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Abstract

A novel process, relatively fast and scalable ccim,*ar2d to existing ones, has been used to
incorporate carbon nanotubes (CNT) 0.5 wt. % onto commercial WC-Co thermal spray
powder. Nano enabled WC-Co/CNT roatings were obtained by internal diameter HVOAF
thermal spray at three different spr.y ~owers (48, 41 and 34 kW). A general increase in
microhardness and decrease in frac e toughness has been found when adding CNT. Also,
carbide retention index upon .xray was improved by lowering the process temperature and
adding CNT, reaching 99 % :~ th= low power case with CNT. The interplay of these features
has shown an overall be ter 'vear performance in the medium power case without CNT; in
fact, the addition of CNT 1.as improved the wear performance at high power conditions
(reduction of coefficient of friction by half) while reducing the wear performance in medium
and low power. A tailored choice of CNT concentration can offer enhanced mechanical or
tribological properties according to the needs for different applications. This novel process
for nanoparticles incorporation opens the way for the production of large batches of readily

usable nano-enabled powder.
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1 - Introduction

The problem of degradation and failure of moving mechanical parts in contact due to
friction and wear has been tackled in different ways, including design enhancement, surface
modification, lubrication and coating. Coatings are in general a favourable solution for
protecting parts not only from friction and wear [1] but also fr y+m corrosion [2], erosion [3],
thermal shocks [4] and other environmental factors [5]. The pp.ication of a coating to
mechanical parts is a widespread and convenient manufa .tu, » practice as it allows to
combine the optimal bulk mechanical properties and co.t-etficiency of the part itself with

the enhanced surface properties endowed by the co.*ins,.

Thermal spray is a well-established coating tect n'gL e with the capability of coating broad
areas in little time with high-hardness we~. resistant coatings [6] but, as most line-of-sight
techniques, it encounters limitations whe.. spraying parts with complex geometries or
narrow apertures. In fact, traditional th.*mal spray cannot deposit coatings in the inner
surface of narrow parts, with the exc '0’.ion of the more exterior sections if the thermal
spray jet is directed towards th2 «orget at an angle. This can cause a modification of coating
properties such as hardness ai.1 porosity compared to the spray carried out at an optimal
incidence angle. Recent ".ec. nological advances with new compact thermal spray gun
designs have allowed in.~rnal diameter (ID) spray in narrow apertures such as pipes, engine
cylinder bores and hollow parts in general. Most ID thermal spray guns designs involve a
right-angle shaped expansion nozzle where the length must be kept at a minimum in order
to fit in the narrow aperture [7]. Also, the stand-off distance between the gun exit and the
part has to be long enough to provide a proper acceleration and melting of the feedstock in-
flight [8] while preventing overheating of the target, additional reasons for the need of gun
miniaturisation. Additional challenges in ID spray are the ability to rotate the gun and/or the
part to allow even coating deposition, and to provide good removal of oversprayed particles

avoiding redeposition inside the narrow part. ID coatings have so far been applied to



internal surfaces as narrow as 70 mm in diameter, without compromising the quality of the

coating [9].

The choice of materials to be used as wear-resistant coatings includes mainly cermets [9,10]
and often comprises very hard phases like nitrides and carbides such as TiN, TiC, SiC, and
W(C and a metallic binder. WC is often the best choice among these due to its higher Young's
modulus, lower thermal expansion coefficient and hardness stability over a wider range of
temperatures [11]. WC usually is sprayed together with Co due to their high wettability; Co
acts as a binder yielding a strong bonding to keep together the hard WC phase in forming a
hard, wear-resistant coating [12]. This material constitutes one of the industrial gold
standards for high wear resistant applications in harsh envirc nme nts for oil and gas,
metallurgy, mining and nuclear industries. Nonetheless, t.>ere is an interest in widening the
applicability, durability and reliability of WC-Co coatir g~ 1" trther improvements in wear-
resistant coatings have recently been explored by pow. =r densification [13] or by adding
small fractions (<5%) of nanofillers such as cark >r -k ased materials as graphene
nanoplatelets (GNP) and carbon nanotube_ Ci.T) [14] or other lamellar materials as WS,
and MoS; as reinforcements phases. Thes. carbon allotrope materials are overall
characterised by high Young’s modulus {15,16] and/or solid lubricating properties [17] and
offer enhanced microhardness [18] a \d reduced friction properties [19] to the materials
they are added to. In particular, UMTs are characterised by a fibre-like morphology which
allows them to bend and easn, auhere on curved surfaces, making them suitable for
incorporation in composte ~oatings. These nano-enabled materials have the potential of
pushing forward the cu, -ent limitations of wear-resistant coatings, such as durability and
friction, by providing novel, enhanced tribomechanical properties [20]. At the same time,
there is still a need for developing efficient ways to incorporate CNT into coatings and
understanding the interplay between their addition and the spray conditions have on the

final coating performance.

In this work, CNTs nanofillers have been added to commercial WC-Co powder using a novel
ultrasonication-based setup which provided efficient dispersion of CNTs throughout the
surface of the powder particles, with promising scale-up possibility compared to existing jar
milling methods [21]. The combination of WC-Co and CNT was sprayed using an ID HVOAF

gun at three different spray conditions, where the HVOAF gases total flowrate varied to



provide three different flame powers. The aim of the work is producing wear-resistant
coatings with enhanced tribomechanical properties for ID application thanks to the addition
of CNT nanofillers. The mechanical, structural and tribology properties of the coatings have
been analysed and the influence of the three sets of spray parameters and the addition of
CNT has been studied. The proposed mixing setup has the potential to be applicable to

many different combinations of nanoparticles and commercial powders.
2 - Material and methods
2.1 - Materials

A commercial WC-Co 83-17 powder (AMPERIT® 526.059, H6r anc 5, Germany) with nominal
particle size of 30/5 um and multi-walled CNT (abcr, Gerniany' with 50 nm nominal
diameter and 1-2 um length, were used as powder feea.*ack. The CNT powder was
suspended in deionised water with the addition of 0.2 w'’..% Sodium Dodecyl Sulphate and
mixed using an ultrasonicator (Fisher Scientific, ‘s ‘ted Kingdom) for 1 hour. The WC-Co
powder was then added to the suspension, w th a tinal CNT concentration of 0.5 wt. %
compared to the WC-Co weight. This prc-ess can efficiently handle 50 g WC-Co powder per
batch, and needs to be repeated to re>ch the desired amount of feedstock. The mixture was
further ultrasonicated for 1 hour; ir. this part of the process the WC-Co particles come in
contact with the suspended CN7 wh.ch adhere on their surface in forming the composite
particles. The mixture was th~n ('ried in an oven overnight at 60 °C and again mixed using a
Turbula shaker mixer (WAR. 2+ tzerland) with fixed rotational speed for 10 minutes. The
CNT concentration ir. .\he T=al powder is again 0.5 wt. % compared to the WC-Co weight, as

there is no loss during t'is process.
2.2 - Thermal Spray

Three sets of spray flowrate parameters were used in order to obtain three different flame
powers, labelled as high power (HP), medium power (MP) and low power (LP). The
corresponding normalised flowrate values are presented in Table 1. The various flowrate
regimes have an effect on the combustion process inside the HVOAF gun and of particular
importance is the air flowrate, which has an effect in lowering the flame temperature since
only part of it will actively take part to the combustion process. The different flame power

values will increase both the flame temperature and velocity as the power increases: this



has the dual effect of increasing the temperature of the particles but also decreasing their
residence time in the flame due to a higher flame velocity. Throughout the paper the aspect
of temperature will be mainly considered as it is the major effect of the change in power,
but the interplay of higher temperature-shorter residence time is always present and must
be kept in mind. The spray setup is the same as described in our previous work [9] with an
ID HVOAF gun [22]. The powder was fed using a volumetric disc-based powder feeder, with
slight adjustments in RPM and carrier gas flowrate to keep the powder feed rate constant in
all runs. The coatings were deposited on AlSI 416 stainless steel discs (hnominal composition:
12-14% Cr, 1.25% Mn, 0.15% C, 0.15% S, 0.6% Mo, 0.06% P, 174 Si in wt. %) of 38.1 mm

diameter and 6 mm thickness. The discs were grit blasted an‘s cicaned with acetone prior to

spray.

Table 1 — HVOAF flame power and gases flowrates.

HVOAF setup Power (kW) 0, %) H, (%) Air (%)
HP - High power 48 25 59 16
MP — Medium power 41 23 49 28
LP — Low power 34 7 35 58

2.3 - Material characterisatio.

X-Rays diffraction (XRD) was :arried out using a D8 Advance Da Vinci diffractometer (Bruker,
Germany) with Cu cathoc 2 (k, wavelength A = 1.5406 A) and 06-20 Bragg-Brentano
geometry. The diffractograms were acquired in the angular range 20° < 20 < 70° at 0.02°
steps with 0.2 s dwell time. The peak matching analysis has been carried out using Match!
software (Crystal Impact, Germany). The carbide retention index (CRI) was calculated after

background subtraction according to [23] by using Equation 1:

CRI = —we (1)

Iwce+lw,cHlw

with the intensity / of the peaks corresponding to WC, W,C and W measured at the positions
206 =35.7°,20 =39.8°and 26 = 40.5°.



The scanning electron microscopy (SEM) characterisation of the coatings was carried out
using an XL30 SEM (Philips, The Netherlands) for the top surfaces, cross-sections and wear
tracks and a 7100F FEG-SEM (JEOL, Japan) for the WC-Co/CNT powder, in order to resolve
the finely dispersed CNTs. Cross-sections were prepared by SiC disc cutting and hot
mounting in conductive resin, ground using diamond (P900) and SiC (P1200) pads and
polished using 6 pum and 1 um diamond pads. Microhardness measurements were carried
out on the cross-sections of the coatings using a Vickers microhardness indenter (Buehler,
USA) by averaging the values from 10 indents made at the centre of the polished cross-
section of the coatings, with a load of 300 gf and a dwell time ~f 10 s. Fracture toughness
measurements (k.) were carried out again on the cross-sectir.ns ~f the coatings using a
Vickers microhardness indenter (Vickers instruments, Uni’.eu Kingdom) according to the

Evans and Wilshaw method [24] according to Equation \?):

k. = 0.079 (%) log («52) (2)
where P is the load, c is the crack length a=~ a < the indent half diagonal. The results were
obtained by averaging values from 5 inde. *s made at the centre of the coatings, with a load
of 5000 gf and a dwell time of 10 s. All \~e indents and cracks respected the applicability
rule 0.6 < c¢/a < 5. The porosity was v 2asured by area fraction using ImagelJ on optical
microscopy images of the cross-soctions of the coatings, as they offered better contrast
than SEM images avoiding coi.fus.on with dark phases. A threshold was chosen to separate
the dark phase area Ay, . responding to the porosity, with the remainder area, with the
resulting porosity being 4,5 = Agp/A¢or- To this end, three areas of interest of A, =
(200x200) um? were used for each sample and the results averaged. Raman spectroscopy
measurements were carried out to analyse survival and structural integrity of CNTs. The
instrument used is a LabRAM Raman microscope (Horiba Jobin Yvon, Japan) equipped with a
532 nm laser at 0.3 mW power. A confocal pinhole of 500 um and a diffraction grating of

300 lines/mm were used.
2.4 - Wear tests

Wear tests were carried out using a Ball-on-disc tribometer (Ducom Instruments, The

Netherlands) against a 6 mm diameter WC-Co counterbody ball (Dejay, United Kingdom)



with nominal surface roughness R, = 0.04 um. The WC-Co ball nominal composition is WC —
6 wt. % Co and its nominal hardness is 91 HRA which is equivalent to 1490 HV10. The top
surface of the coatings was prepared for wear tests with the same grinding and polishing
procedure used for cross-sections. All the tests were carried out at the same experimental
conditions: 60 N load, 10 mm track diameter, 200 rpm angular speed (0.1 m/s linear speed
at the contact point), for a total sliding distance of 2000 m. The wear tracks depth profile
was measured using a Talysurf contact profilometer (Taylor Hobson, United Kingdom): 8
traverse profiles across the wear track equally distanced throughout the wear
circumference were measured, averaged and multiplied with {12 wear track length to
calculate the volume wear loss. The counterbody volume los., a.” was calculated
geometrically assuming the removal from a ball of radius 01 3 spherical cap of depth d,

whose cap base a was measured by optical microscopy, ~ccording to Equations 3 and 4 [25]:

d=r-ViZ—@& A

da

AV =md? (v —
\ 3

(4)

The wear mass loss of both coating and counterbody ball was measured using a precision
scale with 5 significant figures, and srec.ic wear rates were calculated by accounting for
load and total distance. The specific v ‘e r rate was then calculated by dividing volume and

mass loss by the applied load ana .ear test distance.
3 — Results and discussion

3.1 - CNT incorporatio.. o1, WC-Co powder

The sonication process ur the WC-Co and CNT mixture in water had a dual effect in breaking
the CNT agglomerates and allowing mixing of the WC-Co particles, which over time came in
contact with the CNT. The outcome of the process is presented in Figure 1, where FEG-SEM
images of the WC-Co/CNT particles are shown. In Figure 1a the WC-Co/CNT particles are
visible at low magnification, where the WC and the Co binder phase can be seen in the
typical hollow spheroidal shape. The CNTs, not evident at low magnification, can be seen in
the high magnification image of Figure 1b. Here, these appear as small, scattered fibres
nicely dispersed all over the WC-Co surface, with a very high concentration in some areas

such as in the bottom left of the image. The lightweight and high surface to volume ratio of



the CNTs offers an effective van der Waals attraction which keeps them attached
throughout the process from drying up to the spray stage. The outcome of this process is a
hybrid powder that includes both the WC-Co and CNT materials and is readily usable as a
powder feedstock for thermal spray, with controlled WC-Co to CNT ratio and little reduction
in flowability. This novel process has the benefit of being relatively fast and scalable
compared to existing CNT incorporation processes for thermal spray [26], opening the way

for the production of large batches of readily usable nano-enabled powder.

Figure 1: Powder feedstock imaging — FEG-SEM images of WC-"0, “NT powder at low (a) and
high (b) magnification. The typical hollow WC-Co particles ror.~~sed of WC grains held
together by the Co binder are shown, with the added CNT u2%ering to their surface. The
CNTs are dispersed throughout the particles with var /iny density from sparse (black arrow)

to dense (white arrow).
3.2 — Cross-sections and mechanical propert'2s ciiaracterisation

The polished cross-sections of the coating. «n SEM SE image are presented in Figure 2. The
deposited thickness per pass was previc 'sly measured and found to decrease with
decreasing flame power, from 12.5 un “or HP, to 10.5 um for MP and 9 um for LP, with no
difference with or without CNT. A!' coatings show a well-bonded interface between the
coating and the substrate witi, no interfacial porosity. The porosity within the coatings is
reported in Table 2, witk ve.v iow values (< 1%) in all the coatings except in the HP WC-Co
case, where porosity is 1.'gher than 4%. Different flame powers appear not to affect the level
of porosity globally; however, the 4% porosity case happens to be at high power, where the
flame temperature is higher. Overall, the presence of CNTs, which ensures better heat
dissipation, and lower power, which lowers the flame temperature, help keep the coating

temperature lower during deposition and then hinder the formation of porosity.

Figure 2 — Low magnification coatings cross-sections - SEM BSE images of the cross-sections
of the coatings obtained in high, medium and low power, with and without CNT. A compact

morphology with limited porosity is shown, with a porosity-free coating/substrate interface.



The varying thickness arises from a varying number of passes when depositing the different

coatings.

Table 2 — Coatings porosity measurements.

Porosity WC-Co WC-Co/CNT
HP — High power (4.4+£0.5) % (0.8+0.4) %
MP — Medium power (0.6+£0.2)% (0.8+£0.2)%
LP — Low power (0.8+0.1) % 0.8+0.1) %

The high magnification microstructure of the coatings is s Yow 1in the SEM BSE images in
Figure 3. Here it is possible to observe the typical WC Tn . ~icrostructure, with WC particles
(bright phase) embedded in a Co binder matrix (grey p. 1se). The porosity appears as black
whereas additional features characterised by a 1i;,n~r atomic mass density, such as
elemental W or W,C phases, appear as thr "“rightest phase; these can be seen at the WC/Co
interface at the outer edge of the WC pat.* les, as marked by circles in both MP images and
in the HP WC-Co image. These features ~re most likely present in the coatings obtained at
all powers, with a different frequency from one coating to another, as they are a by-product
of the high temperature spray nr. ~ess itself. One additional interesting feature that occurs
upon spray is the WC particles <iz¢ refinement, of which one clear example is marked by the
square in MP WC-Co wh-:re a cracked WC grain is shown. This does not compromise the
quality of the coatings «~d can be conversely beneficial for their performance [27]. CNTs are
not visible in these images as they are below the resolution threshold for SEMs in cross-
section, and furthermore, the cross-section sample preparation is too aggressive for these

nanoparticles.

Figure 3 — High magnification coatings cross-sections — SEM BSE images of the cross-sections
of the coatings showing the typical WC-Co morphology with WC grains embedded in a Co
matrix, identifiable thanks to Z contrast. Some features are highlighted such as WC
decarburisation upon spray as shown by the brighter boundaries of the WC grains in the

circles, and cracking of the WC grains upon spray as shown by the grain in the square.



The effect of CNTs on coatings microhardness is, however, evident, as shown in Figure 4a,
where a net increase in microhardness both in the HP and in the LP case is associated with
the presence of CNT. On the other hand, in the MP case it is the WC-Co coating which has
the highest microhardness, even if the difference is very small, reaching the highest
microhardness of all the coatings of about 1300HV. As the power is decreased, the WC-
Co/CNT coatings show a slow descending trend in the hardness values, whereas no trend is
identifiable in the WC-Co case. Concerning fracture toughness, the results are shown in
Figure 4b, showing a general fracture toughness reduction whe." CNTs are added. This has
been reported in the literature [28] as the CNTs themselves (an k e seeds for formation and
propagation of cracks, thus decreasing the toughness of t e n aterial they are added to.
Similarly to microhardness, a general descending trer is -een for the fracture toughness of
the coatings containing CNTs as the power is decrease.' possibly suggesting a less compact
coating. If WC/Co samples are considered, agai'1 ro *rend is identifiable and the highest
fracture toughness is found in the MP casr; hco vever, comparable within the error with the

HP case, around 8 MPa-mY/?2

. Note that tr.o coatings were deposited using a different
number of passes, therefore the result.~g difference in thickness as evident in Figure 2. The
comparison of their mechanical prop :rt'es is, however, reliable as their thickness is always
higher than 150 um, which is much larger than the size of the indents, hindering the

contribution from the substra:= . the embedding resin.

Figure 4 - Coatings Vick=rs microhardness (a) and Fracture toughness (b) of the coatings.

A comparison of the mechanical and microstructural properties of the coatings in this work
with results reported for coatings obtained with HVOF of similar powders confirms that the
best performing coatings here reported are positioned around the high-end specification for
microhardness, fracture toughness and porosity [29-31], notwithstanding the miniaturised

gun for narrow apertures and very short stand-off distance.

3.3 — XRD phase characterisation and carbide retention



XRD was performed on the WC-Co powder and on the coatings to study phase changes and
decarburisation. The by-products of decarburisation are the W,C and elemental W phases,
which are undesirable as they can worsen the performance of the coating [32]. The XRD
spectra are shown in Figure 5a, where all the different phases found are marked. The WC-Co
powder spectrum shows the two expected sets of WC and Co peaks and a faint amorphous
region around 26 = 30°. In all the spectra of the coatings, the WC peaks are still present, but
the Co peaks disappear. This is due to the melting of the crystalline Co into the amorphous
matrix that binds the WC particles together in forming the coating. Minor dissolution of C
and W in the Co matrix in forming Co6W6C yielded the partial’ amorphous region centred
at 20 = 43°, which has more crystalline character in LP. Addit’on.! peaks appear upon spray
in the spectra of the coatings, namely those correspondin s tc W,C and W phases: these
peaks appear since WC decarburised due to the high te, ~oerature of the spray process.
Consequently, these peaks are more pronounced at ."igh power and are instead very weak
or non-identifiable at lower power. Quantitative:, the carbide retention index was
calculated and is presented in Figure 5b. The high yower case is the clearer one, with very
minor carbide loss upon spray, while in Z1e raedium power case there is a mixed result
depending on the presence of the GIix. Overall, the effect of decreasing the power, thus
lowering the process temperature, ‘s *1 >* of lowering amorphisation and decarburisation. In
order to assess the effect of the uresonce of CNT on decarburisation, the interesting case is
in fact the medium power, whe, ~ W,C and W peaks are visibly more pronounced in the WC-
Co case compared to the W €7,/CNT case. The carbide retention index increases in fact
from around 0.88 up .1 a!mrst 0.95. This finding suggests that the presence of CNTs has a
similar effect to that of 7 :creasing the power and keeping the process temperature low,
possibly by helping to keep the coating temperature low thanks to their high thermal
conductivity. At the same time, the presence of CNT has a negligible effect in the extreme
cases of low and high power, where the power itself has a significant effect in determining

the retention of carbides.

Figure 5 — a) X-rays diffraction — XRD of the powder and coatings. The powder shows typical
WC and Co phases. The coatings show an amorphous hump originated from minor W and C

dissolution in the Co matrix, showing the increasingly amorphous character as the flame



power increases. Evidence of decarburisation is shown in high and medium power as two
main additional peaks from W,C and W appear at around 40°. b) Carbide retention index
calculated for the different coatings based on the WC, W,C and W XRD peak intensities
according to the method in [23].

3.4 — Raman spectroscopy and CNT degradation

The low concentration of CNTs (0.5 wt. %) makes them non-detectable with XRD, where
normally only phases above 2 wt. % can be properly identified. A more efficient way of
detecting and studying CNTs is Raman spectroscopy. A Raman spectrum from the as
received CNT powder is presented in Figure 6a, showing the D, 5 «~d 2D bands which are
typical of carbon allotropes, and an additional higher-orde” N~ 2’ band. The relative change
in height and shape of these bands yields information o t1.2 structural degradation CNTs
may have undergone [33], in particular within the sir gle "ube wall (D band) or between the
different tube walls (2D) [34], in analogy with graph :ne 1.yers stacking [35]. An increase of
the intensity of the D band compared to the ¢ L. ne, and a decrease of the intensity and
broadening of the 2D band would sugge< st uctural degradation has occurred:
substitutional atoms, vacancies, lattire distc.tions or stacking faults. When comparing the
as-received CNT spectrum with the <>ctia from randomly chosen areas containing CNT
from HP, MP and LP coatings, in T 'res 6b, 6¢ and 6d, it emerges how the relative height
and shape of the bands is very :imuar in all the spectra, with minimal differences
attributable to the particulor CN T-containing area of choice, indicating no or minor
degradation has happen=d a; a result of feedstock preparation and thermal spray
deposition. The short inte raction time between the feedstock and the thermal spray
combustion flame, of the order of milliseconds, prevents any major spray-induced
degradation, as reported from previous works involving carbon allotropes [18, 36].
Furthermore, WC-Co powder has been shown to act as a carrier and to provide thermal
shielding to CNTs when sprayed using HVOF, plasma spray and cold spray [37], and is

confirmed in this work for HVOAF in ID configuration.

Figure 6 — Raman spectroscopy — Raman spectra of the CNT as-received powder and of the

CNT present in the coatings obtained at the three power conditions. All the spectra show



very similar features with the main D, G and 2D bands typical of graphitic structures. The
relative height of the bands is similar for all spectra indicating than no major CNT

degradation has occurred upon spray.
3.5 — Wear performance

Wear tests were carried out on the coatings to assess their wear resistance and friction
properties. The specific wear rates in terms of volume and mass are presented in Figure 7a
for the coating and 7b for the counterbody. The presented results are averages from two
repeated tests, with standard error used as associated uncertainty. All the trends from the
mass measurements agree with the volume measurements, v-'idaing the relevance of the
results. Concerning the coating, interesting trends emerge *-0,.x i-igure 7a, where all the
coatings containing CNT appear to have a higher specific wez. rate than their WC-Co only
counterparts, by approximately a factor 2. As the pewer ~hanges, it can be noticed how HP
and MP perform similarly, with slightly lower specifi. wecr rate for MP, whereas LP presents
higher specific wear rate, of approximately a fac'nr 2 compared to HP and MP, which results
from the overall lower microhardness as ore ;ened in Figure 4.

A different picture emerges from the counte - body specific wear rate in Figure 7b. Here, the
presence of CNT is associated with 2 >;7nivicant reduction of specific wear rate in HP,
whereas a slight increase is seen i1 “r and LP, in line with the coating behaviour.
Concerning the power, a gene. 3l decreasing trend in the specific wear rate is seen as the
power decreases, with LP p-ese .ting the lowest counter body specific wear rate for both
WC-Co and WC-Co/CNT. The HP high specific wear rate in the WC-Co case can be explained
by the much higher poros 'ty presented by this coating as in Table 2, which can favour a
more abrasive wear behaviour, particularly detrimental for the counter body. Considering
the combined coating and counter body specific wear rate, MP WC-Co is the coating
providing the most efficient wear resistance in these test conditions. A comparison with a
similar work [14], noteworthy thanks to the small differences in the spray setup and
feedstock chosen, suggests that similar or lower values of specific wear rate are achieved in
our work possibly. In their case, the addition of CNT improved the wear rate due to an
improvement of the microhardness and fracture toughness of the coatings; however, in our
case the addition of CNT does not improve the specific wear rate since the microhardness is

enhanced but the fracture toughness is not. At the same time, our microhardness and



fracture toughness values are generally very high, ensuring a very low wear rate for all

coatings, with and without CNTs.

Figure 7 — Wear tests - wear rate — Specific wear rate of the coating (a) and of the
counterbody (b) where the blue histograms indicate the volume loss (left y axis) and the
orange dots indicate the mass loss (right y axis). The values are obtained by averaging two

tests and the associated error is the standard error.

Additional insight into the wear tests is provided by the frictio.: ‘nformation, presented in
Figure 8. Figure 8a shows the coefficient of friction over diste nce for the various coatings. It
is noticeable how both HP coatings present an unstable b :ha ‘iour, with sudden changes in
coefficient of friction, whereas all the others show smoc*hly varying coefficient of friction
curves. There is also, in general, a bedding in spike, e.-cer t for the HP WC-Co coating. The
atypical behaviour of the HP coating can be attrii,. ted to its high porosity. Regarding the
guantification of the coefficient of friction fo: coniparison, as suggested by steady-state
values and supported by average values ‘n F.gure 8b, MP WC-Co coating offers the lowest
coefficient of friction of all. Among ti.> coatings with CNT, HP WC-Co/CNT is offering the
lowest average value, and an increzsirig *rend can be identified as the power goes from HP
to LP. The effect of the addition ©f C. T on the coefficient of friction is negligible within the
errors in LP condition, causes ai. approximate 50% increase in MP and a 50% decrease in HP

condition.

Figure 8 — Wear tests — Coefficient of friction — (a) Coefficient of friction as a function of
distance of the first wear test and (b) coefficient of friction averaged over the whole distance

of the two tests with standard deviation as associated uncertainty.

SEM images of the wear tracks provide a deeper insight in the wear behaviour. The HP
coatings are shown in Figure 9. A similar surface preparation was undertaken for all samples
which may lead to some variation of residual surface roughness at the beginning of the wear
tests, which can have an effect on the initial wear cycles but will yield negligible effects on
the wear test as a whole. A comparison of the low magnification SE images in Figure 9a and

9b shows how the WC-Co/CNT wear track is more pronounced and contains a higher



amount of debris than the WC-Co. These features suggest a three-body wear has occurred
in this case, which has the dual effect of lowering the coefficient of friction while causing
abrasive wear and then a higher wear rate, as confirmed by previous analyses. From the
high magnification BSE images in Figure 9c and 9d, cracked oxidised patches are visible in
both coatings, while some pores are visible in WC-Co only, which are likely to be due to the
initial high porosity instead of grain pull-outs. The WC-Co/CNT coating on the other hand

shows signs of ploughing, as a result of the three-body abrasive wear.

Figure 9 — Wear track imaging of coatings sprayed at high power - SEM BSE images of the
wear tracks of the HP (a, c) and HP CNT (b, d) coatings. The m..’~ features presented include
debris in (b) and oxidised patches in (c) and (d) where sicns ~f cracking and ploughing

(horizontal marks indicated by the arrows) are preseiit.

Considering now the MP coatings presented in Fig ire 10, it is again possible to detect a
more evident wear track in WC-Co/CNT comg areu to the WC-Co case, where only a very
faint mark is visible. As a support to this, in Tigure 10c it is shown only an early onset of
oxidation whereas in 10d extended o.:idised patches with cracks are visible. Abrasive wear is

here not evident, as little debris is [ rese =t and no ploughing marks can be found.

Figure 10 — Wear track imc ~ing of coatings sprayed at medium power - SEM BSE images of
the wear tracks of the v.P (a, c) and MP CNT (b, d) coatings. A very faint wear track is shown
in (a) with corresponding small oxidised patches and limited cracks in (c). Conversely, a

higher amount of oxidised patches along with signs of ploughing and cracks are shown in (d).

The LP coatings shown in Figure 11 offer a very different picture. The wear tracks in Figure
11a and 11b are both very evident, and also narrower compared to the previous coatings
obtained in HP and MP conditions. Here, the coating is wearing to a great extent compared
to the ball, leading to a deep and narrow track, as confirmed by the previous wear rate
analyses. The BSE images in Figure 11c and 11d both show a high amount of oxidation and
cracking, in line with the higher amount of wear occurred and higher than all the coatings
analysed so far. Some debris is present though not as much as in HP WC-Co/CNT case,

however, ploughing marks can be easily seen as a higher fraction of the wear track has here



transformed into the softer oxidised patches, more subject to ploughing marks.

An SEM-EDX characterisation, not shown here, of an oxidised patch from the wear track of
sample HP WC-Co chosen as an example, has revealed both Co and W oxides are present
and therefore form upon wear testing. Tribo-oxidation of both Co and W is therefore one of

the mechanisms of wear.

Figure 11 — Wear track imaging of coatings sprayed at low power - SEM BSE images of the
wear tracks of the LP (a, c) and LP CNT (b, d) coatings. Narrow hut clearly visible wear tracks
are shown in (a, b) with corresponding extensive oxidised patches [ (c, d). Large cracks

appear in particular in (c).
3.6 - Effect of flame power and CNT addition

The change in flame power yields several noticeable 1, ~cts in the coatings and their
performance, although it is not always possible tc d :tect a monotone trend in the
properties of the coatings as the power ck.~ge> As reported in Table 1, in the low power
case the air flowrate is much higher than 1. the other cases and the flow rate of oxygen is
the lowest. A comparison between low cnd medium flowrate is more complex as the two
combination of gases have a similar cxvzen proportion, where in the medium flowrate the
additional air counterbalances :hc lower flow rate of oxygen and hydrogen. As a general
trend, a lower power yields lo. ‘er microhardness and fracture toughness, lower
decarburisation, higher r.oa.'ng specific wear rate, lower counter body specific wear rate
and a higher degree of L‘idation in the worn surface. Considering wear resistance, the MP
WC-Co coating shows a collection of the most desirable properties: the lowest porosity, the
highest microhardness and fracture toughness, lowest specific wear rate, lowest coefficient
of friction and a wear track with little oxidation and debris. On the other hand, it is
characterised by decarburisation to the greatest extent among all coatings here presented,
but this does not compromise the performance of the coating. If the mating surface was to
be protected instead of the coating itself, here it is the LP WC-Co coating showing the
lowest counter body specific wear rate. Its combined effect of relatively low microhardness
and fracture toughness is playing the major role in this, as it favours the sacrificial wear of

the coating itself instead.



The addition of CNT has shown a variety of effects on the structure, composition and
tribomechanical properties of the coatings. CNT thermal conductivity has been reported in
the 2800-6000 W/mK range [38-40], which is one order of magnitude higher than that
reported for WC-Co (60-160 W/mK) [41,42]. The presence of CNT, thanks to their high
thermal conductivity, enhances the thermal conductivity of the coatings, offering a better
heat dissipation and ensuring a lower sample temperature during spray. This effect is
highlighted by the lower porosity in the HP CNT case compared to the HP case, and
especially by the lower amount of decarburisation detected by XRD in the MP CNT case
compared to the MP case. This effect does not yield measurak e improvements to the wear
tests but can be relevant and beneficial in high temperature py'ications where heat

depletion is needed.

Alongside, a clear increase in microhardness has beer. “au.>d in HP and LP conditions when
CNTs are added. This effect has been found elsewhere .nd is expected due to the
exceptional mechanical properties of CNT [16], w!iich enhance those of the coating. An
unexpected effect is that of medium powr. sp, ~v condition, where the microhardness does
not improve with the addition of CNT ana, onversely, slightly decreases. In this case the
WC-Co microhardness is already very h.-h, and the CNTs are not able to improve it further.
The beneficial effects of adding CN1s to WC-Co emerge in the high power case where, in
addition to the increase in microi.~rdness, both counter body wear rate and coefficient of
friction are substantially decre ~sed, offering a favourable scenario if the mating surface has
to be protected and if a 'ow energy dissipation through friction in the form of heat is

desirable.

It is worth noticing that wear performance, when adding CNTs, generally decreases in the
other two cases: medium and low power. CNT are found here to generally decrease the
fracture toughness of the coatings, as does lowering the power from high to low. The
combined effect of these two parameters brings the fracture toughness of MP CNT and LP
CNT below the threshold of 5 MPa-ml/Z, leading to a poorer wear performance and
therefore hiding any possible benefit of CNT addition to wear performance, which in fact
emerges only in the HP CNT case. Overall, the coatings showing a higher fracture toughness
are also those showing a better wear performance (lower specific wear rate). Since one of

the main failure mechanisms is cracking, with following material removal and debris



formation, the coatings with higher fracture toughness are better at reducing this wear

mechanism.

The three different flame power parameters also influence the CNTs in-flight. Even if CNTs
are known to be able to survive thermal spray [14], as are other 2D materials both as
nanocomposites [19] and alone [17], a certain amount of degradation should be foreseen
due to the high temperature and oxygen presence in the flame. This degradation has not
been detected in this work, where CNTs in the coatings showed pristine Raman spectra, but
may be detected by a comparison of the concentration of CNT in the final coatings
compared to the starting powders, which is beyond the scope . this work. The heat
resistance of CNTs is remarkable even at high temperatures «f th :rmal spray, especially due
to their high thermal conductivity and strong covalent bo. dec structure. Regarding
oxidation resistance, the HVOAF flame can be tuned *_ nrcvide different stoichiometries of
fuel to oxygen which in this work are around 2.1% for 1 ¥ conditions and 1.7% for MP and
LP. This yields a slightly reducing atmosphere fcr ' P and oxidising atmosphere for MP and
LP, which suggests an overall lower degra~.ztio.> of CNTs upon thermal spray and adds up to
the explanation why HP coatings are the 1. st benefited by the addition of CNTs. Another
aspect that goes beyond the scope of h.- work is the change in CNT concentration. The
addition of a higher concentration of CMNT has been shown to improve the tribology and
wear properties of CNT composiics: this at the expense of microhardness, which in turn is
reduced [43], and fracture tou_hness. Therefore, it is advisable to tailor the CNT
concentration according (o “he aimed application and optimise tribological or mechanical

properties.
Conclusion

WC-Co/CNT coatings have been deposited with HYOAF and the effect of changing spray
parameters as well as the effect of CNT addition has been investigated.

CNTs were successfully incorporated using a novel setup in commercial WC-Co powder for
thermal spray, undergoing no or minimal degradation upon ID-HVOAF thermal spray as
confirmed by Raman spectroscopy. Low power and the presence of CNTs helps hinder
decarburisation by keeping the process temperature lower and favouring heat dissipation.
The HP conditions are the most benefited by the addition of CNT, with a reduction in

coefficient of friction by half, an increase in microhardness and a decrease in porosity and



counter body wear rate. However, not all the samples benefited by the addition of CNT as
the decrease in fracture toughness can disrupt wear performance.
The applicability of this process extends beyond the scope of this work offering a practical

way to develop various combinations of commercial powders and nanofillers.
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Graphical abstract

Highlights

° A novel setup was developed to incorporate ~arbon nanotubes in commercial
WC-Co powder for thermal spray.

° As confirmed by Raman spect.0s :0p,, carbon nanotubes undergo no or minimal
degradation upon internal diamcter high velocity oxy-air-fuel thermal spray.

° Decarburisation upon sp~: 1s reduced by low power (lower process
temperature) and the e._nce of carbon nanotubes (better heat dissipation).

° In high power conc'tiorns, carbon nanotubes halve coefficient of friction,

increase microkardr 2ss and reduce porosity and counterbody wear rate.



