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Carbonaceous nanoscale additives present a pronounced influence on the mechanical properties of both metallic and plastic
materials. This paper addresses the fabrication of composite coatings by laser cladding of single-walled carbon nanotubes
incorporated by ball milling into a nickel-based powder (NiCrBSiFeC). The coatings were obtained by using the preplaced
laser cladding technique on steel substrates. Optical microscopy and SEM microscopy were used to characterise the
microstructure refinement of the coatings, and the mechanical behaviour of the coatings has been studied through wear and

micro-/nanohardness testing.

1. Introduction

The obtainment of durable metal coatings with improved
mechanical strength, wear, and corrosion resistance repre-
sents both a milestone and a focal point of the research
conducted in the last decades in the field of material
development [1]. A necessary means to obtain performant
coatings is represented by microstructural refinement,
which can provide grain morphology and grain boundary
control, as well as impede dislocation movement [2]. Micro-
structural refinement of metallic materials can be usually
achieved through several methods ranging from thermal
treatment, plastic deformation [3], and dispersion strength-
ening with oxide, carbide, and boride hard phases [4, 5] to
microalloying [6].

Shifting the technological barriers in the field of metal-
lic coatings to further levels, dictated by the need for
“greener” and cost-effective technologies and for lighter
metallic materials and by the overall increasing trend in the
price of alloying elements and dispersion phases, has deter-

mined a growing interest for embedding nanomaterials (with
emphasis on carbon-derived nanomaterials) into the metal
phase. The high aspect ratio of nanomaterials, coupled with
their remarkable mechanical properties, chemical stability,
and higher available surface area for interacting at the
atomic level with the embedding host material, has led to
the obtainment of materials with unique properties, not
found otherwise when using ordinary micro- and macroscale
materials [7-9].

Up to date, two types of nanomaterials have been
employed for embedding in bulk metal phases, namely,
ceramic nanoparticles (carbides, nitrides, borides, oxides,
and metal sulphides) [7, 10, 11] and carbonaceous nano-
structures, such as nanotubes (CNTs) [7, 9, 12-15] or gra-
phene oxide [1, 2] with emphasis on the former type. Even
if carbon nanotube reinforcement of polymer matrices has
been studied in detail so far, relatively few research has been
conducted regarding the application of these nanomaterials
to improve the mechanical properties of metallic materials
[2]. Generally, two distinct mechanisms are responsible for
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this improvement, depending on the nature of the metal
matrix: (1) the carbonaceous nanomaterials react with the
metal phase in a molten state, generating carbides with high
hardness [12, 16], or (2) they do not dissolve into the metal
phase, providing, in turn, mechanical strengthening, either
through load transfer effect, through refinement of metal
grains (the CNTs are located at the grain boundaries), or
through interaction with dislocations at the atomic level
[7, 17]. The former mechanism was reported for titanium
[12, 15], aluminium-copper alloys [18], and silicon-rich
metal alloys [19], while the latter was reported, for example,
in the case of mild steel [20], pure iron [21], nickel [14], alu-
minjum [22, 23], magnesium [8], and copper [9, 24, 25].
When embedded in the metal, good interfacial adhesion
between CNT and the metal phase has been observed, due
to the formation of a thin intermediary layer of metal carbide
on the nanomaterial surface, avoiding delamination [26].

While there are several studies focused on bulk mate-
rial obtainment through powder metallurgy methods for
metal-carbonaceous nanomaterial assemblies (furnace sin-
tering, laser sintering, thermal spraying, consolidation of
mechanical-milled composite metal (CNT powders), and so
forth) [18, 19], there are fewer studies involving the obtain-
ment of metal-carbon nanomaterial coatings [27]. These
coatings can be obtained through several technologically
relevant and upscalable approaches, among which cladding
by preplacing a mixture of CNTs and metal powder on
the metallic substrate in the form of a paste followed by
selective melting with a concentrated energy source (contin-
uous wave lasers, pulsed lasers, and focused electron beams)
[1, 12, 15, 16, 20] or thermal spraying of metal-CNT powder
mixtures [28] is the most employed. Most studies about
laser-cladded metal-CNT coatings have been conducted on
nonferrous metal powders and substrates (mainly based on
copper, aluminium, and titanium) [27, 29]. Comparatively,
nickel and iron-based coatings reinforced with CNTs, in con-
junction with steel substrates, bearing a higher application
potential than nonferrous coatings, have attracted consider-
ably less attention, due to their relatively high susceptibility
to embrittling and cracking [2, 21].

Therefore, the aims and elements of novelty of this study
are to demonstrate the feasibility of the pulsed laser cladding
method to obtain nickel-based hardcoatings on a mild steel
substrate, starting from a preplaced commercial NiCrBSiFeC
powder, mechanically blended with single-walled carbon
nanotubes (SWCNTSs), and to assess the effects of nanotube
addition on the morphology, microstructure, hardness, hard
phase composition, tribological properties, and corrosion
resistance of the obtained assembly. Up to date, there are
no articles that have used this type of feedstock powder
(metallic combined with nanotubes) in conjunction with
laser cladding for the obtainment of hardcoatings. Since
the best processing speeds and quality of hardcoatings are
achieved when the laser energy is efliciently absorbed by
the feedstock material, using pulsed lasers instead of con-
tinuous wave ones could increase the throughput of the
process, contribute to a lower heat-affected zone, and max-
imize the “chemical” embedding of the SWCNTs into the
metallic matrix, since the pulsed lasers can deliver shorter
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energy pulses each with a higher peak power than continu-
ous wave lasers.

2. Materials and Methods

The commercial Metco 12C powder used for the cladding
test (Sulzer Metco 12C) was purchased from Sulzer Metco
Inc., with the following elemental composition (wt. %,
according to producer specifications): 84.5% Ni, 7.5% Cr,
1.7% B, 3.5% Si, 2.5% Fe, 0.25% C, and the balance represent-
ing the Ni base. The SWCNTSs have been purchased from
Sigma-Aldrich and were of >85% purity and average diame-
ter distributions between 1.3 and 2.3 nm and median length
> 5 pm.

AISI 5140 (EN 10083-1, grade 37Cr4) steel has been used
as a substrate for coating deposition. Workpieces with a
dimension of 60 x 25 x 8 mm have been fabricated by milling
from the same raw material in order to prevent any structural
or morphological variation between the samples. Before coat-
ing, the substrate surface was polished to a 0.8 ym grit and
washed several times with ethanol (98% wt.), to remove the
trace of organic contaminants.

The NiCrBSiFeC powder and SWCNTs (0.2% weight
SWCNTs reported to the metallic powder) were mechani-
cally blended by using a FRITSCH Planetary Micro Mill
PULVERISETTE 7 with hardened stainless steel grinding
spheres. The optimum metal powder/SWCNT weight ratio
reported in this paper has been chosen based on preliminary
studies which indicated high susceptibility to cracking for the
composite coating with higher SWCNT loadings. The milling
time was 40 minutes at 450 rpm speed, ensuring optimal
embedding of the SWCNTs into the metal phase, based on
prior experimenting of milling time optimization. The tem-
perature of the grinding bowls was kept below 70°C to pre-
vent any morphological changes of the powder.

In Figure 1 is presented the powder morphology after the
mixing process with CNTs. The spherical shape of the pow-
der is maintained after the rotational ball milling, and only
minor deformation can be observed due to the impact with
the steel balls. The SEM analyses emphasize a good adher-
ence of the CNTs to the particle of NiCrBSiFeC (Figure 1).

The mechanically blended powder was mixed with a
12% wt. poly(vinyl alcohol) (PVA) (purchased from Sigma-
Aldrich, the average polymerization degree of 900 and a
hydrolysis degree of 98.5%) aqueous solution until the
obtainment of a homogenous and free-flowing viscous paste.
The paste has been preplaced on the steel substrates and kept
at room temperature for 4 hours until complete water evap-
oration, ensuring a final thickness of 2 mm for the mixture.

A Nd:-YAG ROFIN TRUPULSE 556 laser system
(Apax = 1064nm) and a Precitec YC50 cladding module
manipulated by a 6-axes CLOOS robot have been used for
the laser cladding experiments. Argon of 99% purity at an
181/min flow rate was used as shielding gas for the preplaced
powder. The cladded layer was fabricated by laser cladding of
12 partially overlapped tracks on the base material with the
following parameters: 1500 W laser power, 1.3mm spot
diameter, 3] laser energy, pulse duration 2ms, 90Hz fre-
quency, and deposition speed: 27 cm-min™', as summarised
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F1GuRrE 1: SEM micrographs at different magnifications of NiCrBSiFeC powder milled with SWCNT.

in Table 1. The overlapping degree was 45%. The schematic
representation of the laser cladding procedure is presented
in Figure 2.

Three sample batches of samples 1 and 2 have been
obtained following the procedure as mentioned above, to
ensure the repeatability of the results. The reference sample
(sample 1), without SWCNTs in the composition, has been
obtained following the same procedure.

The microstructure of the cladded specimens has been
studied both on the surface of the coating (the surface was
levelled, the top 1/3 of the coating being removed) and in
cross-section. The samples (on both surfaces and cross-sec-
tion) were ground, polished to 0.5um, and finally etched
for 5s with 3:1 (vol:vol) HCl: HNO, reagent (aqua regia).
A Leica DM ILM inverted microscope (50x, 200x, and
500x) and a VegaTescan LMHII scanning electron micro-
scope (SEM) were used to acquire the micrographs of the
cladded assemblies.

The hardness testing of the coatings has been performed
ex situ using a MICROMET-5124VD Buehler microdurom-
eter with loads from 0,5 gf up to 2000 gf. The setup test was
0.5 gf and 10 sec. dwell time, and the medium value of three
indentations was used as a nominal value.

The wearing behaviour of the cladded samples was inves-
tigated using a commercial rotation tribometer from CSM
Instruments using the ball on disk method with a steel ball

with 6 mm diameter. The wear test was carried out at room
temperature (temperature: 24°C, humidity: 32 (%)) without
lubricant on 100 (m) using a normal load of 5 (N) and a lin-
ear speed of 5 (cm/s).

The crystallinity of the cladded layers was investigated
using a Bruker D8 Discover X-ray Diffractometer (CuKal =
1.5406 A, locked-coupled technique, step size 0.02, scan
speed 3 s/step, and 20 range from 20 to 80°).

The corrosion resistance of the cladded layer has been
tested using a conventional potentiostat/galvanostat setup
and EC LAB software. The coated samples were used as the
working electrodes, platinum as the counter electrode, and a
saturated calomel Hg|Hg,Cl, electrode as reference. The elec-
trolyte employed was an aqueous 9% wt. NaCl solution. The
tested surface used as the working electrode was 10 x 10 mm.
The specimens were equilibrated for 30 min in the NaCl aque-
ous solution for obtaining a steady open circuit potential.

3. Results and Discussions

After the laser cladding process, the samples have been
analysed in cross-section and on the top surface that was
previously machined.

The coating-substrate interface is characterised by a good
bonding and a geometrical dilution (1) of 20 and 25%
between the cladded layer and the substrate. The base
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TaBLE 1: Parameters of the laser cladding process.
Powder Sample Parameters )
Laser power (W)  Laser energy (J)  Pulse (ms)  Frequency (Hz)  Speed (cm/min)
Sample 1
) . Reference (without CNTs) 1500 3 2 90 27
NiCrBSiFeC S le 2
ample
With CNTs 1500 3 2 90 27
‘ Laser
Shielding gas ~
&(60"'\0“ Cladding direction
d&\(\%
Preplaced powder o
(NiCrBSiFeC+SWCNT)

Base material

—— Cladded tracks

FIGURE 2: Principle of preplaced laser cladding of NiCrBSiFeC/CNT powder.

material presents a ferito-pearlitic structure with lamellar
pearlite that was transformed during laser processing into a
martensite or austenite structure in the heat-affected zone.

3.1. Morphology and Microstructure. Figure 3 shows the
cross-sections for the reference sample and the CNT-
fabricated sample with the addition of carbon nanotubes.
The only difference between the samples, meaning composi-
tional and laser processing, is the addition of single-walled
carbon nanotubes in the composition of sample 2. In both
cases, the cladded layer is free of cracks and pores and has a
typical structure, common to both powder metallurgy and
laser cladding processes (Figures 3(a) and 3(b)).

The bottom part of the coating contains a typical powder
metallurgy feature, which resulted from the coalescence of
the uniformly melted metal particles, namely, a 5 um thick
planar crystal, as represented also in the principle mecha-
nism form (Figure 4). Due to the verticality of the heat gradi-
ent and to the high cooling ratios, the individual melt pools
above the planar base crystal tend to crystalize in long pri-
mary dendrites (Figures 3(c) and 3(d)). The subsequent pass-
ing of the laser beam in adjacent regions determines the
remelting of the tops of the dendrites, with the formation of
equiaxed crystals, which can be found near the top of the
coating (Figures 3(e) and 3(f) and the principle mechanism
scheme from Figure 4).

To quantitatively assess the microstructural grain
refinement that the CNTs promote in the coating, the Image]J
software (with the Analyze Particles plugin) was used to auto-
matically compute the grain boundaries from the selected
optical micrographs (i.e., Figures 3(e) and 3(f)) and plot the
histogram of grain area frequency, following the contrast
enhancement and binarization of the images.

CNT addition determines a more uniform distribution of
grain dimensions and a higher proportion of equiaxed crys-
tals, as it can be seen from Figure 3(g), probably due to its
confining effect on the melted metal particle (being concen-
trated in the walls of the initial spherical metal particles that
expand during melting), and subsequently, presenting high
thermal conductivities, it could act as local heat gradient dis-
ruptors, leading to the preferential formation of uniform
crystals, rather than dendrites, as is the case with the refer-
ence powder.

Due to the localised microstrains occurring in adjacent
melt pool boundaries, the dendrite growth does not occur
entirely in the direction of the heat gradient. In this respect,
misalignments could be observed, as illustrated in Figure 5,
for both reference and sample fabricated with CNTs. Higher
misalignments could be observed in the case of the sample
fabricated with CNTs, probably due to the local disruption
in the heat gradient and due to grain growth hindrance.

Similar microstructural patterns can be found on the
machine-levelled surface of the coatings. In Figure 6 is pre-
sented the microstructural appearance after the 1/3 from
the top of the coatings was removed showing the dendrite
structures which are sectioned in their growth direction.

Very long dendrite arms are observed in the region of the
track overlapping area (Figure 7) and a more uniform struc-
ture in the middle of each cladded track. Therefore, it can be
assumed that a high growth rate of the dendrite structure is
increased during the remelting that occurred during the par-
tial overlapping of the tracks.

Figure 7 reveals the differences of the grown pattern
of the columnar dendrite with and without the addition
of CNTs. The CNT additives determine the refining of the
grain microstructure and homogeneity. As indicated in
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FIGURE 4: Schematic representation of the growth mechanism of a dendrite structure.
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FIGURE 5: Grain orientation angle mapping and plot (obtained by Image] software—Orientation] plugin).

Figure 7, sample 1 has a large variety of dendrite shapes from
equiaxed to elongated with dimensions between 2 ym and
400 pm.

The grain dimension is smaller in the case of the cladded
layer obtained with the nanotube addition as shown in
Figures 7(b) and 7(d). The CNT addition influences the
growth of mainly equiaxed dendrite. The high thermal con-

ductivity of the CNTs determines a nonpreferential growth
direction of the dendrites while in the case of the reference
sample, the crystallization is orientated along the heat flow
produced during the laser processing.

The SEM overall appearance of the dendrite structure
agrees with the optical microscopy presented in Figure 8.
The grains are well fused into the matrix without any defects
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Grinded and polished surface

Track Overlapping

1010.97 ym

Substrate 500 ym

FIGURE 7: Microstructure of the machined top surface: (a, c) reference sample and (b, d) CNT composite coating.

such us pores, inclusions, or microcracks. The nanotubes
could be included at the grain boundaries (the lighter colours
indicate the higher rigidity/hardness of the structure).

The CNTs that have not been decomposed during the
laser cladding process can be found as interstitial solid solu-
tion with the nickel and iron and possible monodispersed
hard phases with chromium and boron. The hard phases
(with the possible remainder of carbon nanotubes) are segre-
gated at the grain boundaries which is in accordance with the
AFM images from Figure 9. The AFM cantilever is influenced
by the Young elastic modulus of the material (i.e., hardness,
rigidity). Therefore, the soft and hard phases of the material
can be distinguished by using the cantilever vibration move-
ment. In Figure 9, lighter colour indicates the areas with a
higher hardness-rigidity domain (e.g., carbides and interme-
tallic compounds) and darker colour indicates the surfaces
with lower hardness.

The crystalline structure of both samples was analysed
by XRD Figure 10. The diffractograms indicate that the
cladded layer is composed of a complex mixture of borides
and carbides (Cr,;C,, Cr,C;, and Ni,B;) arranged in an
iron nickel (FeNi) matrix.

It can be observed that the main phases identified,
namely, FeNi, Cr,,C,, Cr,C;, NiB;, and C, are similar for
both samples. The main difference between the samples is
observed at 44.58° where a high intensity peak identified as
Cr,C, appears in the case of CNT composite coating.

3.2. Microhardness Characteristics of Composite Coatings.
The coatings fabricated with the Metco 12C powder (NiCrB-
SiFeC) are characterised by a low hardness (370 HV03)
with the benefits of a very low cracking susceptibility and a
good machinability. The testing shows that composite coat-
ings have a 364 HV03 microhardness compared with the
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FIGURE 8: SEM microscopy of the machined top surface: (a, c) reference sample and (b, d) CNT composite coating.
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-
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FIGURE 9: Atomic force microscopy on the composite sample using deflection and topography scanning mode.

reference sample characterised by a microhardness value
of 342HV03. The microhardness testing on the sample
cross-section shows a decrease from the top of the coatings
to the bottom of the coating due to the iron diffusion from
the base material.

The microhardness testing on specific dendrite and inter-
dendrite structures is a useful tool to compare the microhard-

ness of the coating with and without the addition of CNTs.
Due to the low loading (0.5gf), the indentations can be
located exactly on the interface line with the substrate and
on the dendrite arms. Figure 11 shows the results obtained
on the reference sample being obvious that interdendrite
areas (Ni matrix) have almost double microhardness com-
pared with the dendrite arms.
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FIGURE 11: Microindentation on the dendrite arm and on the interdendrite area of the cross-section of sample 1, loads 0.0005 kgf.

Addition of CNTs has no major influence near the inter-
face with the substrate, where a microhardness between
50 HV0.0005 and 59 HV0.0005 has been recorded mainly
because in this zone the cooling rate is too high and the grain
dimension is not reduced.

The microhardness improvement in the case of sample
2 occurs in the top part of the composite coatings
(Figure 12(a)) where the microstructure refinement produces
better intergranular adhesion and reduces the dislocation
density. According to Figures 11 and 12, the microhardness
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FI1GURE 12: Microindentation on the white dendritic formation on the cross-section of sample 2, loads 0.0005 kgf.
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FIGURE 13: Polarization curves of the reference sample (sample 1)
and of the CNT sample (sample 2).

tested on the dendrite formation increases from 59 HV0.0005
to 74 HV0.0005 in the case of sample 2.

3.3. Corrosion Resistance of the Composite Coatings. The
corrosion rate was measured through the intensity of the
corrosion current and, respectively, the Tafel plots presented
in Figure 13. It has been determined that sample 2 fabricated
with the addition of CNTs has a better corrosion resis-
tance than the reference sample (sample 1). As presented
in Table 2, the value of corrosion current density (Icorr

TaBLE 2: Corrosion test parameters and results.

gi:i:g;:l Sample 1 (reference) Sample 2 (CNTs)
Ecorr -207.373 mV -256.253 mV
Icorr 0.073 pA 0.036 pA

Bc 99.1 mV 76.2mV

Ba 271.2mV 161.9mV
Chi? 3872.35 134.92

Corrosion rate 0.228 134 e-3 mmpy 0.138 091 e-3 mmpy

index) and the corrosion rate decreases in the case of the
CNT composite sample.

The potential of the CNT's is much higher than that of Ni
compounds and chromium/boron hard phases resulting in
improved corrosion resistance of the composite coating.
Moreover, the addition of the CNTs into the Ni-based matrix
determines the microstructure refinement which is beneficial
in the case of corrosion resistance. An almost 40% lower cor-
rosion rate compared with the reference sample is obtained
by the addition of CNTs.

3.4. Wear Properties of Composite Coatings. The ball on disk
testing with similar conditions for both samples has been car-
ried out to determine the wear behaviour of the composite
coating. The test results show no significant differences
between the two samples, noting only a slightly better wear
resistance of the CNT composite coatings. Also, the coeffi-
cient of friction of the composite layer is 10% higher (sample
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FIGURE 14: Wear results: (a) schematic representation of the ball on disk testing, (b) wear tracks on the surface of sample 1, and (c, d) plot of

COF vs. distance of sample 1 and sample 2.

1: 0.59u and sample 2: 0.66 i) compared with the reference
sample (Figures 14(a) and 14(b)). It is well known that
carbon nanotubes are a good lubricant material, but in this
case, the CNT addition promotes the formation of hard
phases (Cr,C,) with an increased hardness, as determined
by the microharness testing and the XRD diffractogram.
Therefore, the higher coefficient of friction has no direct
influence on the wear rate of the composite coatings.

4. Conclusions

An alternative approach for obtaining improved mechanical
behaviour and corrosion resistance of nickel-based coatings
was used by addition of single-walled carbon nanotubes.
Crack-free coatings have been fabricated by the preplaced
laser cladding method on a low carbon steel substrate.

The addition of CNT's determines different crystallization
patterns in the laser-cladded coatings, with a more uniform
distribution of grain shape and dimensions, through the
local disruption in the thermal gradient direction and
growth hindrance. The morphology of the coatings consists
in misaligned dendrites, without second- and higher-order
hierarchy, along with epitaxially grown crystals separated
from the steel substrate by a 5um thick planar crystal. The
CNT addition refines the microstructure and promotes
the formation of hard phases such as Cr,C,, resulting in
improvement of the corrosion resistance with 40% and

microhardness with 25%, as well as the enhancement of the
wear resistance with 5.5% in comparison with the reference
sample realised without the addition of CNTs. Overall, even
if the improvement percent is not impressive, it can be con-
cluded that the obtained morphology has a positive influence
on the microhardness, corrosion, and wear resistance of the
assembly, leading to the obtainment of improved value-
added materials at minimal carbon nanotube loadings.
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