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Hard coatings are widely used in several industries to improve the service life of engineering components. W/WC
coatings deposited through chemical vapour deposition (CVD) have the capability of providing the required
protection on parts with complex geometries, commonly used in high wear and corrosive environments. Despite
the improvement in service life, a key important factor is the adherence to low roughness and tolerance speci-

fications, necessitating the need of a post-coating finishing process. In this work the impact of vibratory polishing
on W/WC coating was studied using a vibratory barrel setup and two types of ceramic-based media. An
improvement in average Ra of 0.2-0.3 pm was achieved over a duration of 4 h with abrasive wear being the
predominant polishing mechanism. Insignificant weight loss (<0.017 g) and hardness changes (—2 < AHV < 8)
were confirmed while the compressive residual stresses of the coating were found to increase with process time

(max Ac = —1058.3 MPa).

1. Introduction

Modern engineering components, such as turbine blades, engine
piston pumps and flow control valves, often operate in extremely harsh
conditions throughout their operating lifetime [1-3]. For example, flow
control components used in the petrochemical industry are subjected to
high repetitive loads and corrosive conditions [4,5]. Protective hard
coatings are typically applied on the surface of these components to
prolong their service life and to minimise the likelihood of catastrophic
failure. The application of hard coatings is therefore of benefit to many
applications as an effective and cost-efficient means of improving their
wear and corrosion resistance. Existing hard coatings, including the
widely used cemented carbide, transition-metal carbides and nitrides
and diamond-like carbon (DLC), exhibit hardness values exceeding
1000 HV and wear rates in the order of 107°-10"8 mm®/Nm range
[6-8]. A novel tungsten carbide in tungsten matrix (W/WC) coating is
one of the most promising hard coatings due to their superlative hard-
ness and wear rate [4,9-12]. In addition, W/WC coating can be depos-
ited through chemical vapour deposition (CVD) technique to eliminate
the use hexavalent precursors which are restricted by the Registration,
Evaluation, Authorisation and Restriction of Chemicals (REACH) regu-
lation [13]. CVD itself is a versatile non-line-of-sight technique capable
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of depositing advanced materials on parts with complex geometries
[11,14-16]. Our previous investigations have shown that CVD W/WC
coating has a matt grey texture with relatively high surface roughness in
the as-deposited condition that requires a surface finishing action to
improve its surface texture, particularly in the difficult to access areas
with complex geometries [10]. A surface finishing process capable of
reaching W/WC coating in these difficult to access areas is therefore
required.

Amongst many available surface finishing techniques, vibratory
polishing has the potential to address this issue through its presumed
capability to process parts with complex geometries. Vibratory polishing
is a mass finishing technique commonly used for deburring, edge radi-
using, surface finishing, surface smoothing, and cleaning. While this
topic is worth more consideration and comprehensive scrutiny, research
into vibratory polishing revolves predominantly around uncoated
metallic materials, such as stainless steels, titanium, and aluminum
[17-22]. The use of vibratory polishing on engineering components with
hard coatings is thus far very limited to cemented carbide coatings.
Previous study has shown that vibratory polishing of cemented carbide
containing 15-20 wt% of soft Co binder leads to a significant loss of soft
binder due to a difference in hardness and ductility of the different
phases [23]. In contrast, the CVD W/WC coatings studied herein are not
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Fig. 1. (a) Photograph of W/WC coated samples in the AD, PA10 and PA240 conditions, cross-sectional SEM images of (b) AD prior to (c) PA240 testing and (d)

GE240 testing.

expected to suffer from such selective material removal behaviour due to
their binderless nature. As reported in our previous studies, our CVD W/
WC coatings are structurally homogenous and pore-free [10,11,24].

In this work we systematically report the impact of vibratory pol-
ishing on hard CVD W/WC coatings with respect to coating morphology,
surface roughness, and residual stresses. We found that vibratory pol-
ishing is an effective surface finishing technique causing negligible
material loss and preferential material removal. Our findings demon-
strate the potential capability of vibratory polishing in providing suffi-
cient surface finishing quality without sacrificing the integrity of the W/
WC coatings. Our approach and analysis establish a basis for further
study into vibratory polishing to enable surface finishing of hard coat-
ings that will be of relevance to numerous engineering applications.

2. Experimental procedure

A set of 25 x 50 mm rectangular coupons were cut from commercial-
grade 304 stainless steel sheet with a thickness of 3 mm. Tungsten/
tungsten carbide (W/WC) coating was deposited on the samples by
Hardide Coatings Ltd. (Bicester, Oxford-UK) at a temperature of 500 °C.
The deposited coating is composed of tungsten carbide nano-particles
dispersed in a tungsten metal matrix and is crystallised atom-by-atom
from a gas mixture, producing a conformal coating with a negligible
porosity of <0.05% (Fig. SI 1) [10,11,24]. The as-deposited coatings,
denoted herein as AD, have an average microhardness of 1330 + 41
HVy; (Zwick ZHVy, Vickers) and nominal coating thickness of 50-55
pm.
A desktop vibratory polisher (PDJ Vibro, SB Range) with a gross
volume of 7 1 and a height of 495 mm was used in this work (Fig. SI 2).
The polisher consists of a heavy-duty polymer bowl, a chute used for
unloading the abrasive media and the processed parts, a sound cover,
and a heavy-duty stand made up of moulded polyethylene with rubber
pads on the bottom. The vibratory motion in the rig is generated via an

electric motor, which is attached to the bottom of the vibratory bowl,
with a power of 0.18 kW (0.25 hp). Two types of Alumina-based abra-
sive media with a Vickers hardness greater than 2300 HV were used in
this work. They included pink aggi (PA) with a tristar geometry and grey
ellipse (GE) with an elliptical geometry (Fig. SI 3a-b). The rationale for
selecting these two media, without prior knowledge of the impact of the
media on hard materials, was primarily based on the superior hardness
of the ceramic media which are commercially available. As PA media are
typically used for producing finer finisher, this was selected to assess
whether a finer finish would be produced in comparison to GE. Samples
were tested at incrementally increased time durations starting at 10 min
up to 240 min. Here, the coated samples after being subjected to
vibratory polishing are denoted by the type of media and polishing time.
For example, PA10 and PA240 correspond to samples that have been
polished for 10- and 240-min using pink aggi media. Similarly, GE
annotation refers to samples tested with grey-ellipse media. For
example, GE240 corresponds to the sample tested for 240-min using
grey ellipse media.

Scanning electron microscope (SEM, Tescan Vega) was used to
characterise the surface morphology. Atomic force microscopy (AFM,
Digital Instruments) with a silicon scanning probe and a scan surface
area of 60 x 60 um? was used to map the surface topography of the
samples and monitor the changes over time. A 3D non-contact surface
profiler (Taylor Hobson) with a 20x objective and a sampling scale of
900 x 900 pm was used to characterise the surface roughness of the
samples. The data sets were filtered with a Gaussian filter with an L filter
nesting index of 0.8 mm. In this work, an X-Ray diffractometer (Siemens
D5005) using Cu — Ka radiation (A = 0.15405 nm) was used to perform
X-Ray diffraction on the samples. A 20 range of 30° to 140° was used at a
scanning step time of 0.02°/s using a tube acceleration voltage of 40 kV
and a current of 40 mA. The sin%y method was employed to measure the
magnitude and nature of the residual stresses in the coatings. The re-
sidual stress of each tested samples was initially measured in the as-
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Fig. 2. Mass loss as a function of process time using PA and GE media.
deposited condition and subsequently in the vibratory polished condi- at a step size of 0.01° per second while the W{310} peak at 20 = 96° to
tion. This enabled the determination of any changes in the residuals 104° was used. This peak was purposefully selected at a high angle to be
stresses as a consequence of the vibratory polishing process. For residual able to have measurable changes in the 26 as otherwise, at small angles,
stress measurements, nine y angles in the —45° to 45° range were used the incremental peak shift would be too small to be measured [25].
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Fig. 3. (a) SEM and (b) AFM surface view of as-deposited coating and (c) cross-sectional view of etched W/WC coating showing a columnar coating structure.
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Fig. 4. Top view SEM images showing surface morphologies of (a) PA10 showing initial light scratching due to rolling contact (b) GE10 showing localised flattening,
(c) PA120, (d) GE 120 showing the formation of surface indentations, (e) PA240 showing the effects of micro-ploughing and (f) GE240.

Other considerations in selecting this peak were that no other peaks
were present in its close proximity so as to avoid any interference or
possible overlapping. It was also essential that the peak would be
differentiated from any background noise. The residual stresses were
calculated using (Eq. (1)) through the DIFFRAC.PLUS software by
Bruker.

E
Oy = (1—4—11) m (@D)]

3. Results

The change in surface texture of W/WC coatings after being

subjected to vibratory polishing can be seen visually (Fig. 1a), where the
matte surface texture of the as-deposited coating becomes glossier with
the increase in polishing time. A change in the coating surface texture
could be observed within just 10 min of vibratory motion, which
continued to become increasingly significant as the process time
increased. At a maximum polishing duration of 240 mins, the W/WC
coating exhibited a relatively glossy surface texture across the entire
surface of the coating. The glossy surface texture suggests a significant
reduction in surface roughness. This is confirmed by cross-sectional SEM
images, where those of PA240 and GE240 showed that much smoother
coating surfaces when compared to the as-deposited surfaces (Fig. 1b-d).
Note that a negligible change in coating thickness (Fig. 1b-d) and mass
were recorded (Fig. 2). A coating thickness of 48 + 4 pm is observed on
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Fig. 5. AFM surface profiles of (a) PA10, (b) GE10, (c) PA120, (d) GE 120, (e) PA240 and (f) GE240.

all samples, including AD, PA240, and GE240 samples.

The changes in surface topography of the coating as a function of
polishing time using PA and GE media is analysed qualitatively and
quantitatively using SEM and AFM, respectively. The surface of AD
samples exhibits a grainy appearance with approximate grain sizes of
1-3 pm and an average arithmetic roughness (Ra) of 0.4 + 0.03 pm
(Fig. 3a-b). Such a grainy surface morphology can be attributed to the

columnar growth of W/WC coatings, where the surface is made up of
numerous distinctive columnar grains and grain orientations (Fig. 3c).
Note that columnar microstructure is often observed on crystalline
coatings grown by CVD which is established by the flow of the precursor
gases and their mass transport [3,11,26]. The surface of samples PA10
and GE10 subjected to 10 min of vibratory polishing exhibit patchy
micro-wear tracks formed by the rolling action of the abrasive media
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Fig. 6. ARa and post-test Ra of samples tested using (a) Pink Aggi and (b) Grey Ellipse media. Error bars represent the uncertainties of the measured data.

(Fig. 4a-b). High microscopic peaks are worn out first causing a flat-
tening action, while the shallower areas which are shadowed by the
surrounding high peaks retain the grainy appearance observed on the
AD samples (Fig. 5a-b).

A higher presence of micro-abrasive marks is apparent as vibratory
process time is increased. Compared to PA10, the surface of PA120
(Fig. 4c) shows a significantly bigger area of flattened peaks caused by
the prolonged vibratory action. This results in the decrease of profile
peak height values (Rp) with the increase of vibratory polishing time
(Figs. 5c¢, SI 4). In contrast, the surface of GE120 shows the formation of
larger and more pronounced wear tracks (Fig. 4d). The observed small
and discontinuous tracks are associated with direct media impacts
forming indentation marks (Fig. 5d). At the same process time, PA120
exhibit shallower wear tracks which can be attributed to the media ge-
ometry where the PA undergo more rolling with less scratching action
compared to GE media. Prolonged vibratory polishing to 240 min does
not show significant changes compared to samples polished for 120 min
with similar polishing wear characteristics. The formation of deeper
scratches on PA240, which are the characteristic of micro-ploughing,
was more predominant on samples tested at this time duration
(Fig. 4e). Similarly, the GE240 also exhibits pronounced wear tracks
with varying lengths and widths (Fig. 4f). It is worth noting that the
wear tracks formed with pink aggi media were also noticeably wider
compared to grey ellipse due to the difference in media geometries
where the tristar geometry of the pink aggi has more straight edges
generating a bigger contact with the surface (Fig. Se-f). Despite polish-
ing for a total duration of 240 min, some areas still exhibit the as-
deposited morphology, characterised by a grainy texture, suggesting
that longer process times and a combination of different media used

consecutively after each other might be required to achieve a completely
smooth surface.

The change in Ra (ARa) of tested samples was calculated using Eq.
(2) with results shown in Fig. 6a-b. Note that the negative values
correspond to a drop in Ra. ARa of samples polished with PA is observed
to decrease gradually in the first 60 min of polishing and then stabilise
for up to 120 min. Further changes in Ra are observed to continue for the
remaining test duration. An overall drop of ~0.25 pm was recorded,
from the as-deposited to the vibratory polished condition. The change in
Ra of samples tested with GE media was more abrupt than with pink
media (Fig. 6a-b). GE10 samples exhibit ARa of 0.14 pm, while PA10
exhibit ARa of <0.05 pm. A more gradual ARa was observed throughout
the whole process with an ultimate Ra of 0.18 pm reached after 240 min
of polishing. In contrast, Ra of 0.16 pm was reached after 240 min of
polishing with Pink Aggi. An overall ARa of 0.2 pm was recorded for the
samples tested with Pink Aggi for the samples tested at the longest
duration.

(2)

ARa = Ra(PoIished) - Ra(As—Depos[/ed)
4. Discussion

In general, our findings demonstrate the effectiveness of vibratory
polishing in improving the surface finish of W/WC coatings. An ultimate
Ra of 0.15-0.2 pm could be achieved with both PA and GE media over a
duration of 4 h, which was a decrease in Ra of 0.2 pm from the as-
deposited condition. As shown in Fig. 6a-b, Ra decreases with an in-
crease in process time. The relatively small incremental drops in Ra can
be attributed to the characteristic of W/WC coatings, which is highly

Fig. 7. (a) Surface and (b) cross-sectional view of polished surface nodule on PA240 sample.
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Fig. 8. Schematic diagrams showing: (a) rolling of media causing light scratching and (b) formation of micro-ploughing generated at longer vibratory exposure.

resistant to mechanical wear due to its high hardness. Compared to other
techniques capable of processing parts with complex geometries such as
electropolishing, vibratory polishing has proven to be a time-consuming
process requiring significant process durations to achieve an Ra
improvement of 0.2 pm from an initial Ra of 0.4 pm. Our previous work
using electropolishing has shown that a mirror-like surface finish with
an Ra of less than 0.05 pm is achievable on W/WC coatings with a
hardness of 1300 HV within 5 min [10,11]. Therefore, from an efficiency
and achievable level of surface finishing, vibratory polishing is a less
preferred technique.

Nonetheless, vibratory polishing offers a benefit in terms of negli-
gible change in coating thickness. As stated earlier, the thickness and
weight of W/WC coatings remain constant even after being subjected to
240 min of vibratory polishing. In contrast, electropolishing results in a
coating thickness loss of up to 18 pm to achieve a perfectly smooth
planar surface [10,11]. These observations are in agreement with pre-
vious studies reported in literature [27], where the achievement of an
undisturbed W surface through vibratory polishing required a signifi-
cant amount of time (24 to 48 h) to match the same quality as that
achieved with electropolishing. A major limitation of vibratory polish-
ing was found to be its inability to remove nodules, which are isolated
coating growths on the surface of the coating. After being subjected to
vibratory polishing, the top area of the nodule is flattened but not
completely removed (Fig. 7a-b), suggesting the inability of abrasive
media to remove material from the top surface of the nodule as the
surface area becomes bigger with process time. The morphology of the
coating surrounding the nodule is retained in the as-deposited condition,
suggesting that the surface nodule provides a shadowing affect pre-
venting the abrasive media to reach the nodule's immediate surrounding
area. Consequently, this results in the surface nodules being preferen-
tially polished, while their immediate surrounding area remains
unpolished.

Our SEM and AFM analysis suggest that abrasive wear is the pre-
dominant wear mechanism that operates in vibratory polishing [28,29].
Here, the contact of the fluidised abrasive media on the sample surface is
characterised by rolling, scratching, and impact mechanisms [30]. For a
short polishing duration, the abrasive effect is rather limited with only
small patches of the surface being affected (Fig. 4a-b), suggesting that
the different media geometry have a negligible polishing effect at short
process durations. Note that most surface areas of the PA10 sample still
appear to be unaffected, exhibiting the same morphology as that of the
AD samples. Small craters observed on the surface of PA10 are the
characteristic of free impacts, where the surface of the workpiece is
simply struck by the abrasive media causing an isolated crater (Fig. 8a).
This behaviour is in agreement with observations reported in previous
studies following vibratory polishing of aluminum alloys [30-32]. Upon
longer processing times, the formation of free impacts was observed to
increase and the presence of abrasive wear became even more pro-
nounced. The multi-directional scratch marks observed on the polished
sample surfaces (Fig. 4c-f) suggest that the abrasive media undergo
several flow fields during the process which reflects the stochastic na-
ture of the process.

Apart from the formation of wear tracks due to scratching, micro-
ploughing was found to be another predominant mechanism devel-
oping on the polished surfaces processed for longer times. Micro-

Table 1

Change in microhardness results of polished samples
(PA10, PA240, GE10 and GE 240) vs AD condition. HVp
is the average microhardness of the samples in the
polished condition and HVap is the average micro-
hardness of samples in the as-deposited coatings (1330
4 41 HV). Here the microhardness results are shown as
mean + standard deviation values.

Sample AHV = HVp — HVp
PA10 -2+3

PA240 8+7

GE10 -3+8

GE240 4+5

ploughing was mostly observed on samples that have been polished
for longer time duration with both PA and GE media. Micro-ploughing is
a type of abrasive wear which occurs due to plastic deformation of the
material without any material loss and is characterised by the formation
of piled-up ridges to the sides of the wear track (Fig. 8b) [33]. Despite
the occurrence of plastic deformation occurring on the surface of the
coating, microhardness measurements taken at the surface of coated
samples tested for 10 and 240 min did not show significant changes in
comparison with the AD samples (Table 7). The recorded Vickers
microhardness (HV(5) measurements only show negligible average
changes of —2 < AHV < 8. Note that AD samples exhibit microhardness
of 1330 + 41 HV. As the change in hardness due to vibratory polishing is
much smaller than the variation in hardness of the AD samples, this
strongly suggests that work hardening is not a factor on W/WC samples
processed through vibratory polishing. Despite the plastic deformation
which was sustained throughout the entire duration of the polishing, the
W/WC coating is free from cracks (Fig. 9).

In many applications vibratory polishing is purposefully used for
deburring and edge radiusing. However, when used as a surface fin-
ishing technique, it is essential that all the workpiece areas are uni-
formly polished without selective material removal around sharp edges,
otherwise inconsistent coating thickness would result across the sample
surface. Fig. 9a-b show an SEM surface view of a sample edge in the AD
and PA240 which confirm that insignificant material loss with no
functional material loss resulted after 240 min of vibratory polishing.
This behaviour reflects not only the superior coating hardness but also
the strong adhesion that exists between the coating and the substrate.
Cross-sectional analysis of the coating around these edges confirms that
other than a smoothening effect due to a reduction in surface roughness,
vibratory polishing has a negligible effect on the change in coating
thickness and to the functional properties of the coating.

The XRD patterns of vibratory polished W/WC coatings using Pink
Aggi and Grey Ellipse for a duration of up to 210 min match those of the
as-deposited samples (Fig. 10a). Here, all main detected peaks are
attributed to crystalline W peaks with main crystallographic orientation
of {110}, {200}, {211}, {220}, {310} and {321}. Unlike electro-
polishing that selectively removes certain electrochemically active grain
orientation [11], vibratory polishing does not introduce any changes to
the coatings' grain orientation. The absence of any WC peaks can be
attributed to the nanocrystalline nature of WC dispersion in the W metal
matrix that cannot be detected through XRD. Although WC nanocrystals
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Fig. 9. Surface view of a sample edge in the (a) as-deposited and (b) vibratory polished condition for a duration of 240 min using Pink Aggi media.
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Fig. 10. XRD diffractogram of (a) as-deposited and vibratory polished W/WC coatings using Pink Aggi and Grey Ellipse media for a duration of 210 min and (b) a

shift of the W (310) peak.

are not detected by XRD, our previous study using TEM has confirmed
their presence within the W matrix [9]. A closer observation of the peaks
acquired from the vibratory polished surfaces reveals a slight shift of the
W {310} peak from the original 26 position at 100.5° to a lower angle
(Fig. 10b). Note that the shift in the W {310} peak is not accompanied by
peak broadening, suggesting the homogeneity of the stresses across the
coating. This implies that the impact of the media on the surface of the
coating during the vibratory polishing lead to an increase in the
compressive residual stress of the coating.

The shift of the W {310} peak motivates us to analyse the evolution
of residual stresses of the W/WC coatings. The sin?y method from X-ray

diffraction patterns was employed to measure the magnitude and
orientation of the residual stresses in the as-deposited and subsequently
in the vibratory polished coatings. The angle () represents the angle of
rotation of the sample about its surface normal, which is varied from
—45° to 45°. The lattice spacing (d) is calculated using Bragg's law from
the W {310} peak that are found between 96° < 26 < 104°. Residual
stress is then calculated from the coatings' Young's modulus (E) and
Poisson's ratio (v) along with the gradient of d vs sin?y graph (m) (Eq.
(1)). Here, E and v are assumed to be constant with values of 400 GPa
and 0.28 respectively. The d vs sin%y graph of W/WC coatings shows
negative gradient that implies the introduction of compressive residual
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stresses by vibratory polishing (Fig. 11).

This analysis suggests that the magnitude of compressive residual
stress in the coating increases with the vibratory polishing time, where
the largest increases were recorded for samples tested for 120 min and
over (Fig. 12a-b). This behaviour was observed on samples polished with
both Pink Aggi and Grey Ellipse media, where an ultimate maximum
compressive residual stress of —2890 MPa (A1058.3 MPa) and —2531.2
MPa (A631.2 MPa) was recorded for PA240 and GE240 respectively.
Note that the negative value for residual stress corresponds to
compressive stress. The increase in compressive residual stresses is in
agreement with work reported in literature on titanium alloys subjected
to vibratory peening [19]. Compressive residual stresses are usually
beneficial in the surface layers of a material, as they lead to increased
fatigue strength and stress corrosion cracking resistance that ultimately
improve the service life of the material [32,34,35]. Despite this, exces-
sive compressive residual stresses may also cause coating delamination
within the coating and is typically manifested in the form of buckling
[36]. Buckling due to excessive residual stresses is typical in thin films
where pre-existent defects are present at the substrate—coating interface
[37].
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5. Conclusions

In this work we investigate the improvement in surface roughness of
W/WC coatings through the use of two types of abrasive media with
different geometries. This study suggests that vibratory polishing is a
suitable surface finishing technique capable of processing parts with a
deposited W/WC coating (hardness >1300 HV), resulting in no prefer-
ential loss of coating at the surface or sharp sample edges. Following 4 h
of polishing, an average improvement in Ra of up to 0.2 pm and an ul-
timate surface finish of 0.15 pm was recorded for samples polished with
both Pink Aggi and Grey Ellipse media with insignificant loss of material
and change in coating thickness. Micro-abrasive wear and micro-
ploughing were found to be the predominant wear mechanisms,
allowing an overall improvement in surface finish but with the forma-
tion of micro wear tracks. Insignificant changes in the microhardness of
the coating were recorded for the samples tested at the longest dura-
tions. This implies that work hardening is not a factor on W/WC samples
processed through vibratory polishing. For samples that have been
polished for more than 30 min, the compressive residual stresses of the
coating were observed to increase with time irrespective of which
abrasive media was used. The increase in compressive residual stresses
achieved with both media may be beneficial to the service life of the W/
WC coatings due to the presumed increase to the coating's fatigue
strength. In addition to negligible change in coating thickness, the
ability to increase compressive residual stress is one of the key benefits
of vibratory polishing. Nonetheless, from the perspective of efficiency
and achievable level of surface finishing, vibratory polishing is a less
preferred technique compared to electropolishing. The findings pre-
sented herein provide a baseline for further studies into surface finishing
and residual stress engineering of hard coatings and difficult to process
materials. This is highly relevant to numerous extreme engineering ap-
plications that require low surface roughness and stringent geometrical
tolerance.
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