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Abstract: Owing to their high hardness, fracture toughness and oxidation resistance, tungsten
carbide (WC) coatings are extensively deposited on parts that operate in demanding applications,
necessitating wear, erosion, and corrosion resistance. The application of thick and hard WC coatings
has an inevitable effect on the original dimensions of the parts, affecting the geometrical tolerances
and surface roughness. The capability of achieving a sub-micron surface finish and adhere to tight
geometrical tolerances accurately and repeatably is an important requirement, particularly with
components that operate in high-precision sliding motion. Meeting such requirements through
conventional surface finishing methods, however, can be challenging due to the superior mechanical
and tribological properties of WC coatings. A brief review into the synthesis techniques of cemented
and binderless WC coatings is presented together with a comprehensive review into the available
techniques which are used to surface finish WC-based coatings with reference to their fundamental
mechanisms and capabilities to process parts with intricate and internal features. The binderless
WC/W coating considered in this work is deposited through chemical vapour deposition (CVD) and
unlike traditional cemented carbide coatings, it has a homogenous coating structure. This distinctive
characteristic has the potential of eliminating key issues commonly encountered with machining
and finishing of WC-based coatings. Here, six contact and non-contact surface finishing techniques,
include diamond turning, precision grinding, superfinishing, vibratory polishing, electrical discharge
machining, and electropolishing are discussed along with their current use in industry and limitations.
Key challenges in the field are highlighted and potential directions for future investigation, particularly
on binderless WC coatings, are proposed herein.
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1. Introduction

Hard coatings are synthetic tribological layers which provide protection against wear, abrasion
and corrosion, in extreme mechanical loading and elevated thermophysical conditions. They are
commonly deposited on cutting, forming, machining and moulding tools to improve their functional
performance and extend their service life – permitting cost reductions [1]. Materials with excellent hot
hardness and fracture toughness, along with superior chemical stability and oxidation resistance at
high temperature, are the best candidates for hard coatings. They are typically made of ceramics in the
form of transition metal oxides, carbides, nitrides and borides, along with carbon-based compositions.
Some of the most commonly used hard coatings in industry include aluminium oxide (Al2O3), titanium
nitride (TiN), cubic boron nitride (cBN), chrome carbide (CrC), silicon carbide (SiC), vanadium carbide
(VC) and diamond-like carbon (DLC) coatings [2].
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Amongst a wide range of existing hard coatings, tungsten carbide (WC) has shown a promising
potential owing to its high hardness and superior mechanical properties [3]. WC was discovered in 1893
and since the beginning of the 20th century it has been predominantly used as a base material for cutting
tools [4]. Towards the 1940s and 1950s, industrial demands have led to scientific developments into the
use of WC as a surface coating to improve the functional performance and service life of components.
Since then, different coating deposition techniques have been developed which have been employed
in several engineering applications to modify and reinforce the surfaces of bulk materials, primarily
to improve the corrosion and wear resistance. WC is the pinnacle of hard, stiff, and wear-resistant
technical ceramics. Its hardness level can be in excess of 3000 Hv, a compressive strength of 3360 MPa,
an elastic modulus greater than 600 GPa and a wear rate below 7 × 10−7 mm3/Nm [5–7]. A comparison
of the Hardness and Young’s modulus of WC against other technical ceramics is shown in the Ashby
diagram (Figure 1).
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In many cases, apart from providing high wear and corrosion resistance, the applications of WC
coatings also demand sub-micron surface finish and require tight dimensional tolerances. However due
to the coatings’ superior mechanical properties, particularly high hardness, meeting such specifications
through conventional surface finishing methods can be challenging. This problem is exacerbated when
the coated parts have complex geometries with intricate, defined features, which require dedicated
finishing techniques. This review delves into the available and most suitable precision machining
techniques capable of achieving high surface finish and meet tight geometrical tolerances on hard
coatings, with specific reference to WC-based coatings. It is by and large the case that precision
surface finishing techniques have been primarily developed to process uncoated materials with
relatively low hardness, when compared to hard coatings. However, with application requirements
becoming more stringent, the need to adapt these techniques to process hard coatings continues to
grow. This requirement in itself, brings with it a number of considerations which have to be made,
including the effect on surface and sub-surface integrity of the coating, coating’s electrical conductivity,
coating/substrate bonding strength and ductile machining properties [9].
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WC is a well-established hard coating material used in a wide range of industries as a replacement
to other protective coatings, such as the widely used hard chromium coating. The key driver can be
attributed to the tight restriction on the use of hexavalent chromium, which is the main component
in plating of hard and decorative chromium coatings, under environmental and health and safety
regulations due to its severe adverse health effects [10,11]. Whilst significant developments have
been made within the last decades on understanding of machining and finishing techniques and
mechanisms of WC coatings [12–15], these studies focus on cemented carbide coatings. Note that
cemented carbide coatings comprise of hard WC grains embedded within soft metal binder matrices,
such as cobalt, iron or nickel, and are commonly deposited through a line-of-sight vapor or liquid
electrochemical process [16,17]. The presence of hard and soft phases in the coatings leads to spatial
phase heterogeneity that often results in selective material removal, grain fracture, and formation of
microcracks when these coatings undergo machining and finishing processes [18,19]. This soft metal
binder also leads to an additional challenge associated with graphitisation of diamond-containing
machining and finishing tools [20]. The emergence of a new WC-coating variant e.g., tungsten-matrix
WC coating (WC/W) deposited by a non-line-of-sight process, offers new opportunities and challenges
related to deposition characteristics and phase homogeneity. It is therefore imperative and timely
to critically review the available techniques that may allow precision machining and finishing of
WC-coated parts with internal features and intricate geometries.

Here, a number of precision machining and surface finishing techniques, including electrical
discharge machining (EDM), electropolishing, diamond turning, precision grinding, superfinishing,
and vibratory polishing are reviewed, in the context of their capability of being used to process
WC-coated parts with complex geometries, tight dimensional tolerances, and precise surface finish
requirements. Conventional machining and finishing techniques typically revolve around rough
grinding or turning operations using abrasive techniques. The aim of this work is to review these
techniques from a perspective of their suitability for use on WC coatings. More advanced techniques
are considered which are more innovative and have the potential of addressing stringent geometrical
and finishing requirements. The main considerations when assessing the suitability of a machining or
finishing process include the modification effects of processes on the surface of the coating manifested
in the form of coating-deposition defects, induced residual stresses, formation of micro-cracks, plastic
deformation, and the fragmentation of WC grains; these defects and failures are discussed [21–23].
Common root causes to such failures commonly involve the presence of high frictional forces and in
the case of cemented carbide coatings, their inhomogeneous structure resulting in selective material
removal. This review also outlines technical and economic considerations which should be carried out
prior to selecting a surface finishing technique for a specific application including machining rates
and flexibility of the process. It provides a comprehensive portfolio and systematic understanding of
different surface finishing techniques to serve as a knowledge base for adding value to hard coated
parts and for future development of machining and finishing techniques. It is, however, evident that in
some cases it is difficult to have all the relevant information available due to the fact that in some cases
no scientific studies have been conducted and the available information is solely based on experience.

2. Materials Synthesis

WC coatings are typically deposited as single-phase ceramic films or as mix composites, where WC
crystalline nanoparticles or different-sized powders in the micron range, are dispersed within metal
matrices. Similar to other hard coatings in a form of transition metal oxides, nitrides, borides
and carbides, WC composites are typically deposited by means of electrodeposition, thermal spray
techniques, and vacuum deposition techniques, such as chemical vapour deposition (CVD) or physical
vapor deposition (PVD) [24]. Variations to the latter two processes, which are also widely used,
include plasma assisted CVD (PACVD) and high-power impulse magnetron sputtering (HiPIMS).
The deposition technique used is often based on the functional requirements which are expected from
the coating and the associated costs. Other considerations include the microstructure of the coating,
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which has a direct bearing on the mechanical properties of the coating, and the geometry of the part,
which dictates the feasibility of the technique being employed.

2.1. Electrodeposition

Electrodeposition (Figure 2) is the oldest and one of the most economical techniques of depositing
metal matrix composite coatings onto a conductive surface. Electrodeposition of WC has been widely
explored whereby WC nanoparticles are mixed in an electrolyte solution and transported towards a
cathode along with metal ions which are then incorporated together to form a metal film [25]. Different
variants of WC-based coating deposited through this technique have been developed and include
mix composites of tungsten carbide particles in a nickel matrix (Ni/WC), a cobalt matrix (Co-WC),
a nickel-cobalt matrix (Ni-Co/WC), and tungsten and silicon carbide particles in chromium matrix
(Cr-SiC-WC) [16,26–29]. The combined, co-deposited particles serve distinctive functional properties
predominantly zthose of improved wear and corrosion resistance due to increased hardness and
formation of porous-free films.

Coatings 2020, 10, 731 4 of 36 

 

2.1. Electrodeposition 

Electrodeposition (Figure 2) is the oldest and one of the most economical techniques of 
depositing metal matrix composite coatings onto a conductive surface. Electrodeposition of WC has 
been widely explored whereby WC nanoparticles are mixed in an electrolyte solution and 
transported towards a cathode along with metal ions which are then incorporated together to form a 
metal film [25]. Different variants of WC-based coating deposited through this technique have been 
developed and include mix composites of tungsten carbide particles in a nickel matrix (Ni/WC), a 
cobalt matrix (Co-WC), a nickel-cobalt matrix (Ni-Co/WC), and tungsten and silicon carbide particles 
in chromium matrix (Cr-SiC-WC) [16,26–29]. The combined, co-deposited particles serve distinctive 
functional properties predominantly zthose of improved wear and corrosion resistance due to 
increased hardness and formation of porous-free films.  

 
Figure 2. Schematic diagram of an electrodeposition setup [30]. Reprinted with permission from [30]; 
2019 Mediterranean Journal of Chemistry. 

2.2. High-Power Impulse Magnetron Sputtering (HiPIMS) 

Over the last ten years, high-power impulse magnetron sputtering (HiPIMS) (Figure 3) has 
gained interest as a coating deposition technique due to its improvements over conventional PVD 
techniques producing better-quality films. The main benefits of the process are the formation of 
highly dense single-phase films with good substrate adhesion and low surface roughness [31]. 
HiPIMS is a line-of-sight deposition process whereby sputtering of a source occurs in a magnetic field 
with a high degree of ionization, allowing more collisions to take place near the substrate, forming 
high purity films. Despite improvements, the deposition rate in HiPIMS is relatively low when 
compared to conventional magnetron sputtering, affecting its economic efficiency. This is mainly 
attributed to the fact that some of the new sputtered ions are retuned back to the target [32].  

Figure 2. Schematic diagram of an electrodeposition setup [30]. Reprinted with permission from [30];
2019 Mediterranean Journal of Chemistry.

2.2. High-Power Impulse Magnetron Sputtering (HiPIMS)

Over the last ten years, high-power impulse magnetron sputtering (HiPIMS) (Figure 3) has
gained interest as a coating deposition technique due to its improvements over conventional PVD
techniques producing better-quality films. The main benefits of the process are the formation of highly
dense single-phase films with good substrate adhesion and low surface roughness [31]. HiPIMS is
a line-of-sight deposition process whereby sputtering of a source occurs in a magnetic field with a
high degree of ionization, allowing more collisions to take place near the substrate, forming high
purity films. Despite improvements, the deposition rate in HiPIMS is relatively low when compared to
conventional magnetron sputtering, affecting its economic efficiency. This is mainly attributed to the
fact that some of the new sputtered ions are retuned back to the target [32].
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2018 Elsevier.

The use of HiPIMS for the deposition of single-phase WC coatings has been explored by some
researchers using different parameters and producing different coating variants, due to the use of
different source materials and reactive hydrocarbon gases such as acetylene (C2H2) and methane
(CH4) [33]. Coating thickness of WC coatings are reported to range from sub-micrometer up to 8 µm
with a hardness range of 11–40 GPa. The mechanical properties of the coatings can be largely variable
due to the variation of several operational parameters including the bias voltage, vacuum pressure,
power density, pulse time durations and temperature.

2.3. Thermal Spraying

Thermal spraying is a versatile coating deposition process which has been widely used by several
industries for many decades. The deposition technique involves the heating of materials in the form
of powder, wire or rod, to the molten or semi-molten state, using thermal energy, either through
combustion or electrical methods. The heated material is then projected onto the surface to form
“splats”. Upon deposition, the splats are rapidly cooled and as they contract, a mechanical bond is
formed with the substrate and adjacent splats. The coating is built-up in this manner, layer-by-layer
(Figure 4a) [34]. Prior to coating deposition, the substrate is grit blasted to provide the roughness
required to achieve the necessary strong bond between the coating and the substrate. Different thermal
spray technologies have been developed which differ from each other depending on the heating
methods and media which are used, and the way they are projected and propelled onto a surface.
The most commonly used techniques include detonation gun deposition (D-gun), high velocity oxy-fuel
(HVOF), air plasma spray (APS) and cold spray [35]. HVOF is usually the preferred technique as it
typically leads to WC coatings with a higher hardness and a lower porosity [36].
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Figure 4. (a) Schematic image of a thermally sprayed coating with layered structure [37]; Reprinted
with permission from [37]; 2006 Faculty of Mechanical Engineering; (b) Variation in hardness and
porosity of cemented carbide WC-Co coatings deposited by air plasma spray (APS), velocity oxy-fuel
(HVOF), detonation gun deposition (D-gun), and cold spray [36]. Reprinted with permission from [36];
2013 Springer Nature.

Thermal spraying is commonly used for deposition of single-phase materials, layered or graded
materials, and composite materials such as cemented carbide coatings. Cemented carbide coatings are
composed of hard WC grains and a soft metal binder, such as cobalt, iron or nickel, used to improve the
ductility of the coating whilst increasing the fracture toughness. The WC and soft binder particles are
mechanically bonded together. Cemented carbide coatings such as WC-Co however, are susceptible
to deteriorations in hardness at elevated temperatures, due to their inferior chemical characteristics
and thermal expansion coefficient misfit of cobalt [38]. The relatively low melting point of cobalt may
also lead to excessive adhesive wear, particularly when in contact with high plasticity metals such as
iron [38]. Nonetheless cemented carbide coatings are still the most widely used type of WC-based
coatings, having a total market share of 61% (as of 2018) of the whole WC market [39].

The main benefits of thermal spraying include the possibility of depositing materials with a
higher melting temperature than that of the substrate, and the ability to coat large parts, as this is
an atmospheric process. However, since the process is a line-of-sight process, it is limited when it
comes to coating internal features with deep cavities and small parts with intricate features. Porosity
is another inherent problem of thermally sprayed coatings resulting from un-melted particles and
unfilled gaps between the deposited splats [40].

2.4. Chemical Vapour Deposition (CVD)

Chemical vapour deposition (CVD) is a process involving the deposition of a solid film onto a
heated surface as a result of a chemical reaction in the vapour phase [41]. The process involves the
diffusion of gases towards a heated surface and adsorption of reactants, followed by a chemical reaction
forming a solid film (Figure 5) By-products from the chemical reaction are desorbed and diffused away
from the surface. The key variables in the CVD process include the pressure, flow rates, temperatures
and deposition time.
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CVD is a non-line-of-sight process and thus capable of coating complex parts with internal features.
The main limitation of CVD is the thermal effects which the process has on the substrate. Materials
that are unstable at high temperatures cannot be processed using CVD as their mechanical properties
are degraded. Another limitation is the potential formation of toxic and hazardous by-products which
require a neutralisation process. Also, parts being coated must be completely enclosed inside the CVD
reactor chamber, which has a size limit.

Over the last 20 years, CVD has been used for the development of a new tungsten-matrix WC
coating (WC/W) [43]. CVD WC/W coating consists of WC nanoparticles dispersed within a tungsten
metal matrix and is pore-free, as it is crystallised atom-by-atom from gas media. The coating provides
an enhanced hardness of 800–1600 HV and a thickness range of 5–100 µm. As opposed to cemented
carbide coatings, WC/W coatings are binderless, i.e., cobalt, iron, or nickel free, and pore-free, and as
they are deposited through a gas-phase process, it is possible to coat complex geometries with intricate
features and internal surfaces (Figure 6). WC/W coatings have been proven to provide enhanced wear
and corrosion resistance and are able to operate in extreme conditions, consequently being employed
in various industries for aerospace applications, power generation, metal forming, and extrusion
die-casting applications [43].
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2.5. Selection of WC Deposition Techniques

The choice of selecting a coating deposition technique is based on a number of criteria.
These include the properties of the substrate material, particularly its conduciveness and its tolerance to
high temperatures, the level of complexness and the operating environment of the component
in question. Table 1 summarises the strengths and limitations of different coating deposition
techniques commonly used to deposit WC-based coatings. In general, vaporised-based techniques,
e.g., PVD sputtering and CVD, produce films with low levels of porosity and good substrate/coating
adhesions. However, some of these techniques, e.g., HVOF and CVD, involve the use of thermal
processes at a very high process temperatures and activation energies to achieve a high deposition
rates [44]. A high coating thickness is often beneficial in many cases due to increased substrate
protection providing a longer lifetime of the functional part. Table 2 provides a comparison of the
characteristics of WC-based coatings and other hard coatings commonly used in industry. The table
outlines the range of possible coating hardness and thickness which can be achieved through different
techniques. Where available a reference to the coating’s level of porosity is given.

Table 1. Strengths and limitations of coating deposition techniques used to deposit WC-based coatings.

Deposition Techniques Strengths Limitations

Electrodeposition

• Relatively inexpensive process
with an easy setup for simple parts

• Capable of coating parts with
complex geometries

• Low deposition rate
• Low coating hardness
• Coated parts typically require a

post-coating annealing process

Magnetron sputtering
• Good substrate/coating adhesion
• Capable of depositing

single-phase films

• Low deposition rate
• Line-of-sight process
• High vacuum required

Thermal spray
• High coating deposition rate
• Suitable for

heat-sensitive materials

• Line-of-sight process
• High coating porosity

CVD

• Capable of coating parts with
complex geometries

• High coating thickness and
hardness can be achieved

• High toxicity of precursor and
exhaust gases

• High vacuum required
• High process temperature that

may affect the substrate material

Table 2. Film characteristics and typical deposition method of widely available WC-based and
comparable hard coatings.

Coatings Deposition Method Hardness (Hv) Thickness (µm) Porosity (%) Ref

WC-Based Coatings

WC/W CVD 800–1600 5–200 <0.5 [43]
WC/C PVD 1500–1800 2–4 – [17]

WC–10Co–4C Thermal spray
HVOF 1279 180–200 3.5 [45]

Ni/WC Electrodeposition 522 15 – [26]
WC-DLC HiPIMS 1886–4089 5.7–8 – [33]

Other Hard Coatings

Hard Chrome Electrodeposition 600–1200 50–150 <0.5 [46]
Al2O3 RF Plasma spray 980–1110 ~ 300 <6 [47]
CrC/C Sputtering PVD 1500 1.5–2 – [48]
cBN Sputtering PVD >6000 1.5–2 – [49]
VC Thermo-Reactive Deposition (TRD) 2430–2700 1–12 – [50]

a-SiC:H PECVD >2300 3 – [51]
TiN PVD <2090 8 – [52]
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Complex parts with internal features and shadowed areas can only be conformally coated
through non-line-of-sight processes namely CVD and electrodeposition techniques. However, despite
electrodeposition being a far cheaper process than CVD, it provides an inferior coating in terms of
hardness, substrate adhesion and coating deposition rate capabilities, which ultimately affect the level
of protection offered to the coated component. In addition, the electrodeposition setup to achieve
conformal coating on complex geometries is often non-trivial due to the high dependency on the
distribution of electric field across the entire parts. Nonetheless, CVD requires high vacuum and
involves the use and generation of toxic precursor and exhaust gases which require a neutralization
process, significantly adding up to the operational costs of the process. As outlined in Table 2, WC/W
deposited through CVD can provide a wide range of hardness and thickness combinations, making
them suitable in a wide range of applications, when compared to other hard coatings.

Magnetron sputtering and thermal spray both offer good coating-substrate adhesion. However,
both techniques are line-of-sight processes and not suitable for parts with complex geometries.
Very hard but thin coatings deposited through magnetron sputtering may suffer from the so-called
“eggshell effect” when used in high load bearing applications. On the other hand, thermal spray
techniques can provide high coating thickness due to their high coating deposition rate.

3. Precision Machining Requirements

The demand for machining highly precise components originates from the need to provide
high performance and reliability. In manufacturing terms, this is achieved through stable parts with
low surface roughness, accurate sizing and surface integrity where the wear and fatigue life would
be maintained and improved. The focus of precision machining has evolved throughout the years
and is still an evolving concept. Initially, the main focus was for development of precision optical
lenses for the aerospace industry. In the beginning of the 1990s, precision machining started to be
employed in the manufacturing of other high-tech applications including in automotive, medical
instruments, power generation and machining of precise moulds [53]. New challenges were introduced
when difficult-to-machine materials started to be used including titanium and composite parts in
aerospace and ceramic materials. Whilst the use of surface engineering in providing hard, protective
layers continues to be widely employed in manufacturing, of equal importance is the development of
suitable machining and finishing techniques capable of processing difficult-to-machine materials and
hard coatings. Common machining and finishing requirements entail adherence to tight geometrical
tolerances, sub-micron surface finishes and precise sizing which when combined with hard-coated
parts pose new challenges, requiring the re-invention of existent techniques and development of
new methods.

3.1. Surface Finish

In engineering, the term surface finish is commonly used interchangeably with surface roughness.
However, surface finish refers to the overall texture and topography of a surface. It is an essential
manufacturing measure which controls the quality of a part and is best described using three main
factors which are the surface roughness, waviness, and lay (Figure 7). The surface roughness refers
to the surface irregularities which are generated on the surface as a result of the machining process.
Common parameters which are used to describe the surface roughness include the Ra and Rms. The Ra
is the arithmetic mean of peak height (Rp) and valley depth (Rv), whilst the Rms refers to the root
mean square of the microscopic Rp and Rv values. Other surface parameters include measurements
of the width, skewness, and kurtosis of the profile. The waviness of a surface refers to geometrical
imperfections and is also termed as the macro-roughness of the surface. Waviness is usually the result
of vibrations between the workpiece and the cutting tool, causing differences in the depth of cut.
Whilst advanced techniques have been developed to characterise the surface roughness, detection of
surface waviness relies predominantly on visual observations. Surface profilometers developed to
measure waviness are usually expensive and time consuming to operate in high volume production
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environments. The surface lay refers to the direction of the dominant surface pattern and is the result
of the impact which the cutting tool has on the surface. It can usually be visually observed and can
have straight, circular or radial forms. In some cases, surfaces may have no lay direction due to very
fine or random surface treatments such as electropolishing and wet blasting [54].
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As innovation continues to push the boundaries of manufacturing capabilities, the requirement to
achieve high surface finished components continues to increase. Surface finish is a critical requirement
in many engineering applications, where it is crucial in the assembly process of different parts making
up a complete system. In advanced technological industries such as in aerospace, high specification
standards have to be met therefore requiring the execution of the best finishing techniques. The selection
of a finishing technique is based on a number of factors including the effect it has on the integrity of the
surface, its flexibility to be used on parts with complex geometries, the economics of the process and
its capability of achieving the required specifications. The surface finish of a part becomes increasingly
important when its function is dependent on its relative motion against another part, particularly
under high load and high velocity conditions. A high surface roughness will result in increased
friction ultimately causing wear, which could have detrimental effects on the functionality of the
parts. Tool breakages and high maintenance costs are other important considerations. Other material
properties which are affected include the fatigue life of the parts, corrosion and wear resistance.
Whilst several surface finishing techniques have been developed throughout the years, most of these
techniques were designed to work on relatively soft substrates such as steels and stainless steels.
As hard coatings and other difficult-to-grind materials started to be used more commonly, the use of
conventional finishing techniques started to become unsuitable and more advanced methods started to
be employed. For this reason, the use of conventional surface finishing techniques are not suitable.
The situation becomes even more challenging in the case of complex geometries with intricate features.

3.2. Geometrical Tolerance

Geometrical tolerance is defined as the maximum error of a component’s geometrical characteristic
over its whole dimensional length or surface [56]. It is an important feature in manufacturing which
ensures the functionality of the parts is not compromised, particularly when the parts operate in
contact with other surfaces. Traditionally, tolerances were set by designers with a less scientific
approach, whereby the tolerance would be decided after bargaining with the manufacturers rather
than conducting a scientific analysis of what is technically and economically feasible to achieve.
The level of required tolerancing has a direct impact on the manufacturing costs due to the required
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use of higher-end manufacturing techniques. As hard coatings have poor machinability, the level
of tolerancing which can be achieved is commonly based on experience and individual skill, and is
often limited to the capabilities of the available techniques [57]. Setting realistic geometrical tolerances
depends on the knowledge of the finishing process and the associated costs. Statistical principles
are widely used as a method of setting tolerances [58]. These approaches take into consideration
two tolerance levels, including the “worst case scenario”, which is the one referring to the tighter,
most ambitious tolerance levels and the statistical tolerance which refers to the most permitting
tolerance, economically, and scientifically.

4. Contact Surface Finishing Techniques

Surface finishing techniques are commonly classified based on the type of energy sources used,
including mechanical, chemical, electrical and electrochemical sources [59]. Here, surface finishing
techniques are classified into contact and non-contact type techniques. Contact-type techniques refer
to processes such as diamond turning, precision grinding, superfinishing and vibratory polishing,
whereby a mechanical action is exerted on the workpiece’s surface through cutting tools and abrasive
media. Due to the relative motion which is involved between rotating bodies, frictional forces are
involved, causing heat generation and formation of residual stress. Such effects would have detrimental
effects on substrates but would also have an impact on hard coatings which are typically not as tough.
Large mechanical forces may also cause coating delamination if they exceed the substrate-coating
bonding strength.

4.1. Diamond Turning

Diamond turning is regarded as the optimal machining technique for manufacturing surfaces with
precision accuracy and extreme surface finish, typically less than 10 nm Ra [60]. It is a sophisticated
technique which has traditionally been used to produce optical surfaces without requiring the need
of a polishing operation [61]. The dominance of the diamond turning technique emerges from the
superior properties of the diamond tools which are highly accurate cutting media, having superior
mechanical properties. Diamond turning machines make use of cutting-edge control systems and
technologies including vibration isolators, air spindles, precision hydrostatic sliders and bearings
(Figure 8), which provide rotational accuracy and allow accurate control of the relative motion between
the diamond tool and the workpiece [62,63]. It is a preferred technique over other methods such as
grinding and polishing, as it provides a higher material removal rate and higher flexibility, due to
multi-axis control systems [15]. Such flexibility makes the machining of complex geometries possible,
and is widely used in the machining of spheres and unsymmetrical shapes [64].
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Despite providing smooth surface finish and optimal tolerances, a number of critical factors are
associated with the process which require serious considerations prior to undertaking a machining
process. Two main concerns include the machining speed and the tool wear. Tool wear depends on the
properties of the material being machined and has a great bearing on the workpiece resultant surface
finish. During machining of hard coatings, alternating stresses are involved between the cutting tool
and the workpiece manifested, as high cutting forces and high temperatures [15]. Combined with a
hard workpiece, such conditions may lead to premature wear of the tool resulting in a poor surface
finish in the form of high surface roughness and waviness. Potential occurrence of such scenario
often prohibits the use of diamond turning on hard coatings due to the high costs associated with the
process [66].

4.1.1. Operational Parameters in Diamond Turning

The quality of the achieved surface finish is dependent on the operational parameters which are
employed, consisting of the feed rate, depth of cut, cutting speed, rake angle (Figure 9) and the geometry
of the cutting tool radius, which is defined by the edge radius and edge waviness. The influence of the
tool geometry on the surface topography of the workpiece is best described as the duplication effect of
the tool edge profile [67]. Developed modelling techniques to control this component take into account
the tool edge profile, tool nose radius and feed rate. However, the model assumes a perfectly round
tool profile, excluding any deviations in the form of waviness and other topographical imperfections.Coatings 2020, 10, 731 13 of 36 
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Several methods based on mathematical modelling and mechanical properties have been developed
to establish the effect of the contact between the cutting tool and the workpiece, along with the impact
that it has on the surface roughness [61,67,69]. The contact between cutting tools and workpiece often
result in material spring back and plastic flow, which are known to have a great bearing on the surface
finish of diamond turned materials. Material spring back (Figure 10a) is defined as the microscopic
change in material after the cutting tool has passed the working area. It is a measure which impacts
the surface quality of a material expressed as a function of the cutting tool geometry and the hardness
to Young’s Modulus ratio of the material. Plastic side flow (Figure 10b) is the material pile up which is
generated by the cutting edge to the side of the tool feed direction. Its formation is dependent on the
mechanical properties of the material, primarily the strength and ductility. While models that take into
consideration the elastic recovery, chip thickness and swelling ratio have been formulated, most are
still based on assumptions and not followed by experimental observations [67,70]. Nonetheless,
a mathematical model developed by Liu. et al. demonstrates that a large side plastic flow is generated
by the large strain induced on the surface of the material along the tool feed direction [71].
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Thermochemical wear of diamond tools is another factor which dictates whether a material can
be machined through diamond turning or not. Due to the presence of high temperatures between
the workpiece and the cutting tool, graphitisation, oxidation and chemical diffusion may occur,
subsequently leading to enhanced tool wear and poor surface finish. A number of remedies have been
developed to overcome these problems, which include the application of ultrasonic vibrations between
the cutting tool and the workpiece, and the introduction of inert gases which help to increase the
graphitisation temperature [72]. Ultrasonic assisted diamond turning machines have been specifically
designed to reduce thermal and mechanical stresses by reducing the impact forces and friction whilst
improving the lubrication between the diamond tool and the workpiece [73,74]. Attempts have also
been made to use controlled cryogenic temperatures in the presence of methane and acetylene to
suppress the wear rate when machining certain materials, such as ferrous material. Nonetheless,
such experiments have only been employed on small samples and their real impact on larger sized
parts remains to be studied [75].

4.1.2. Diamond Turning of WC

The feasibility of using diamond turning is highly dependent on the properties of the work
material and the effect it has on the diamond tool. Materials with a relatively low wear impact are
commonly referred to as “diamond turnable”. Rhorer et al. list these materials comprising mainly
of single crystal materials [75]. Paul et al. reviewed this listing by giving further insight into what
makes a material turnable, suggesting that materials with a body-centred crystal structure (bcc) are
not turnable as they tend to be very hard and have high melting temperatures [76]. Through analysis
and findings from published data it has also been concluded that materials with unpaired d-shell
electrons have proven to be non-turnable. These include primarily refractory materials with high
melting temperatures.

Venkatachalam et al. have devised an analytical method for predicting the ductile-brittle transition
of single-crystal materials. The model suggests that formation of cracks on the surface of the workpiece
occur at the point where the induced stresses on the surface exceed the material’s fracture toughness [77].
However, with precision machining becoming more significant, and functional coatings being used
more, the use of diamond turning continues to be considered as a method for providing optimal
surface finishes.

Tungsten is classified as a non-turnable material due to its high melting temperature at ~3410 ◦C,
body-centred crystal structure, hardness and number of unpaired electrons in its crystal structure [76].
Literature on the use of diamond turning on tungsten and tungsten carbide is in fact lacking. However,
due to the beneficial properties of tungsten and tungsten carbide, and the superiority of diamond
turning as a finishing technique, their combined use remains of interest and is worth exploring more.
Bulla et al. have attempted to investigate the machinability of binderless nano crystal WC with
hardness of 2811 ± 18 HV10 using diamond turning by experimenting with different parameters
including the feed rate and depth of cut whilst monitoring the tool wear. It has been reported that a
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maximum depth of cut of 165 nm can be achieved, however the high temperatures involved during
the cutting process have led to high tool wear resulting in reduced tool sharpness. Optimal parameters
for obtaining the least tool wear were recorded at a cutting speed of 50 mm/min and feed rates of
1 and 0.5 µm [78]. Kim et al. outline the impact of tool wear on the surface finish quality achieved
on tungsten carbide with 0.5% Co used as binder. The authors suggest that poor surface finish is
formed due to the high strength of the material and subsequent wear of the cutting tool, causing an
uncut portion of the workpiece to form a step on the surface. Subsequently, as machining progresses,
the uncut portion is removed by the adjacent cutting edge to form another wear zone. Significant
improvements to eliminate such occurrences were reported when using a chamfered bite rather than a
conventional bite [15]. An additional problem associated with the processing of WC-Co coatings using
diamond tools is diamond graphitisation as cobalt is a catalyst of diamond graphitisation causing an
increase in the tool wear [72].

As outlined, theoretically, diamond turning of tungsten would be difficult to achieve due to its
high wear impact on diamond tools. Based on findings in literature some attempts have been made
to explore the possibility of diamond turning WC-based coatings [15,66,73,78,79], but not enough
information is available to extract proper operational parameters which could confidently be relied-on.
Based on these considerations, turning of binderless WC/W coatings would be possible but it would
highly depend on the coating’s level of hardness. Another possible problem that may occur when
processing hard coatings through diamond turning is the coating-substrate bond strength which could
be exceeded by the machining contact forces, resulting in coating delamination.

4.2. Precision Grinding

Precision grinding (Figure 11) is a machining operation used to produce functional parts with
high quality surfaces requiring high surface finish, dimensional accuracy and surface integrity [80].
Material removal in grinding occurs between a rotating grinding wheel held against the workpiece
where hard abrasive grains embedded in the grinding wheel cause chip removal from the surface of
the workpiece whilst causing a surface finish. Precision finishing of difficult-to-grind materials such
as high alloy steels and tungsten carbide has been an ever-increasing trend in manufacturing which
has led to the development of super abrasives and precision-controlled machines with multi-axes
systems making it possible to process parts with complex geometries [12,81]. Both factors are essential
in achieving precise dimensional accuracies efficiently, economically and at high speeds. The quality
of the surface finish achieved is also dependent on a number of operational parameters including the
depth of cut, feed rate, wheel speed and shear angle which all vary depending on the material being
processed. Due to the number of variables which are involved, statistical analysis is often required
prior to selecting the appropriate operational parameters.
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Grinding is an inherently complex process as it relies on individual, dimensionally different
abrasives which are randomly oriented and thus the exact position of the abrasives in relation to the
workpiece is not certain. This is the main factor which distinguishes grinding from diamond turning,
since in the latter, the positioning of the edge of the tool is precisely controlled. Despite this fact,
precision grinding is deemed as a more efficient and economically viable method to achieve high
quality surfaces on difficult-to-grind materials primarily due to its widespread use and developments
in several industries. There are however a number of detrimental factors which are associated with
the process, including surface alterations on the workpiece resulting in poor surface integrity in the
form of microcracks, changes in surface hardness and material burning arising as a result of residual
stresses. Ding et al. summarise the generation of residual stresses into three main root causes which
are thermal stresses, plastic deformation, and phase transformations [83].

Mechanical loading of the workpiece through abrasive grains is the main cause of plastic
deformation. The mechanical interaction between the abrasive grains and the workpiece is divided
into three components which include rubbing, ploughing and cutting. Under high contact loads and
high speeds, a plastic shearing action of the top surface layer occurs causing heat generation, giving
rise to thermal stresses. Thermal stresses are the result of the heating and cooling which influence the
expansion and contraction of the material. The degree of thermal stresses induced on the surface of
a material are dependent on the material’s conductivity properties as well as the coolant properties.
A number of remedies to this characteristic have been developed including the development of different
grinding wheels, which allow better coolant penetration, which reduce the grinding wheel loading and
improve the tool life. Chen et al. outline the nature of residual stresses involved during grinding where
it is suggested that at low temperatures, compressive stresses would be formed. However, when high
grinding temperatures are involved, to the limit where thermal stresses exceed the yield stress of the
material, tensile residual stresses would be formed [84]. This effect is the result of a thermal-plastic
deformation. Phase transformations are more commonly encountered in steels whereby the top surface
layer is hardened as a result of changes in temperatures. The incorporation of residual stresses in hard
coatings such as cemented carbide coatings has also been reported to have an effect on the surface
hardness following grinding [22].

4.2.1. Precision Grinding of WC

Precision grinding is typically one of the first choices when considering a surface finishing
operation due to its relatively good economic value and industrial experience in its operation. With the
continued increased use of hard coatings replacing stainless steels and health-detrimental coatings
such as hard chrome, precision grinding has gained significant recognition in the materials processing
industry. Developments and inventions into new types of grinding wheels continue to make this
process more accessible and capable of processing functional hard coatings. Grinding wheels used in
precision grinding differ from those traditionally used in conventional grinding by the fact that they
are composed of abrasive grits bonded together with a bonding material. Typical bonding materials
include vitrified materials (glass, clay or feldspar), organic bonds (silicates, rubber or synthetic resins)
and sintered powdered or electroplated metals [85]. The main characteristics of a grinding wheel
include the abrasive type, the grit size, wheel size and maximum speed. The four widely used abrasive
materials used in grinding wheels are aluminium oxide (Al2O3), silicon carbide (SiC), cubic boron
nitride (cBN) and diamond which can be either natural or synthetic. Al2O3 and SiC abrasives have been
used in conventional grinding to process single crystal materials, whilst diamond and cBN abrasives
are referred to as superabrasives due to their capability to process harder materials.

4.2.2. Selection of Abrasives for Grinding of WC

Al2O3 and SiC grinding wheels are considered to be the traditional type of grinding wheels
commonly used in high speed grinding applications. The two types of grinding wheels have been
largely used to grind ferrous materials, however when used on difficult-to-grind material, their cutting
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capacity can quickly deteriorate. Such occurrence consequently leads to higher cutting temperatures
and forces, impacting the integrity of the material and the geometrical and dimensional accuracy of the
part [86]. Diamond has extremely high hardness and is chemically inert making it suitable to process
several hard materials including metal matrix composites and ceramic coatings such as alumina. It has
high thermal conductivity allowing the heat generated during the grinding process to be conducted
away from the abrasives. However, as diamond is an allotrope of carbon it cannot be used on metal
solvents such as ferrous materials and cobalt due to the carbon in the diamond becoming dissolved at
high temperatures, losing its effectiveness and increasing wear due to a process termed graphitisation.
Due to this phenomenon the use of diamond wheels may be problematic when used on cemented
carbide coatings with a high cobalt content.

Several investigations on the effect of diamond abrasives on cemented carbide coatings have
reported degradation issues. Common features include the formation of fracture surfaces (Figure 12)
consisting of grain pull-out, fragmentation of metal grains, plastic deformation of WC grains and
smearing of cobalt binder [18,21]. Maiti et al. found that grinding of WC-CoCr-based HVOF cemented
carbide coating with a diamond abrasive wheel resulted in a surface hardness increase of 33% due to
induced residual stresses on the workpiece [22]. Yang et al. also reported that grinding of cemented
carbide coatings with diamond abrasives had a significant effect on the surface of the workpiece,
with developments of microcracking and fragmented carbides at the workpiece’s outermost layer,
developed as a result of induced residual stresses [23]. Similar observations were made by Ghosh et al.
on WC-12 wt.% Co coating following grinding using a diamond wheel, causing the development
of microcracks as a result of plastically deformed and cracked WC grains [19]. Another detrimental
effect of grinding cemented carbide coatings is that the soft binder, typically cobalt, ends up being
smeared out on the surface causing a loss in its significance both as a binder and as a medium which
offers toughness. Hegemen et al. report about the importance of the ratio between WC grain size and
abrasive grain size, whereby the bigger the WC grains the harder the material, consequently impacting
the overall hardness and wear resistance during grinding [18].
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Based on these studies, it is evident that the presence of soft binders poses significant challenges
on cemented carbide coatings ground using diamond wheels. The elimination of soft binders from
WC coatings would improve the coating integrity of such important hard coatings. One alternative
to diamond is cBN, which provides high hardness and wear-resistance but is chemically more inert
and has improved thermal stability [13]. The use of cBN, which has an abrasion resistance of about
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four times that of Al2O3, and thus retains its dimensions for a longer time, allows for less maintenance
and downtime [85]. Due to the high thermal conductivity of cBN, thermal damage is found to have
less effect on the workpiece as heat tends to be conducted by the grinding wheel rather than by the
workpiece [87]. Kamaruddin et al. found that cBN grinding wheel performed better than diamond
wheels when grinding cemented carbide (25% Co) coatings due to low chemical reactivity with the
carbides ultimately resulting in lower tool wear [88].

Despite improvements as a result of different types of grinding wheels, cemented carbide coatings
remain to be adversely affected when it comes to grinding. A binderless type coating such as the one
being proposed in this work (WC/W), has the potential of eliminating issues of microcracking, grain
pull-out and plastic deformation. However, the high contact forces present during the grinding process
may still pose detrimental effects on the coating in the form of high residual stresses.

4.3. Superfinishing

Superfinishing (micro finishing or short-stroke honing) is an abrasive surface finishing process
aimed at achieving superior surface topography, typically as low as Ra ≤ 0.1 µm [89]. It is often used
to process parts which operate in high load bearing environments requiring improved tribological
performance in the form of low surface roughness and waviness. The technique is typically used as a
post-grinding process to remove grinding marks, improve the surface finish, correct size and improve
the roundness of parts [90,91]. It is also used following hard turning to restore the surface integrity of
surfaces affected by induced tensile residual stresses and plastic deformations which occur at the top
layers of the surface. Superfinishing was developed by Chrysler Corporation in 1934 in an effort to
counteract the damaging effect caused when microscopic peaks on bearing surfaces became flattened,
causing indentations known as False Brinelling (Figure 13) on the contacting material, followed by a
tearing action due to localised stress concentrations. Despite the steel bearings being subjected to a
surface hardening treatment, the heat developed during subsequent surface grinding operations meant
that an annealing treatment would cause the outermost surface layers to become softened and more
prone to surface damage when in relative motion against another material [92]. Following extensive
investigations, Chrysler Corporation developed and patented the superfinishing process.
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The superfinishing process involves the use of an abrasive stone pressed against the workpiece at
a right angle whilst being rotated at a slow speed, under a light pressure typically less than 1 MPa
and an oscillating motion of 5–10 Hz (Figure 14) [94]. Both the abrasive stone and the workpiece are
flooded in lubricant, which removes any debris originating from the abrasive stones and the workpiece,
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whilst controlling the cutting action through its viscosity. Lubricants used are typically light mineral
oils or kerosene oil [95]. Unlike in grinding, the application of a light oscillation motion means that
very minimal heat generation would be developed, with negligible effects on the workpiece. The result
of this operation would be that of exposing the undisturbed crystalline base material, free from any
defects [96]. The reasons for applying an oscillating motion rather than a fixed loading prevents the
problem of debris loading. The benefits of oscillating motion also mean that the direction of material
removal would be across the surface peaks causing them to become flattened during the finishing
operation, leaving a surface which consists of microscopic flat areas and valleys and an absence of
peaks with a crosshatched pattern.
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The main parameters which control the superfinishing process include the type of abrasive stone
used and its surface footage on the workpiece, the contact pressure, oscillation speed, type of lubricant
used and finishing time [97]. Commonly used grinding wheels are composed of Al2O3, SiC, and cBN
abrasives, all of which provide a higher material removal rate and a finer finish [98]. The selected stone
grit size is dependent on the workpiece surface finish quality prior to the superfinishing process and
the required finish. Hemingway outlines that the optimal speed in superfinishing is 15–40 ft/min for
roughing and 50–100 ft/min for finishing. One of the main limitations of superfinishing is that it is
an extremely slow process involving a very low stock removal of 5–30 µm which can be deemed as
uneconomical in certain applications. This is the main reason why superfinishing is not extensively
used compared to other surface finishing techniques [99].

4.3.1. Variations and Mechanisms of Superfinishing Process

Following from the great success which stemmed from the development of superfinishing process,
Chrysler proceeded to grant licences for the development of equipment used in superfinishing, making
it available to the wider industry. Consequently, superfinishing started to be used on hundreds of
components which required a fine surface finish such as crankshafts, piston pins, valve stems, flywheel
clutch faces and plug gauges [92]. The process has also gained recognition in the aerospace industry
and more recently in the medical equipment industry. Continued realisation of the benefits offered
by superfinishing new process variations have since been developed, making it possible to process
complex geometries. In fact, superfinishing is described using three main processes which are the
through feed process, the plunge process and superfinishing with wheel process or cup superfinishing.

The through feed process is used for processing parts with round geometries such as shafts
and pins, whereby the workpiece is rotated between two rotating rolls against a series of oscillating
stones with a decreasing grit size and an applied pressure. Plunge process is used to process parts
with irregular geometries whereby the workpiece and the abrasive stone are rotated in opposite
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directions. Cup wheel superfinishing is employed to process parts with spherical and flat geometries.
The technique makes use of an abrasive cup wheel which is rotated against the rotating workpiece in
the absence of an oscillating motion [100]. The alignment of the cup wheel in relation to the workpiece
dictates whether a flat or convex or concave surface will be formed. If the cup wheel and the workpiece
are held in parallel to each other a flat surface will be formed whereas if the wheel and the workpiece
area are at an angle to each other a concave or convex surface will result. Abrasive tapes (Figure 15) are
sometimes used instead of stones due to the benefits which they provide particularly in eliminating the
problems of stone loading. When stones are used on concave or convex surfaces, improper wearing
of the stone may occur causing loading. With an abrasive film being continuously rotated against
the workpiece, new abrasive media are continuously indexed, eliminating the problem of improper
wear at the contacting surface. The contact pressure between the workpiece and the rotating films is
adjusted through belt tensions, providing consistent stock removal and dimensional accuracy.Coatings 2020, 10, 731 20 of 36 
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The mechanisms involved in superfinishing are similar to other abrasive techniques, such as
grinding, and are separated into three main components which include chip formation, sliding and
ploughing. The chip formation and ploughing components are directly affected by the material
removal rate which is subsequently affected by the sliding of the abrasive media against the workpiece,
where the sharper the abrasive media the greater the material removal rate is [103]. In superfinishing,
the optimal surface finish is gradually achieved by initially using coarse grain abrasives to remove stock,
eventually dropping down to finer grains to form a smooth surface. During the process, the peaks are
removed, finishing with a profile which comprises of valleys and flat areas without peaks. Apart from
improving the tribological properties of the material, due to the absence of profile peaks, the presence
of valleys are beneficial in acting as lubrication canals ultimately reducing the frictional contact [97].

During the superfinishing process it is important to have a control between the stock removal
rate and the contact pressure which is applied. It is reported that at critical pressures the stock
removal would be affected due to retained abrasives between the workpiece and the abrasive media.
B. Varghese et al. have reported on potential remedies to this situation by employing grooved stones as
abrasive media and ultrasonic vibrations. Grooved stones are beneficial as they allow for a reduction
in stone loading whilst reducing the contact load between the workpiece and the abrasive tool.
Ultrasonically assisted superfinishing allows for enhanced material removal rate particularly at high
contact pressures [90]. To address the problem of stone loading, Onchi et al. have proposed the use of
porous cBN stones which have proven to provide stable material removal rates and finer surface finish
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when compared to conventional abrasives [98]. Despite not being an abrasive, graphite is sometimes
combined with Al2O3 and SiC abrasives to improve the visual appearance of the finished parts [100].

Chang et al. have successfully formulated a theoretical force model to predict the effect of loading
on the workpiece’s resultant surface finish, including the Ra and Rq parameters. Relatively good
agreement had been demonstrated between the theoretical and experimental results achieved in
practice [94]. The model is based on the assumption that individual abrasives from the abrasive stones
have the same effect as an indenter used in hardness testing whereby the applied force is equivalent to
the hardness of the material. The model also assumes that no elastic recovery takes place following
localised indentations.
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where:

δave—average depth of peetration
N—total number of stone surface cutting edges
n—number of active cutting edges
z—height of cutting edges
Z—seperation distance
∅(z)—probabaility density function of cutting edge height

4.3.2. Superfinishing of WC

Biermann et al. investigated the effect of superfinishing through different grain sized media (grain
diameter/dk = 9–125 µm) on cemented carbide (WC-CoCr) coatings starting with an initial surface
finish of Rz~10–30 µm. Through the use of diamond finishing belts and different abrasives, with oil
used as a coolant a final Rz measurement of less than 0.3 µm was achieved. Based on this work,
the superfinishing of WC/W coatings should be feasible, as the coating has a similar surface hardness
and surface roughness which is typically less than that reported in the study [102]. A registered patent
on the superfinishing of cemented carbide coatings outlines a method for achieving a smooth surface
finish on tungsten carbide coatings with an RMS of 25 nm [104]. The prerequisite of this patent emerges
from the requirement to avoid overworking of the different grades of tungsten carbide, deposited
through different techniques with up to 40% of additional materials including chromium and cobalt as
binders. The term overworking refers to the formation of surface porosity when many grinding passes
are employed to achieve a required surface finish. The outlined technique makes use of abrasive films
or abrasive diamond pastes or slurries with different grit particle diameter sizes, starting with coarser
grits and finishing with slurries of 1 µm or less.

Literature on superfinishing is particularly limited to the processing of steels, and research
findings are hardly available on the use of the process on hard coatings such as tungsten carbide.
As superfinishing has a significant commercial value, research findings are typically not available in the
public domain and thus hinder new developments in the area. Nonetheless, superfinishing is known
to be a widely used process in the aerospace industry for processing cemented carbide-coated parts
used as replacement to hard chrome. An Aerospace Material Specification (AMS) standard entitled
Superfinishing of HVOF Applied Tungsten Carbide Coatings AMS2452 has in fact been formulated
on the use of superfinishing on aerospace components [105]. The standard outlines the methods,
parameters and media used for processing cemented carbide coatings through the oscillating stone
method and the tape or abrasive film method. During the superfinishing process the abrasive media
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are held against the workpiece under a pressure which is varied depending on the amount of required
abrasion. Other important parameters include the rotational speed and the oscillatory motion of the
abrasives against the workpiece.

4.4. Vibratory Polishing

Vibratory polishing, or vibratory peening is a mass finishing technique used to improve the
surface finish of multiple parts at the same time. The parts are loaded in a container and submerged
with abrasive media sometimes in the presence of a liquid compound, typically a cleaning agent or a
corrosion inhibitor [106]. The components can be either allowed to move freely in a tumbler or fixed
in place – a process known as vibrostrengthening [107]. A vibratory motion generated through an
unbalanced motor causes the abrasive media to interact with the surface of the workpieces, providing
a surface finishing action (Figure 16a). The process has been historically used as a deburring technique
on turbine blades and fan blades to reduce the stress concertation along their edges whilst enhancing
the parts fracture resistance and fatigue life [107,108].
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Vibratory polishing has gained interest amongst other industries and is widely used in marine
and automotive to improve the surface finish of gears, hinges and fasteners [111]. The process is
sometimes also used as a secondary operation following shot peening to correct any surface damage
which originates during the shot peening process. The media used in vibratory polishing are the
main elements which provide the abrasive action on the components. Several different types of media
(Figure 16b) have been developed having different geometries and made up of different materials
including silica, alumina, aluminium carbide and other hard stones [112]. Plastic-based abrasives such
as urea and polyester are also used for processing materials with low hardness. Fine media in the form
of powders and fine granules are used for providing finer finishes [113].

4.4.1. Mechanics of Vibratory Polishing

A number of researches have attempted to understand the mechanics involved in the vibratory
polishing with the aim of having better control over the process and be able to predict the surface
roughness [107,114]. Ciamoini et al. reported that the contact between abrasive media and the
workpiece occurs periodically in periods termed “bursts”, with the burst period corresponding to the
motor’s driving frequency. Two forms of contact between the media and the workpiece take place which
are termed as impact contacts and non-impact contacts with large durations [106]. These observations
were reiterated by Yabuki et al. through experimentation involving the videoing of a set of circular
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abrasive media interacting with a workpiece. The video frames capture three types of contacts which
are free impact, media rolling over surface and stationary media with adjacent piece rolling over
it (Figure 17) [115]. In a study concerning the changes in surface roughness of an aerospace alloy,
Prakasam et al. observed that the Ra surface roughness saturates with time whilst both the peak
heights and valley depths decrease with time. Reduction in peaks is attributed to material removal or
a flattening effect of the abrasives on the surface. Reduction in valley depths is attributed to plastic
deformation causing the valleys become filled [114].Coatings 2020, 10, 731 23 of 36 
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4.4.2. Vibratory Polishing of Hard Coatings  

Research finding concerning vibratory polishing is predominantly focused on the processing of 
stainless steels and titanium-based alloys [108], [116]. However, no literature is available on the use 
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polishing of duplex stainless steel and titanium, Kumar et al. used vinyl tape to provide the required 
masking, however limited findings about its effectiveness are reported [111]. Another drawback to 
the process is that selective polishing of sharp edges may occur on parts causing a loss in tolerancing. 
From an industrial perspective one of the limitations hindering the wider use of vibratory polishing 
in more sectors is the fact that to date, no process specifications exist. In many cases selection of 
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Figure 17. Schematic diagram exhibiting the interaction between abrasive media and the workpiece
(a) free impact (b) rolling over surface (c) stationary media with adjacent piece rolling over it [115].
Reprinted with permission from [115]; 2002 Elsevier.

4.4.2. Vibratory Polishing of Hard Coatings

Research finding concerning vibratory polishing is predominantly focused on the processing of
stainless steels and titanium-based alloys [108,116]. However, no literature is available on the use
of vibratory polishing on hard coatings. With the use of surface engineering becoming increasingly
common as a way of improving the service life of several components, vibratory polishing has the
potential to provide a quick processing time whilst still meeting the surface finishing requirements.
A potential limitation which could be associated with the processing of coated components is that
often only selective areas on the part would require a finishing operation—a requirement which may
be difficult to conform to through vibratory polishing. In his experimental work on vibratory polishing
of duplex stainless steel and titanium, Kumar et al. used vinyl tape to provide the required masking,
however limited findings about its effectiveness are reported [111]. Another drawback to the process
is that selective polishing of sharp edges may occur on parts causing a loss in tolerancing. From an
industrial perspective one of the limitations hindering the wider use of vibratory polishing in more
sectors is the fact that to date, no process specifications exist. In many cases selection of process
parameters is still chosen on the basis of the operator’s experience involving an element of trial and
error. Despite the possible reluctance of using this process, several surface finishing companies offer
vibratory polishing services making the process easily accessible. Also, the capability of processing
multiple parts simultaneously makes the process economically feasible and efficient.

Further research is clearly required in this area to prove the effectiveness of vibratory polishing on
hard coatings. However, based on theoretical approaches reported in literature vibratory polishing
of hard coatings would be feasible. In a study on the process optimization of vibratory polishing,
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Sofranos et al. identified that the hardness on the workpiece has an insignificant effect on the surface
roughness of a part. The vibratory frequency was found to have the highest effect with higher
frequencies having the highest effect, followed by the abrasive media size. The processing time was
found to have the least significant effect [117]. Domblesky et al. also outlined that the material removal
rate which is required in a surface finishing operation is independent of the processing time as the
surface roughness saturates over time [118]. Uhlmann et al. outline that the material removal rate is
dependent on the initial level of surface roughness as well as on the abrasivity of the media [119].

5. Non-Contact Surface Finishing Techniques

Non-contact techniques refer to chemical type and electro-thermal type processes such as
electropolishing and electrical discharge machining where the material removal rates are independent
of the workpiece’s hardness, but are dependent on the conductivity of the workpiece. Such techniques
are highly favourable where frictional contact and formation of residual stresses have a detrimental
effect on the coating. Limitations associated include low material removal rates and reduced control
of the process, particularly when only selective material removal is required and masking cannot be
properly employed.

5.1. Electrical Discharge Machining

Electrical Discharge Machining (EDM) has been developed less than a century ago but has become
a well-established process in manufacturing, on the basis of being able to process difficult-to cut
materials with superior mechanical properties and complex geometries [120]. It is a non-conventional
machining method which is independent of the materials’ hardness and toughness. EDM is the main
process for machining moulds, punches and dies with intricate features and thin cavities which cannot
be achieved through traditional methods of machining [71,121].

5.1.1. EDM Operating Principles

The EDM’s working principle is based on an electro-thermal process where conductive materials
are precisely machined through a series of high-frequency sparks between the electrode and the
workpiece in the presence of a dielectric fluid. The electrode and the workpiece are separated from
each other through the sparking gap whereby sparks occur at the closest points between the electrode
and the workpiece (Figure 18). The thermal energy causes the material to heat up and vaporize,
which is solidified in the dielectric once the spark is turned off [122]. The removal of the solidified
debris from the working gap is essential, otherwise if left in-between the workpiece and the electrode
this may cause arcing to occur and thus lead to unstable machining conditions. Different flushing
systems have been developed with the most commonly used being pressure flushing, jet flushing
and suction flushing [123]. The dielectric fluid plays an important function in EDM machining. It is
typically either a hydrocarbon compound or deionised water and its main function is that of allowing
an electric current to pass through when an electric voltage is supplied. It also acts as a quenching
medium during the solidification process allowing the melted surface to re-solidify whilst flushing
away the eroded material.

The main operation parameters which have an effect on the quality and speed at which a material
is machined include the time, pulse off-time, peak current, voltage and current. Other variables include
the electrode material and electrode geometry. It is generally the case that when using low parameters,
lower electrode wear rate is achieved with a better surface finish. On the other hand, higher values
tend to give higher material removal rates with a detrimental effect on the surface finish. The two most
commonly used EDM configurations include wire EDM and die-sinker EDM. Wire EDM is used for
machining simple geometries whilst die-sinking EDM is widely used for processing complex-shaped
geometries. Other variants of EDM have also been developed for specific applications and include
micro-EDM, powder EDM and dry EDM [124].
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5.1.2. EDM of WC

Electrical discharge machining (EDM) has become widely recognised as an effective process
for surface finishing WC-coated parts. WC coatings offer good electrical (5.3 − 8 × 10−5 Ω·cm) and
thermal conductivities (63 W/mK) making them favourable candidates to be processed through EDM.
With die-sinker EDM capable of processing complex shaped geometries, the opportunity of processing
hard coatings with intricate features has been well explored [71,125–127]. Cemented carbide coatings
have been the most widely researched type of coatings when it comes to the use of EDM as a surface
finishing technique. A review of the published studies has been undertaken in this section with the
scope of establishing common trends in the operating principles which can be employed on WC/W
coatings deposited through CVD technology. Apart from understanding the effect of different operating
parameters, a number of problems associated with surface finishing of cemented carbide coatings
through EDM will be also discussed.

A common problem that is usually associated with EDM of cemented WC coatings is the
development of surface microcracks and craters (Figure 19a,b). The heterogeneous coating structure
of cemented WC, composed of hard WC grains and soft cobalt or nickel binder, provides a variable
overall electrical conductivity across the coating’s surface, resulting in selective removal of the material.
The differences in the melting and evaporation temperatures allow the cobalt to become eroded first,
leaving tungsten carbide grains on the surface [125]. This results in the formation of a rough surface
with the presence of pin holes, micro voids, and cracks [124,128]. Separation of WC grains from cobalt
also causes a change in the gap between the electrodes, resulting in abnormal discharge rates [129].
Apart from selective removal of the material, the presence of cobalt in the coating has an overall
effect on the cutting rate which is decreased as the cobalt content increases. This influence of cobalt
on the overall cutting rate is explained through consideration of the coating’s thermal conductivity
and melting temperature. Lauwers et al. have shown through experimental observation that as the
product of thermal conductivity and melting temperature increases, the cutting rate decreases [71].
Through this trend it is evident why the material removal rate of cemented carbide coatings with nickel
binder is higher that when cobalt is used, due to a lower product of thermal conductivity and melting
temperature (1235.70 vs. 1569.75 W/cm). The use of a binder in cemented WC coatings is however
intrinsic to the coatings very own existence and thus cannot be avoided.
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5.1.3. EDM Machinability of Cemented WC Coatings

As already outlined, it is well documented that the machinability of tungsten carbide is inferior
when compared to uncoated materials such as steels and stainless steels. This typically translates into
low material removal rate (MRR), high electrode wear rate (EWR) and high surface roughness which all
have a direct impact on the economics of the process. Efforts to improve the machinability of cemented
carbide coatings include the development of ultrasonic vibration systems. Ultrasonic vibrations are
aimed at improving the dielectric circulation in the working area allowing for better material ejection,
ultimately resulting in an overall improved material removal rate. However, this has a detrimental
effect on the tool wear rate and the coating’s surface roughness which is increased [130,131]. Finding
the right operational parameters is usually specific to each coating type which requires an analysis
of operational variable parameters. The suitability of EDM as a finishing technique can be reviewed
depending on the most desired outcomes which include the coating’s surface and sub-surface integrity,
surface finish, machining speed and costs associated with electrode wear.

Janmanee et al. found through experimental analysis that an optimal MRR of 2.731 mm3/min,
EWR of 37.2%, and microcrack density of 183.87 µm/mm2 were achieved by using graphite electrodes
on 90WC-10Co coating at a discharge current of 75 A. However, the off time at which these optimal
results were achieved were significantly different for each of the three observed values. High MRR is
achieved at the lowest off-time of 2 µs, the lowest EWR is achieved at the highest off-time of 1600 µs,
whilst the microcrack density ratio was found to be at its optimal at 510 µs off-time [132]. Lee and
Li have also proven that graphite electrodes provide the highest MRR however copper electrodes
exhibit the best surface finish when machining tungsten carbide. The use of negative polarity has also
shown to provide a better surface finish due to a higher MRR and lower wear ratio. A distinctive
feature of using a negative polarity versus positive electrodes is that in the case of negative polarity flat
craters are formed whilst irregular craters are formed with a positive electrode [133]. Puertas et al.
have shown through experimental work on 94 WC–6 Co that a MRR of 0.318 mm3/min is achieved at
low pulse time. The study also suggests that the highest surface finish of Ra 0.64 µm is achieved at
low current intensity and pulse time [126]. Lin et al. observed that the surface integrity of cemented
carbide coatings was largely affected by the development of microcracks. At low electrical discharge
energy, the development of microcracks was found to be almost negligible when tests were carried out
on K10 cemented carbide coatings and using a copper electrode [127].

5.1.4. Heat Affected Zone and Oxidation

Despite the elimination of mechanical stresses on the workpiece, EDM still poses a problem
resulting from the thermal stress involved in the process where the melted material is rapidly quenched
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and re-solidified. The affected area consists of a heat affected zone (HAZ) and a recast layer or white
layer. The HAZ is the layer which has been thermally affected but has not been melted during the spark
erosion process. The white layer is the outer rim zone of the recast layer which is rapidly quenched and
re-solidified and is prone to shrinkage giving rise to the formation of microcracks [134,135]. This layer
is typically contaminated from elements which originate from the electrode. It also has different
mechanical properties than the rest of the material due to changes in hardness. The thickness of the
recast layer is dependent on several factors including the discharge energy, the pulse on time, current
and the dielectric used [136].

Oxidation is a mechanism involved in the EDM of cemented WC coatings which is often employed
to increase the machining rate. When WC is heated above 620 ◦C it decomposes into tungsten
and carbon. W reacts with the available oxide to form WO3. However, when this occurs at higher
temperatures, around 1300 ◦C, the formed tungsten oxide sublimates into a gas [137]. Yoshida et al.
has shown that the use of dissolved oxygen in water-containing dielectric improved the machining
rate fivefold from 0.05 to 0.25 mm3/min [129]. Despite improved machining rates a detrimental effect
on the surface roughness was recorded which increased from 0.6 to 0.9 µm when oxygen was dissolved
in the dielectric.

5.2. Electropolishing

Electropolishing, or electrolytic polishing, is a surface finishing technique that removes material
from an electrically conductive surface through an anodic dissolution ion by ion, resulting in the
formation of a smooth surface (Figure 20). It is based on the principle of electrolysis (Faraday’s law)
and it is an effective method for finishing parts with complex geometries requiring high geometrical
accuracy and high smoothness. Its main benefits are based on the fact that it is not dependent on
the hardness or brittleness of the material as it does not involve any mechanical forces or thermal
influences on the workpiece [138]. It is typically used as a post-machining process or as a last resort
when conventional machining techniques cannot be employed, often due to the intricateness of the part.
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The mechanism involved in material removal during electropolishing is explained through the
viscous film theory, also known as the salt-film theory. During electropolishing the workpiece is
positively charged in the presence of a temperature-controlled electrolyte [63]. As current is passed,
a viscous film or an oxide layer is formed on the workpiece due to dissolution products. The layer varies
in thickness depending on the surface topography of the surface and is thickest in low depressions
and thinnest over high peaks. The oxidation film over the peaks receives the highest current density
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due to the specific gravity and viscosity being the highest at these high points, resulting in higher
metallic dissolution than that occurring at lower peaks [140–143]. The potential difference between
the high and low levels on the surface of the workpiece result in an overall polishing effect of the
surface. The smoothing process in electropolishing is also described through two main processes:
anodic levelling and anodic brightening. Anodic levelling refers to the elimination of surface roughness
(peaks and valleys) in the micrometer range whilst anodic brightening refers to the elimination of
surface roughness in the sub-micron range [63,144].

Electropolishing of WC

The use of electropolishing has been well established industrially and has been used on most metals
including steels, aluminium and copper, however the scientific knowledge behind electropolishing
of tungsten carbide is limited and scarce literature is available on the subject. Schubert et al. have
attempted to investigate the electrochemical process of cemented carbide coatings with the main
challenge being that of obtaining a homogeneous dissolution of the soft binders, typically cobalt
or nickel and hard WC phases due to their distinctly different chemistries. From a thermodynamic
point of view, WC dissolves in alkaline solutions such as NaNO3 and NaOH whereas cobalt dissolves
in electrolytes with a pH < 6 [138]. As a result, in acidic electrolytes such as sulfuric acid and
nitric acid, the cobalt binder dissolves easily, however a passive film is formed on tungsten carbide.
A countermeasure to resolve this anomaly is the application a negative potential leading to the
alkalization of the workpiece whilst dissolving the passive layer which is formed on tungsten carbide
phases. Recent developments have shown that the use of ammonia as an additive to the electrolyte
would suppress the formation of a passive layer on cobalt leading to a more homogenous dissolution.
Despite improvements the surface of the workpiece still appears to be rougher than it was prior to the
electropolishing process due to the formation of a layer of Co(OH)2 and active dissolution of WC [138].
In a study based on the electropolishing of micro holes using NaOH electrolyte on WC, Wu et al.
concluded that the finish obtained on the workpiece was better when compared to that achieved when
using EDM [145]. As discussed in this section, electropolishing of cemented WC coatings is primarily
affected due to the fact that it consists of different phases with different chemistries and properties
causing non-homogenous material dissolution. In contrast, binderless WC/W coatings may completely
eliminate the problems of selective dissolution of softer phases and the use of multiple electrolytes.
Based on the anodic dissolution theory, electropolishing would also be beneficial in eliminating defects
in the form of surface nodules, commonly developed during the coating deposition process.

6. Conclusions

The key strengths and limitations of each process were discussed herein, with emphasis on
findings and innovations relating to the processing of WC-based coatings. The purpose of this work
was to extract information on the recent developments of various surface finishing techniques whilst
highlighting the need for further research to address the physical effects on the coating integrity and
microstructures. Other important considerations, including operational parameters typically used
and the economics of each process were briefly discussed. Table 3 summarises the key strengths
and limitations for the precision machining and surface finishing techniques considered in this work.
These techniques, including diamond turning, precision grinding, superfinishing, vibratory polishing,
electrical discharge machining (EDM), and electropolishing, are classified as contact and non-contact
techniques and critically reviewed in the context of their capability to process WC-coated parts with
complex geometries, tight dimensional tolerances, and precise surface finish requirements.
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Table 3. Key strengths and limitations for contact and non-contact surface finishing techniques on
WC coatings.

Techniques Strengths Limitations

Contact Techniques

Diamond Turning

• Excellent surface finish
(Ra 10 nm)

• Multi-axis control systems –
High flexibility

• High costs of cutting tools
• Slow and delicate process
• Limited use on WC coatings

due to graphitisation issues

Precision Grinding

• Efficient and economical
finishing technique

• Vast knowledge and industrial
know-how available

• A lot of heat involved
causing the introduction of
residual stresses

Superfinishing

• Good surface finish (Ra 0.1 µm)
• A widely recognised process in

the automotive and
aerospace industries

• Process limited to parts with
cylindrical and
flat geometries

Vibratory Polishing

• Can process parts with
complex geometries

• Efficient and economical
techniques for processing large
volume of parts

• Relies mainly on trial and
error, no standards or process
specifications are available

• Does not remove individuals
surface artefacts such
as nodules

Non-contact Techniques

Electrical Discharge
Machining

• Independent of the
coating’s hardness

• Can process parts with
complex geometries

• May alter the microstructure
of the outermost layer of the
coating due to rapid heating
and cooling

Electropolishing

• Independent of the
coating’s hardness

• Can process parts with
complex geometries

• Inexpensive process

• May selectively polish sharp
edges due to localised high
current density

In summary, each machining and finishing technique poses different challenges to the mechanical
integrity and microstructures of WC coatings. It is by and large the case that cemented carbide coatings,
such as WC-Co, are the most widely WC coatings. Despite their widespread use, a large body of
literature points to certain limitations when sub-micron surface finishes are required. These limitations
can be attributed to the heterogeneous nature of cemented WC coatings, where hard WC phases are
mixed contiguously within soft metal binder phases. Differences in physical properties of these phases,
including catalytic activities, hardness, electrical and thermal conductivities, chemical reactivity,
and melting temperatures, often results in an undesired selective removal of soft binder phases
during the process. Common techniques, including diamond turning, precision grinding, EDM,
and electropolishing, have found limited use in machining and finishing of cemented WC coatings due
to their inability to prevent selective removal processes.

Note that the current understanding on the advantages and disadvantages of machining and
finishing techniques is rather limited to cemented WC coating. The behaviour and mechanism of
precision machining and surface finishing of binderless WC coatings, such as WC/W, is still largely
unknown and represents the current knowledge gap. While binderless WC/W coatings may have
similar hardness, thickness, and electrical conductivity characteristics to conventional cemented WC
coating, the absence of soft catalytic binders may result in a completely different machining and
finishing behaviour. From this perspective, a good starting point to fill this knowledge gap would be
to investigate the use of diamond turning on binderless WC coatings, as it is the most delicate out of
all considered processes. Note that diamond turning proves to be a challenging process when used
on cemented WC coatings due to the soft metal binder, e.g., cobalt, iron or nickel, being a catalyst of
diamond graphitisation. However, this is not expected to occur with WC/W, as the tungsten matrix
is not a catalyst of diamond graphitisation. Nonetheless, other coating properties including high
coating hardness and poor substrate/coating delamination may pose new challenges to the successful
implementation of the process. Diamond turning is expected to provide the optimal surface finish
which would provide a solid comparison baseline for other techniques. The effect of the diamond



Coatings 2020, 10, 731 29 of 35

turning on binderless WC coating would also provide an insight into the expected behaviour when
processing through precision grinding using diamond wheels.

As an outlook, precision grinding, superfinishing, electropolishing, and EDM may have leading
roles in machining and finishing processes of binderless WC. Future experimental work designed
towards establishing the effect of precision grinding on residual stresses, surface topography, surface
hardness and surface roughness of binderless WC coatings will provide a good basis to further fill the
knowledge gap. With superfinishing being considered a post-grinding process, future experimentation
should initially be performed on previously ground WC/W coatings. This will be beneficial in
establishing the full potential of superfinishing as a process used to correct size, remove grinding marks
and improve surface finish. However, a different approach to this can also be employed by directly
processing the “as-coated” parts without a preliminary grinding operation. The elimination of grinding
may have beneficial effects in terms of a reduction in the combined residual stresses from the two surface
finishing operations. Future investigation of electropolishing on binderless WC/W coatings would,
in principle, require a single electrolyte making the process a relatively straightforward operation.
Nonetheless, the key issue of selective material removal due to high current densities around sharp
edges still needs to be addressed. EDM of binderless WC/W coatings also requires further investigation,
as it is more complex but has a great potential in being able to uniformly surface finish coated parts
with complex geometries. A potential drawback to the process is the effect of the recast layer which is
formed, which may have a detrimental effect on the integrity of the coating. Electropolishing may be
employed as a secondary process to this technique to correct any surface defects.

This article has been prepared to provide a comprehensive review about a number of machining
and surface finishing techniques, suitable, or potentially suitable for engineering parts coated with a
WC coating. The emergence of binderless WC coatings with significantly different microstructures
and deposition characteristics to the traditional cemented WC coatings undoubtedly offers new
opportunities and challenges. Future research is indeed required to fully understand the processing
mechanisms of these binderless WC coatings and to advance their utilization in a wide range of
applications with stringent geometrical and finishing requirements.
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28. Surviliene, S.; Češuniene, A.; Jasulaitiene, V.; Bučinskiene, D. Influence of SiC+WC addition to Cr(VI) bath on
corrosion behaviour of coatings in sulphate solution. Trans. Inst. Met. Finish. 2008, 86, 308–314. [CrossRef]

29. Zhao, G.; Li, J.; Huang, Y.; Yang, L.; Ye, Y.; Walsh, F.C.; Chen, J.; Wang, S. Robust Ni/WC superhydrophobic
surfaces by electrodeposition. RSC Adv. 2017, 7, 44896–44903. [CrossRef]

30. Vanalakar, S.A.; Galal, A.; Singh, V.N.; Delhi, N.; Min, H.S. A review of nanostructured thin films for gas
sensing and corrosion protection A review of nanostructured thin films for gas sensing and corrosion
protection. Mediterr. J. Chem. 2018, 7, 433–451.

31. Yuan, Y.; Yang, L.; Liu, Z.; Chen, Q. High power impulse magnetron sputtering and its applications.
Plasma Sci. Technol. 2018, 20. [CrossRef]

32. Zhang, H.; Cherng, J.S.; Chen, Q. Recent progress on high power impulse magnetron sputtering (HiPIMS):
The challenges and applications in fabricating VO2 thin film. AIP Adv. 2019, 9. [CrossRef]

33. Wang, L.; Li, L.; Kuang, X. Effect of substrate bias on microstructure and mechanical properties of WC-DLC
coatings deposited by HiPIMS. Surf. Coat. Technol. 2018, 352, 33–41. [CrossRef]

https://echa.europa.eu/substances-restricted-under-reach
https://echa.europa.eu/substances-restricted-under-reach
http://dx.doi.org/10.1243/JMES_JOUR_1969_011_050_02
http://dx.doi.org/10.1016/j.ceramint.2017.09.040
http://dx.doi.org/10.1179/1743290113Y.0000000062
http://dx.doi.org/10.3938/jkps.61.1390
http://dx.doi.org/10.1088/2053-1591/ab66fe
http://dx.doi.org/10.1016/S0257-8972(98)00821-4
http://dx.doi.org/10.1016/S0043-1648(00)00561-5
http://dx.doi.org/10.1016/j.surfcoat.2017.11.041
http://dx.doi.org/10.1088/1742-6596/755/1/011001
http://dx.doi.org/10.1007/s00170-020-05382-y
http://dx.doi.org/10.1007/s11665-009-9354-5
http://dx.doi.org/10.1016/j.procir.2014.04.044
http://dx.doi.org/10.1016/j.pmatsci.2006.02.002
http://dx.doi.org/10.1016/j.matchemphys.2011.04.053
http://dx.doi.org/10.1166/jnn.2013.6025
http://www.ncbi.nlm.nih.gov/pubmed/23646637
http://dx.doi.org/10.1179/174591908X371159
http://dx.doi.org/10.1039/C7RA08535D
http://dx.doi.org/10.1088/2058-6272/aa9e48
http://dx.doi.org/10.1063/1.5084031
http://dx.doi.org/10.1016/j.surfcoat.2018.07.088


Coatings 2020, 10, 731 31 of 35

34. Zhu, X.P.; Meng, Y.; Jiang, S.W.; Du, P.C.; Lei, M.K. Thermal Spray of Cemented Carbide Coatings in
Off-Angle Spraying: Correlations Between Process, Coating Features/Characteristics and Performance.
J. Therm. Spray Technol. 2018, 27, 1123–1142. [CrossRef]

35. Tobergte, D.R.; Curtis, S. Handbook of Thermal Spray Technology, 1st ed.; ASM International: Novelty, OH,
USA, 2004; Volume 53, ISBN 9788578110796.

36. Ang, A.S.M.; Sanpo, N.; Sesso, M.L.; Kim, S.Y.; Berndt, C.C. Thermal spray maps: Material genomics of
processing technologies. J. Therm. Spray Technol. 2013, 22, 1170–1183. [CrossRef]
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