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The effect of niobium ion implantation on the surface and scratch properties of a WC-5wt.%Ni cold
sprayed coating was investigated with accelerating energies of 60 and 170 keV and fluences of 5 X 10'® and
8 x 10'® ions cm 2, respectively. High-resolution Rutherford backscattering spectroscopy spectra revealed
that Ni-Nb and WC-Nb amorphous la;/ers had likely formed. Using ion implantation parameters of 60 keV
with a fluence of 8 x 10'® ions em™ (coating 608-NB), higher Nb peak intensities were found. Oxide
formation in the form of NbO, NbO,, and Nb,O5 was detected with high-resolution x-ray photoelectron
spectroscopy spectra analyses on the 608-NB coating, in conjunction with the intermetallic, thereby having
the best coating properties: higher hardness, low roughness, and scratch properties compared to the other
ion-doped samples. The failure mechanisms of all the coatings were found to be similar, showing angular

cracks, cone cracking, and primary delamination.

Keywords coating, cold spray, ion implantation, Nb, scratch test,
WC-Ni

1. Introduction

The use of ion implantation surface treatments onto metals
and ceramics has been performed over several decades to
enhance oxidation and wear resistance, as well as increasing
material lifespan. Metal ions such as W7, Ta", Mo", Ru", and
Nb" have been successfully deposited into metal and ceramic
substrates, with the ions penetrating the substrate material,
resulting in higher hardness, corrosion, and wear resistances
(Ref 1-3). It has also been shown that ion radiation at non-
optimal implantation energies may adversely affect the surface
topography of the substrate material and can cause surface
roughening.

To date, research into the use of Nb" ion implantation into
aluminum and titanium-based coatings has yielded better
coating properties such as higher hardness, high temperature
oxidation resistance (Ref 2), and improved sliding wear
properties (Ref 1, 5, 6). In these studies, the ion radiation
was done using an accelerating energy ranging from 40 to
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180 keV and fluences of 1 x 10'®to 8 x 10'7 ions cm™ (Ref 5-
9). Furthermore, niobium ions in intermetallic compounds have
shown good mechanical and tribological properties, especially
for high-temperature oxidation resistance where superior prop-
erties over Cr and Mn intermetallic alloys were observed (Ref
10). Thus, in the current study, the effect of Nb* ion
implantation into cemented tungsten carbide—nickel (WC-Ni)
cold sprayed coatings was investigated. Cemented tungsten
carbide coatings are employed extensively in the manufacturing
and mining industries where they provide improved hardness
and wear resistance to both tooling and wear parts. These
coatings are typically produced using high-temperature depo-
sition methods such as high-velocity oxy-fuel (HVOF), wherein
the coatings often experience undesirable characteristics such
as thermal oxidation, phase transformations, carbide grain
growth, and even tensile residual stresses (Ref 11).

Alternatively, cold sprayed coatings, which employ much
lower deposition temperatures, have shown the absence of these
undesirable traits. However, there are some disadvantages of
cold sprayed cemented carbide coatings which need to be
overcome before they can become commercially competitive
with their high temperature counterparts. These disadvantages
include a low retention of the WC phase in the coating and
erosion of the substrate as well as formerly deposited layers by
the WC particles during spraying (Ref 12-17). The hard, brittle
WC particles may also crack during deposition, which can lead
to a decreased coating hardness and strength (Ref 16). Research
has been done to improve the coating properties by adding Mo
(Ref 43) and TiC particles (Ref 15) to the feedstock powders,
and some improvements have been achieved. Thus far, the
influence of Nb" ion implantation on the surface properties of
cemented tungsten carbide cold sprayed coatings has not been
investigated. Therefore, in the current research study the
influence of Nb' ion implantation into WC-5wt.%Ni cold
sprayed coatings was investigated by assessing the effects of
Nb" ion accelerating energy and fluence on the coating surface
properties.
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2. Materials and Methods

2.1 Materials

2.1.1 Cermet Substrates. The WC-5wt.%Ni coatings,
denoted as 5-WN in this paper, were deposited onto 3CR12
stainless steel plates (20 x 20 x 3 mm) using a low-pressure
cold spray machine (Centerline SST Series P, Canada). The 5-
WN coatings were produced using optimum spraying param-
eters determined in an earlier study (Ref 16), where coatings at
least 400 um-thick were produced with a small WC grain size
(0.57 £ 0.30 um), a low Ni binder mean free path
(0.07 &£ 0.002 um), a high WC retention in the coating
(43 £ 5 wt.%), and a low porosity (0.55 £ 0.08 %). Samples
were ground using standard metallographic procedures, pol-
ished to a 1 um surface finish, and then ultrasonically cleaned
prior to ion implantation.

2.1.2 Implanted Coatings. Niobium (99.9%, sputtering
target, Goodfellow, U.K.) ions were implanted into the 5-WN
cermet coatings using two different accelerating energies,
namely 60 (Ref 18) and 170 keV, at two different fluences of 5
x 10'® and 8 x 10'® ions cm™, respectively, using a 200-20A2F
ion implanter (iThemba LABS, South Africa), in order to
investigate the influence of the ion deposition parameters on the
resultant coating properties. The as-implanted coatings are
denoted as 605-NB, 608-NB, 1705-NB, and 1708-NB, respec-
tively. The operating temperature during ion implantation was
controlled at room temperature.

2.2 Material Characterization

2.2.1 Rutherford Backscattering Spectrometry (RBS).
An RBS technique (iThemba LABS, South Africa) was used to
determine the compositions of the implanted layers, coupled
with OMDAQ-3 software used for elemental analysis. The
4He™" incident was undertaken at 3.6 MeV with ion incident
settings of beam size diameters of 1-10 um, a scattering angle
of 150° an exit angle of 30°, and a detector-to-specimen
distance of 25 mm. This was coupled with microprobe beam
settings of 0.1 uC, 0.25 nA, and a counting rate of 0.398 kHz,
detected by using a Canberra PIPS® sensor over a 150 mm?
scan area.

2.2.2 X-ray Photoelectron Spectroscopy (XPS). The
chemical bonding state of the implanted coatings was identified
using XPS (Thermo ESCALAB 250Xi, Thermo Fisher Scien-
tific Inc., U.S.A.), with an x-ray generator setting of 900 W,
coupled with a monochromatized Al-Ka radiation setting at
1486.68 ¢V. The binding energies were referenced to the Cls
peak at 284.6 eV. In order to identify the phase compositions
produced in the ion-implanted samples, peak fitting of the high-
resolution XPS spectra was computed using the Shirley
background method by means of XPSPEAK software (Ref 19).

2.2.3 Scanning Electron Microscopy (SEM). Field
emission SEM (FE-SEM, Carl Zeiss Sigma, Germany) was
used to characterize the coating surfaces in secondary electron
(SE) and backscattered electron (BSE) imaging modes.

2.2.4 Atomic Force Microscopy (AFM). An AFM
(Dimension 3100, Digital Instruments Inc., U.S.A.), coupled
with Nano Scope Analysis software (Bruker Corporation,
U.S.A.), was employed to characterize the surface topography
and to measure the surface roughness of the coatings, both as-
ion-implanted and non-ion-implanted. The scanning area was
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fixed at 25 um?® (256 x 256 pixels) for each measurement in
tapping mode, with the etched silicon probe at 1.0 Hz of the
scan rate applied (tip radius =8 nm, resonance fre-
quency = 75 kHz, and spring constant=2.8 N m~'). The
average surface roughness (Ra) and the root mean square
deviation of the assessed roughness profile (Rq), were deter-
mined at the fixed position over the four corners and the center
(15 points) of each sample, according to ISO 4287 (Ref 20, 21).

2.3 Hardness and Scratch Tests

2.3.1 Hardness Tests. Micro-Vickers hardness tests (Fu-
ture tech FM-700, Japan) were done on the planar surfaces of
the ion-implanted layers and the cermet coatings using a 50 gf
indenting load, with a 10 s dwell time, according to ASTM
C1327 (Ref 21).

2.3.2 Scratch Tests. A Revetest Scratch Tester (Anton
Paar TriTec, Switzerland), coupled with a Rockwell-C diamond
as the stylus probe (tip radius = 200 um), was used to evaluate
the scratch properties and failure mechanisms of the ion-
implanted and non-ion-implanted coatings. A progressive-load
scratch test (PLST), coupled with Scratch software version
4.52, was used to determine the critical loads (L) according to
ISO 20502 (Ref 22), when using parameter settings of 1-100 N
applied loads, a loading rate of 99 N min~", a sliding speed of
10 mm min™, and a sliding distance of 10 mm. The critical
delamination stress at the point where the coating was peeling
from the substrate (op) was determined using Eq 1 (Ref 23),
where Lcs, Wes, Vi, and | are the maximum critical load due to
the delamination failure, the scratch track width at Lcs
determined using FE-SEM images, Poisson’s ratios of 5-WN
(v; = 0.22) and Nb film (v; = 0.4), and the friction coefficient
of the coatings as recorded by the scratch instrument at a high
friction state.

o = (2Lea/mwly) [((4+vi) 3mu/8) — (1— 2v)]  (Eq 1)

The toughness was also evaluated using the scratch test
(Tsr) and was calculated using Eq. 2 (Ref 24, 25), where L is
the minimum critical load at initial cracking (angular cracks).
The remaining critical loads defined by the critical load due to
the initial cone cracks on the scratch track (Lc,) were also
measured.

Tst = Lci(Les — Ler) (Eq 2)

An incremental-load scratch test (ILST), with applied loads
of 1 - 15 N at 5 N load increments, a sliding speed of
10 mm min™', and a sliding distance of 6 mm, was used to
evaluate the transition load to failure.

3. Results and Discussion

3.1 Surface Characterization and Analyses

Figure 1(a) illustrates the RBS spectra of the as-implanted
coatings, whereby the C, O, Ni, Nb, and W elements were
measured. From high-resolution analyses of the RBS spectra
(refer Fig. 1b), it was found that each coating showed the Nb
peak in between the Ni and W peaks, thereby indicating the
formation of a Ni-Nb-WC intermetallic compound. For the
608-NB specimens, the RBS spectra showed higher Nb peak
intensities at 3,067 keV compared to the other three coatings.
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To increase the understanding of the elemental distributions
in the ion-implanted coatings, high-resolution XPS spectra of
sample 608-NB were obtained, with the results shown in Fig. 2.
The Nb3ds,, peaks were detected as shown in Fig. 2(a). The
binding energy of the Nb3ds/, core level at the first peak had a
value of 203.68 eV, thereby implying that niobium oxide
(NbO) had formed (Ref 19), while the transitional spectrum had
a peak value of 205.65 eV, identifying as niobium dioxide,
NbO, (Ref 19). The third peak had a value of 206.57 eV,
identifying as the Nb3ds), spectral line for niobium pentoxide,
Nb,Os (Ref 26). The analyses of the nickel phase are shown in
Fig. 2(b) for the Ni2p spectrum. The highest peak had a binding
energy value of 853.36 ¢V, identifying as Ni2ps, for pure
nickel, and the lower peak had a value of 8§70.24 eV,
identifying as Ni2p,,, for pure nickel (Ref 26); the difference
of the two peaks was 16.88 eV.

The AFM analysis evaluated surface roughness profiles for
all coatings, including the non-ion-implanted one (see Fig. 3).
The surface roughness values are shown in Table 1. A lower Rq
and Ra were obtained for the 608-NB specimens with values of
9.09 £ 1.04 nm and 7.16 £ 0.80 nm, respectively, compared
to the other coatings. The non-ion-implanted cermet coating
had the highest surface roughness values. These findings could
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be attributed to the fact that the ion dopant at high fluence and
low accelerating energy produced a smoothening of the surface,
also mentioned by (Ref 27).

3.2 Hardness and Scraich Test Results

As seen in Fig. 2, oxides are present in niobium, probably
due to post-implantation exposure to atmospheric conditions.
These oxides might contribute to the increased hardness of ion-
implanted coatings compared to non-implanted ones (see
Table 1). Also, the 608-NB Nb ion-implanted coating produced
higher hardness values (556 £ 25 HV,s) compared to the
other four coatings, as seen in Table 1, with a 30% increase
compared to the non-implanted cermet coating. When the
accelerating energy was increased from 60 to 170 keV, the
higher associated temperature increased during implantation
created a thermal annealing effect (Ref 7), resulting in a
decrease of the hardness for the 1705-NB and 1708-NB
samples. Figure 4 represents the coefficient of friction as a
function of applied load during the scratch tests. The evolution
of friction for all coatings can be assigned to three distinct
regimes, namely low friction (1.1-26 N), transition friction
(26.1-50 N), and high friction (50.1-100 N), respectively. The
curves obtained in the low friction state showed similar
behavior for the 5-WN and 1708-NB samples, while the
remaining three coatings showed a friction peak toward the end
of the low friction regime before entering the transition zone. In
the transition friction state, the 608-NB coating showed an
overall lower friction response as the load increased up to 45 N
after which its friction behavior was comparable to some of the
other coatings. This coating had the highest hardness, and it
was thus interesting that its overall friction response was not the
severest among all the coatings. The 1708-NB coating pro-
duced the highest friction response in the high friction regime
with average values of 0.662 £ 0.05, compared to the other
four coatings, as listed in Table 2.

Figure 5 and 6 illustrate the penetrating depth profiles for
each coating as measured during the scratch test as a function of
applied load. At high progressive loads in PLST testing (1 - 100
N), as shown in Fig. 5, the penetration depth increased as the
applied load increased. The profiles are generally linear in
nature until about 40 N, after which some nonlinear deviations
initiate. The deviations from linearity for the two coatings
1705-NB and 1708-NB, implanted with the higher 170 keV
accelerating voltage, are greater than those of the remaining
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Fig. 2 High-resolution XPS spectra analyses of 608-NB. (a) Nb and (b) Ni
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Fig. 3 AFM images of the un-implanted and as-implanted coatings. (a) 5-WN (b) 605-NB (c) 608-NB (d) 1705-NB and (e¢) 1708-NB. Bright

phase = WC, color phase = Ni and/or Nb, dark phase = defect

Table 1 Roughness and hardness of the coatings

Material
Parameter 5-WN 605-NB 608-NB 1705-NB 1708-NB
Rqg, nm 21.10 £+ 13.94 11.05 + 1.29 9.09 + 1.04 14.30 £ 3.17 13.50 £+ 5.44
Ra, nm 15.41 £+ 7.38 8.98 + 2.21 7.16 + 0.08 11.27 £2.22 13.94 +1.99
Hardness, HV o5 425 £+ 34 537 £ 29 556 + 25 517 £ 21 533 £ 17
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three coatings, especially when reaching an applied load of 70
N, indicating progressively greater surface damage. These two
coatings also achieved deeper penetration depths at the final
applied load of 100 N of 47 and 49 um, respectively, while the
5-WN, 605-NB and 608-NB coatings had values of 32, 43 and
37 um, respectively. At low multi-step applied loads during the
ILST testing (1-15 N; cf. Fig. 6), the 5-WN coating experienced
a lower penetration depth compared to the four implanted
coatings even though it is less hard than the implanted coatings;
this implies that ion implantation may produce a more brittle
structure which is more prone to surface cracking. Despite the
lower penetration depth of the non-implanted coating, it did not
achieve the best strength properties as shown in Table 2. Rather
the 608-NB Nb ion-implanted coating showed the best strength
properties. It had a smaller scratch track (We; = 106 = 1 um),
good friction response during the high friction state (Uhign =
0.611 £ 0.02), higher average critical load (Lcayg = 48.6 N),
higher critical delamination strength (op = 11.2 £ 0.3 GPa),
and optimum toughness properties (T = 1067 N). This latter
coating also showed a 27% lower sliding wear rate compared to
the 605-NB coating, as reported in earlier research (Ref 18).
Overall, the influence of Nb ions on scratch test results can
vary depending on the specific loading conditions. As the
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Fig. 4 Friction response as a function of progressive loads of 1 -
100 N. (a) 5-WN (b) 605-NB (c) 608-NB (d) 1705-NB and (e)
1708-NB

Table 2 Strength and scratch properties of the coatings

presence of Nb ions could improve performance, higher energy
remarkably exhibited severe surface damage compared to the
cold sprayed coating implanted at lower accelerating voltage,
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Fig. 5 Penetration depth response as a function of progressive
loads of 1 - 100 N. (a) 5-WN (b) 605-NB (c) 608-NB (d) 1705-NB
and (e) 1708-NB
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Fig. 6 Penetration depth response as a function of multi-step loads
of 1 - 15 N. (a) 5-WN (b) 605-NB (c) 608-NB (d) 1705-NB and (e)
1708-NB

Material
Parameter 5-WN 605-NB 608-NB 1705-NB 1708-NB
Lci, N 17.5 29.7 26.0 28.1 20.4
Lco, N 33.8 45.0 52.6 39.6 26.3
Lcs, N 63.7 69.0 67.0 59.4 63.6
Lcave, N 38.3 479 48.6 42.4 36.7
Wes, um 118 £ 3 112 +£3 106 £ 1 116 + 4 139 £ 9
Friction coefficient at high friction state, Upign, - 0.532 + 0.02 0.604 + 0.03 0.611 £+ 0.02 0.647 + 0.02 0.662 £ 0.05
Critical delamination strength, op, GPa 6.1 = 0.3 10.2 £ 0.6 11.2 £ 03 8.9 £ 0.6 6.8 = 0.9
Toughness property, Tsy, N 809 1166 1067 880 881
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(a) Plenary delamination Primary delamination

Cone cracks Angular cracks

Fig. 7 (a) Failure maps of 1708-NB. FE-SEM images of 1708-NB showing failure mechanisms of (b) angular cracks discovered at the edge of
the scratch track, (c) cone cracks observed, (d) primary and plenary delaminations discovered, and (e) plenary delamination observed

resulting in deeper scratch depths or increased material
removal. The results of penetrating depth profiles during
scratch tests are depicted, showing variations with applied load
for different coatings. In high-load PLST testing, coatings
1705-NB and 1708-NB, implanted with higher accelerating
voltage, exhibit greater deviations and deeper penetration

Journal of Materials Engineering and Performance

depths than 5-WN, 605-NB, and 608-NB coatings. In low-
load ILST testing, 5-WN coating shows lower penetration
depth than implanted coatings, despite being less hard,
suggesting ion implantation may induce a more brittle structure
prone to surface cracking. Notably, the 608-NB coating, despite
deeper penetration depth, exhibits greater strength properties

Volume 33(13) July 2024—6367
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g
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Fig. 8 FE-SEM images of 608-NB showing failure mechanisms of (a and b) angular cracks discovered at the edge of the scratch track, (c)

cone cracks observed, and (d) primary delamination discovered

compared to 605-NB, indicating ion implantation’s beneficial
effects on mechanical performance.

3.3 Failure Mechanisms

The failure mechanisms experienced during the scratch tests
were examined, and the resultant images are shown in Fig. 7 for
the 1708-NB coating, Fig. 8 for the 608-NB coating, and Fig. 9
for the 5-WN coating. A schematic depicting the main failure
mechanisms observed in the coatings as the applied load
increased is shown in Fig. 7(a) and is explained as follows:

(1) Angular cracks: In the zone of the initial loads (1-25
N), the first angular crack is defined as Lc;, which was

6368—Volume 33(13) July 2024

observed at the edge of the scratch tracks; this aligns
with similar observations found in thermally sprayed
WC-CoCr coatings (Ref 29). The angular cracks were
generated by the two tensile stresses present during test-
ing, namely the tensile stress toward the scratch direc-
tion and tensional stress across the scratch groove (Ref
28). In the current study, the types of angular cracks can
be divided into a backward angular crack (i.e. crack
path produced in front of the moving blunt tip) and a
forward angular crack (i.e. crack path produced behind
the moving blunt tip) when compared to the scratch
direction, in which the high plastic deformation of the
ductile phase (Ni and/or Nb) induced the crack paths

Journal of Materials Engineering and Performance
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Fig. 9 FE-SEM images of 5-WN showing failure mechanisms of (a) angular cracks discovered at the edge of the scratch track, (b and c) cone
cracks observed, and (d) primary delamination discovered

@

through the edge of the scratch tracks in the two direc-
tions. The angular cracks are associated with ductile fail-
ure as they were mainly observed at the interface
between the WC and the ductile binders, as illustrated
in Fig. 7(b) and Fig. 8(a) and (b) for 608-NB and
Fig. 9(a) for 5-WN, respectively.

Primary cone and progressive cone cracks: Primary cone
and progressive cone cracks were observed during the
applied loads of 25 - 50 N. In this state a sudden in-
crease of sliding friction (transition friction) at the high-
er load (see Fig. 4) induced higher tensile stresses
beneath the coating surface, in which the cone cracks

Journal of Materials Engineering and Performance

were formed around the tail of the moving blunt tip.
The primary cone crack (Lc,) is due to the lower initial
load where the slight increase in pressure leads to the
initial cracks being formed within a short length (see
Fig. 8(c) for 608-NB and Fig. 9(b) and (c) for 5-WN).
When the progressive load increases to a high magni-
tude, the radial cracks may propagate higher across the
scratch track (Ref 29), and thus, any initial cracking
experienced by the WC particles during the cold spray
deposition process is then further propagated in random
directions causing a network of crack patterns, as seen
in Fig. 7(c). Nevertheless, the progressive cone cracks
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did not appear in the 5-WN (cf. Fig. 9) and the other
three implanted coatings.

(3) Primary delamination (Lc3): At a higher load of around
75 N, the cone cracks are experiencing higher tensile
stresses, and these cracks were seen to predominantly
develop around the WC and binder splat boundaries.
Excessive failure would then occur when detachment
occurs due to increasing cone cracks, thereby causing
primary delamination due to a weakened boundary be-
tween the Ni binder and WC particles (Ref 29), as can
be seen in Fig. 7(d), 8(d) for 608-NB and Fig. 9(d) for
5-WN, respectively.

(4) Plenary delamination: At the highest loading zone, up to
100 N, excessive delamination occurs across the entire
scratch track due to the increase in tensile stresses was
observed, as shown in Fig. 7(e). This delamination fail-
ure propagates into the sub-surface layers, thereby
resulting in a peeling effect by the coatings; however,
this failure mode was not experienced in all the other
coating samples, except 1708-NB. In this study, it
should be noted that the severity of damage on the sur-
faces by the plenary delamination increased as the
implantation energy and fluence increased (cf. Fig. 7d,

e).

The failure mechanisms were similar for all coatings,
namely angular cracks, cone cracking, and primary delamina-
tion. The degree of severity of the failure mechanisms increased
with an increase in the accelerating voltage to 170 keV and the
fluence to 8 x 10" ions cm™.

4. Conclusions

Niobium ion implantation provided an overall improvement
of the surface and scratch properties of the WC-5wt.%Ni cold
sprayed coating, with an accelerating voltage of 60 keV and
fluence of 8 x 10' ions cm™ producing the best coating
properties. Using these parameters, a hardness of 556 HV o5
was achieved compared the original coating hardness of 425
HVy 05, which is attributed to the formation of niobium oxide
(NbO), niobium dioxide (NbO,), and niobium pentoxide
(Nb,Os) as well as the Ni-Nb-WC intermetallic. These
implantation parameters also produced a coating with a low
Rq roughness of 9.09 nm, low Ra roughness of 7.16 nm,
smaller scratch track of 106 pm, lower friction response (0.611)
during the scratch tests, higher average critical load (48.6 N),
higher critical delamination strength (11.2 GPa), and good
toughness properties (1067 N?). The failure mechanisms
experienced during the scratch tests were generally angular
cracks, cone cracks, and primary delamination and were similar
for all coatings, although the degree of severity increased with
increasing accelerating voltage and fluence.
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