (PVD), electroplating, and thermal spray [28—38]. Several thermal spray
routes have been used traditionally in the manufacture of ceramic-metal composites and
thin coatings [115]. The fabrication of thermally sprayed, high hardness coatings with

excellent adhesion and cohesion properties, for applications with extensive wear
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requirements, has been the subject of numerous prior studies. These include investigation
of the bond strength between the metal and the ceramic matrix, minimizing of residual
stresses, and development of low porosity coatings [39—44].

More recently, fabrication of both metallic and non-metallic materials has been attempted
using laser-based additive manufacturing (AM) deposition technologies, such as laser
directed energy deposition (DED) [46—50]. AM approaches have been proposed for the
fabrication of forming moulds and dies, as well as their subsequent repair after use, using
a range of TiC ceramic-based feed-stock materials [343-345].

The preparation of micron- or nano-sized powder feedstocks with the desired packing
properties, homogeneity and low porosity is a difficult and costly task that plays a major
role in feasibility of developing AM processes for composite materials [61,62]. In contrast,
gelation-based approaches for powder processing have the potential to be less expensive
and more environmentally friendly but, such systems can only be utilized from a stable
(i.e., agglomeration-free) colloidal suspensions, with the capability to subsequently
produce the desired microstructural homogeneity that is required. Furthermore, deposition
of the feedstock powder from a slurry (e.g., comprised of powder, water, and a binder), has
shown the potential for good bonding between the preplaced powder layer and the substrate
[346,347]. Therefore, a non-permanent coating can be deposited in a structured manner
that can potentially result in a reduction of material consumption during the fabrication of
parts with near net shape geometry that require minimal post processing steps. The physical
process of laser cladding with preplaced powder has been investigated by others in attempts
to fabricate a low dilution clad layer over a wide range of process parameters [348-350].

In this method, which is also known as the ‘two-step’ laser cladding process, the first step
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consists in the deposition of the coating precursor, which can be supplied in different forms
(e.g., powder, paste, or wire) onto the substrate material [179], while the second involves
the final consolidation of the coating. Preplacing the feedstock material can be
accomplished by selected coating techniques to achieve optimum coating quality [134].
Among these, the most frequently applied techniques are spin and dip coating, followed by
drying, pyrolysis, post annealing, etc. [351-356]. Dip coating is one of the oldest
commercially applied coating processes with its first patent issued to Jenaer Glaswerk
Schott & Gen. in 1939 for sol-gel derived silica films [357].

Although the dip coating process can be applied to a wide variety of precursor solutions, it
has been found that use of sol-gel type solutions offers the most possibilities to influence
the film properties, by modifying the size and structure of the inorganic species in the sol
together with the solvent(s) [357-359]. In the standard dip coating approach, the substrate
is immersed into the precursor solution at a constant speed followed by a certain dwell time
to leave sufficient interaction time of the substrate with the coating solution for complete
wetting. Then the substrate is withdrawn vertically from the solution at a certain rate to
balance the upward moving flux that takes place during evaporation period. The simplicity
of this technique offers a practical in sifu preplacement tool for a range of substrate and
feedstock couples for use in AM [357].

Melting of the preplaced layer by laser irradiation then takes place during the second step,
where limited interparticle contact eliminates the conduction factor and powder particles
effectively heat up only in their initial, (nominally) fixed position [179]. Once irradiated
particles reach the molten state, they can conduct heat to the neighboring particles and

propagate through the interface that wets the substrate. As a result of the temperature
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gradient between the molten particles and substrate, the solidification of the melt begins.
From this point, the melt-liquid interface does not propagate into the body of the substrate
unless additional laser power and/or interaction time are provided. The final depth of the
melt front is thus representative of the dilution of the cladding material [360,361].

With these factors in mind, the present study has focused upon the development of a novel,
gelation-based preplacement technique to facilitate the laser cladding process with
ceramic-metal coatings. In this respect, sodium alginate is used as a gelation aid, which
gels through an ion exchange mechanism [362] whereby Na'* ions are replaced with Me?*,
which cross-links the alginate structure. A variety of metal 2+ (and 3+) ions can contribute
to this cross-linking mechanism, with differing efficacies [363], including Ni*" and AI**.
For the present system, in dense TiC-NizAl cermets, corrosion studies have demonstrated
Ni** and AI** leaching into the electrolyte, opening the potential for low levels of these
ions to facilitate cross-linking.

In terms of the material system being examined in the current work, building on the
previously outlined studies of bulk TiC-NizAl cermets, the surface enhancement of tool
steel substrates has been evaluated via laser DED cladding of TiC-Ni3Al based coatings.
In prior studies it has been shown that TiC based cermets, with various Ni3Al binder
contents, exhibit an excellent combination of mechanical and thermal properties
[121,330,364-366]. Significant correlations have been verified between the content of
NizAl metallic phase and mechanical characteristics of the fabricated components such as
Young’s modulus, hardness, bond strength and microstructure [367]. The present article
consequently outlines a novel ‘two-step’ process route for laser DED cladding that utilises

a gelation preplacement technique for the feedstock with a ceramic-metal suspension
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prepared with a biodegradable gelation agent to aid coating-substrate adhesion prior to
laser processing. The suggested hybrid manufacturing route offers a potentially simple and
low-cost method for the fabrication of TiC-based coatings, with a range of preferred

microstructural and mechanical characteristics.

5.2. Experimental procedures

5.2.1. Raw materials

A fine, commercially available, TiC powder (lot no. PL20126240; Dso = 1.0 - 2.0 pm) was
utilised in the current work, supplied by Pacific Particulate Materials Ltd., Vancouver, BC,
Canada. In order to produce a NizAl binder that is evenly distributed within the powder
feedstock mixture, NixAly powder (lot no. D28X029; Dso = 32 um) with a 1:1 elemental
weight ratio, is combined with an appropriate content of Ni powder (lot no. L1I0OWO013;
particle size of 2.2 - 3.0 um) to obtain the final Ni3Al stoichiometry; these two precursors
were both supplied by Alfa Aesar, Ward Hill, MA, USA. The D2 tool steel substrate
material was supplied from McMaster-Carr (Elmhurst, IL, United States). Inductively
coupled plasma optical emission spectroscopy (ICP-OES; model Thermo iCap 7400 Dual
View, MA, USA), with an internal calibration standard (scandium), was employed for
compositional analysis of the tool steel. The elemental compositions of the steel substrate,

with respect to the ASTM A681 standard for tool steels, are summarized in Table 11.
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Table 11. The standard compositional ranges for the alloys used as steel substrates.

Substrate Elemental composition (wt.%)
grade C Cr Mn Mo Si A\ P S Fe
D2 1.40-1.60 | 11.0-13.0 | 0.10-0.60 | 0.70-1.20 | 0.10-0.60 | 0.50-1.10 | - - Bal

5.2.2. Suspension preparation and dip-coating procedures

Colloidal suspensions with nominal NizAl intermetallic matrix compositions varying from
30 to 50 vol.% (with TiC making up the balance), and with solid loadings ranging from 30
to 50 wt.% in distilled water with 1.6 wt.% Na-alginate, were prepared as preplaced
feedstock material prior to laser cladding (as summarized in Table 12). Additional
specimens were prepared from preplacing the feed stock powder without presence of
gelling agent (e.g., Na-alginate) to examine the impact of gelation on quality of the

fabricated clads.

For initial homogenization, each composition was ball milled for 24 hours, with yttria
stabilized zirconia media and acetone as the suspension medium. Ball milling was then
followed by a 24-hour drying period. The dried powders were subsequently individually
sieved through a -75 pum stainless steel mesh. X-Ray diffraction analysis (XRD; model
AXS D8 Advance, Bruker Corp, Billerica, MA, USA) was employed for identification of
the possible crystallographic phases that were present in both the dried powder mixtures
and the subsequently processed laser DED clads. The dried cermet compositions were then
added into solutions of distilled water with either 0, 1.6, or 3.2 wt.% sodium alginate (Na-

alginate); 0.1 wt.% Darvan® C-N is also added as a dispersant in each case, to form a stable
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suspension. The pH value of the homogenized mixture then was adjusted to ~8.5 using
solutions of NaOH and HNOs, and the suspensions vacuum degassed. A flow chart

representation of the overall process is presented in Figure 55.

Table 12. Summary of the colloidal suspensions prepared as preplaced feed stock material

prior to laser cladding.

NizAl content | TiC content Solid loading
1D Suspension
(vol.%) (vol.%) (wt.%)
140-30-1.6 30 70 1.6 wt.% Na-alginate 40
140-40-1.6 40 60 1.6 wt.% Na-alginate 40
140-50-1.6 50 50 1.6 wt.% Na-alginate 40
150-30-1.6 30 70 1.6 wt.% Na-alginate 50
150-40-1.6 40 60 1.6 wt.% Na-alginate 50
150-50-1.6 50 50 1.6 wt.% Na-alginate 50
160-30-1.6 30 70 1.6 wt.% Na-alginate 60
160-40-1.6 40 60 1.6 wt.% Na-alginate 60
160-50-1.6 50 50 1.6 wt.% Na-alginate 60
150-30-3.2 30 70 3.2 wt.% Na-alginate 50
150-40-3.2 40 60 3.2 wt.% Na-alginate 50
150-50-3.2 50 50 3.2 wt.% Na-alginate 50
150-30-0.0 30 70 Distilled water 50
150-40-0.0 40 60 Distilled water 50
150-50-0.0 50 50 Distilled water 50
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Figure 55. Process flowchart for preparation of colloidal suspensions and dip coating for

a TiC-NizAl cermet powder mixture in a 1.6 wt.% sodium alginate aqueous solution.

Preplacement of the cermet coating via dipping the substrate in a viscous mixture was
achieved using a linear driven stage, designed, and built with capability of operating at
controlled velocities for a wide range of sample sizes and shapes (Figure 56). An open-
source Arduino board was used to assure precise setting of withdrawal speeds, which
ranged from 0.05 to 5 mm/s. Prior to dip coating, the steel substrate coupons, with
dimensions of 75 x 50 x 5 mm (L x W x H), were cleaned with acetone and subjected to
SiC bead blasting of their surfaces. The cleaned substrates were then immersed in and
subsequently withdrawn from the suspension in a direction parallel to the flat surface of
the plates, followed by drying. The thickness of the preplaced coating after drying was
measured by CLSM and was determined to be 0.04+0.0lmm for specimens after one

dipping process.
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Figure 56. The assembled dip coating unit and enlarged example of dip coated specimen.

Additional samples were machined with appropriate dimensions for tensile testing
according to ASTM E8/ E8M. Dimensional details of tensile specimen machined for

testing coated and as received D2 steel substrate is provided in Figure 57.
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Dimensions Values (mm)
Gauge length (G) 50.00 + 0.1
Width (W) 12.5+0.2
Thickness (T) 6.35+0.01
Radius of fillet (R) 12.5
Overall length (L) 200
Length of reduced parallel section (A) 57
Length of grip section of grip section (B) 50
Width of grip section (C) 20

Figure 57. Rectangular specimens for tensile testing of coated and as received D2 steel

substrate [368].

The effects of the substrate temperature upon the degree of cross-linking were examined
by precooling or preheating substrates prior to the dip coating step, while further specimens
were subjected to the preplacement by dipping at room temperature. Moreover, the role of
Ni addition as cross linking agent was examined by substitution of NizAl with SS316 as

the binder metallic phase.
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5.2.3. Laser cladding

An Optomec 500 MTS-Ca laser DED system (Optomec Inc., Albuquerque, NM. US) was
employed for the processing of preplaced coatings on the steel substrates (Figure 58). The
DED laser (ytterbium-doped fiber laser (IPG Photonics; A=1070nm)), with a maximum
operational laser power of 1 kW and focusing optics tuned for a spot size of ~700 pm, was
operated in continuous mode for all trials. Initially, a series of single-track clads that were
processed at various laser powers, P, and laser scanning speeds, V, were analysed for
measurements of the related bead diameters. A five-axis CNC vertical machining center,
integrated with the laser system, allowed cladding at various scanning speeds by alteration

of the work piece (i.e., substrate with preplaced coating) velocity.

eh'ﬂll! -
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Figure 58. The Optomec 500-CA DED system utilized for fabrication of presented builds:

(a) an example of the steel substrate location and clamping system, and (b) the DED

operational chamber.
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The DED chamber itself was prefilled with an Ar environment, while an Ar shielding gas
was also delivered through a nozzle at 10 1/min to further protect the DED melt pool from
possible oxidation. The dip-coated steel coupons were processed under laser powers, P, of
250, 300, and 350 W, while scanning speed, V, was varied between 58 and 116 mm/min.,
for each of the evaluated laser powers. The laser beam was effectively moved over the

preplacement coated substrate at specific interaction time, 7(s), defined following:

Equation 15

where D is the laser beam diameter [mm] and V' the laser scanning speed [mm/s] [369].
Additionally, the dog bone tensile samples, which were coated on both sides, were
subjected to laser power of 350 W at 6.77mm/s laser scan speed at their center point with

dimensions of 10x50 mm (Figure 59).

Figure 59. Example of dog bone testing samples prepared for tensile measurement of TiC-

Ni3Al cermet coatings on D2 steel, (x axis denotes the direction of laser scanning); note

that samples were coated on both sides.
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5.2.4. Post-cladding characterization

After DED processing, the clad specimens were sectioned perpendicular to their planar
surface, using a precision saw. They were then resin mounted, prior to grinding and
polishing down to a final 0.25 pm final diamond paste particle size. Metallographic
specimens were all subjected to preparation procedure outlined by ASTM E3-11 for
preparation of metallographic specimen [368].

The overall surface plane view of the clads and three-dimensional measurements of the
single tracks were conducted using a confocal laser scanning microscope (CLSM; model
VK-X2000, Keyence, Mississauga, ON, Canada). Clad microstructural characterization
was also performed by using field emission scanning electron microscopy (FE-SEM;
model S-4700, Hitachi High Technologies, Tokyo, Japan). Chemical composition analysis
was performed in the FE-SEM using energy dispersive X-ray spectroscopy (EDS; Inca X-
maxN, Oxford Instruments, Concord, MA, USA); EDS analysis is used to analyze the clad
zone in order to measure the degree of dilution, instead of using a more conventional
method that measures the dilution by clad dimensional characteristics [179]. Crystalline
phase analysis in the composition of the fabricated clads as well as the as received and laser
remelted substrate was revealed by means of X-ray diffraction (XRD) analyses, (XRD;
model AXS D8 Advance, Bruker Corp., Billerica, MA, USA) using the Co K, radiation

and a wavelength, A, of 1.5406 A.
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5.3. Results and discussion

5.3.1. Feedstock powder characterization

The elemental compositions of the as-received powders are provided in Table 13. In each
case it can be seen the powders correspond to the manufacturer’s specifications. The
morphologies of the as-received powders utilised in the present study are shown in Figure
60; here, the TiC-NixAly-Ni cermet composition was prepared by mixing the powder blend
via ball milling with zirconia media in acetone for 24 hours, and the constituent NixAly-Ni
precursors are then (ideally) used to produce the intermetallic NizAl binder phase in the

subsequent process.
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Figure 60. Representative SEM images of the morphologies of the as received powders

utilised in preparation of TiC-NixAly-Ni cermet composition: (a) TiC, (b) Ni, (c) and

Ni,Al,.

Table 13. The elemental compositions of the as received powders utilised in prepration of

the TiC-NixAly-Ni cermet composition for preplacement trials measured by ICP-OES.

Elemental composition (wt.%) Particle
ID size (um)
C Ti Al Si Cr | Mn | Fe Ni Mo
TiC 25.68 | 74.32 - - - - - - 1-2
NixAly - - 49.8 - - - - 50.01 - 32.0
Ni - - - - - - - 99.9 2.3-3.0

Figure 61 presents an XRD trace of the starting powder blend prior to the preplacement

stage of the cladding process. Distinct peaks are observed for TiC and Ni, while various

nickel aluminide phases have been identified, although that the X-ray trace for the NixAly
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powder is complex, with Ni2Al; and NizAl present but with a slight shift (this may possibly

arise from lattice strain induced during the ball milling stage).
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Figure 61. X-ray diffraction peaks of the dried starting TiC carbide and NixAly/Ni blend

after ball milling but prior to the suspension preplacement stage.

5.3.2. Single droplet and dip-coating behavior: Evaluation of preplacement for the

TiC-Ni3Al coatings

The extent of potential cross-linking was examined through control of substrate
temperature prior to dip coating. Sodium alginate is widely used in food-based applications
and is an example of an aqueous gelling system that is (typically) cross-linked through an
ion exchange mechanism, for example where Ca*" ions (from a CaCl, source) replace the
Na!* ions in the sodium alginate. Notably, a variety of divalent and trivalent cations have
been shown to facilitate cross-linking, and hence gelation, in sodium alginate containing
systems [370-372]. Among these cations, Ni>* has been shown to be an effective divalent

159



ion option, as has AI** [363,371,373]. For the present case, the expectation is therefore that
over a period of time, Ni*" and/or AI’* are slowly released from the aqueous powder
mixture to the local environment (on a sub-um length scale) where a degree of localized
cross-linking of the sodium alginate can then arise. Further confirmation of this potential
mechanism was justified by conducting ICP-OES measurement on the post dip coating and

solutions (Table 14).

Table 14. Results of ICP-OES measurement on elemental composition of the post gelation
coating and post dip mix for cermet coatings fabricated with 30 and 40 vol.% NizAl

metallic binder phase.

Elemental composition mg/kg
ID

Al Co Fe Na Ni Ti W C

30 vol.%Ni;Al_TiC
- 75501 | 2786 | 646 | 6956 | 93611 | 502424 | 15119 | 16.77
Solid coating

40 vol.%Ni;Al_TiC_Post

43.2 48.3 | 58.7 | 4104 72.8 0.2 <0.5 0
dip solution 1

40 vol.%NizAl TiC_Post
5.5 0.1 2.1 | 3556 88.9 0.2 <0.5 0
dip solution2

30 vol.%NizAl TiC Post
- 57.3 0.1 0.1 1556 0.1 0.2 119 0
dip solution

The result of ICP OES analysis on post experiment solution on the filtrate and solution
verified the presence of free Ni?* and A’ ions, which consequently can be anticipated to
have been involved in the cross-linking reaction with sodium alginate. This can also be
factored into the improved quality of the coatings when the solid loading increases from
30 to 50 wt.% cermet feed in suspension, due to the greater availability of cross-linking

ions. Figure 62 demonstrates images of dip coated D2 steel coupons, after drying, with
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TiC-Ni3Al formulations prepared either in the absence of sodium alginate or with sodium
alginate included in the suspension.

iy o
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In absence of Sodium Alginate | { In presencé of Sodium Alginate

(a) (b)

Figure 62. Dip coated specimen at various dimensions with TiC as the ceramic phase,

prepared with: (a) 40 vol.% NizAl metallic phase in distilled water and (b) 40 vol.% NizAl

metallic binder phase in 1.6wt% sodium alginate solution.

Without sodium alginate present the dipped specimen did not form a uniform and cohesive
coating structure. Instead the dry films tended to crack and fall off the substrate as there
was no sodium alginate within the composition (Figure 62 (a)), and hence no mechanism
for corss-linking and increasing the coating coherency. When a mixture of NixAly and Ni
was used as the metallic binder phase, in conjunction with sodium alginate, the dip coated
surface was uniform, and largely crack-free. In this instance, cracking within the preplaced
cermet films was eliminated with addition of sodium alginate to the mixture prior to the
ball milling step (as shown in Figure 62 (b)). To assess the effects of temperature on this

process, which also will affect the rate of water evaporation, the ageing response of
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suspension droplets was assessed. Figure 63 shows CLSM 3D images of the droplets,
prepared with nominal 30, 40, and 50 wt.% TiC-NixAly-Ni solids loadings, on D2
substrates that were cooled or heated to various temperatures. During the formation of the
gelled films, the inorganic TiC-Ni3Al precursors are concentrated onto the substrate surface
by gelation of the alginate polymer containing suspension medium, driven by cross-linking,
continuous drying, condensation, and evaporation. Further characterization of the
experimental ageing of droplets over a period of 120 hours was then conducted using the
CLSM. Figure 63 presents 3D CLSM reconstructions of the of aqueous suspension
droplets, as deposited, with 30, 40 and 50 wt.% solids loading, where the D2 steel substrate
plates are: (i) precooled (to -2 + 2 °C), (i1) preheated (to 60 £ 2 °C), and (iii) held at room

temperature (23 £+ 2 °C).

|=-.-

A

Increasing substrate temperature

Increasing Solids

Figure 63. As-deposited suspension droplets on precooled D2 steel substrate with 30, 40

and 50 wt.% solid loading.
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Adequate levels of gelation on the surface of the substrate were confirmed to play the main
role in the physical and the mechanical qualities of the preplaced films. The results of cyclic
topographical observation of the cermet/gel droplets revealed that cross linking and
gelation eventually takes place due to condensation and drying of the gel. Studies of the
influence of temperature on sodium alginate gelation are, unfortunately, quite limited.
However, Jeong and colleagues recently showed in a study of Ca®" gelation of sodium
alginate that temperature has a significant impact on gelation behavior and subsequent
properties [374]; gelation at low temperature, in that instance 5 °C, resulted in higher gel
strengths while simultaneously a greater water content was retained, and the gels had lower
densities. EDS analysis on microstructure of the green coating was also used to further
verify its chemical composition. Figure 64 represents the results of EDS mapping and
recorded average elemental composition of the green TiC-NizAl 30 vol.% gel/cermet
coating after 24 hours of drying. EDS mapping demonstrated homogeneous dispersion of
the cermet elements while 8.48 wt.% O was detected within the composition of the green
coating. Results of EDS measurements on compositions with 40 and 50 vol.% NizAl
indicated that the amount Ni in the final coating was increased as the wt.% solid loading
of the colloidal suspension. This infers a potential maximum amount of Ni*" ions are
needed for gelation, above which excess Ni does not enter the liquid medium and remains

in the coating.
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NiKa1 WMa1 TiKal

Element Weight% Atomic%

C 4991 75.73
o 8.48 9.66
Al 1.64 1.11
Ti 17.66 6.72
Ni 21.61 6.71
\ 0.70 0.07

Figure 64. EDS mapping of dried green gel/cermet coating microstructure, highlighting

the average elemental composition in units of weight% and atomic%

5.3.3. Macro-scale evaluation of the laser clads

5.3.3.1.Characterization of single track clads

Metallographic examination of cross sections of the single track clads and their interfaces
with the substrate were examined to assess the clad quality of the laser DED tracks. This
stage of the work was performed to refine the processing conditions for preparation of clad
layers (i.e., multi-track clads). Figure 65 illustrates the top view of single-track clads laser

processed at 300 W with 7= 0.8 s and 0.6 s respectively (Figure 65 (a,b)). Both tracks were
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constructed from same the cermet composition with variation of carrier media for dip

coating procedure.
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(a) (b)
Figure 65. SEM images of the of single-track clad layers prepared from: (a) 50 wt.% solids

TiC-NizAl in distilled water, and (b) 50 wt.% solids TiC-NizAl with 1.6 wt.% sodium

alginate in distilled water. The NizAl content was 40 vol.% in both cermet formulations.

As it is shown in Figure 65 (a), absence of Na-alginate in carrier media resulted in
fabrication of a porous clad layer with minimal bonding to the substrate. These specimens
did not survive the sectioning process for the cross-sectional image analysis. In contrast,
regardless of laser processing parameters, clads were fabricated successfully at various
degrees of bonding to the substrate.

Figure 66 shows representative SEM images obtained from the cross sections of TiC-NizAl
(40 vol.%) single track clads, formed onto D2 steel, and fabricated at increasing laser
powers (left to right) and laser scanning speeds (top to bottom). It was observed that, for a
laser power of 300 W, a scan speed of 50.8 mm/min was required to produce a successful

single-layer deposit with the desired bonding to the substrate across the clad width. From
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these SEM images, it is possible to see that both the laser power and scanning speed play
a crucial role in clad formation, the extent of bonding, and the overall clad
quality/microstructure. For DED conditions of 7= 0.9 s and 250 W laser power (Figure 66
(a)), only limited bonding was observed between the preplaced coating and the substrate,
although the clad layer could not be easily removed from the substrate and showed some
degree of adherence. However, as shown in Figure 66 (b), increasing the laser power to
300 W for the same value of 7, clearly effects the extent/kinetics of melt pool generation in
a positive manner, with the formation of a well bonded layer. It is also apparent that shorter
beam interaction times (i.e., 7 = 0.5 s), as shown in Figure 66 (c) and (d), appear to be
insufficient to create a homogeneous melt pool, which resulted in reduced wetting of the
coating and poor substrate interfacial bonding at 250 W, with a moderate improvement at
300 W. Consequently, these preliminary evaluations indicate that increasing laser power
increases the probability of forming a high quality clad, but it is not the only effective
parameter. For a given value of 7, sufficient heat to melt a given volume of the substrate
may be provided by laser energy. However, in reality, this is determined not only by the

laser power but also by the scan speed (V).
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Figure 66. Cross sections of TiC-Ni3Al (40 vol.%) single tracks, clad onto D2 steel
substrate with laser powers of: (a) 250 W, and (b) 300 W, both at T = 0.9 s. Cross sections
of TiC-NizAl (40 vol.%) single tracks, clad onto D2 steel substrate with laser powers of:
(c) 250 W, and (d) 300 W, both at T = 0.5 s. In each case, the x-axis denotes the direction

of laser scan during DED.

5.3.3.2.Characterization of the multi-track clad coatings

The preliminary single track clads showed that a high-density layer can be produced on the
surface of the substrate, that is well bonded and, in most cases, contains no microcracking.
The geometric characteristic of the fabricated multi-track clads, obtained with various
processing parameters, was subsequently verified through a series of measurements
determined from both macro- and microstructural analysis. Figure 67 provides an example
from a transverse section of a well adhered clad/substrate pairing, for AISI D2 tool steel,

with a variety of measurement parameters outlined schematically.
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Figure 67. The macrostructure of a transverse section of the clad surface of D2 steel, for a
sample processed at P =300 W and t = 1.2 s. Note that the x-axis aligns with the direction

of laser scanning.

As shown in Figure 67, the corresponding cross-sectional structure for multi-track clads
was divided into four distinct regions, based on the respective thermal background and
solidification kinetics of the clad/substrate regions. The top layer of the clad, which consists
of the deposited coating (nominally) above the surface of the substrate, is referred to as the
‘clad zone’. The height and width of clad zone are denoted as (Z°) and (D), respectively,
where Z represents the combination of the clad height above and below the surface of the
substrate. The clad height above the surface is given by Z', while volume below the clad
zone is referred to as the ‘fusion zone’, which describes the depth of the coating below the
original surface of the substrate, and here is indicated as z also subsequently referred to as
the ‘z-step’. The fusion zone is followed by a narrow layer in the form of a ‘heat affected
zone’ (HAZ), where the substrate has been affected by the large temperature gradients

during laser DED heating/cooling and will likely exhibit some microstructural distortion.
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To describe the structure of the solidified melt pool across the printed track in relation to
the processing parameters, definition of the laser specific energy, E, (in J/mm?) is proposed
[195,375,376]. In this respect, E is defined as the energy per unit area scanned by the laser

beam per unit time. The value of £ can be calculated following [377]:

Equation 16

where P, V, and Z’ were defined earlier, and H; is referred to hatch spacing of the adjacent
laser raster track. Figure 68 presents correlation graphs that were constructed from the
results of calculated E values for each fabricated clad versus its build parameter conditions.
It is apparent that an increase in scanning speed generally leads to a decrease in E, while
an increased laser power exhibited the opposing behavior. During laser processing, a
significant portion of the energy is absorbed by the substrate, which will have a Gaussian
distribution intensity. The melt pool generated by this input laser energy, at time ¢ = 0, will

have a heat profile as follows [174,213]:

Equation 17

d(pc,T)
ot

+V.(pc,UT) — V.(KVT) = Q

where the power generation per unit volume of the substrate is denoted by O [W/m?], U is
the travel velocity of the workpiece [m/s], and ¢ is time [s]; in this instance, the substrate
properties are denoted as ¢p, the specific heat capacity of the substrate [J/kg-K], while K
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represents the thermal conductivity [W/m-K], and p is the density [kg/m?]. From this point,
the dynamic response of the melt pool is further driven by surface tension and the flow of
the molten pool beneath the surface of the substrate, which is described by heat/mass
transfer and the second law for fluid flow [378-380]. In the case of high temperature alloys,
such as Ni and Co, or Fe-based with smaller amounts of W and Mo as well as C, it has
been observed that the reaction between the hard phase and the melt pool can be beneficial
to some extent [241,242,244,245]. In this scenario the ceramic phase or, alternatively,
added elemental powders such as Mo, Si, C, Zr, and/or Ti, dissolve into the molten pool to
ultimately form fine precipitated particles (e.g., MoSi», SiC, ZrC, and/or TiC), that are well
bonded to the matrix after cooling.

When the applied Hy and Z’, as parameters outlining the dimensions of the melt pool, were
correlated with the calculated values for E, only the layer thickness expressed a decrease
with increased E. Then, computed E values were subsequently correlated with the initial
clad composition, ranging from 30 to 50 vol.% NizAl metallic binder. In this instance, an
increase in the volume fraction of metallic phase in the cermet blend was observed to lead
to an increase in calculated values for E. Based on these observations, at 30, 40, and 50
vol.% metallic binder content, the reduction of scanning speed presents the best correlation
with the computed E. On the other hand, as shown in Figure 68 (b), the increase in E is an
indication of the normalized alloy density as a percentage of its theoretical calculated
density. Furthermore, the ranges for £ can be calculated against the volume fraction of the
metallic phase and percentage of the achieved theoretical density, which are presented as

scatterplots in Figure 69.
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Figure 68. Correlation graphs constructed from calculated E values for: (a) scan speed, (b)

laser power, (c) z-step dimensions, and (d) hatch spacing.
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Figure 69. Calculated E values as a function of: (a) the volume fraction of metallic phase

in the clads, and (b) the normalized density of the fabricated clad layer.
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5.3.4. Compositional and phase analysis

The results of x-ray diffraction analysis on as the as-received substrate (both with and
without laser processing), are provided in Figure 70. The as-received substrate consists of
a-Fe (ferrite), y-Fe (austenite), and Fe3C (cementite) (Figure 70 (a)). The as quenched laser
remelts on the other hand, revealed formation of y-Fe matrix with FesC and Cr2Cs, while
the ferrite (0-Fe) peaks were suppressed (Figure 70 (b)). Similarly, representative x-ray
diffraction analyses for TiC-Ni3Al (40 vol.%) clads laser deposited onto D2 substrates are
provided in Figure 71. XRD peaks obtained from coated surfaces at all the scanning speed
confirmed presence of TiC particles in the composite. Predominant XRD peaks are
composed of TiC, y-Fe, and (Fe, Cr);C, which have formed due to the segregation of Cr to
grain boundaries and inter-dendritic region of y-Fe during the fast solidification process.
Thus, the dendritic region which becomes depleted from Cr decomposes into (Fe, Cr);C

during cooling after solidification.
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Figure 70. (a) XRD trace obtained from the polished surface of the as-received D2

substrate. (b) XRD trace obtained from the as-received D2 substrate subjected to a laser

remelting step, with P =300 Wandt=1.2s.
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Laser cladded cermet coating on D2, 7> 1
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Figure 71. XRD traces obtained for the TiC-NizAl 40 vol.% coatings clad onto D2

substrate processed at: (a) P=350 Wandt>1s,and (b) P=350and t< 1 s.

5.3.5. Micro-scale evaluation of the laser DED clads

5.3.5.1. Microstructural analysis of the laser clads

EDS mapping of the TiC-Ni3Al clads prepared with 30 vol.% NizAl intermetallic phase,
produced with a laser power of P =300 Wand 7= 1.4 s on D2 tool steel, is shown in Figure
72. It is apparent that the dark layer of the coating is primarily concentrated with Ti and C,
with minor amounts of Fe. On the contrary, the substrate region below the coating was
found to be rich in Fe and Cr, while a low concentration of Ni was detected in both the

coating and the substrate region.
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15.0kV 12.2mm x3.00k SE(M)

Figure 72. EDS maps for a TiC-NizAl clad with 30 vol.% Ni3Al intermetallic phase,
processed at P = 300 W and t = 1.4 s. Note that the x-axis denotes the direction of laser

scanning in each case.

EDS maps of the TiC-Ni3Al clad coatings on D2 steel, prepared with 30 vol.% metallic
phase (processed at P = 300 W and 7 = 1.4 s), are presented in Figure 73; these images
show the top portion of the clad zone and the clad/substrate interface in Figure 73 (a) and
(b), respectively. EDS mapping shows that the dark contrast particles in the coating layer
are composed of highly concentrated Ti and C along with the traceable amount of Ni;
whereas, the white matrix region is composed of Fe, Cr, and Ni. Detection of the Ni within
the substrate is attributed to the partial dilution of Ni within the initial TiC-NixAly-Ni blend

or formation of Ti-Ni intermetallic that mixed with the steel matrix.
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Figure 73. EDS captures of TiC-NizAl clad coatings on D2 steel with 30 vol.% metallic
phases processed at P =300 W and T = 1.4 s: (a) at the top portion of the clad zone, and (b)
at the clad/substrate interface. Note that the x-axis denotes the direction of laser scanning

in each case.

EDS analyses on the clad/substrate interface and through the HAZ area detected a sudden

change in the distribution of Fe and Cr, diffusing from the substrate, at the interface (Figure
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74). Although this can be generally attributed to elemental diffusion and dilution of the
substrate, it can be assumed that given the relatively controlled range of diffusion, this

would also likely be quite beneficial to the clad/substrate adhesion.

(a) (c

Figure 74. Corresponding EDS mapping from the cross section of the TiC-NizAl/D2 steel
substrate clad couple, highlighting the transition in structure from: (a) the clad layer
coating, to (b) the clad layer/substrate interface, and (c) the HAZ. The sample was
processed at a laser power of P = 350 W and © = 1.2 s. Note that the x-axis denotes the

direction of laser scanning in each case.
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Figure 75 represents an example of low magnification CLSM optical micrograph obtained

from cross section of TiC with (40 vol.%) Ni3Al intermetallic clad coatings, onto D2 steel

substrates at P =350 W and 7= 1.12 s laser power.

The low magnification microscopy on etched specimens shows that (Fe, Cr)3;C carbide is

mostly present along the grain boundaries of the austenitic metallic matrix while the

microstructure of the as received D2 consisted of large carbides

martensite [381].
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Figure 75. CLSM optical micrographs illustrating the variation

in a matrix of tempered

of morphology with the

TiC-Ni3Al (40 vol.%) clad on D2 steel, laser processed at P =350 W and t=1.12 s.
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Microstructural analysis, in conjunction with the results from phase identification, revealed
that the laser DED manufactured clads exhibit a general morphology with the dispersed
hard phase within a metal matrix that varies in terms of microstructural characteristics. This
variance was seen to strongly depend upon three main factors: (i) the laser processing
parameters (i.e., laser power and scanning speed), (ii) the volume content of the introduced
metallic phase (i.e., NizAl) within the feedstock, and (iii) the clad depth in relation to
clad/substrate interface. Thus, the subsequent microstructural examination of the fabricated

clads has been presented in accordance with these factors.

5.3.5.2. Effect of laser parameters on clad morphology

Microstructural analysis shows that at P = 350 W and 7 = 0.1 s, a high-density layer is
produced at the surface of the substrate, which is well bonded to substrate regardless of the
content of NizAl. Figure 76 highlights the three predominant structures observed within
the clad layer, which vary in final morphology by means of their kinetics of solidification.
Analysis of the microstructure of the present TiC-Ni3Al based clads revealed that at 350
W laser power, when 7 < 1 s, both the size and volume fraction of TiC particles significantly
varies, transitioning from small globular particles to coarse ‘flower-like’ clusters. Such an
inhomogeneous microstructure was found to result in formation of microcracks with some
pores around the un-melted particles. A prior study has reported that variation of TiC

particle morphology is largely affected by its location within the clad layer [382].

179



| L B B B I B B | 1
15.0kV 12.4mm x250 SE(M) 200um 15.0kV 12.6mm x500 SE(M) 100um

(a) (b)

. y I 1 ' 1
15.0kV 12.6mm x500 SE(M) 11.9mm x500 SE(M)

(© (d)

Figure 76. SEM micrographs illustrating the variation of morphology with the TiC-NizAl
(40 vol.%) clad on D2 steel, laser processed at P = 350 W and t = 0.1 s. (a) Low
magnification SEM image of the TiC-Ni3Al/D2 steel substrate clad couple. (b) Low
magnification SEM image of the clad surface at the edges of the melt pool. (¢c) Low
magnification SEM image of the clad surface at the center of the melt pool. (d) Low
magnification SEM image of the clad/substrate interface at the central access of the melt

pool. Note that the x-axis denotes the direction of laser scanning in each case.
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From the SEM micrographs shown in Figure 76, it is apparent that the cooling rate is a
dominant phenomenon in establishing the localized temperature of the system, which gives
rise to the formation of various carbide sizes and morphologies. It is well known that the
overall solidification dynamics, degree of dispersion, and size of these carbides are
ultimately responsible for controlling the mechanical properties of high-speed and tool
steel grades [383-385].

The solidification of the coating material begins at the coating/substrate interface substrate
(Area 3), shown in Figure 76 (d). In this region, the crystal’s nucleation rate is higher than
their growth rate, resulting in formation of a fine, globular microstructure. With increasing
distance from the steel substrate, the ratio of the temperature gradient to solidification rate
decreases and, consequently, the formation of a dendritic morphology was observed (Area
1, in Figure 76 (b)). The maximum solidification rate is reached within the zone just below
the surface (area 2, in Figure 76 (c)), where there are a limited number of large, partially
melted reinforced TiC particles. As the TiC based carbides are nearly entirely dissolved,
the matrix is enriched with Ti and C, which results in the formation of carbides (visible in
the form of white contrast precipitates in Areas 1, 2 and 3). These carbides exhibit minimal
dendritic growth and are mainly preserved in the cubic/polygonal morphology. The
presence of such isolated, individual particles has been reported to rapidly increase the
value of hardness of such composites into a range of 1000-1600 HV [22,53,386,387].
Examples of the morphology obtained from cross section of the TiC-based clads, prepared
with same volume content of NizAl intermetallic matrix (40 vol.%), but higher scanning
speeds (i.e., 7 > 1 s) and again clad onto D2 steel substrates at 350 W laser power, are

presented in Figure 77.
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Figure 77. SEM micrographs illustrating the variation of morphology with the TiC-NizAl
(40 vol.%) clad on D2 steel, laser processed at P =350 W and t> 1 s. (a) Low magnification
SEM image of the TiC-NizAl/D2 steel substrate clad couple. (b) at the clad/substrate
interface at the central access of the melt pool. (c) at the clad surface at the center of the
melt pool. (d) at the clad surface at the edges of the melt pool. Note that the x-axis denotes

the direction of laser scanning in each case.

As shown in Figure 77 (a), at higher scanning speed, compositions containing 40 vol.%
metallic binder, clad layers exhibited dense clads with optimal layer thickness which were
well adhered to the substrate. The dispersion of hard phases in the clads with higher

scanning speed and same laser power was observed to be homogeneous in all of the clad
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zones (i.e., Areas 1, 2, and 3). In contrast, the increase in volume fraction of the binder
phase resulted in the formation of clad layers with high levels of dilution and undesired
reduction of the clad height. Moreover, it was noted that at higher laser scanning speeds,
the variation of the fabricated carbides also becomes dependent on compositional

variations introduced by the feed source or caused by the laser processing parameters.

5.3.5.3. Microstructural variations due to the volume content of NizAl metallic binder

Examples of the morphology obtained for partially melted TiC carbide particles within the
nominally NizAl intermetallic matrix are presented in Figure 78, for clads prepared with
30, 40, and 50 vol.% Ni3Al binder, deposited onto D2 steel substrates at 350 W laser power
and higher scanning speeds (i.e., 7> 1). The dispersion of the hard carbide phase(s) within
clads with 30 vol.% NizAl metallic binder composition was observed to be homogeneous
through the various clad zones, while minimal dendritic growth was observed (Figure 78
(a)). In contrast, the increase in volume fraction of the binder phase resulted in formation
of clad layers with high levels of dilution and an undesired reduction of clad height (Figure
78 (b,c)). At a 30 vol.% NizAl content, a high portion of the reinforcing TiC particles are
still present in their primary form (i.e., angular grains, 2-5um in size), and lower levels of
wetting that may be anticipated due to a reduction of the liquid phase appear to have
resulted in the formation of some residual pores within the microstructure of the clad
coatings. At 40 vol.% NizAl content, partial melting of the larger TiC carbide particles
results in the generation of nucleation sites for the crystallization of complex carbides.
Complex carbides are generally established in a ternary system that contains a transition

element (M), and a B-group element (M’), in addition to carbon, with typical
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stoichiometries of MoM'C or M3M'C [388]. At 50 vol.% NizAl content, the formation of a
coarse dendritic TiC structure (darker grey contrast) was observed, which distinctly
changes in terms of its microstructural features when moving towards the mid-section of
the clad layer. Moreover, the TiC dendritic structure, which is an indication of
constitutional supercooling [389], is uniformly dispersed within a fine lamellar eutectic
matrix structure, which also changes when progressing towards the substrate/clad interface.
In a study of plasma spray deposition in the Ti-Fe system, it was suggested that spherical
TiC particles develop in a semi-solid melt region while, in contrast, a dendritic structure
results from solidification of a completely liquid melt pool [62]. In that instance, the semi-
solid process zone can be viewed as un-melted particles of TiC within a liquid metal phase.
Thus, a decrease in the hard phase content (i.e., a higher NizAl intermetallic volume
fraction), leads to a decrease in the rate of nucleation and results in undesired dendritic

growth.
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10.0kV 12.4mm x250 SE(M)

Figure 78. Cross sectional view of TiC-NizAl based DED clad coatings on D2 steel with:
(a) 30, (b) 40, and (c) 50 vol.% NizAl metallic binder. Samples were all laser processed at
P =300 W and t = 0.14. Note that the x-axis denotes the direction of laser scanning in each

casc.

5.3.5.4.Variation of clad morphology within the clad depth

Microstructural investigations at higher scanning speed, unsurprisingly, showed that the
morphology of the homogeneously dispersed phases within the clad depth, slightly varies
in size within the different clad zones. This is proposed to be due to the ultra-rapid heating

and cooling rates that arise during laser processing of thin coatings (Figure 79).
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Figure 79. (a) SEM images of the TiC-NizAl/D2 steel substrate clad couple, highlighting
the transition in structure from: (a) the clad layer coating, to (b) the clad layer/substrate
interface, and finally (c) the HAZ. The sample was processed at a laser power of P = 350

W and 1 = 0.2 s. Note that the x-axis denotes the direction of laser scanning in each case.

186



Figure 80 presents higher magnification SEM images of the carbide microstructures that
are consistently observed from the mid-section and the bottom layer of the TiC composite
coating, with 30 and 40 NizAl, fabricated at higher scanning speeds (i.e., 7 > 1s); in this
instance the clad conditions were P = 350 W and 7 =1.4 s. At 30 vol.% NizAl metallic
matrix content, the TiC reinforcing phase developed into nucleation sites for primary V-
and Mo-based carbides that precipitate during the laser melting/solidification process.
These carbides exhibit a hexahedral structure (with morphologies ranging from blocky to
round) which often forms a flower like morphology, resulting from coalescence and partial
sintering of TiC based carbide particles.

Primary carbides generally can be identified with a dark core that is known to be composed
of Ti, and C and rim structure which generally formed by a mixture of Fe, Cr, V, W, and
Mo (along with C) and leading in formation of an octahedron type microstructure
surrounded by low index face of TiC cubic crystal (Figure 80 (a), (Areas 1 and 2)).
Moreover, Ni is also apparent, but this is likely due to X-ray generation from the
immediately surrounding matrix. This is because TiC is partially soluble in Ni, which may
result in agglomeration of the nucleated TiC particles toward the mid-section of the clad.
Pei and colleagues have confirmed similar microstructures via TEM analyses on laser
processed TiC based cermet coatings within a broadly similar Fe, Ni metallic matrix [40].
Therefore, upon solidification, nucleation of TiC occurs from the melt pool, while some

MC type carbides decomposed into MsC carbide by the reaction [40]:

MC + vy — MeC +7v'
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As it is shown in Figure 80(b), three particles are attached to each other without fully fusing
during the fast growth of the solidification front and precipitation of carbides out of the
supersaturated melt in the middle and bottom of the clad.

The rod like continuous network, denoted in Figure 80 (a) by (Area 3), are known to be
M,C type carbides, which were mainly rich in Cr and Mo in the present case. The
morphology of this type of carbide transformed from rod-like to lamellar as the volume
content of the NizAl component was increased. Elemental compositions of the primary
hard phase obtained from mid-section of the TiC-NizAl 30 vol.% composite coating on D2

steel, fabricated with P =350 W and 1 = 1.4 s is shown in Figure 81.

15.0kV 12.6mm x10.0k SE(M)

(a) (b)

Figure 80. High magnification SEM micrographs highlighting various carbide
microstructures that were repeatedly observed in laser cladding of D2 tool steel with: (a)

30 vol.%, and (b) 40 vol.% Ni3zAl metallic binder, processed at P =350 W and 1= 1.4 s.
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Figure 81. Elemental compositions of the primary hard phase obtained from mid-section
of the TiC-Ni3Al 30 vol.% composite coating on D2 steel, fabricated with P =350 W and
T = 1.4 s, in relation to: (a) the center of the grain cross section, and (b) highlighting the
elemental composition of three types of carbide structure repeatedly observed during laser

processing of the D2 tool steel.
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5.3.6. Mechanical testing

Tensile experiments were conducted according to the ASTM E8/E8M standard (Standard
Test Method for Tensile Testing of Metallic Materials). Tensile properties were evaluated
for two different sets of cladding parameters, in addition to the as-received D2; two tests
were conducted for each process variant. This was performed for a further examination of
the impact of the outlined coating process conditions. Figure 82 demonstrates the tensile
testing results obtained for both the as received and cermet clad tensile samples, fabricated
onto D2 steel.

Since the lath-shaped martensite generally has high hardness, the ductility of the AR tensile
samples is anticipated to be favorable. Nevertheless, it could be seen that both clad
specimens possessed a very low elongation (0.1 % and 0.01 %) and a low toughness (42.7
J/m? and 19.3 J/m?), although exhibited an excellent tensile strength (404.8 and 333.2 MPa.
The surface microstructure results in a high ceramic content, which is detrimental to the
fracture toughness of the material. Toughness may also be impacted by the final surface
residual stress, while the roughness can impact the strength. The various grain sizes
nucleated in different zones of the melt pool may lead to different extents of the

strengthening effect.
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Figure 82. (a) Typical tensile stress-strain curves for the as-received D2 substrates and the
TiC-NizAl 40 vol.% cladded specimens (P = 350 W and © = 1 s, with E = 297.7 J/mm>).
(b) Reduced strain range plots of the tensile stress-strain curves for the TiC-NizAl 40 vol.%

cladded specimens shown in (a). (c¢) The calculated toughness of the clad and as-received

samples.
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Localized inhomogeneity within the microstructure may generate moderate to large stress
concentration(s), accelerating the expansion of any cracks that might be present. Crack
propagation occurs at the locally weak zones (i.e., where there are defects and voids) during
tensile testing, leading to premature failure.

The occurrence of martensitic transformation generally accompanies laser processing,
creating pronounced residual stresses within the crystalline grains. The stress arising from
this phase transformation also brings greater brittleness to the laser processed samples.
Fracture morphologies of the as built and DED cermet coated tensile samples fabricated at
(E = 297.7 J/mm?®) are shown in Figure 83, while Figure 84, illustrates a comparison
between the tensile fracture surfaces of the clad sample and as-received steel substrate. The
fracture surface is characterized by the generation of cleavage microcracks, shortly
followed by plastic deformation.

Moreover, second phase particle cracks and microcavities generated from ferrite pre-crack
tips were detected (Figure 83 (a)). This type of post tensile microstructure has been
previously reported by other studies on steel substrates with a-Fe/FesC interface structure
[390,391]. The fracture surfaces of the as-received D2 samples exhibited equiaxed dimples
in addition to some cleavage planes, indicative of a both ductile and brittle failure. Post
fracture cross-sections of the cermet clad specimens demonstrated an obvious “cleavage
river pattern”, showing a typical brittle fracture response [383]. This was in accordance

with the very low toughness values recorded during the tensile analyses.
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Figure 83. SEM micrographs captured from the tensile fracture surfaces of laser-processed
TiC-NizAl 40 vol.% coating on D2 substrate (P =350 W, and t =1 s, E =297.71 J/mm®).
Images are recorded at: (a) the cross-section of the fracture surface highlighting various
locations with respect to the coating/substrate interface, (b) a top (plan) view of the
fractured coating/substrate edge, (c) the cross section of the clad layer, and (d) the cross
section of the substrate below the clad layer. Note that the x-axis denotes the direction of

the laser scan.

193



54. Conclusions

The in-situ gelation of aqueous TiC-NizAl feedstock suspensions, with sodium alginate as
a gelling agent, was examined for preplacement of feedstock material onto D2 steel
substrates and subsequent laser cladding. The feedstock preplacement step was conducted
by dip coating, as an alternative to conventional dry powder preplacement. Suspension-
based preplacement has several advantages, notably much higher solids contents are
possible, in comparison to dry powder placement, while this route also creates the
opportunity to use very fine (i.e., sub-micron) particles within the suspension.

When dip coating, it is apparent that when sodium alginate gelation takes place, it improves
the quality of the powder coating quite considerably (in contrast to suspensions without
sodium alginate). The extent of potential cross-linking during gelation was also examined
through control of substrate temperature prior to dip coating; the coating step was thus
found to be further improved by precooling the substrate. The presence of divalent and
trivalent cations, specifically Ni** and AI**, were shown to be an effective cross-linking
agent, being slowly released from particles within the colloidal suspension into the local
aqueous environment; in this instance, diffusion only needs to occur over a ~1 pm (or less)
length scale. The outlined method was confirmed to be effective as an environmentally
friendly processing step (sodium alginate is a food-grade biopolymer), while a high powder
packing density can then be achieved in the coating.

After the dip coating stage, the optimal processing parameters for laser cladding of dense,
TiC-NizAl metal-matrix composite coatings onto D2 tool steel substrates were assessed,
and a relationship between the various parameters was analysed. A laser power of 300 W

and scan speed of 50.8 mm/min was required to produce a successful single-track/layer
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deposit with the desired bonding to the substrate across the clad width from gel-based
cermet clads. The real-time cooling rate was found to affect the dilution and morphology
of carbides generated in the clad. It was observed that the scan speed affects the dilution
and cooling rate, which are the two main factors in establishing the desired carbide
morphology and microstructure. Results show that cooling rate has the most dominant
effect on the morphology and size of the TiC particles transitioning from small globular
particles to coarse ‘flower-like’ clusters. Ultimately, the extent of heat generated by use of
different scan speeds results in varied carbide morphologies and distributions.
Microstructural analysis, in accordance with the results of phase identification,
demonstrated that the polygonal/cubic morphology of the dispersed hard ceramic phase,
within a ferrous/Ni Al containing metal matrix, varies in characteristics based on three main
factors:

Laser processing parameters (i.e., laser power (P) and scanning speed(V)): At 350 W
laser power, for 7 < 1 s, both the size and dispersion of TiC particles significantly varies
through the depth of the clad layer, causing inhomogeneity and a possible decline in the
mechanical characteristics. In contrast, increasing the scan speed (i.e., 7 > 1 s),
homogeneous dispersion of the hard phase was observed within clads throughout its depth.
The volume content of the introduced metallic phase (i.e., NizAl) within the feedstock:
The dispersion of the hard carbide phase in clads with 30 vol.% NizAl metallic binder
composition was observed to be homogeneous through the various clad zones, with
minimal dendritic growth observed. In contrast, increasing the volume of the binder phase
resulted in the formation of clad layers with high levels of dilution and an undesired

reduction of the clad height.
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The clad depth in relation to clad/substrate interface: Structural investigations at higher
scanning speed, showed that the morphology of the homogeneously dispersed phases
within the clad depth, slightly varies in size throughout the depth, due to the ultra-rapid
heating and cooling rates that arise during laser processing of such thin coatings.

The mechanical characteristics of the fabricated clads were examined through preliminary
tensile testing. The clad specimens demonstrated a very low elongation (0.1 % to 0.01 %)
and a low toughness (19.3 to 42.7 J/m?), although exhibited a reasonable tensile strength
(333.2 to 404.8 MPa). The low toughness in laser processed tensile parts was attributed to
the heterogeneous microstructures and grain size. Therefore, the various grain sizes
nucleated in different zones of melt pool may lead to different extents of the strengthening

effect.
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Abstract

TiC-based cermet coatings have been applied onto high Cr-containing, cold work D2 tool
steel substrates through laser direct energy deposition (DED). A suspension-based
preplacement method was used for first applying the coating feedstock onto the substrate
prior to DED laser cladding, by dip coating of the steel substrate into a suspension of TiC-
NixAly-Ni (with an overall Ni3Al stoichiometry). Process optimization gives well-adhered,
preplaced feed stock material on the surface of the substrate, with a uniform thickness. The
preplaced material was then subjected to laser DED processing using various laser powers
and scanning speeds, resulting in fabrication of high density clads on the substrates. The
subsequent mechanical enhancement of the D2 steel surface was quantified in relation to
the laser processing parameters. Hardness profiles were generated by cross sectional micro
indentation of the clad layers. Micro-Vickers hardness (VH) values of the cermet coatings
have been measured from load—displacement curves under a range of applied normal
forces. Results VH of the composite coatings are in the range of 265.7 to 890.3 GPa. As a

preliminary assessment of the wear response, a variety of single pass scratch testing
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approaches have been undertaken. A qualitative evaluation of interfacial strength between
coating and substrate material was also performed by cross sectional scratching of the clad
coatings. Failure modes and damage mechanism were examined at different processing
parameters by means of acoustic emission (AE) and coefficient of friction (COF)
measurements, together with assessment of the post-test microstructures. The scratch
hardness (Hsp) of the cermet clad coatings varied within the range of 4.88 to 7.58 GPa, as
a function of applied normal force (ranged within 10 - 40 N), which was considerably
higher than the D2 substrate (Hsp, = 3 GPa under applied force of 10 - 40 N). Mechanical
performance of the modified D2 steel surfaces was found to vary considerably, depending

on the implemented laser-processing parameters and its resultant solidified microstructure.
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6.1. Introduction

Ultra-high strength steels, which are utilised in numerous applications in everyday life, are
highly sensitive to damage caused by corrosion, fatigue, and stress corrosion cracking
[392-396]. This type of damage, in applications with geometrically optimised components,
is usually followed by costly replacement of the parts. Consequently, discovering
preventive measures and feasible in situ repair strategies have been attractive scientific and
industrial pursuits for many years [74,191,397-399]. Enhancement of the functional
properties of steel surface by application of ceramic composite coatings has been found to
be an effective technique [75,76,400—403]. Ceramic particles invariably have much higher
elastic modulus and abrasion resistance in comparison to the majority of metals and
typically maintain their mechanical integrity at elevated temperatures. Several deposition
techniques have been reported in the open literature, such as chemical and physical
deposition (CVD and PVD), mechanical milling plasma-based implantation, sputtering,
pulsed electrode surfacing and deposition, laser deposition, etc. [404—412]. However,
many of these techniques are generally expensive and require complicated procedures and
long fabrication times [413—416], while often leading to fairly thin coatings. Table 15
outlines some examples of high-performance cermet coatings, their associated processing

routes, and their measured hardness values, as reported in the open literature [2,417-424].

Since the arrival of laser-based manufacturing technologies, laser hardening has been
explored by a number of researchers for modification of the surface properties on hard
steels. Increased wear and hardness properties have been reported when the surface was
subjected to a high energy laser, where high heating/cooling rates and quenching of the

substrate have resulted in the formation of a martensitic structure [425-428]. Laser

199



cladding has been applied to rebuild material, following removal of the damaged zone

through grinding. This allows restoration of both the original dimensions and mechanical

properties of the component, with particular attention to the fatigue life that can qualify for

the minimum safety level. Laser cladding thus offers in situ repair of high value

components such as turbine blades, specialty tools, gas turbine parts, and internal

combustion engine components [74,221,397,398]. Superior strength, hardness and fracture

toughness, in contrast with relatively low production costs, have been extensively used in

the fabrication of wear resistant composites [429—-432].

Table 15. The hardness of some advanced composite coatings and their related processing

routes reported in the literature.

Composition Processing technique Hardness Source
High velocity oxyfuel (HVOF), direct
Cr3C2/25% Ni—Cr HV 1032 [29]
diode laser
Self-propagating high-temperature
HVo.1 525.02
ZrB,—ZrC/Ni synthesis (SHS), atmospheric plasma [30]
(£ 96.08)
spraying (APS)
ALOs3 Gas tunnel-type plasma jet HV 1200 [31]
WC—Cr3Cy/Ni and HVo3 1188
HVOF [32]
WC/Ni and 1105
Ni/ZrO, Electroplating HV25 600 [33]
TiC/20 wt%Ni (bulk) Sintering HV 1295 [34]
Ti/TiC Laser melting (LM) HV 700 [35]
Ti/SiC Laser deposition (LD) HV 647.5 [36]
Graphene oxide
Powder fed laser deposition (PFLD) HVy.1 250-350 [37]

(GO)/TiC
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With this in mind, the present study investigates the use of laser-based DED cladding for
applying TiC-NizAl based cermet coatings onto D2 cold worked tool steel substrate. A
preplacement approach is developed, that is based on the use of an aqueous suspension of
TiC-NixAly-Ni and sodium alginate. Using a suspension-based approach allows moderately
complex-shaped components to be coated, through controlled dipping, which is much more
challenging to achieve with dry-powder preplacement approaches. Furthermore, an
important benefit of utilising suspension-based preplacement is that the effective solids
loading in the dry powder is significantly greater than when using dry powder (typically 3
to 5 times higher). In terms of the examined substrate, AISI D2 steel has been extensively
used in the tool and die industry for manufacture of wear resistant parts with a high degree
of machinability. However, this family of steels suffers from low surface hardness, and
mechanical failure often arises with rapid variation of large forces at frictional contact
points [8,433,434]. Damaged surfaces are also susceptible to further degradation of the
service parts in corrosion scenarios, due to the generation of localised corrosion sites,
particularly under harsh operating environments [435—437]. Surface modification via laser
beam technologies has consequently been suggested as an effective technique in improving
the mechanical properties of D2 steel [438—441]. While the mechanical properties of the
bulk material can be determined via a number of established techniques, a true
understanding the failure mechanisms and their progression for more complex structures
(i.e., with laser printed surface layers), demands precise micro-testing and observation
techniques that are capable of generation and processing wide range of data within short
processing times [7,442—444]. Consequently, such micro-mechanical/tribology approaches

have been utilised in this work to determine the impact of TiC-NizAl based cermet coatings
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on the mechanical performance of the D2 cold worked tool steel substrate fabricated by

laser cladding.

6.2. Experimental Procedures

6.2.1. Materials

The present TiC-Ni3Al cermet formulations were prepared by mixing TiC powders, and
the constituent precursors to form the intermetallic Ni3Al binder phase through a reaction
sintering approach; in this instance, a mixture of NixAly and Ni were employed. The final
NizAl content in the mixtures were targeted from 30 to 50 vol% of the overall cermet
composition. The TiC powder (lot no. PL20126240; particle size of 1.0 - 2.0 um) used in
this work was procured from Pacific Particulate Materials Ltd. (Vancouver, BC, Canada),
while both the Ni powder (lot no. LIOWO013; particle size of 2.2 - 3.0 um) and NixAly
powder (lot nos. D28X029 and G19X071, respectively; each with Dso = 32 um) were
purchased from Alfa Aesar (Ward Hill, MA, USA); it should be noted that the NixAly
powder exhibited a 1:1 weight ratio between Ni and Al. After weighing the starting
materials, each examined cermet composition was ball milled for 24 hours with yttria-
stabilized zirconia milling media in acetone, followed by a 24-hour drying period. The
dried powders were subsequently sieved through a -75 pm stainless steel mesh screen, to
eliminate any potential hard agglomerates. The laser clads were fabricated onto annealed
and precision ground D2 tool steel plates supplied from McMaster-Carr (Douglasville, GA,

US). The substrate specimens were sectioned into a final geometry of 75 x 50 x 5 mm and
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were subjected to abrasive grit blasting with 300 um zirconia shot prior to preplacement of
the cermet feed material, as follows.

Stable, aqueous cermet suspensions with 50 wt.% solids loading were then developed from
a solution of 1.6 wt.% sodium alginate and distilled water, with 0.1 vol.% Darvan® C-N
added as a dispersant. The suspension pH was then adjusted to a value of 8.5 using a
solution of NaOH. The cermet/alginate suspension was subsequently homogenized on
magnetic stir plate for an average of 3 hours at 385 rpm and then vacuum degassed. A dip
coating apparatus with a linear driven stage was designed and employed for preplacement
of feed material on substrate by dip coating method. Precise control of withdrawal speeds
at 0.05 mm/s and angle 90° was obtained via a control board interfaced to an Arduino
controller. Subsequently, the D2 tool steel coupons were then immersed and withdrawn
from the coating suspension, with the long dimension of the coupon oriented parallel to the
direction of withdrawal. After dip-coating, the substrates were dried at 20 + 3 °C for 24
hours prior to laser cladding. The chemical compositions of the coating feedstock mixtures

and D2 steel substrate are provided in Table 16 and Table 17, respectively.

Table 16. Chemical compositions of the examined clad formulations.

Clad component . Composifional wt.% :

TiC NiAl Ni
Coating: TiC-30 vol.% NizAl 60.23 5.26 14.53
Coating: TiC-40 vol.% NizAl 51.62 13.91 38.44
Coating: TiC-50 vol.% NizAl 43.02 17.39 48.05
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Table 17. Standard chemical composition of the D2 substrates used in the present work.

Substrate C Cr Mo A Mn Si Fe
AISI D2 tool steel 1.55 12 0.8 0.9 0.35 0.25 | Balance

6.2.2. Direct Deposition Cladding

Following dip-coating and drying, the preplaced cermet coatings were laser clad onto D2
substrates using an Optomec MTS 500-CA DED system, equipped with a 1 kW ytterbium-
doped fiber laser (IPG Photonics; A = 1070 nm), integrated with a five-axis CNC vertical
machining center to control the velocity of the workpiece. The segmented 3D model of
targeted clad dimension was generated via Mastercam Mill 2019 software, coupled with
the available DED system. A laser spot size diameter (D) of ~780 pm was achieved at a
standoff distance set to 7.9 mm, under an argon atmosphere with an oxygen content < 10
ppm. The effect of test parameters was assessed under initial applied values of laser power
(P) 0of 200, 250, 300, and 350 W. Similarly, the scanning speed (¥) varied between 58 and
116 mm/min. for each of the evaluated laser powers. The laser beam moved above the
preplaced, suspension-coated substrate at pre-determined interaction times (7), in seconds,

as defined in Equation 18:

Equation 18

where D and V were defined previously [44].
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6.2.3. Microstructural Characterization

Following laser processing, the clad samples were sectioned perpendicular to their planar
surface, using a precision saw, and were then mounted prior to grinding/polishing down to
a 0.25 um final diamond paste particle size (Figure 84). The general appearance of the
clads and three-dimensional measurements of the surface was performed on both the as-
printed and mechanically tested specimens using 3D confocal laser scanning microscope
(CLSM; VK-X200/X210, Keyence, Mississauga, ON, Canada). Microstructural
characterization was conducted using optical microscopy (OM; Olympus BX-51, Olympus
Corp., Tokyo, Japan) and field emission scanning electron microscopy (FE-SEM; Model
S-4700, Hitachi High Technologies, Tokyo, Japan). Compositional analysis was performed
in the FE-SEM using energy dispersive X-ray spectroscopy (EDS; Inca X-maxN, Oxford
Instruments, Concord, MA, USA). Moreover, EDS analysis is used to analyze the clad
zone in order to observe and report the dilution, instead of using a more conventional
method that measures the dilution simply by clad dimensional characteristics [445,446].
FE-SEM imaging, in conjunction with CLSM observations were performed on multiple
clad layers for verification of the clad dimensions and their related surface roughness.
Additionally, electron backscattered diffraction (EBSD) was utilized in the FE-SEM for a
more complete understanding of the represented phases, grain morphology, and

crystallographic texture of clad cross sections.
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Bakelite

15.0kV 12.3mm x45 SE(M)

Figure 84. Microstructural representation of the clad dimensions obtained from low
magnification SEM imaging on polished clad/substrate cross sections. Note that the x-axis

in the lower right-hand corner denotes the direction of the laser scan.

Laser processing parameters are often simplified into a singular energy input for a given
build volume. The magnitude of energy output within a specified unit of length value of
energy density, £D, has been calculated based on volumetric energy density [377], derived

from those utilised in laser powder bed fabrication:

Equation 19

- P
~ VHZ'

where P is the laser power and V is the laser traverse rate (as before), H is the line hatch

spacing of adjacent laser raster tracks, and Z is the layer thickness (z-step size).
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6.2.4. Mechanical testing

6.2.4.1. Micro Vickers indentation

Vickers hardness analysis was conducted based on ASTM E2546 and ISO 14577 using an
instrumented indentation system (Nanovea® PB1000, Nanovea Inc, Irvine, CA, USA)
[107,447]. Indentations were performed by application of a linearly increasing normal load
to a fixed final load, prior to unloading to the initial position. The examined operating

conditions for the Vickers indentation experiments are listed in Table 18.

Table 18. Micro Vickers indentation parameters applied for the testing of TiC-Ni3Al based

DED clads on D2 tool steel.

Indenter Poisson ratio 0.7
Indenter elastic modulus (GPa) 1,140
Sample Poisson ratio 0.238
Applied force IN | 3N | 5N
Loading/unloading rate (um/s) 151 30 | 70

Indentation tests were performed on cross sections of the coated specimens, where the
coating/substrate interfaces were imbedded perpendicularly in a Bakelite resin disc; both
ends of the clad sample were exposed on either side of the Bakelite block, and both faces
were subjected to sequential polishing to achieve an average surface roughness of R, < 10
nm prior to the indentation procedure. Indentations were then performed in three regions
relative to the clad structure; top, intermediate, and near the coating/substrate (zones 1, 2,
and 3 respectively), where each is spaced relative to the previous indent at a separation

distance determined by multiplying the generated indentation depth by 10 Figure 85.
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Figure 85. Cross sectional view of the cermet clads highlighting the locations for
performed indents in three regions: top (zone 1), intermediate (zone 2), and near the
coating/substrate (zone 3). Note that the x axis in the lower right-hand corner denotes the

direction of the laser scan.

The indentation hardness (H) was subsequently determined from the recorded load-
displacement curves, with stiffness recorded continuously during the loading of the
indentation. Two specimens were tested from each coating category, with five separate
indentations at each load for defined regions: top, intermediate, coating/substrate interface;
these are subsequently referred to as zones 1, 2, and 3, respectively. Indentation loads of 1,
3 and 5 N applied normal force were used in each case. Microstructural observations were
subsequently performed on the indented surfaces to observe plastic deformation and

potential crack formation.
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6.2.4.2. Scratch testing

Micro-scratch-hardness tests were performed using a Universal Micro Tribometer (UMT-
1; CETR, Campbell, CA, USA), using a diamond stylus with apex angle of 120 £+ 5°, and
a nominal tip radius of 200 um. The test was conducted with reference to the standards
ASTM G171-03 (Standard Test Method for Scratch Hardness of Materials Using a
Diamond Stylus) and ASTM C1624 — 05 (Standard Test Method for Adhesion Strength and
Mechanical Failure Modes of Ceramic Coatings by Quantitative Single Point Scratch
Testing) [108,448]. A schematic representation of the experimental setup to assess the
scratch properties of the clad coatings is presented in Figure 3. The scratch hardness of a
material was determined by producing a 5 mm long scratch on the sample surface under a
series of constant loads (5, 10, 20, 30, and 40 N), which were applied in three different
directions (X, y, and z) with respect to the laser scanning path for the cermet-based clads.
Scratch tracks were generated both vertically and horizontally in relation to the direction
of the laser scan, to view and determine possible anisotropic failure mechanisms that can
commonly arise during directional and layered processing. Consequently, cross sectional
scratches were also utilised, which are generally performed to examine the adhesive
characteristics of coating systems [107,109,449]; this procedure was conducted in order to
observe the variation of scratch resistance within the respective cross sectional clad zones.
A schematic diagram of the generated scratches, with respect to their orientations on the
clad specimen, is provided in Figure 86(b). The frictional force () and resultant acoustic
emission (AE) signals during each scratch pass were measured continuously during the
tests. Each scratch measurement was repeated at 5 locations for each sample, to ensure the

reproducibility of the results. A semi-quantitative measure of coating adhesion, the critical
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load (Lc), and the generated failure mode(s) were verified by performing a series of
microstructural analyses in relation to the obtained scratch data. Subsurface cracking and
other possible interlayer events detected by AE were further examined using focused ion
beam microscopy (FIB; Model F-2000A, Hitachi High Technologies, Tokyo, Japan),

sectioning into the scratch track in order to view the sub-surface cross-sections.
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Figure 86. (a) A schematic representation of the scratch testing procedure, indicating the
path of the stylus displacement with respect to the direction of the laser scan during
cladding. (b) The relative orientations of the analysed scratch regions, demonstrating the
direction of the generated scratches in relation to the direction of the laser scan during

cladding: x - parallel, y - perpendicular, and z - normal to the laser scan direction.

Through thickness, stacked CLSM images and associated metrology measurements, along
with FE-SEM images, have been used to generate an understanding of the deformation and
failure mechanisms of the clad layers in relation to the processing parameters. Examples

of confocal images used for profiling the widths of the scratch tracks are provided in Figure
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87. In this context, the widths of generated scratch tracks (/) were then measured using

the CLSM for subsequent calculation of scratch hardness values.
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Figure 87. Post-scratch, CLSM generated 3D images for TiC-NizAl (30 vol.%) clads onto
D2 steel substrates, (P =350 W and t= 0.6 s, ED = 253.14 J/mm®) under constant load of:
(a) 20 N, and (b) 30 N. Note that the x-axis corresponds to the direction of the laser scan,

as shown schematically in Figure 86.
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6.3. Results and Discussion

6.3.1. Directed energy deposition laser cladding

A combination of CLSM and FE-SEM was utilised for the assessment of the surfaces and
cross sections of the fabricated clads. The laser processing parameters explored for
determining optimum laser cladding conditions are presented in relation to the resultant
ED and surface roughness of the composite clads in Figure 88. Calculated values for ED
obviously increased when the laser and reaction time increased where, in contrast, lower
surface roughness was observed. Similar results have been reported by previous authors
working on laser cladding [450,451]. AM components are often represented by the quality
of their printed surfaces. Nevertheless, it is well known that laser cladding typically
generates high surface roughness and often requires post-processing steps. It is worth
mentioning that only sound clad coatings, with the potential for being utilised without any
post-processing steps, were included in the measurement of surface roughness values in
the present work. Examples of surface morphologies related to various ED values are
shown in Figure 88 (¢, d, e, and f). Macro-characterization of the as-processed samples, by
means of CLSM measurements, revealed that successful clad layers were built with the
narrow range of 300 to 350 W laser power and 0.84 to 6.77 mm/s laser scanning speed.
The surface roughness of the fabricated clads was strongly dependent on the calculated
ED, where visibly smother surfaces were observed at higher ED values (i.e., >150 ] mm ),
reaching the lowest roughness (R. = 3 - 3.5 um). At lower calculated ED values, the
resultant clads exhibit an irregular surface, with uneven scan lines and cavities between

tracks, as shown in Figure 88 (c).
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Figure 88. Laser processing parameters explored for determining optimum laser cladding
conditions in relation to: (a) the average calculated ED (J/mm?®), and (b) the measured
surface roughness, Ra (in pm). Low magnification imaging on examples of resulted
surfaces representing clads fabricated at (c) P=300 W,t=0.5s,(d) P=300 W,1=0.9s,
(e)P=350W,1=09s,and () P=350 W, t1=14s.
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Figure 89 presents low magnification CLSM micrographs of the transverse cross sections
of fabricated clads processed at various laser powers and scanning speeds, resulting in
different levels of ED. From these (and similar) optical images, it is possible to see that the
laser power and scan speed both play a crucial role in clad formation, and clad
quality/microstructure. At V' = 6.77 mm/s and P = 300 W laser power, with resulting t =
0.5 s (shown in Figure 89 (a)), a large volume of un-melted particles was observed.
However, at a lower scanning speed, V' = 3.38 mm/s, presented in Figure 6(b), 7 was
effectively increased to 0.9 s resulting in the formation of fully remelted and solidified
microstructures that contain a minimal number of pores and defects. As shown in Figure
89 (c), increasing the laser power to 350 W, for the same scanning speed, affects the
kinetics of melt pool generation in a positive manner, with the formation of homogeneously

nucleated hard particles. Subsequently, as shown in Figure 89 (d), at longer beam

interaction time (i.e., 7= 1.6 s), formation of dendritic structure is observed.

214



Figure 89. Examples of low magnification CLSM micrographs obtained from transverse
cross section of fabricated clads processed at: (a) P =300 W, V = 6.77 mm/s, (b) P = 300

W,V =338mm/s, (c) P =350 W, V=6.77 mm/s, and (d) P =350 W, V = 3.38 mm/s.

6.3.2. Microstructural and phase analysis

Figure 90 presents SEM micrographs obtained from the polished cross section of a laser
deposited layer (P = 350 W and 7 = 1.4 s), highlighting the main clad zones (top, middle,
clad/substrate interface, and the underlying heat affected zone), in respect to the substrate
and the central axis of the beam diameter. These cross-sectional SEM micrographs reveal
the formation of a high-density clad layer on the surface of the substrate that is well bonded
and contains no microcracks. The general microstructure throughout the clad layer exhibits
a mix of columnar and equiaxed structure, which can be anticipated to form at different
cooling rates. The carbide network consists of M>C/MsC and MC carbides in the forms of
both columnar and near-equiaxed grain structures, which also change in size and

morphology as the distance from the substrate decreases. At the bottom region of the
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coating, continuation of the substrate lattice structure presents a heat-affected zone region
(HAZ) that can grow into the coating. This type of microalloying can provide a complete
metallurgical bond between the coating and substrate. From observations of the
morphology generated for P = 350 W and 7 = 1.4 s, the levels of residual porosity were

reduced essentially down to zero.
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Figure 90. SEM micrographs illustrating the variation of morphology with the TiC-NizAl
clad on D2 steel, laser processed at P =350 W and t = 1.4 s. Note that the x-axis denotes

the direction of the laser scan.

Microstructural evaluation of the clads fabricated at various laser scanning speeds revealed

that any size refinement of the hard carbide phase is closely correlated with the laser scan
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speed. This is attributed to reduced irradiation time and the resultant energy absorbed into
the melt pool. Therefore, an increased solidification rate results in the formation of a finer
microstructure and minimal dendritic growth of TiC particles. Similar results have been
observed by other research groups, suggesting faster cooling rates due to higher extraction
of energy by the substrate and therefore formation of a finer microstructure, results from
use of increased laser scanning speed [452—454]. The average distribution of the solidified
phases and their chemical compositions within the TiC-NizAl clad on D2 steel (P =350 W
and 7 = 1.4 s), with respect to depth from surface was verified through combined EBSD
and EDS analysis; this information is provided in Figure 91. As demonstrated in Figure 91
(a), discrete chemical phases are contained through the depth of the clad layer. This figure
shows that NiAl is homogeneously distributed in the form of equiaxial grains. The top
portion of the clad demonstrates the presence of the preplaced feed stock constituents of
TiC, Ni and Al, in addition to a moderate Fe content (~70 wt.%). With the exception of
Mo, which was only detected at the clad/substrate interface, high concentrations of the
main D2 alloying elements, namely V and Cr (~5.8 and ~5.5 wt.%, respectively) were also
detected near the surface of the clad layer. The middle portion of the clad cross-section was
found to maintain the approximate elemental composition of the top of the clad, with a
homogeneous dispersion of the hard phases. Compositional analyses on the clad/substrate
interface, slightly above the HAZ, demonstrated the presence of a higher Fe content (~83
wt.%), while the concentrations of Ti, C, Ni, Al, and V were simultaneously reduced. The
average content of C through the depth of clad layer was relatively constant, which with
the recorded decrease for the Ti content, resulted in an increase in C:Ti ratio as the clad

depth increases.
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Figure 91. Elemental distribution of TiC-Ni3Al (30 vol.%) clad on D2 steel (P =350 W, t
= 1.4 s), demonstrating: (a) EBSD analysis (left) and EDS mapping (right), and (b)

variation of the chemical composition through the depth of the clad layer.
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The phases present through the depth of the clad structure were verified by high
magnification SEM and compositional EDS analysis (Figure 92). The cross-sectional
morphology and compositional variation indicated that within each clad zone, there are
three distinct phases: metallic matrix (region A), primary carbides (B), and secondary hard
phases (C), as shown in Figure 92 (a). The metallic matrix (A) is formed during the fast
solidification of Fe solid solution, supersaturated with up to 0.85 wt.% Ti, 0.18 wt.% Al,
and 1.82 wt.% Ni, in addition to Cr and V (3.79 and 7.23 wt.%, respectively). In the mid-
clad zone, the elemental concentration of the metallic matrix exhibited an increase in Fe,
Cr, Ni, and Al, while the concentrations of Ti and V were reduced. At the clad/substrate
interface, the elemental composition of the metallic matrix was characterized with further
reduction of the initial TiC-Ni3Al cermet components while the concentration of Fe and its
alloying elements was increased further toward the composition of the as-received D2
substrate. The primary carbide phase, which is denoted as (B) in Figure 92(a), was
composed of 60.5 wt.% Fe, V, Ti, Cr, Si, Al, and Mo near the top surface of clad cross
section. At the mid-section of the clad layer, no Mo or Al were detected in the structure of
primary carbides, while reduction of the Ti, C, Ni, V, and Si concentrations coincided with
a significant increase in Cr content. No traces of the original cermet composition (i.e., Ti,
C, Ni, or Al) was detected within the composition of the primary carbide phase at the
clad/substrate interface and (B) was mainly composed of Fe, C, Mo, V, Si, and Cr with
lower concentration, in comparison to those recorded for middle of the clad layer. The
microstructure of secondary carbides occurring at various clad depths (i.e., top, middle,

clad/substrate interface) are denoted with (C) in Figure 92 (a).
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Figure 92. Representative FE-SEM micrographs obtained from polished cross sections of
the TiC-30 vol.% Ni3zAl coating laser clad onto D2 steel (with an applied laser power of
350 W, at = 1.4 s). (a) The phases identified in the clad layer, namely the metallic matrix
(A), primary carbides (B), and secondary carbides (C) arising at the top and middle of the
clad, and the clad/substrate interface. (b) The results of the corresponding EDS analyses of

the phases outlined in (a).
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6.3.3. Microhardness Evaluation

Figure 93 presents examples of the Vickers indentations obtained within Zone 1 (top of the
of clad), Zone 2 (mid-section of the clad), and Zone 3 (near the substrate/clad interface),
under an applied load of 5 N. Laser scans were used to generate an accurate profile of the
indents, to help assess the type of deformation within the indent at various depths under
the applied loads. The indented depth, at constant load, exhibited an increase when moving

from the surface of the coating towards the substrate, highlighting reduced hardness.
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Figure 93. CLSM images and associated 2D cross-sectional profiles for the indents

obtained using an applied load of 5 N within zones 1, 2, and 3.
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Figure 94 presents SEM micrographs obtained from indentations imprints on cross sections
of the clad coatings on D2 steel, in relation to its location to the surface of the clad notably
for: Zone 1, which is referred as the top portion, and Zone 2, which is located at the mid-
section of clad layer. The images also highlight the corners of the indentation at higher
magnifications. According to the microscopy results, the indents exhibit clear boundaries
with sharp edges and no extended damage outside of the indentation area. However, a few
isolated microcracks, which appear to show a clear crystallographic directionality with the
cubic carbide (white arrows), were observed at higher magnifications within the hard phase

of the composite clads.

15.0kV 14.8mm x2.00k SE(L) ( 15.0kV 14.8mm x4.00k SE(M)
(b)
Figure 94. SEM images of Vickers indents obtained under 5 N applied normal force: (a)

at top of the clad coating, and (b) at the coating/substrate interface.
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Figure 95 presents the results of micro-Vickers indentation measurements on the cross
sections of the TiC-Ni3Al clads on D2 hard tool steel as a function of depth into the clad
layer. The average HV values have been plotted in relation to the measurement location
from the clad surface under the range of applied loads examined. Regardless of the value
of applied normal load, the highest hardness values were recorded at the top surface of the
examined cross section. In the middle section of the clad, a slight decrease in hardness
values was observed. At the clad substrate interface, a value of 658.7 HV is recorded for

the applied load of 5 N.
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Figure 95. Instrumented micro-Vickers indentation results obtained from cross-sections of
the TiC based clads on D2 demonstrating the calculated VH values under 1 N, 3 N, and 5

N applied force.
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6.3.3. Scratch Testing

The resistance of a coated surface to penetration by a moving stylus, under a constant
applied normal force, can be utilised as a preliminary evaluation of a material’s wear
resistance. Measuring the scratch width, one can define the sample scratch hardness [108],

as follows:

Equation 20

k*E
Hsp: z

where £ is a geometrical constant, £ is the normal force on the stylus in grams, and W is
the scratch width (in pm); this equation then provides the scratch hardness number (in
GPa). The scratch hardness values of the TiC-NizAl based clads were determined by
producing a 5 mm long scratch on the sample surface under constant applied loads of 5 N,
10 N, 20 N, 30 N, and 40 N, in orientations both parallel and perpendicular to the direction
of the laser scan. The width of the scratches was then determined by profiling with the
CLSM for scratches generated in both directions on the clad D2 substrates (Figure 96).
The average width and depth of the scratch profiles did not demonstrate any significant
variation when they were compared in relation to the direction of the laser scan. This is
attributed to a homogeneously solidified microstructure for the fabricated clads and an

absence of gross microstructural segregation between the overlapping layers.
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Figure 96. Scratch profiles obtained via CLSM from the post scratch surfaces of the TiC-
Ni3Al clad D2 substrate with scratch orientations: (a) in the direction of the laser scan, and
(b) perpendicular to the direction of the laser scan. (¢) Comparison of both scratch

directions to the scratch profile obtained for the as-received D2 substrate under the applied
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Figure 97 demonstrates the mean values of scratch hardness and COF obtained following
scratch testing of TiC-NizAl (30 vol.%) clads on D2 tool steel substrates, as a function of

the applied normal force. Both the mean coefficient of friction (COF) and Hs, exhibit a
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small increase in magnitude when increasing the applied load, reaching the highest value
of Hsp = 7.58 + 0.59 GPa, with an associated COF of 0.23 + 0.04, when testing at 40 N
applied normal load. Scratch hardness represents the amount of work required to create a
scratch on a specimen and, in principle, eventually fracture the coating (adhesively or
cohesively) for thin coatings. Therefore, a coating with greater scratch hardness exhibits
better adhesion and thus it can be expected to show enhanced tribological performance.
COF represents the interfacial friction at the indenter-surface contact, which generates
elastic and plastic strain with progression of the indenter tip along the scratch track. The
highest COF was recorded for the as-received (i.e., uncoated) D2 substrate, regardless of
the applied load, while the friction response improves drastically after applying the clad
layer. As is demonstrated in Figure 97, at higher applied loads, an increased scratch
hardness is observed, in contrast with slight increase in COF which can be related to

increase contact area at higher loads.
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Figure 97. (a) Calculated scratch hardness (Hsp) and (b) COF values obtained from scratch
testing of TiC-NizAl (30 vol.%) clad onto D2 tool steel (scratch orientation is parallel to

the direction of the laser scan).

Figure 98 illustrates example micrographs related to scratch damage arising on the surfaces
for a coating processed at P =350 W and 7 = 0.6 s, under constant applied loads of 10 N,
20N, 30 N, and 40 N. The plastic deformation of traditional polycrystalline metals through
the movement of lattice dislocations within individual grains is well known [455—-457]. The
progression of scratch damage on the clad D2 substrate, under an applied load of 10 N
(Figure 98 (a)), shows that slight plastic deformation of the surface was accompanied by
the formation of Hertz-type tensile cracks at the edges of the scratch track. By increasing
the applied normal force to 20 N (Figure 98 (b)), the appearance of conformal cracks within
the structure of the hard carbide phases was observed, in accordance with the initiation of
buckling cracks at the edges of the scratch track. Under an applied load of 30 N, buckling
cracks were again observed at the edges of the scratch track, which was combined with

cohesive spallation of the clad coating at 40 N.
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Figure 98. Post scratch micrographs from TiC-NizAl (30 vol.%) clad onto D2 steel under

conditions of P =350 W and t = 0.6 s (i.e., ED = 253.14 J/mm?), under applied normal
loads of: (a) 10 N, (b) 20 N, (c) 30 N, and (d) 40 N. Note that the scratch area is on the

right-hand side in each image.

Figure 99 represents the values obtained for Hs, and COF from scratch testing of TiC based
composite coatings as a function of applied £D values. As might be anticipated, improved
surface properties and reduced surface roughness was observed in contrast to overall
reduction of COF for specimens fabricated under ED values up to 379.5 J/mm®. When the
ED values exceeded these values, an increase in the resultant surface roughness also

resulted in increasing COF which was more noticeable at higher applied loads.
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Subsequently, computed values for Hs, exhibited a general increase in relation to the
increasing values of ED which again began to decrease once ED values reached 379.5

J/mm?.
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Figure 99. Results of abrasive scratch testing under applied constant normal loads on TiC-
Ni3Al composite clad coatings as a function of applied ED: (a) Coefficient of friction, and

(b) scratch hardness.
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Information gained through acoustic emission (AE) measurements, was also used to locate
surface and sub-surface cracking, as well as possible crack propagation, that was associated
with scratch testing damage. Scratches parallel to the direction of laser scan showed
relatively few AE events. In contrast, a substantial increase in the fluctuations of AE was
detected where scratches were generated perpendicular to the direction of the laser scan.
This correlates with crack formation perpendicular to the scratch direction. Collected AE
data, as a function of its detected location on the scratch track, is presented in Figure 100;
these scratches were generated under an applied force of 40 N, with the scratches both
parallel and perpendicular to the laser scan direction. During microstructural analysis of
the corresponding scratch tracks, it was found that the periodic repetition of the AE events
corresponds to the location of the existing track-bands perpendicular to the direction of
moving indenter tip. Preliminary microscopical analysis of potential subsurface damage
was subsequently achieved by performing FIB sectioning at the edges of scratch tracks,
with approximate locations verified by the occurrence of the AE measurements in relation

to the overall location within the scratch track length.
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Figure 100. Plots of the AE events occurring for scratch hardness tests obtained under
applied force of 40 N: (a) parallel to the direction of the laser scan, and (b) normal to the

direction of the laser scan.

Figure 101 illustrates examples of SEM images obtained from post-FIB sectioning of
scratch tracks generated under a 40 N applied load at various magnifications. The
microstructures of the sub-surface revealed that cracking happened within the interface of
the hard and soft phases in the composite structure.

It was repeatedly observed in post-FIB micrographs that buckling and spallation occurred
at higher loads, especially in cases where the scratch orientation was perpendicular to the
direction of the laser pass. This results in extension of damage to the sub-surface region of
the composite clads and results in separation of the metallic phase from the hard ceramic

particles.
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Figure 101. SEM micrographs obtained by performing FIB sectioning at (a) the edges of
scratch tracks generated perpendicular to the direction of laser scan and (b) higher
magnification imaging of the edges of scratch tracks, highlighting the location of

subsurface cracking shown in (a).

Several scratch damage techniques have been reported within the literature for evaluation
of the adhesion/cohesion bond strength in thick coatings, such as scratching the top surface
under constantly increasing applied load [108,458,459]. However, as with the case reported
for thermal spray coatings, due to the high thickness and surface roughness, this technique
was found inadequate [449], and therefore was not applied in the present work. Cross
sectional scratch analysis was proposed for assessing plasma spray coatings, which was
examined by sliding stylus the from the substrate towards the coating surface under a
constant applied load [107]. Consequently, in the present work, an approach utilising this
cross-sectional scratch analysis technique was conducted. This was performed in
association with subsequent microstructural and topographical investigations of the cross-

sectional scratches generated under constant applied loads from 10 N to 40 N. Figure 102
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presents an example of such a cross-sectional scratch analysis for the TiC-NizAl clad D2
tool steel, highlighting the change in scratch depth, which was constructed by stitching a
sequence of CLSM images. Track cross-section measurements revealed a significant
decrease in both the width and depth of the scratch tracks as the stylus was moved from
the substrate towards the surface of clad. Moreover, increasing the applied normal force
was observed to increase the projected scratch depth and the width within the substrate
region. However, within the clad area, the depth of scratch track remained essentially
unchanged up to 30 N applied normal force. Cohesive fracture of the coating at the end of

scratch track was only observed for tests performed under a 40 N applied normal force.
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Figure 102. An example of cross-sectional scratch depth profile on the clad D2 tool steel
under applied loads of 10 N, 20 N, 30 N, and 40 N. The overall image was generated by
stitching sequential CLSM images. Note that the bulk material is shown on the left-hand

side of the image, with the clad layer and free surface on the right-hand side.
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Figure 103 presents a series of SEM micrographs obtained from a single scratch track on
the cross-section of a TiC-NizAl clad D2 tool steel sample, highlighting the change in
scratch width (and hence the scratch hardness) when transitioning from the bulk D2
material into the clad layer itself. Images obtained from various portions of the cross-
sectional scratch track clearly demonstrate the impact of the applied clads on the observed
damage mechanism(s) and scratch resistivity of the D2 substrate. Lateral- and tensile-type
crack formation occurs on the edges of the scratch track within the substrate region, the
extent of which was significantly reduced as the stylus moved toward the surface of clad.
As highlighted in Figure 103, the presence of primary and secondary hard carbide phases
hinders the deformation of the projected area during scratching, by both inhibiting
movement of dislocations and increasing the local hardness/elastic modulus through the
presence of the hard carbide phases.

Consequently, the morphology of the scratch edges within the heat affected zone and the
through the thickness of the clad exhibits a transition in deformation mechanism
characterized by buckling and conformal cracking due to the increase of overall hardness.
No adhesive failure was observed between the coating and substrate due to a high degree
of diffusion occurring between them during laser processing.

Two types of failure may be expected during the cross-sectional scratch evaluation of hard
coatings, namely adhesive and cohesive [107]. During adhesive failure, a cone-shaped

fracture takes place at the interface between the substrate and coating.
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Figure 103. Microstructural evaluation of a scratch track through the bulk/cladding cross
section, generated for a TiC-NizAl clad on D2 substrate (processed at P =350 W and t =

0.6 s, with a resultant ED = 253.14 J/mm?>).
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Cohesive failure, on the other hand, is an indication of failure within the coating itself,
rather than at the interface. In the currently presented work, the geometry of the resulting
cone shaped fracture at the tip of the scratch was measured and the area of the fracture was

calculated following [449]:

Equation 21

Acn = LxxLy

where Acqis the cone area, Lx is cone diameter, and Ly refers to the depth of formed cone.
The formation of cone-shaped fractures in the TiC-based clads on D2 substrates was
observed once the constant applied scratch load exceeded 30 N, (Figure 104). At loads of
30 N and 40 N, cone shaped fracture was observed to originate within the coatings, which
suggests a cohesive failure mode predominates above this critical load. During high
magnification imaging of the projected conical areas, it was also noticed that most of the
widening of the cone base is related to movement of the stylus through the porous layer
that contains the top surface porosity for the as fabricated clad coatings (Figure 103). Thus,
a general increase in the measured conical area was noticed as a function of increasing

surface roughness.
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Figure 104. (a) SEM image of the tip of a through thickness scratch, for TiC-NizAl cermet
coating on D2 steel under 30 N applied normal force. (b) CLSM image of conical fracture

arising within the scratch cross section. The associated x-axis denotes the laser scanning

direction during DED fabrication.

237



Any potential oscillations arising for either the COF or the AE events were recorded
simultaneously during cross sectional scratch tests; examples of the recorded data are
provided in Figure 105. Detected AE peaks were generally sensed during the movement of
the stylus through the HAZ layer which increased in intensity proportionally to the value
of applied force. A constant increase in the value of COF was recorded for scratches
generated within the substrate portion of the sample. However, once the stylus entered the
clad layer, the COF values were significantly reduced. The COF was found to remain

essentially constant within the clad portion of the scratch, regardless of the applied load.
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Figure 105. Representative AE events (a), and COF (b), curves obtained from scratch

testing of TiC-Ni3Al clad onto a D2 substrate under applied normal loads ranging from 5

N to 40 N. Samples were processed at P =350 W and t= 0.6 s, with an ED = 253.1 J/mm?.
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6.4. Conclusions

TiC-NizAl based clads were successfully applied onto high Cr-containing, cold work D2
tool steel substrates using laser direct energy deposition (DED). To achieve this, a
suspension-based preplacement method was used for the coating feedstock prior to DED.
A well-adhered, preplaced TiC-NixAly-Ni coating composition, with a uniform thickness,
was then subjected to laser DED processing using various laser powers and scanning
speeds. Microstructural examinations confirmed fabrication of high density clads with a
refined microstructure and minimal levels of porosity. The efficiency of the proposed
technique and its impact on mechanical enhancement of D2 hard work tool steel surface,
was subsequently validated in relation to laser processing parameters. Within the narrow
range of 300-350 W laser power, high quality clads were fabricated at range of scanning
speeds for evaluation of the solidification dynamics and a relationship between ED and
surface roughness was confirmed.

In terms of the mechanical behaviour, the maximum values for VH were recorded at the
top surface of the examined cross section, with an average value of VH = 659. In the middle
section of the clad, a slight decrease in hardness values was observed. At the clad substrate
interface 560 HV was reported for the applied load of 5 N. Substantial decrease in hardness
was observed with increasing depth into the substrate, with respect to the clad surface, due

to the reduced concentration of the hard carbide phases.

Single-pass scratch testing approaches were undertaken for qualitative and quantitative
evaluation of the micro tribological properties of the clads. Post-scratch morphology of the
cermet clads demonstrated that abrasive damage is generated in the clad layer, which can

be anticipated to progress by plastic deformation through dislocation motion and lattice
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distortion. Within the range of 10 N to 40 N applied normal force, the scratch hardness of
the cermet clad coatings (Hsp) varied within the range of 4.9 to 7.6 GPa, whereas the D2

substrate exhibited a consistent value of Hsp = 3 GPa.
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Abstract

Application of titanium carbide (TiC) based coatings, via laser directed energy cladding
(LDED), has been examined for enhancement of the corrosion characteristics of the surface
of D2 grade tool steel substrates. The TiC coatings are based on a nominal feedstock
composition of TiC-NizAl, which is applied using a preplacement approach through dip
coating. Various LDED processing parameters were then examined, relating to both the
feed stock preparation and laser processing conditions, with the aim of fabricating defect-
free, thick clads (up to ~250 um in thickness), with optimal adhesion to the D2 substrate
and significantly improved corrosion properties. The development of a composite clad
microstructure, with a heavily alloyed metallic matrix based on a- (Fe, Cr) and uniformly
distributed TiC grains, led to a significant increase of the corrosion resistance in artificial
seawater. Increased laser power resulted in increased energy density (ED), resulted in

reduced surface roughness for ED up to ~257 J/mm? and clad thickness of ~140 pm, visibly
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improving the surface finish of the clad substrate. It is demonstrated that the corrosion
behavior of the TiC-based, coated D2 steel is primarily determined by the synergistic
impact of laser processing parameters associated with the coating process. The optimised
laser clad steels exhibited a dense oxide layer based on a-Al,O3, Cr203, and NiO, which

was repeteadly observed for a range of cladding parameters.

7.1. Introduction

Series D steels are one of the most popular families of high-carbon high-chromium cold
work tool steels, which are often characterized by their high wear resistance and
mechanical stability under thermal cycling. The presence of a large volume fraction of
alloyed carbides within this family of steels provides high degrees of hardenability and the
possibility of martensite formation through air cooling from the austenitizing temperature.
One of the commonly used examples of Series D steels in the D2 grade. Wear-resistant
forming dies, punches, trimming equipment, shear blades, and cutting tools are just a few
of the industrial applications that benefit from the desirable mechanical characteristics of
D2 tool steel. The corrosion performance of this alloy, on the other hand, is susceptible
degradation in severe operational environments [460]. Consequently, a number of
techniques have been examined in recent years to resolve or decrease the extent of losses
that arise from corrosion/oxidation of the parts in-service [461,462].

The increase of chromium concentration, present in solid solution, that obtained by laser
surface melting of bare D2 steel, has been shown to increase not only the resistance to
corrosion, but also the resistance of the surface to wear [463—465]. However, laser

processing of D2 steel is challenging, due to the segregation of C, and Cr alloy elements
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and the high potential for formation of cracks [466,467], thus degrading the mechanical
performance. Undesired segregation of alloying elements results in inhomogeneity of the
equiaxed microstructure and pearlite transformation, which results in reduced mechanical
characteristics of the surfaces and increased rates of wear and corrosion [468].

As an alternative, the application of composite coating materials offers several benefits due
to their potential for high hardness, strength, and fracture toughness [469]. Ceramic metal
composites, or ‘cermets’, as well as related metal matrix composites (MMCs), are
commonly used in industrial coating applications due to their high wear and corrosion
resistance [470,471]. Cermet composite coatings containing titanium carbide (TiC) are of
particular interest for applications with significant weight restrictions, especially when
compared to the more traditional ‘hardmetals’, based on heavy tungsten carbide (WC). A
wide variety of metallic-based binder systems have already been developed for TiC based
cermets [472]. The materials exhibit excellent performance advantages, such as high
hardness and thermal stability [473], exceptional wear resistance properties, along with
low coefficients of friction [474,475], high thermal shock resistance [476], and a desirable
processing compatibility with the iron-based matrixes [477]. This last feature has made
TiC one of the most common reinforcement particles used in the steel industry. In terms of
binder developments for TiC-based cermets, the use of ductile intermetallic nickel
aluminides (Ni3Al) has been examined in recent years, due to their high yield strength and
corrosion resistance, combined with an anomalous yielding response that results in
increased strength at elevated temperatures [478]. As a consequence, TiC-NizAl cermets
have shown excellent high temperature strength, combined with wear resistance

comparable to WC-Co [286].
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The processing of these cermet materials by high power lasers is a potential processing
technique that can be applied in industry. Within this context, additive manufacturing
techniques based on laser heating has emerged as a strong candidate in recent years for
many fields of application (e.g., prototyping, repair, surface modification, direct
manufacturing, etc.) [469]. This is due to the method’s flexibility, ability to manufacture
high density materials/clads, and the excellent metallurgical bonding that can be achieved
[469]. Notably, the corrosion response of TiC-based composite coatings, applied via laser
processing, has been investigated by several researchers [479,480]with a view to improving
the substrate response.

The present study examines the corrosion performance of coatings based on TiC, with a
nominal Ni3Al binder, deposited onto D2 tool steel substrates using LDED. Bulk cermets
based on the combination of TiC and Ni3Al have been previously shown to exhibit
excellent wear and corrosion characteristics[16,285], highlighting the potential for such a
system when using laser cladding. A novel, suspension-based approach is used for
preplacement of the coating material onto the substrate, which is then laser treated to form
a high density, metallurgically bonded clad layer on the D2 substrate. A variety of material
processing and DED conditions have been examined to assess the clad development.
Microstructural assessment of the clads has been performed, while an overall focus has
been placed upon evaluation of their aqueous corrosion response in a simulated seawater
environment. A comparison has also been made to the response of the unclad D2 steel

surface.
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7.2.  Experimental Procedures

A composite TiC-NixAly-Ni cermet composition was clad on AISI D2 tool steel using a
preplaced mixture of TiC powder (lot #PL20126240; Dso = 1.0 - 2.0 um), NixAly powder
(lot #D28X029; Dso = 32 um), and Ni powder (lot #L10WO013; particle size of 2.2 - 3.0
um). The TiC was supplied by Pacific Particulate Materials Ltd. (Vancouver, BC, Canada),
while the NixAly and Ni were supplied by Alfa Aesar (Tewksbury, MA, US). Appropriate
compositions were prepared for final clad composition of cermets with 30 vol% NizAl
metallic phase; in this respect, the NixAly exhibits a 1:1 weight ratio. The details of powder
preparation and preplacement of the composites have been discussed in greater detail in a
recent publication [160]. Precision ground and annealed D2 tool steel plates were supplied
from McMaster-Carr (Douglasville, GA, US), and were used as the substrate material for
LDED processing. The substrate specimens were sectioned into a final geometry of 20 x
50 x 5 mm and then subjected to abrasive grit blasting with 300 wm zirconia shot prior to
pre-placement of the cermet feed material.

Laser processing of the coatings was conducted using an Optomec 500 MTS-Ca LENS®
LDED system (Albuquerque, NM. US). The LDED was operated in continuous mode, with
a maximum operational laser power of 1kW, using ytterbium-doped fiber laser (IPG
Photonics; A=1,070 nm) with focusing optics tuned for a spot size of ~700 um. The laser
processing parameters that were used for deposition of the TiC-based clads are presented
in Table 19. An argon shielding gas was delivered through a nozzle at 10 I/min to protect
the melt pool from possible oxidation, which (along with an argon chamber environment)
resulted in an oxygen content that was less than 10 ppm. Optimal processing parameters

were verified by cladding at 200, 250, 300 and 350 W laser power (P) and with scanning
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speeds (V) of 1.7, 3.4, 6.7, or 13.5 mm/sec.

Microstructural evaluation was performed on sectioned LDED plates using a field emission
scanning electron microscopy (FE-SEM; Model S-4700, Hitachi High Technologies,
Tokyo, Japan), equipped with energy dispersive X-ray spectroscopy (EDS; Inca X-maxN,

Oxford Instruments, Concord, MA, USA) for subsequent compositional analysis.

Table 19. Specific build parameters utilized during the DED of preplaced TiC based

cermet on D2 tool steel.

Sample PW) V (mm/s)
TiC-NisAl/D2 300 0.84
TiC-NisAl/D2 300 3.38
TiC-NisAl/D2 300 6.77
TiC-NisAl/D2 300 13.54
TiC-NisAl/D2 350 0.84
TiC-NisAl/D2 350 3.38
TiC-NisAl/D2 350 6.77
TiC-NisAl/D2 350 13.54
D2- Wrought - -
D2-LR 300 6.77

The LDED processed coatings were sectioned perpendicularly, in relation to their planar

surface, and then were mounted for grinding/polishing down to a 0.25 pm final diamond
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paste particle size. The overall appearance of the clads, along with three-dimensional
metrology measurements of the surfaces both prior to and after corrosion measurements,
was performed using a 3D confocal laser scanning microscope (CLSM; VK-X200/X210,
Keyence, Mississauga, ON, Canada). In addition, Java-based image processing software
(Image J, National Institute of Health, Laboratory for Optical and Computational
Instrumentation, LOCI, University of Wisconsin, WI, USA) was utilised for the phase and
particle morphology analysis performed on cross sections of the examined clads.
Corrosion measurements were carried out at room temperature (21 & 2 °C), using a standard
three-electrode flat cell (Gamry Instruments, PA, USA), with the laser clad sample as the
working electrode, a graphite plate as the counter electrode, and a saturated calomel
electrode (SCE; —0.241 V vs. a standard hydrogen electrode) as the reference.
Measurements were recorded using a potentiostat/galvanostat/zero resistance ammeter
(Gamry interface, Model 1010E, Gamry Instruments, PA, USA). All of the evaluated
LDED specimens were initially allowed to reach a nominally steady state condition by
immersing them for 2 hours in 3.5 wt% NaCl aqueous media, while the material’s open
circuit potential (OCP) was recorded. Electrochemical impedance spectroscopy was
performed to a frequency of up to 2 MHz. Potentiodynamic polarization experiments were
subsequently performed by applying a potential sweep from -0.3 V relative to the measured
OCP, up to a potential of +1.0 V vs. the reference electrode, at a voltage scan rate of 0.1667
mV/seconds.

The boundaries of the experiments were controlled during the test using the Gamry
Framework software package (Gamry Framework for Windows 11, Gamry Instruments,

PA, USA). The corrosion current density (/..-) and potential (Ec.--) were estimated using
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an iterative, instantaneous Tafel-type fit corrosion analysis software. A Tafel curve is then
modelled through the software by fitting both anodic and cathodic Tafel slopes (i.e., £ and
L, respectively), prior to recording the /... and Ecor-. Based on the measured values, the
extrapolated corrosion rates (in mm/year) were determined for the clads by applying the
ASTM standard (G102-89) protocol [27]. Subsequently, the linear polarization resistance
(Rp) was calculated in order to determine the resistance of the material under investigation

against corrosion following:

Equation 22

=
~
Il
P

corr

Equation 23

BB
B = 23 Bat o)

where the various parameters have been defined above [481]. Compositional analysis of
the recovered post-corrosion solutions was subsequently performed using inductively
coupled plasma atomic emission spectroscopy (ICP-OES; model Thermo iCap 7400 Dual
View, MA, USA), with an applied internal calibration standard (scandium), while corroded

surfaces were examined using the FE-SEM and associated EDS.

7.3.  Results and discussion

7.3.1. Macrostructural characterization of the LDED processed clads.

Figure 106 demonstrates representative FE-SEM micrographs obtained from TiC-based
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clad coatings on D2 steel; in this instance the initial feedstock material was prepared with
a nominal 30 vol.% Ni3Al intermetallic binder. Microstructural analysis shows that a high-
density layer is produced within the surface zone of the substrate, which is well bonded
with essentially no microcracks. A series of macro and micro analyses were performed for
geometric characterization of the fabricated clads, which were then related to the various

LDED processing parameters.
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Figure 106. (a) Low magnification SEM micrograph of a TiC-NizAl clad on D2 steel,
highlighting the various geometrical measurements that were taken for each clad. Higher
magnification SEM micrographs obtained from TiC-NizAl LDED coatings on D2 steel,

highlighting: (b) the cross-sectional view of the distinguished clad zones, (c) the top of the
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clad zone, and (d) the fusion zone and heat affected zone (HAZ). This sample was

processed with a laser power of 350 W and scanning speed of 3.38 mm/s.

The magnitude of energy output during LDED, within a specified unit of length, has been
determined based on the volumetric energy density calculation derived from that more

typically utilized in laser powder bed fusion processing [377]:

Equation 24

P

ED =
VHZg

where ED is the energy density, P is the laser power, V is the laser traverse rate, Hs is the
line hatch spacing of adjacent laser raster tracks, and Zs is the layer thickness (i.e., Z'+ z,
as in Figure 106(a)). Table 19 summarizes the cladding geometrical parameters, obtained
from the microstructural characterization of successful builds with repeatable surface finish
and functionality, with respect to the applied laser processing variables.

The ‘main effects plot’ that was determined for the total clad thickness, in relation to the
calculated ED and the achieved surface roughness, is presented in Figure 107. Clad layers
generated from the same volume of applied feedstock tended to vary in thickness when the
laser power and/or scanning speed were altered. Increasing the laser power resulted in an
increased ED which, in turn, led to a reduced surface roughness for ED up to 256.62 J/mm?
and thickness (a minimum of 137.0 pum), together with a visibly improved surface
roughness. Clad layers thicker than this value exhibited increased surface roughness and

disqualification of the as-clad specimen for corrosion testing.
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Figure 107. The calculated energy density (ED), in relation to the measured thickness of

the clad layer and its associated surface roughness.

The general microstructure of the clads (shown previously in Figure 106), consists of
uniformly dispersed TiC phase within a very fine (nanoscale) lamellar eutectic matrix,
which distinctly varies in morphology when moving towards the mid-section of the layer.
The solidified microstructure demonstrates that, following LDED processing, very fine,
faceted TiC grains are present within a coarser grained metallic matrix. From visual
assessment only, it is not possible to determine whether these are (primary) TiC particles
retained from the original dip coating mixture or that they have selectively dissolved and
reprecipitated. Variation of the evolved microstructure within different zones confirm the
ultra-rapid heating and cooling rates that arise during laser processing. At the fusion zone,

carbide grains exhibit minimal dendritic growth and are mainly preserved in the
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cubic/polygonal morphology. At the bottom region of the clad, microalloying can provide
a complete metallurgical bond between the coating and substrate and create a heat-affected
zone region (HAZ) that binds permanently with the substrate. The compositional mapping
in Figure 108 has been generated through EDS analysis and is obtained from the bottom
section of laser deposited layer of TiC-NizAl (with a laser power of 350 W and V = 6.77
mm/s). In the upper section of this region, fine TiC dendrites are surrounded by a high
concentration of V and Cr that is depleted from the D2 steel substrate, suggesting the

formation of secondary (or more highly alloyed) carbides.

60pum
Element C Si Ti AY Cr Fe Ni
Weight % 6.20 049 0.50 0.77 11.12 80.5 0.44
Atomic % 23.23 0.78 0.47 0.68 9.63 64.87 0.34

Figure 108. An example of the TiC-NizAl/D2 steel substrate clad couple, highlighting the
general chemical composition of the clad zone. The associated table summarizes the overall

composition for the mapped area.
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Figure 109 demonstrates the results of image analysis, highlighting the structure of grain
boundaries formed during austenitic transformation at eutectic temperature for clads
processed at P =350 W and V' = 0.84 mm/s, 3.38 mm/s and 6.77 mm/s. In prior LDED
work, the structure and the extent of the area covered by grain boundaries has been reported
to vary depending on the cooling rate and austenitic grain size [465,468,482]. As is
apparent in Figure 4, the extent of the formation of boundaries and the overall

microstructural scale were reduced in proportion to the increased laser scanning speed.
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Figure 109. FE-SEM micrographs obtained from polished cross section of TiC-NizAl
cermet clads on D2 steel, laser processed at P = 350 W, for: (a) V = 0.84 mm/s, (b) V =

3.38 mm/s, and (¢) V = 6.77 mm/s.

Analytical measurement of the surface area related to the grain boundaries showed that the
fraction of surface area occupied by grain boundaries over the total surface varies with the
laser scanning speed (Figure 110). At 350 W applied laser power and a scan speed of V' =
0.84 mm/s, the percentage of the area (4) occupied by grain boundaries was measured as
A/lAtota = 5.53 % which was then reduced to 3.44 and finally 0.84 % as the scan speed was

increased to 3.38 and then 6.77 mm/s, respectively.
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Figure 110. The average area occupied by grain boundaries measured for TiC-NizAl

cermet clads on D2 tool steel under various scanning speeds.

7.3.2. Microstructural characterization of the LDED clads.

Figure 111 provides a higher magnification SEM image presenting aspects of the
microstructure development of the TiC based cermet, clad onto a D2 steel substrate at 350
W laser power and 3.8 mm/s scanning speed. The solidified microstructure of the clad
coated D2 is composed of a uniform austenitic metallic matrix (area 1), that is a product of
both substrate and NiAl from the cermet composition. The ceramic phase of the coating
varied in morphology based on the concentration of alloying elements segregated from
substrate during laser processing. Light color 1-2 pm MC type faceted carbide particles
(area 2) contained high concentration of V and Ti and typical Cr-Fe rich lamellar phase

containing Ni (area 5). The darker phase carbides (area 3), were composed of additional
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alloying elements from substrate such as Si, Fe and Cr. The size and spacing of these

carbide particles represent the characteristics of fast cooling dynamics of laser processing.

e L i

15.0kV 12.9mm x8.00k SE(M)

Element (weight %)
ID

C Al Si Ti \4 Cr Fe Ni

#1 4.94 0.27 0.30 0.24 4.92 11.04 75.59 2.70

#2 19.88 33.27 27.01 24.38

#3 8.88 0.27 23.39 16.06 6.32 44.18 0.90
#4 16.91 0.30 11.48 17.87 9.81 43.18 0.45
#5 7.26 0.25 0.51 5.47 23.89 61.69 0.92

Figure 111. Representative FE-SEM micrograph obtained from TiC-NizAl (30 vol%) laser
clad on D2 steel processed at 350 W laser power with scanning speed of 3.38 mm/s,

together with EDS chemical compositions of the highlighted areas in the clad composition.
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Similar microstructures have been reported previously, where the high thermal gradients
in LDED result in the formation of dendrites in D2, along with M7C3 carbides, which are
formed on the dendrite boundaries due to a eutectic reaction [483,484]. Chromium
carbides, which were mainly formed within a eutectic region at the dendrite boundaries,
showed an additional secondary phase, where a ‘needle-type’ microstructure, was noted

(Figure 112).

Figure 112. EDS mapping obtained from a TiC-NizAl (30 vol%) composition laser clad

onto D2 steel, processed at 350 W laser power with a scanning speed of 3.38 mm/s.

7.3.3. Electrochemical analysis

Examples of Nyquist plots obtained from the surface of TiC-NizAl cermet clads on D2

steel is shown in Figure 113. The impedances were identified by a semicircle capacitive
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loop, suggesting the presence of one time constant for the analysed frequency domain

which generally is an implication of charge transfer resistance or capacitance.
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Figure 113. Results of electrochemical analysis highlighting Nyquist plots obtained from
the surface of TiC-NizAl cermet clads on D2 steel fabricated at various laser scanning
speeds, in comparison to the as-received (AR) D2 substrate and the same substrate material

after surface laser remelting (LR).

The Nyquist plots of both clad and as received samples display alike semicircle features
under different conditions, while the diameters are different. The diameters of Nyquist
plots related to the polarized as received (AR) and laser remelted D2 substrate (LR) were
smaller than coated samples, demonstrating that the cladded samples exhibit higher

impedance response and better protection against the corrosive media. Moreover, the
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diameter of the capacitive reactance arc of laser remelted D2 is larger than that of the
wrought AR specimens confirming the increased polarisation resistance in results of
remelting the surface via surface. However, a low frequency limit is observed in steel
impedance where the coating impedance reaches a capacitive state.

The equivalent circuit shown in inset of the Figure 113 was for simulation of the collected
impedance data and the results are provided in Table 20 where R; is the resistance of the
media, Ro represents the charge transfer resistance and R3 is referred to polarisation
resistance. Subsequently, CPE; represents the oxide layer capacitance, CPEx is the electric
double layer capacitor, and n is deviation parameter. The quality of the simulations was
assessed by the values of chi-squared where lowest calculated values, is an indication for

acceptable fits.

Table 20. Electrochemical parameters of the corrosion tested surfaces derived from EIS

analysis.
ID Ry/Q.cm?> Ry Q.cm?> CPEy/F.em?™! Ri/Q.cm?> CPE/F.cm?s™ n a
D2 8.49 554.2 7.72x1073 - - 0.84 4.50x107
D2LR 7.43 768.5 1.50 x107 - - 0.72 8.50x107
A 6.856 1164 3.00x107 - - 0.65 4.70x107
B 8.22 1319 4.60 x107 - - 0.78 3.90x107
C 13.15 1792 10.29 x103 2613 4.42 x10°3 0.71 1.33x107
D 16.98 2464 11.94 x103 305.2 1.28 x10°! 0.75 11.23x107

Examples of typical potentiodynamic polarisation (PD) curves obtained from the surfaces

of TiC-NizAl clads on D2 steel are shown in Figure 114, along with both the as-received
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and laser remelted D2 substrate material. It is apparent that the application of the composite
clad onto the D2 steel clearly improves the corrosion behavior of the substrate, by
increasing the corrosion potential (Eco~) and decrease in corrosion current (lcor); it is
notable that this improvement arises across a range of LDED process conditions. Reduction
of the corrosion current and shifting of corrosion potential toward nobler values indicates
that the clad coatings provide higher corrosion resistance than that of substrate alone.
Sample A only shows a ‘passive-like’ region at an L., value of 6.21 x 10, while sample
B, C and D showed spontaneous passivation with a wide passivity region near to 17, 140,
and 460 mV respectively. Although the thermodynamic stability of the laser processed (i.e.,
remelted) D2 substrate in the absence of the TiC composite coating was not as noble as the
coated specimens, there is still a reduction of /.. in comparison to that measured for the
untreated D2 substrate. This implies that improvement of the corrosion characteristics is a
result of the laser processing steps. Negligible changes of the anodic current of the clad
samples over a vast potential range depict the stability of the coatings. However, the
stability of the coatings did vary with changing clad LDED process parameters. Specimens
fabricated at the highest applied scanning speed (i.e., samples B and D) provided higher
stability, while the lowest stability among the clad samples was determined for those
fabricated at lowest scanning speed. The anodic current of various clad samples above their
breakdown potential reached a value similar to the substrate. In this case, breakdown of the
clad leads to penetration of the electrolyte into the clad coating, reaching the substrate/clad
interface, where the anodic dissolution of substrate is more dominant in electrochemical
reactions. Average electrochemical parameters obtained from OCP, and PD measurements

are presented in Table 21.
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Figure 114. Results of electrochemical analyses highlighting potentiodynamic polarisation

curves obtained from the surface of TiC-Ni3Al cermet clads on D2 steel fabricated at

various laser scan speeds and powers. Comparison is also made with the as-received (AR)

D2 substrate and the same substrate material following laser surface remelting (LR).

Table 21. The measured electrochemical parameters following corrosion testing of the

unclad and clad surfaces, derived from potentiodynamic polarisation curves.

Sample OCP P Pe Ecorr Leorr Corrosion Rate Rp
ID (Volts) (mV) (mV)  (Volts) (A/cm?) (mm/yr) Q)
D2 -0.49 124.50 5.00 -0.51 1.94x10°% 2.29 x10 1.08 x10°
LR -0.48 138.73 100.81 -0.49 1.85x10°% 2.19 x10 1.37 x10°
A -0.52 98.50 27.18 -0.53 6.21x10% 7.34 x10%2 1.49 x10°
B -0.46 98.09 31.96 -0.47 1.07 x107 1.27 x10°%2 9.76 x10°
C -0.44 143.52 10.10 -0.31 498 x10°!! 5.89 x10°%7 8.23 x101°
D -0.16 171.80 28.60 -0.21 1.48 x10% 1.75 x10°% 7.19 x10°
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The results of potentiodynamic polarisation testing, in relation to the specific cladding
parameters, are provided in Figure 115. The value of E... for the base metal was found to
be —0.57 V vs. SCE which remained unchanged for the laser remelted D2 surfaces.
Consequently, a marginal shift toward more noble potentials was observed for polarized
specimens with the preplaced TiC based LDED coatings, with the largest shift relating to
clads processed at the highest scanning speed, with Ecrn = -0.31 V (vs. SCE).
Consequently, it was observed that the /.. at this potential experience a large drop by a
margin of three order of magnitudes in contrast to clads processed at lower scanning speed
and Rp reaches its optimal capacity. Therefore, the processing parameters resulting in ED
value of ~256.6 J/mm~ result in fabrication of coatings with optimal possible corrosion

resistance without further modification.
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Figure 115. Identified corrosion parameters for TiC-NizAl cermet clads onto D2 steel laser

processed at various laser processing parameters.
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7.3.4. Post corrosion surface morphology

The post-corrosion microstructure of the LR substrate was analysed to distinguish between
the interactive effects of the laser processing parameters and the application of a ceramic-
metal composite barrier layer, on the corrosion behavior of the D2 steel substrate. Figure
116 presents typical SEM images obtained from the cross section of the post-corroded LR,
D2 steel substrate and the results of EDS compositional analysis of the surface, polarized
to its corrosion potential and then to +1.0 V vs. SCE (Figure 116(a) and (b), respectively)
in aqueous media containing 3.5 wt% NaCl. During the laser processing step, Cr
compounds precipitate at the grain boundaries and leave the adjacent zones depleted of Cr
(Figure 116(a)). Consistent with previous findings on corrosion behavior of high Cr steel,
the formation of the Cr-depleted zones was observed, due to elemental segregation, which

in turn can induce intragranular attack [485,486].

10.0kV 13.3mm x30.0k SE(M) 1.00um

Molat VKal

(a)
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5.0kV 12.8mm x250 SE(M)

Figure 116. Post-corrosion cross section of the LR processed, D2 steel substrate,
highlighting the results of EDS compositional analysis of the oxidized layer polarized to:
(a) slightly above corrosion potential (Ecorr), and (b) up to +1.0V vs. SCE. Samples were

tested in an aqueous solution containing 3.5 wt% NaCl.

Thus, Cr-depleted zones develop into initiation sites for corrosion adjacent to the
intergranular precipitates, where the electrochemical potential difference between the Cr
depleted zone and matrix leads to intergranular corrosion and loss of material (Figure
116(b)). Figure 117 presents the post corrosion microstructure of the clad surfaces
processed at P=300 W and V' = 3.38 mm/s. It was noted during the electrochemical
polarisation of the coatings fabricated with lower cooling rates that the post corrosion
microstructure reveals selective removal of the binder phase has taken place, throughout
the surface in contact with corrosive media, leaving residual TiC grains. This type of

response can be anticipated through galvanic attack.
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Element C (0) Al Si Ti A\Y Cr Fe Ni Mo

Weight%  17.06 4.99 0.53 0.21 1129 219 2053 3419 6.89 2.12

Atomic% 4459 9.8 0.62 023 74 1.35 124 1923 3.69  0.69

Figure 117. SEM micrographs obtained from post corrosion clad surfaces processed at P
=300 W and V = 3.38 mm/s and related compositional mapping generated through EDS.

The associated EDS data, for the area shown, is presented in the table.

Moreover, the cross-sectional post corrosion microstructures confirmed that while anodic
dissolution of the metallic phase is the basic form of the corrosion mechanism, due to

galvanic attack, at lower scanning speeds a higher concentration of the Cr-rich grain
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boundaries induces intragranular attack at localized Cr-depleted zones (Figure 118). Thus,
the corrosive media will reach further into the coating structure, resulting in an increased

rate of corrosion by removing larger volumes of the coating.

15.0kV 12.1mm x1.00k SE(M)

(b)

Figure 118. Post-corrosion SEM images obtained from cross section of TiC-NizAl (30
vol.%) metallic phase cermet clad coatings on D2 steel, fabricated at 350 W laser power,

with: (a) 0.846 mm/s scanning speed, and (b) 1.69 mm/s scanning speed.

Figure 119 demonstrates the post-corrosion microstructure of the clad surfaces processed
at P = 350 W and V = 3.38 mm/s. The post-corrosion morphologies clearly indicate
formation of an unstable oxide layer, which is susceptible to corrosive attack at the location
of galvanic couples formed as a result of the Cr segregation around the grain boundaries.
As noted earlier, the highest level of elemental segregation was observed to arise at the
lowest LDED scanning speed and, consequently, a larger volume of the metallic matrix
has been subjected to Cr depletion. In contrast, fine TiC and Cr based precipitates form
along the path of grain boundaries. The segregation of Cr near fine MC carbides has been

proposed by Suzuki and colleagues [487]. Intragranular corrosion of ferritic steel
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containing 11% Cr has also been reported previously, due to the formation of fine carbide
precipitates at grain boundaries, and the associated creation of Cr depleted zones [485]. As
highlighted in Figure 119(a), the post-polarisation surface contains a large crevice (area
#1) along the solidification path of the overlapping clads, where longer cooling times result
in further elemental segregation (shown in Figure 119(b)) and the formation of Cr depleted
zones (Figure 119(c)). Higher magnification imaging (Figure 15) revealed that the crevice
is formed from a number of microcracks within the oxide layer. The formation of Cr
depleted zones, in particular, contributes to galvanic coupling of the metallic and ceramic
phases within the composite coating. Eventually, a number of localized attack sites formed
stable corrosion pits, due to anodic dissolution of Cr depleted zones in the vicinity of the
carbide precipitates. An example of EDS mapping of the formed pits is provided in Figure

120.

5
X

3 [ S I I St N
15.0kV 12.4mm x45 SE(M) 1.00mm

267



(b) ()
Figure 119. SEM micrographs obtained from post corrosion surface of the TiC-NizAl (30
vol%) clads on D2 steel processed at P =350 W and V = 3.38 mm/s and after polarization

to +1.0V vs. SCE in 3.5 wt% NaCl containing simulated seawater at various magnification

(a), (b) and (c).

15.0kV 12.0mm x5.00k SE(M)

Figure 120. FE-SEM images and associated EDS mapping on the post-corrosion surface
of a TiC-Ni3Al (30 vol%) clads on D2 steel substrate, processed at P =350 W and V =3.38
mm/s, after polarization to +1.0 V vs. SCE in an aqueous solution containing 3.5 wt%

NacCl.
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Cross sectional microstructural analysis of the corroded composite clads revealed anodic
dissolution of the Cr depleted metallic regions, adjacent to networks of segregated Cr
containing and fine carbide precipitates (Figure 121). As it is demonstrated in this figure,
after polarisation to +1.0 V vs. SCE, the the top portion of the clad has been subjected to a
combination of intragranular and galvanic corrosion, to the depth of aproximately 50 um.
In this instance, disolution of the metallic compounds has left behind a semi-porous
skeleton, that is now largely comprised of the hard ceramic phase. As a consequence, the
overall system can be viewed as a porous electrode with different electrochemical activities

between the bottom and the walls of the pits.

Cr depleted zones

Cr segregatig

F -
|
15.0kV 12.5mm %500 SE(M) 15.0kV 12.5mm x4.00k SE(L.-50)

Figure 121. (a) Cross sectional FE SEM image of the microstructure of the post-
polarization TiC-based cermet clads on D2 steel, laser processed at P =350 W, and V =
3.38 mm/s, after polarization to +1.0V vs. SCE in an aqueous solution containing 3.5 wt%
NaCl. (b) Higher magnification FE-SEM image of the surface of the same sample as (a),

showing Cr-rich and depleted zones.
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Figure 122 shows an example of the post-corrosion microstructure of the clad surfaces
processed with LDED conditions of P =350 W and V' = 6.77 mm/s. As anticipated from
the results of the electrochemical measurements, clads fabricated under these described
conditions displayed excellent protection against corrosion over the range of applied
potentials. Nevertheless, the presence of defects and pores along the laser scan lines, which
are formed during the LDED cladding process, permits the electrolyte to reach the inner
layer of the composite clad and provide localized oxidation sites. The general surface of
the clads fabricated at 6.77 mm/s laser scanning speed exhibited minimal variation of the
surface roughness, while no local corrosion sites were detected under low magnification

FE-SEM analysis.

100kV144mmx4ssEL)  1.00mm |

Figure 122. FE-SEM micrograph obtained from post corrosion surface of the TiC-NizAl
(30 vol%) clads on D2 steel processed at P = 350 W and V = 6.77 mm/s and after
polarization to +1.0 V vs. SCE in an aqueous solution containing 3.5 wt% NaCl. The inset

images show higher magnification FE-SEM images of areas relating to the laser scans.
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Following from the images in Figure 122, Figure 123 presents a higher magnification FE-
SEM image, along with related EDS compositional maps, of the post-corrosion surface of
the TiC-NizAl based clads LDED processed on D2 steel, after polarization to +1.0 V vs.
SCE in 3.5 wt% NaCl containing water; in this instance the samples were laser processed
at P =350 W, and V = 6.77 mm/s. The results of compositional analysis of the post-
corrosion surface, clad at 6.77 mm/s laser scan speed, reveals the occurrence of a multi-
component oxide layer, based on a-AlbO3, Cr203, and NiO. Enhancement of corrosion

properties by Al addition to stainless steels has been investigated in previous studies [488].

mxg&lllllllllll
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Element C O Al Si Ti Cr Fe Ni

Weight% 14.46 21.22 3.33 0.23 30.78 4.97 24.94 0.06

Atomic% 31.27 34.46 3.21 0.21 16.72 2.48 11.6 0.03

Figure 123. Higher magnification FE-SEM image of the post polarization surface of a TiC-
Ni3Al based clads on D2 steel, laser processed at P = 350 W, and V = 6.77 mm/s after
polarization to +1.0 V vs. SCE in an aqueous 3.5 wt% NaCl containing solution. Also
shown are examples of the EDS compositional maps obtained from the area shown in the

FE-SEM image, along with the mean composition of the overall area.
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Notably, Yun and colleagues reported that presence of the Al improved the adhesion of the
oxide scale, through formation of oxide ‘pegs’ and a layer consisting of (Cr,Al),O3 acting
as a strong diffusion barrier [489].

Consequently it has been indicated that a surface Cr.Os-rich outer layer does not fully
protect the metallic matrix from further oxidation, and the presence of Al in the
composition of the layer significantly influences the corrosion resistance, due to the
reaction of Al with oxygen for the formation of Al>Os3 in the early stages of the corrosion
reaction [490].

Examination of the cross sectional microstructure of the the TiC-NizAl based clads
deposited onto D2 steel (Figure 124) after polarization confirmed that achieving a
submicron particle size, with minimal dendritic growth and an absence of elemental
segregation, has resulted in the formation of dense oxide protective layer, with no evidence
of corrosive media permeation; this sample was laser processed at P=350 W and V' =6.77
mm/s,.

Furthermore, the results of compositional EDS analysis of the post-corrosion cross-section
of the clad specimen processed under these conditions further confirms the formation of a
dense, protective oxide layer that is based on a-Al>O3, Cr203, and NiO (Figure 125). It is
clear from the comparison of processing effects that it is feasible with LDED to obtain
highly corrosion protective coatings under carefully selected processing conditions, while
at the same time retaining a fine carbide structure that will enhance wear resistance of the

clad surface.
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Figure 124. (a) FE-SEM image of the post-corrosion cross-section of the TiC-Ni3zAl cermet
clads on D2 steel, laser processed at P =350 W, V = 6.77 mm/s after polarization up to 1.0
V vs. SCE in an aqueous solution prepared with 3.5 wt% NaCl. (b) Higher magnification

FE-SEM image of the surface cross-section of the same sample.
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Figure 125. EDS compositional mapping of post corrosion cross section of the TiC-NizAl
cermet clads on D2 steel, laser processed at P =350 W, V = 6.77 mm/s after polarization

up to 1.0 V vs. SCE in an aqueous solution containing 3.5 wt% NaCl.
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74. Conclusions

In present work, novel TiC-Ni3zAl based composite coatings, with enhanced corrosion
resistance, were successfully manufactured through laser-based cladding of preplaced
feedstock onto D2-grade tool steel substrates. The effects of the LDED processing
parameters upon the aqueous corrosion behavior were subsequently studied. The findings

from this work may be summarized as follows:

e A significant increase of the corrosion resistance of D2 tool steel in an ‘artificial
seawater’ (containing 3.5 wt% NaCl) was obtained by fabrication of a composite
structure with a heavily alloyed metallic matrix based on Ni3Al, a-(Fe,Cr), and
uniformly distributed TiC grains.

¢ A minimum coating thickness processed within the identified range of processing
parameters, has been determined as a requirement to safeguard against degradation
in corrosive media.

e Under identical corrosion testing conditions, the corroded D2 substrate only
subjected to laser remelting (i.e., no cladding), showed the formation of Fe>O3 as
the primary corrosion product. In contrast, the optimised laser clad steels exhibited
a dense oxide layer based on a-Al203, Cr20s, and NiO, which was repeteadly
observed for a range of cladding parameters.

e Increased laser power resulted in increased ED, which led to a reduced surface
roughness for ED up to ~257 J/mm® and clad thickness of ~140 pm, visibly
improving the surface finish of the clad substrate.

e The corrosion resistance was found to be the greatest for the case of clad surfaces
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processed under LDED conditions of P =350 W and V' = 6.77 mm/s. The general
surface of the clads fabricated at 6.77mm/s laser scanning speed exhibited minimal
variation of the surface roughness.

The presence of defects and pores along the laser scan lines, which are formed
during the cladding process itself, can potentially permit the electrolyte to reach the
inner layer of the composite clad and therefore provide localized oxidation sites.
Intragranular corrosion was induced as an artifact of laser processing by formation

of Cr depletion zone due to Cr segregation within the grain boundaries.
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Chapter 8. Conclusions

8.1. Research Outline

The main objectives of the current thesis were the design, development, and
reliable/reproducible manufacture of novel TiC-NizAl based composite feedstock and
associated coatings. These materials are targeted at enhancement, modification, and/or
repair of steel surfaces, with a view to improvement in the wear and/or corrosion properties
of the substrate steel. Gelation-based fabrication with sodium alginate was proposed as an
aid to preparation of aqueous TiC-NizAl suspensions, comprised of micron-sized ceramic
and metal particles, into either micron-sized spherical ‘cermet’ feed-stock powders or as a
dip coating precursor. The physical attributes of the gelation-derived coatings were
assessed for two deposition routes; (i) high velocity oxy-fuel (HVOF) thermal spraying,
and (ii) laser directed energy deposition (DED). The research objectives were fulfilled by

undertaking the following actions:

e The polysaccharide, sodium alginate, was examined as a gelation aid to ‘solidify’
aqueous TiC-NizAl suspensions into micro-composite ‘cermet’ feedstock powders.
A variety of gelation agents were examined, including calcium chloride (CaCly),
calcium acetate, aluminium nitrate, methanol, acetic acid, and 5 % hydrochloric
acid. Furthermore, a theoretical understanding of interparticle forces was gained
through rheological assessment of the colloidal suspensions, both prior to and
during the gelling stage. Subsequently, the spraying of sodium alginate containing
ceramic-metal particle suspension was achieved with a suitable air atomising

nozzle. Suspensions were sprayed into an aqueous bath, where replacement of Na'*
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within the alginate by Ca?" results in cross-linking/gelation and the production of
nominally spherical ‘cermet’ feedstock particles from the original sprayed droplets.
With the intent of further optimization of the feed stock powder and improved
flowability, the effects of pre-sintering heat treatments were also examined. As a
preliminary ‘proof-of-principle’, these feedstock powders were subsequently used
for the preparation of HVOF coatings and the associated optimization of the
thermal spray process parameters (Section 3).

Once the powder feedstock process was successfully developed, attention was
placed on process development and characterization of the associated coatings. The
fabricated feedstock particles, with sufficient mechanical strength in the gelled
form, were subsequently fractionated into a narrow size range. These ‘sized’ micro-
composite particles were subsequently used for HVOF thermal spray of TiC-NizAl
coatings onto a variety of substrates, including ferrous alloys; note that while these
coatings were successfully sprayed onto Ti-6Al-4V and a variety of steel grades,
only those HVOF deposited onto AISI 4130 steel substrates are discussed in the
present thesis. The HVOF fabricated coatings then were characterized for their
wear and corrosion properties, as a function of spraying ‘stand-oft” distance, and
the results were compared to those obtained from HVOF coatings fabricated from
a more conventionally produced TiC-NizAl feedstock powder (i.e., agglomerated
and sintered), together with both WC-Co and WC-CoCr HVOF deposited coatings
(Section 4).

For the laser DED cladding of TiC-NizAl based composites onto D2 tool steel, a

feedstock powder preplacement approach was proposed, in order to position the
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feedstock material on the substrate prior to laser treatment. This was achieved by
dip coating the substrate into an aqueous colloidal suspension, again containing
sodium alginate. Initial emphasis was placed upon optimizing both the suspension
and dip coating conditions, examining a variety of sodium alginate contents,
suspension compositions (i.e., TiC:NizAl volume ratios), suspension solids
contents, and deposition temperatures. Once the dip coating process was optimized,
a variety of laser DED fabrication conditions, as well as coating compositions, were
then assessed via in depth macro and microstructural evaluation for the fabrication
of the TiC-Ni3Al clads onto D2 steel (Section 5). This allowed further optimization
of the microstructural and mechanical characteristics of the laser DED clads, as
discussed in subsequent chapters.

Cermet-derived preplaced coatings were then subjected to a series of appropriate
mechanical characterization techniques. These evaluation procedures included
hardness, scratch hardness, and corrosion testing. The results were then
summarized in relation to the impact of selected processing parameters utilised for

the fabrication of the TiC-Ni3Al composite clad coatings (Sections 6 and 7).
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8.2. Conclusions

A number of general conclusions can be drawn from the present work, which are outlined

in the following subsections:

8.2.1. Gelation based feed stock technologies for HVOF and DED deposited

composite coatings

The polysaccharide sodium alginate was successfully used as a gelation aid to ‘solidify’
aqueous suspensions into micro-composite ‘cermet’ feedstock powders, which could be
readily handled and subsequently classified (i.e., fractionated by size). An air atomising
nozzle was used to produce these nominally spherical particles, with a mean size below
100 um. The fabricated particles exhibited sufficient mechanical strength in their gelled
form to be efficiently fractionated, by sieving, into relatively narrow size ranges and be
used to produce high quality HVOF thermal spray coatings; typically, these would be sized
between 45 and 75 um, and were broadly spherical in shape.

A variety of alternative cross-linking agents were also examined for sodium alginate. In
terms of the options evaluated, in addition to calcium chloride, calcium acetate, aluminium
nitrate, methanol, acetic acid, and 5 % hydrochloric acid all allowed the production of
roughly spherical gelled particles, at least on the macro scale; however, some of these
particles were unstable and often exhibited degradation if rinsed with water. It was
observed that particles made by air atomising spray technique can be sintered to improve
their mechanical strength and flowability prior to subsequent HVOF processing. However,

at elevated temperatures some localized ‘necking’ can occur between adjacent small
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particles, resulting in the fabrication of non-spherical feedstock particles. This is
undesirable in terms of powder flow characteristics. The theoretical perception of
interparticle forces, which was obtained through rheological analysis, has also given some
preliminary understanding of the physical process using one of the suggested chelating
agents. However, to better understand the interaction of the particles within the gel systems
there is a need for further analysis, such as direct force measurements, absorbed layer
chemistry, and solution composition.

The fabricated feedstock particles were subsequently used for HVOF thermal spray of TiC-
NizAl coatings onto AISI 4130 steel substrates. The fabricated coatings were then
characterized for their wear and corrosion properties as a function of spraying distance. It
was demonstrated that TiC-based cermets, with a ductile NizAl intermetallic matrix, offer
a viable alternative for the development of high-performance wear and corrosion resistance
hard coatings processed via HVOF. Notably, the gelation-based TiC-Ni3Al coatings
showed significantly better corrosion resistance than current industry standard WC-Co and
WC-CoCr HVOF coatings, while maintaining similar wear resistance, and weighing only
50% of the WC-Co and WC-CoCr options.

In contrast, for laser DED prepared coatings, a preplacement approach was used to position
the feedstock material prior to laser treatment. However, on this occasion a ‘self-gelling’
approach for the sodium alginate was employed, whereby Ni*" and AI*" are slowly leached
from the TiC-NizAl suspension (over a ~1 um length scale), resulting in ion exchange with
Na!* and associated crosslinking/gelation.

Consequently, dip coating has been proposed as an efficient method for preplacement of

feedstock material prior to laser processing. Successfully preplaced coatings were
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subjected to DED and metallographic examination of cross sections of the single clad and
its interface with the substrate were used to explain the quality of fabricated cermet
coatings. Based on the results of the experimental observations, increasing laser power was
found to increase the probability of forming a high quality clad, but it is not the only

effective parameter.

8.2.2. Characterisation of the fabricated MMC coatings deposited by HVOF and

DED

The aqueous corrosion resistance and tribological characteristics of TiC-NizAl cermet
coatings, fabricated via deposition of micro-composite gelation-based feedstock by high-
velocity oxy-fuel (HVOF) thermal spray onto AISI 4130 steel substrates, was investigated.
The results of this analysis were compared to coatings deposited from a TiC-NizAl
feedstock produced by a more typical ‘agglomerated and sintered’ route, processed under
identical HVOF parameters and operational settings. Further, comparison was also made
with more conventional WC-Co and WC-CoCr HVOF coatings. It was observed that the
development-stage TiC-NizAl based cermet coatings, regardless of their powder
production route, provide a higher degree of aqueous corrosion resistance when compared
to both WC based coatings, with the additional advantages of considerably lower density
and an absence of Cr in their overall composition. However, the full passivation response
of the TiC-NizAl HVOF coatings was deterred by physical defects (i.e., residual porosity),
which is associated with the preliminary, developmental stage of these coatings.

Subsequently the calculated specific wear rates obtained from the examined HVOF
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coatings based on TiC-Ni3Al were compared closely with those frequently reported for
WC-based thermal spray coatings. Cermet coatings fabricated using the commercially
available TiC based feed stock material displayed slightly lower wear rates than the ones
fabricated from the gelation-based feedstock material, which generally increased when the
value of applied load was increased.

The efficiency of the proposed feedstock preplacement technique, prior to laser DED
processing, and its impact on mechanical enhancement of D2 hard work tool steel surface,
was validated by detailed structural characterization in relation to the laser processing
parameters. In laser DED processing, the scan speed affects the dilution and cooling rate
which are the two main factors in establishing the desired carbide morphology and
microstructure. Moreover, it was observed that the heat generated by employing varied
scan speeds results in different carbide morphologies and distributions. The observations
show that cooling rate has the most dominant effect on the morphology and size of the TiC
particles. Results of tensile failure analysis showed that the clad specimens possessed a
very low elongation (<0.1%) and a low toughness (<43 J/m?®), although exhibiting an
excellent tensile strength (up to 404.8 MPa). The low toughness in laser DED processed
tensile parts can be attributed to the heterogeneous microstructures and grain size nucleated
in different zones of the melt pool, which may lead to different extents of the strengthening
effects. Substantial improvement in the microhardness properties of the clad D2 surface,
relative to the unclad material, was reflected by results of micro-Vickers indentation. It was
demonstrated that an increase in average hardness from 142.78 HV for as received
substrate to 333.2 HV, was achieved, with further improvement under larger applied loads

(up to 887.6 HV under 5 N). Moreover, the maximum values for VH were recorded at the
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top surface of the examined cross section, with an average value of 659 VH (a roughly four
times increase over the as-received substrate). In the middle section of the clad, a slight
decrease in hardness value was observed. At the clad substrate interface 560 HV was
reported for the applied load of 5 N. Substantial decrease in hardness was observed with
increasing depth into the substrate, with respect to the clad surface, due to the reduced
concentration of the hard carbide phases.

As a preliminary assessment of the tribological properties, and a qualitative evaluation of
interfacial strength between coating and substrate material, single pass scratch testing was
conducted on both the clad surface and the polished cross section of the cermet clads. This
was found to be an effective technique for the determination of the wear-related failure
modes and damage mechanisms. The post scratch morphologies of the cermet clads
demonstrated that abrasive damage is generated within clad layer and progressed by plastic
deformation through dislocations and associated lattice distortions. Within the range of 10-
40 N applied normal force, the scratch hardness of the cermet clad coatings (Hs) varied
within the range of 4.88-7.58 GPa, for coatings processed under various laser DED
processing conditions. In comparison, the as-received D2 substrate exhibited a steady value
of Hs = 3 GPa. Mechanical performance of the modified D2 steel surfaces was found to
vary considerably, depending on the implemented laser-processing parameters and its
resultant solidified microstructure.

The electrochemical responses of the TiC based cermet clads revealed that addition of the
cermet clad on D2 steel have clearly improved the corrosion behavior of the substrate by
increasing the corrosion potential, Ecor, and decreasing the corrosion current, Icor.

Additionally, it was observed that variation of the laser processing parameters and
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Bulk

Lab-made

Commercial

compositional content of the cermet feed, led to fabrication of clads with different thickness
and thus various degrees of corrosion protection. Subsequent microstructural and
compositional examination of the post-corroded sites at the surface and through the cross
section of the post-polarized specimens identified the main corrosion mechanism as
galvanic attack and failure of the in-service part due to dissolution of the metallic phase
within the composition of the MMC clad coatings. This was generally similar to what has
previously been observed for bulk TiC-NizAl cermets and those deposited via HVOF, in
terms of the primary corrosion mechanism. However, it was also apparent that elemental
segregation of the metallic matrix, arising as a consequence of laser processing, may
significantly influence the rate of galvanic attack, and increased dissolution of the metallic
phase arises through the formation of numerous local and intragranular degradation sites
with various electrochemical potentials through the thickness of the protective layer. A
general overview summarizing the mechanical and electrochemical performance of the

compositions fabricated throughout the presented work is provided in Table 22.

Table 22. Mechanical and electrochemical performance of cermet composites processed

via various feed processing and sintering techniques [16,288,324,491].

TiC-Ni;Al (bulk) Ball milled Press/sinter 3.1 <104 OIS 10z - N/A
WC-Co (bulk) - Press/sinter 3.8 x 107! 0.2 x 107 - N/A
TiC-Ni,;Al (coating) Gel based powder HVOF 4.1x 10?2 2.6x 107 320.40 4130
TiC-Ni;Al (coating)  Gel based suspension DED 8.8x10? - 612.16 D2
TiC-Ni,Al (coating) Agglomerate& sintered HVOF 3.4x102 1.3 x107 341.40 4130
WC-Co (coating) Agglomerate& sintered HVOF 3.0x 101 9.8 x10% 405.60 4130
WC-CoCr (coating) Agglomerate& sintered HVOF 14x 10! 82x10% 385.20 4130
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8.3. Recommendations for future work

The current study included design, development, and manufacturing of gelation-based TiC-
NizAl composite feedstock materials, for subsequent HVOF and DED deposition routes.
In both cases the processing parameters were optimised for application of wear and
corrosion resistant protective coatings onto steel substrates with good physical properties.
The impact of the evaluated coating deposition routes on the physical and electrochemical
properties of the coatings was assessed via a number of micro- and macroanalysis methods.
Based on the findings from this work, several additional future steps are suggested to
increase the manufacturing capabilities and quality of the MMC coatings on steel substrates

when used under harsh operational environments:

e Residual stress is important for the reliability of the coating/substrate system and
its performance. Residual stresses in thermally deposited composite coatings
originate from rapid heating and cooling rates that are experienced by the
substrate/feedstock during and after deposition action, where thermal mismatch
stress is developed due to the difference in thermal expansion between the coating
and the substrate and can lead to cracking, delamination and destruction of the
protective layer and may undermine the performance of the entire system and lead
to limited fatigue life. As a consequence, it would be valuable to determine the
residual stress state, and ideally its evolution as a function of processing route/stage,
for both the HVOF and laser DED coatings. This can be potentially achieved

through X-ray diffraction methods.
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During the high temperature processing of the ferrous alloys with high enough
cooling rates, retained austenite will transform to martensite with a body centered
tetragonal crystal structure, and a larger volume than the face centered cubic
austenite which may lead to crack initiation within the body of the composite
coatings. Therefore, implementation of heat treatment has been suggested to
achieve low levels of retained austenite and fine austenitic grain sizes where finely
dispersed grains prevent the nucleation of fatigue cracks. Such heat treatments are
thus proposed for future work.

Layer by layer deposition, by dip coating, for fabrication of thin films prior to laser
cladding, was found an effective method for preplacement of added layer where
maximum ‘clad-able’ thickness was obtained using minimum required feed and
regardless of geometrical dimensions of the substrate. Nevertheless, once laser
processed, the fabrication of clads with higher thickness can be accomplished by
repetition of the preplacement rounds through dip coating and sequential LDED.
Moreover, the assessment of alteration of the gel/feed-stock suspension(s) is
recommended to allow the deposition of varying compositions in terms of feedstock
layers with the potential then to generate functionally graded characteristics. It is to
be determined if this can be achieved with multiple dip coating steps (i.e.,
sequentially modifying composition), followed by a single LDED treatment, or if
multiple LDED cycles would be required; This will likely depend upon the
individual dip coating layer thicknesses.

In surface science, macroscopic processes such as wetting, adhesion, and friction

are often correlated with the response of the surfaces at their molecular-level fine
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structure. Moreover, atomic-scale crystallographic defects and potential
irregularities within a crystal structure can immensely alter the performance of
materials with novel functionalities. Therefore, use of nano-scale characterization
techniques such as transmission electron microscopy (TEM) have previously been
found critical for visual identification of the defects such as impurities, interstitial
bodies, stacking faults, and their path of distribution. It is thus recommended that
future work engages with this technique; it should be stressed that Dalhousie does
not presently have a materials TEM.

Microstructural examination of the cermet clads revealed the presence of multi-
phase submicron crystalline structures where substantial variation of hardness were
observed, depending on the location of indentation taking place on ceramic grains
or metal matrix, which can be identified through nanoindentation technology.
Subsequently, in terms of depth correlation of the hardness profile of the laser
processed cermet clads, it is suggested that the possibility of work hardening
occurs, which can be analysed via nanoindentation (for example, nanoindentation
adjacent to macro-Vickers indentation). Such mechanical response can also be
measured through cross sectional nanoindentation below the surface of scratch or
wear tracks. Additionally, nanoindentation technology provides rate, temperature,
and plasticity dependent measurement such as measurement of fracture toughness
(i.e., with a cube-corner indenter geometry) which was not covered within the

timeline of presented project.
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