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A B S T R A C T   

Precision-engineered components which operate in demanding conditions often require the application of hard 
coatings such as tungsten carbide (WC) to improve their functional properties. Following the coating deposition 
process, a surface finishing or machining operation is often required to correct the sizing or achieve adherence to 
geometrical tolerancing and surface finish requirements. Single point diamond turning (SPDT) is a widely used 
ultraprecision machining technique for the fabrication of high-end engineering components made up of ductile 
materials, making it a desirable technique as a post-coating machining or finishing process. In this study the 
machinability of hard CVD W/WC coatings with a hardness of 1120 ± 15 HV and a thickness of 100 μm using 
SPDT was investigated. Here we report the results of axial and transverse turning using a cutting speed of 600 
rpm and feed rates of 1 and 5 μm respectively. Experimental results show that an Ra of 0.2 μm is achieved with a 
diamond tool having a 0.5 mm nose radius. Significant tool wear was observed at the rake/flank edge of the 
diamond tool due to the coating's hardness. Surface and cross-sectional analysis of the samples' machined areas 
revealed presence of adhesive and abrasive wear. The occurrence of material pile-up due to tool loading on the 
surface of the coating was investigated through the indentation technique which demonstrated the occurrence of 
material deformation contributing to the overall surface roughness.   

1. Introduction 

The application of hard coatings on high-end precision engineering 
components is of principal importance to extend the working life of 
components which operate in demanding applications. Key applications 
which operate in high precision environments that benefit from hard 
coatings include forming tools, injection molding tooling, lenses for the 
space industry and aerospace components [1–7]. Amongst many exist
ing hard coatings, chemical vapour deposited (CVD) W/WC coatings 
have superior mechanical properties due to their high hardness and 
wear resistance [8–10] and can be deposited with a thickness of 50 μm to 
100 μm. This coating thickness provides high durability and load- 
bearing capacity, but may result in the coated parts losing their pre
cise dimensional tolerancing. While CVD W/WC coatings could be 
deposited to practically any high-end engineering components, post 
deposition process specific machining and surface finishing techniques 
are required to provide size-correction and to meet tolerance and surface 
roughness specifications [11–13]. In this work, the use of single point 
diamond turning (SPDT) on CVD W/WC coatings is investigated due to 

its presumed capability of providing a uniform machining operation on 
parts made of hard materials with specific profiles and achieving high 
levels of tolerances and surface finish [14–16]. 

The machining process of SPDT occurs at a single point, making the 
process more predictable when compared to more conventional tech
niques such as grinding which involve multiple abrasives operating in 
multiple directions [16]. Diamond turning machines are typically 
equipped with high precision features such as hydrostatic isolators and 
air bearings, which make the process highly controllable. This capability 
makes the process suitable to be used on engineering parts with defined 
profiles requiring a specific surface finish while retaining the original 
form of the part. To date the use of SPDT focuses predominantly on 
ductile materials (copper, aluminium, magnesium, tin, silver and gold), 
with its use on hard coatings being an area with limited experimental 
scrutiny. Scientific findings relating to the use of SPDT on hard coatings 
are thus far limited to conventional carbides such as WC-Co [17], SiC 
[18] and WC [5,16] coatings. In contrast to conventional cemented 
carbides, which are composed of carbides particles held together by soft 
metal binders with several voids, the CVD W/WC coatings used herein 
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are predominantly composed of finely dispersed WC nanoparticles 
within voidless W metal matrix [12,13]. This property makes the CVD 
W/WC coatings significantly different than the more conventional WC 
coatings. 

The main considerations in exploring SPDT as a successful surface 
finishing technique include the capability of the process of improving 
the surface finish without adversely affecting the coating while being 
economically viable, where the tool integrity would be retained for a 
significant period of time. As outlined in our review study [11], the 
theoretical background on the machinability of W suggests that it is a 
non-turnable material. One of the criteria of turnable material is the 
acceptable level of tool wear that in terms of economic value is smaller 
than the overall value of the machined part. Therefore, materials with 
high melting temperatures and hardness, such as W, are typically classed 
as non-turnable [19]. Nonetheless, the limited experimental work re
ported in literature have motivated the study of the machinability of 
CVD W/WC coating. We report herein the machinability of hard CVD W/ 
WC coatings using a single crystal diamond tool. The feasibility of the 
process was assessed with respect to the improvement in the surface 
topography of the coating and the level of tool wear following the 
machining process. The findings presented herein provide a basis for 
further development of post-deposition machining of hard coatings, 
which are of relevance to a wide range of precision engineering 
applications. 

2. Materials and methods 

A set of samples with a round geometry of 10 mm diameter × 20 mm 
length (Fig. SI 1b-c) were prepared from commercial 304 stainless steels. 
The samples had a 3 mm tapped hole at the back end of the samples to be 
used for fixturing during the coating deposition process and for 
mounting during the turning process. Subsequent to the coating 

deposition, it was ensured that the back of the sample, from which the 
sample was fixtured, was free from overspray to make sure the sample 
was perfectly true to the rotating spindle. The samples had a small hole 
machined at the opposite side of the sample to serve as a centre. 

A tungsten/tungsten carbide (W/WC) coating layer was deposited on 
the machined samples through chemical vapour deposition at a tem
perature of 500 ◦C by Hardide Coatings Ltd. (Bicester, Oxford-UK). The 
coating had a thickness of 100 μm and a hardness of 1120 ± 15 HV. W/ 
WC is composed of WC nanoparticles dispersed in a W metal matrix and 
crystallised from precursors gases atom-by-atom, forming a columnar 
microstructure. The coating is binderless and pore-free [8,11–13]. 

Diamond turning machining was carried out using a Moore Nanotech 
350 UPL diamond turning lathe developed by Moore nanotech systems. 
The lathe has a two axis-machining system and uses an air bearing 
spindle through which the workpiece is attached and rotated. The 
spindle rotates at a speed range of 50 to 6000 rpm and has an angular 
accuracy of 0.0001◦. The machine is typically used for SPDT and hard 
turning applications. Prior to the turning operation the workpiece was 
fixed onto a vacuum chuck and to the air-bearing spindle (Fig. SI 1a, b). 
The sample was clocked using an Induction probe (Mohr Millimar 1200 
IC) to bring the diamond tool true with the rotating workpiece. The 
experiments were carried out at controlled room temperature conditions 
of 20 ± 2 ◦C and relative humidity of 40 ± 5 % to minimise the effects of 
thermal distortion and retain the highest tool accuracy. The lubrication 
between the diamond tool and the workpiece consisted of pressurised air 
and white spirit. The combination of these two media provided a cooling 
action. 

A diamond tool (N0.50Mwg) with a − 25◦-rake angle, a clearance 
angle of 10◦ and a nose radius of 0.5 mm (Contour Fine Tooling Ltd) was 
used for all experiments carried out in this work (Fig. SI 2). New tools 
were used for each experiment where the tool condition was intact with 
no pre-existent wear which otherwise would have had an effect on the 

As-deposited Machined flat face

Machined flat face

Diamond Tool

(a) T

As-deposited Machined cylindrical face

Machined cylindrical face surface

Diamond Tool

(b) A

Fig. 1. Photographs of machined W/WC samples in the as-deposited and machined condition and corresponding schematic diagrams outlining the machining 
configuration of (a) sample T in the transverse direction and (b) sample A in the axial direction. 
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ultimate surface condition of the sample. In this work turning experi
ments were carried out using two configurations in the transverse (flat 
face) and axial (cylindrical face) directions. The schematic diagrams in 
Fig. 1 outline the tool configuration versus the workpiece in both cases. 

A cutting speed of 600 rpm and feed rate of 10 rev/s was used for 
both transverse and axial turning. A depth of cut of 5 μm was used for 
transverse (T) turning on the flat face and a depth of cut of 1 μm was 
used on the cylindrical face. Here the sample turned in the transverse 
configuration is denoted as T, while that turned in the axial configura
tion is denoted as A. 

Following the machining process the machined surfaces were eval
uated for changes in surface roughness and surface morphology. The 
surface roughness was measured using a white light interferometer 
(Taylor Hobson CCI) with a 50× objective lens and a sampling scale of 
350 × 350 μm. The profilometer's software (Mountains Lab) enabled the 
generation of 3D micrographs exhibiting the changes in surface topog
raphy of the machined surfaces compared to the as-deposited condition. 
The surface morphology of as-deposited and machined coating surfaces 
was observed with a scanning electron microscope (SEM) (Tescan, Vega) 
using secondary electrons (SEM HV: 18 kV and Beam Intensity: 10). The 
nose of the diamond tools was also evaluated with the SEM to charac
terise the tool wear at the rake/flank edge. Elemental analysis by energy 
dispersive spectroscopy (EDS) was carried out to determine whether 
material transfer leading to adhesion wear had occurred during the 
turning operation. 

3. Results 

The effect of SPDT on cylindrical and flat faces can be visually 
observed in Fig. 1a-b. The images of the samples in the as-deposited and 
machined conditions show a distinctive change from a matte grey 

texture to a reflective surface. Note that a 5 μm depth of cut was used on 
sample T while a depth of cut of 1 μm was used on sample A. Machining 
of samples T gave better results due to a larger depth of cut being used 
and therefore bigger penetration into the coating surface, allowing for a 
better and quicker machining turnaround. Cylindrical machining was 
found to be more challenging due to machining with a smaller depth of 
cut and due to variation in the concentricity of the sample. Low 
concentricity was due to the coating thickness variation arising during 
the deposition process, necessitating several turning passes to clear a 
small area. 

The 3D surface profile micrograph of the as-deposited flat surface 
shows a periodic surface morphology with a rippled texture, where the 
surface peaks are approximately 100 μm apart and 4 μm deep (Fig. 2a). 
These surface features are essentially a replication of the substrate's 
machining marks which are conformally covered by the CVD coating 
during deposition. Note that the substrates were CNC-cut and machined 
prior to the W/WC coatings deposition to produce as highly concentric 
parts as possible, with high accuracy. The as-deposited flat surface is 
also characterised by randomly distributed coating growths (nodular 
growths) (Fig. 3a) with a height of a few microns (2–3 μm) forming an 
uneven surface. The SPDT flat surface is characterised by clear feed 
marks with symmetrical V-grooves with 4 μm deep valleys and peaks 
spaced 10 μm apart (Fig. 2b). The SEM image of the flat surface, 
machined with a 5 μm depth-of-cut shows a clear effect of SPDT on the 
coating morphology (Fig. 2c), with formations of micro-scratches, ad
hesive wear and micro-cracking formed along the cutting direction. 

Compared to the as-deposited condition (Fig. 3a), the cylindrically 
machined sample A (Fig. 3b), is characterised by a uniform machining 
texture with evenly spaced grooves. SEM observations of the machined 
surface (Fig. 3c) show that the machined area has shallower machining 
grooves due to the shallow depth-of-cut used (1 μm). Consequently, 
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Fig. 2. White light interferometer 3D images of sample T in the (a) as-deposited and (b) machined condition and (c) SEM image showing the change in surface 
roughness from as-deposited to machined surface. 
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some areas in the machined areas were retained in the as-deposited 
condition. Adhesive wear was still predominantly observed, with 
patches of material becoming slightly lifted along the cutting direction. 

Fig. 4a-b show the cross-sections of samples T and A in the machined 
areas. Both surfaces exhibit rippled textures which correspond to the 
machining marks induced by the diamond tool nose. The surface of 
sample T (Fig. 4a) shows a fragmented thin layer that consists of chunks 
of W material becoming detached from the surface, forming loose 
abrasive media (Fig. SI 3). These observations corroborate the obser
vation made from the SEM surface topography image in Fig. 2c. The 
surface of sample A which was machined with a 1 μm depth of cut shows 
insignificant material deformation (Fig. 4b), owing to the smaller depth 
of cut which was used (1 μm) and consequently shallower cut. The low 
depth of cut combined with high coating hardness suggests that rubbing 
(Fig. 8c) was occurring rather than cutting during the SPDT operation. 

The surface roughness was used as an indicator of the surface quality 
of the machined surface. The average surface roughness Ra was 
measured across the machining marks in both the as-deposited and 
machined surfaces (Table 1). Both T and A samples exhibit an average 
decrease in Ra of 0.18 μm after machining. In contrast, the change in 
maximum profile peak height (Rp) and maximum profile valley depth 
(Rv) for sample T showed a larger change when compared to sample A. 
The average Rp and Rv for sample T decreased by 0.84 μm and 0.63 μm 
respectively, while those for sample A decreased by 0.61 μm and 0.33 
μm respectively suggesting that the larger the depth-of-cut the bigger the 
improvement in Rp and Rv. 

4. Discussion 

The interaction of the diamond tool against the workpiece during the 
SPDT operation is characterised by four main modes of wear which 
include abrasive, adhesive, diffusive and oxidation wear [20]. SEM 
observations of the machined surfaces with a 5 μm and 1 μm depth of cut 
confirm that adhesive and abrasive wear were the main wear mecha
nisms manifested during the turning operation. Fig. 5a-b shows a high 
magnification image of the surface morphology of the turned W/WC 
coating on sample T, with clear evidence of adhesive and abrasive wear. 
Adhesive wear is generated by sliding of two bodies against each other 
subjected to a high sliding force. In this case the stationary diamond tool 
with a hardness exceeding 2000 HV is sliding against a rotating W/WC 
coating with a hardness of ~1100 HV. During the relative motion, the 
surface asperities of the coating are subjected to a shear stress causing 
them to brake and become detached from the surface of the coating but 
remain present (Fig. 5a). This gives rise to three-body particles, where 
upon further turning the detached abrasive media become entrapped 
between the tool and the workpiece causing abrasive wear (Fig. 5b) 
[21,22]. Note that the removal of these asperities of the coating by SPDT 
process results in a smooth and uniform surface (Fig. SI 4). 

The presence of loose abrasive media gives rise to the formation of 
scratch marks formed on the surface of the machined surface (Fig. 6a-b). 
The shear wear occurring on the surface of the machined surface con
tributes to the formation of a step-like texture manifested as an exfoli
ated surface (Fig. 6a), also observed in the cross-section of the machined 
area (Fig. 4a).This is particularly visible on samples machined with a 1 
μm depth of cut where rubbing wear is the predominant tool-workpiece 
interaction. Formation of micro-cracks (Fig. 6a) are also widely 

(a) A - As-deposited A - Machined(b)

20 µmMachined

As-Deposited

Cu�ng direc�on

(c)

Fig. 3. White light interferometer 3D images of (a) as-deposited and (b) machined cylindrical faced samples and (c) SEM image showing the change in surface 
roughness from as-deposited to machined surface. The areas in red boxes indicate patches of coating retained in the as-deposited condition within the machined area. 
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observed on the machined surface, suggesting that plastic deformation 
of the coating is occurring. Cross-sectional analysis of the machined 
areas show that the affected surface layer is very thin, <1 μm (Fig. 4). 

Due to the high hardness of the W/WC coatings studied in this work 
(~1100 HV) diamond tools with a negative rake angle of 25◦ were used 
(Fig. 7a). Negative rake angle tools are typically used for turning hard 
materials such as silicon and germanium to maintain a ductile 
machining regime [18,23,24]. Despite this, significant tool damage was 
still developed on the diamond tool nose when machining was carried 
out in both the axial and transverse directions. Immediate observation of 
the rake/flank tool edge with an optical microscope, following the 
machining operation (Fig. SI 5) revealed an observable level of damage 
where the tool nose was flattened and roughened. Tool wear is typically 
quantified in terms of the flank wear length which is the tapered area 
developed between the rake and flank edges. The larger the tapered 
area, the bigger the contact surface area between the diamond tool and 
the workpiece ultimately having a bearing on the machining quality. 

Prior to the SPDT operation the diamond tool has a perfectly defined, 

sharp edge free from any damage (Fig. 7a-b). Observation of the tool tip 
using SEM (Fig. 7c-d), following SPDT shows that the detached coating 
fragments are transferred to the tool, giving rise to metal-on-metal wear. 
Elemental analysis by EDS shows that the worn material consists of 
tungsten debris and carbon arising from the worn diamond tool (Fig. SI 
6). The wear debris adhered to the tool tip may also be transferred back 
to the workpiece surface causing them to be broken into finer particles 
due to the repeated motion and loading which occurs during the 
machining process [21]. Further analysis of the diamond tool nose 
shows that the rake/flank edge is significantly worn. Comparison of the 
tool condition before (Fig. 7b) and after (Fig. 7c-d) machining shows 
that the sharp edge of the rake/flank is transformed into a tapered edge. 

As discussed previously, loose abrasive media was generated by 
adhesive wear. Material transfer which is stuck to the diamond tool tip is 
also found to contribute to the formation of abrasive wear. The parallel 
abrasive marks shown in Fig. SI 7 correspond to the microgrooves 
formed at the nose of the diamond tool during machining using a depth 
of cut of 5 μm (Fig. 7c). The integrity of the cutting tool, particularly the 
nose and sharpness of the rake/flank edge changes with machining time 
from shearing to ploughing to rubbing (Fig. 8). In its original condition, 
when the tool has a sharp cutting edge, plastic deformation causes 
shearing of the workpiece material. As the tool starts to become worn 
and blunt, material is still removed from the surface of the workpiece, in 
a less uniform manner through a ploughing action. As the tool is 
completely worn, the interaction between the tool and the workpiece 
occurs through rubbing, where negligible workpiece material is 
removed. The degradation of the tool tip increases the contact surface 
area, consequently increasing the frictional contact and the tool tip 
temperature. In this work the length of the worn area for both the 
transverse and axial surfaces was ~30 μm. The main difference between 
the two was that for T with 5 μm depth of cut, several microgrooves 
parallel to the direction of cutting were formed. In contrast, the worn 
area achieved in A with a 1 μm depth of cut is polished with an absence 
of obvious microgrooves. This behaviour confirms that rubbing, rather 

5 μm
Coa�ng  

(a) Flat face turning - T

5 μm

(b) Cylindrical turning - A

Fig. 4. SEM cross-sectional view in the machined areas of (a) sample T machined in the transverse direction and (b) sample A machined in the axial direction.  

Table 1 
Surface roughness parameters of as-deposited and machined surfaces. Here the 
surface roughness results are shown as mean ± standard deviation values.  

Roughness 
Parameter 

Flat-face turning/ 
Transverse – T (5 μm depth- 
of-cut) 

Cylindrical turning/Axial – 
A (1 μm depth-of-cut) 

As- 
deposited 

Machined As- 
deposited 

Machined 

Ra (μm) 0.39 ± 0.02 0.21 ±
0.07 

0.40 ± 0.16 0.22 ±
0.03 

Rp (μm) 1.48 ± 0.05 0.64 ±
0.08 

1.36 ± 0.53 0.75 ±
0.10 

Rv (μm) 1.31 ± 0.28 0.68 ±
0.21 

1.22 ± 0.37 0.89 ±
0.14  

C. Micallef et al.                                                                                                                                                                                                                                



Surface & Coatings Technology 447 (2022) 128864

6

than cutting was occurring during the SPDT operation. 
The schematic diagram in Fig. 9a shows the ideal profile which is 

theoretically formed when the diamond tool cuts through the material, 
provided that the cutting tool is intact, with a sharp rake/flank edge. The 
peak to valley depth is dependent on the tool geometry, particularly the 

nose radius. The integrity of the diamond tool is thus of paramount 
importance as its profile is replicated on the surface of the coating where 
any defects in the tool tip would cause a non-uniform cut. The true 
profile of the machined surface is also a reflection of the material 
swelling and recovery which occurs at the trailing edge of the diamond 
tool. This is a result of the high pressure which impinges on the surface 
of the material by the diamond tool which causes plastic deformation of 
the surface, contributing to a secondary surface roughness component 
[25]. Fig. 9b outlines the effect of surface swelling (orange profile) 
generated by the cutting forces and the subsequent effect of material 
recovery (blue profile) when compared to the ideal surface profile 
produced by the tool nose radius (grey profile) [26]. 

The swelling and recovery behaviour observed on the turned W/WC 
coatings motivates us to study the spring back behaviour of W/WC 
coatings through an indentation technique. This technique was adapted 
from scratch tests where a Berkovich indenter is used to determine the 
material swelling as a result of the indentation, ultimately impacting the 
overall surface roughness of the machined surface. In theory indentation 
is similar to single point machining where the applied forces cause the 
material to flow towards the sides of the indenter or the machining too 
tip, in the case of SPDT (Fig. SI 8a). The depth of the deformed material 
is dependent on the hardness of the material and the loading [25,27]. 
Here a similar technique was employed using a Vickers indenter instead 
of a Berkovich indenter. 

A series of 500 g indentations were produced on the surface of a 
sample which was prepared to a mirror finish to eliminate any surface 
features which would interfere with the measurement of the depth of the 
swollen material. White light interferometry was employed to measure 
the height of the deformed material in comparison to the polished 
baseline (Fig. SI 8b). Interferometry micrographs revealed the material 
deformation along the indentation edges (Fig. 10a). The average depth 
measured across the deformed material as outlined in Fig. 10b was 265 
± 50 nm (Fig. 10c). The material pile-up demonstrated with a Vickers 
indenter can be observed to form practically in the 3D interferometry 
images of the turned surfaces, where continuous peaks to the edge of the 
machining groove are formed (Fig. 2b and Fig. 3b). The generation of a 
continuous ridge of piled-up material along the machining track in SPDT 
will therefore have a similar effect, where the induced plastic-flow 
roughness component is added to the overall surface roughness of the 
machined surface. 

The presence of unpaired d-shell electrons in W subshell gives the 
material a bcc crystal structure with superior mechanical properties 
(Fig. SI 9) [19]. Such properties, including high hardness and high 
melting temperature, can cause the covalent bonds in the diamond lat
tice of the tools to break and lead to excessive tool wear. Tungsten is a 
carbide-forming metal which can react with carbon from the diamond 
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Fig. 5. SEM images of (a) chunks of W/WC coating being sheared-off and (b) loose W/WC debris retained on the surface of the machined surface following SPDT of 
sample T with a 5 μm depth-of-cut. 
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Fig. 6. SEM images showing (a) material exfoliation due to adhesive wear and 
micro-scratches due to abrasive wear and (b) micro-cracking on sample A 
machined with a 1 μm depth-of-cut. 
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surface under elevated temperatures. This might be an additional factor 
contributing to the diamond tool cutting edge degradation, as the tool 
tip surface area increases significantly due to friction with the W/WC 
coating surface [28]. From a commercial feasibility standpoint, the use 
of diamond turning as a machining or surface finishing technique on W/ 
WC coatings and other hard materials is dependent on the associated 
tool costs in relation to the value of the components. As shown in this 
work, SPDT of W/WC has resulted in the development of high tool wear 
for a relatively small machined area of 0.6 cm2 and 0.8 cm2 for samples T 
and A respectively. The response of the W/WC coating to SPDT resulted 
in the development of wear characteristics which affect the overall 
surface integrity of the coating making the process undeliverable when 
it comes to surface finishing or machining selection [19]. For this 
reason, CVD W/WC coatings can be considered as a non-turnable 
material. 

5. Conclusion 

The impact on the surface finishing and integrity of CVD W/WC 
coatings surface finished through SPDT has been investigated. In this 
work it has been demonstrated that an ultimate Ra of 0.2 μm can be 
achieved on both cylindrical and axially turned samples from an initial 
Ra of 0.4 μm, irrespective of the depth of cut which was used. Surface 
and cross-sectional analysis had shown that adhesive wear and abrasive 

wear were the main wear mechanisms observed on the machined W/WC 
surface. Cross-sectional analysis corroborated the observations at the 
surface of both transverse and axially machined areas. The diamond 
tools used for both axial and transverse turning suffered significant wear 
after machining small coated area of <1 cm2, causing the rake/flank 
edge to become tapered. EDS analysis confirmed that material transfer 
on the diamond tool occurred, suggesting metal-on-metal wear occurred 
during the SPDT operation. Despite the process being capable of 
improving the surface roughness of CVD W/WC coatings, the high 
hardness of the coating and its effect on the excessive tool wear makes 
the process economically unviable to be utilised in practical applica
tions. These findings should be considered in the selection and further 
development of post-deposition machining of hard coatings for the 
benefit of many precision engineering applications. 
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Fig. 9. Schematic model of (a) the theoretical impact of the tool nose radius on the surface topography of the workpiece and (b) effect of material swelling and 
recovery following diamond turning. 
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Fig. 10. (a) 3D image of a Vickers hardness indent using 500 g load on the surface of W/WC coating, (b) 2D image of the indent showing the line scan at which the 
depth of material deformation was measured and (c) graph showing the depth of material pile-up across the deformed material. 
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