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ABSTRACT: Laser cladding coatings with excellent wear
resistance behaviors are prepared on a titanium alloy substrate
with a new precursor material system comprising nanoscale B4C
and Ni60A self-fluxing alloy powder. Structural analysis reveals the
existence of micron-size spherical or nearly spherical graphitic
phases in the prepared coatings, which are composed of graphene-
like microstructures closely associated with other reinforcement
phases of high hardness such as TiC and CrB. The formation
mechanism of these graphitic phases involves in situ superassembly
of uncombined C atoms via repeated growth and reorientation of
the graphene-like microstructures and is closely related to the laser
processing parameters as well as the precursor compositions. The
coexistence of these heterogeneous phases enable the obtained coatings with high wear resistance and low friction coefficient. It was
found that the wear resistance of the coating has a remarkable 43.67 times enhancement than that of the titanium alloy while
simultaneously showing a low friction coefficient (∼0.35). The understanding of the formation mechanism on the graphene-related
novel microstructures with significantly improved mechanical properties is expected to lay the foundation for future developments
and applications of graphene and its related carbon materials, such as large-scale production and further incorporation into
composite materials with desired local structures.

■ INTRODUCTION

Graphene and its related carbon materials have been proved to
play significant roles in various applications ranging from
energy storage and conversion to bioimaging and biosen-
sors.1−13 Strategies to synthesize graphene-related structures
have been developed to facilitate their use in many
applications,14 while their large-scale production and further
incorporation into composite materials with desired local
structures still remain a challenge. A laser beam is an excellent
heat source used in a wide range of materials processing
operations, which enables the in situ formation of novel micro-
and nanostructures toward a diverse range of application
requirements.15−17 In this respect, much attention has been
devoted to the surface modification of alloys, and techniques
such as pulsed laser deposition,18 laser shock peening,19,20 laser
surface melting,21,22 and laser cladding23,24 have been studied.
Among these, laser cladding is the most popular surface
modification technique, providing improved processing
efficiency, smaller heat-affected zones, stronger metallurgical
bonding to the substrate, and controllable thickness of the
resulting coatings.
In the laser cladding process, precursor materials play

important roles in tailoring the final laser cladding coating

properties.25,26 Carbides such as B4C
27 is a class of widely used

laser cladding precursors for titanium alloy surface modifica-
tion. B4C supplies B and C atoms, which react with Ti to form
hard and wear-resistant phases (e.g., TiB2, TiC). Graphite has
also been used as a laser cladding precursor for titanium alloy
surface modification toward friction reduction. However,
related studies suggest that graphite is hard to be restrained
after laser processing owing to the high affinity of C with Ti
under elevated temperatures.28 To date, in situ synthesized
graphitic (sp2 hybridized) phases from laser cladding on
titanium alloys, as well as their detailed structure and impact
on the coating properties are rarely reported. Recent
advancements see the use of nanoscale CeO2,

29 Al2O3,
30

TiO2,
31 SiC,32 and WC33 as laser cladding precursors with

significantly improved tribological properties obtained. More-
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over, the use of nanoscale carbide precursors combined with
laser processing also provide the possibility for the in situ
formation of graphitic phases with graphene-like structures,
which in turn would lead to additional enhancement in
mechanical properties.
In this study, spherical or nearly spherical graphitic phases

comprised of graphene-like few-layer microstructures are
reported for the first time in laser cladding coatings on
titanium alloy with precursors containing nanoscale B4C
particles. Using the newly designed material system with
proper process parameters, composite laser cladding coatings
with excellent tribological properties are obtained. The wear
resistance of the coatings has a remarkable 43.67 times
improvement than that of the bare titanium alloy substrate
while the coating friction coefficient is as low as ∼0.35. The
laser cladding induced spherical graphite phases by super-
assembly of the graphene-like few-layer microstructures and
their influence on the coating properties are discussed. The
composite coatings reported in this study can be used in
surface strengthening of titanium alloy, further broadening
their application into harsh friction and wear occasions.
Though only a single layer coating was fabricated, it can be
broadened into multiple layers (3D printing). The significantly
improved mechanical properties as well as the understanding

on the formation mechanism of the graphene-related novel
microstructures are expected to lay the foundation for future
developments of graphene and its related carbon materials, as
well as their large-scale production.

■ RESULTS AND DISCUSSION

Coating Preparation and Interfacial Morphologies. In
a typical laser cladding treatment process, B4C nanoscale
particles were first mixed with Ni60A Ni-based self-fluxing
alloy powder to form the precursor materials and preplaced on
Ti-6Al-4V titanium alloy substrates. A fine laser beam with
controlled power and spot size was used to scan across the
sample area at a preset scanning velocity. Upon laser
irradiation, the decomposed precursors were mixed with the
surface layer of the substrate in the molten pool where they
react to form a composite coating that is metallurgically
bonded to the substrate (Figure 1). For more experimental
details, please refer to the Supporting Information. The
bonding quality of the coating to the substrate is mainly
influenced by the dilution rate (η), calculated via η = A1/(A1 +
A2), where A1 is the melting area of the substrate and A2 is the
cladding area. A total of 11 specimens are studied (Table S1),
including nine specimens from a group of orthogonal
experiments (L9, 33), where the laser power, scanning velocity,

Figure 1. Schematic illustration of the laser cladding process and coating formation mechanism. Precursors are first mixed and preplaced on the
substrate. Laser beam is used as a heat source and scan across the specimen surface. Upon laser irradiation, precursors decompose while the surface
layer of the substrate melts, forming the molten pool. The molten pool forms and solidifies dynamically as the laser beam scans, during which
complicated reactions occur to form various reinforcement phases in the resulted coating.

Figure 2. Cross-section morphologies of the laser cladding tracks in different specimens. Specimen number (No.), laser power (P, W), scan velocity
(v, mm/min), laser specific energy (E, kJ·cm−2), fraction of nanoscale B4C ( f, wt %) together with the calculated dilution rate (η) are provided as
inset separately. The schematic illustration of the melting area in the substrate (A1) and the cladding area (A2) in the prepared coatings for dilution
rate calculation is shown in (J). All the scale bars are 1.0 mm. The cross-section morphology of Specimen 3 is not shown here as no continuous
coating were obtained with the cladding parameters used (see Figure S2).
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and nanoscale B4C fraction are the variables, as well as another
two as supplementary to specimen 2 to investigate the effect of
the laser power. The maximum content of nanoscale B4C in
the precursor materials was 10.0 wt %, which is in
consideration of the high specific surface area of the nanoscale
particles.
Scanning electron microscopy (SEM) was employed to

visualize the cross-section morphologies of the individual laser
cladding tracks obtained under different process parameters
and precursor material compositions (Figure 2). The results
indicate that all the coatings are bonded well with the
substrates with well-defined transition zones between the
coating and the substrate. Taking Specimen 2 as an example,
the transition zone (annotated by the dotted line, Figure S1a)
is mainly composed of NiTi/NiTi2 dendrites (Figure S1b),
derived from the reaction between Ni and Ti.34 Figure 2J
presents a schematic illustration of A1 and A2 for dilution rate
calculation. To enable successful metallurgical bonding of the
coating and the substrate, dilution rate should be carefully
controlled by tuning laser power, spot size, and scanning
velocity. Low laser specific energy typically leads to low
dilution rates (Specimens 1, 2, 5, and 6 in Figure 2A, B, D, E
respectively). In contrast, Specimen 7 exhibits the highest
dilution rate (61.24%) owing to the high laser specific energy
used. Pores are observed near the surface layer of the coating
specimens shown in Figure 2B, D, and I. During the cladding
process, gas can be formed due to the reaction/convection of
the molten pool with ambient atmosphere. Under a lower laser
power or a higher scanning velocity, the formed gas phase
could not have enough time to exit from the molten pool,
leading to formation of pores.

Microstructures. Cross-sectional morphology of the
prepared coating was examined by SEM. Carbon-rich zones
of a few microns in spherical or nearly spherical morphologies
exist in Specimens 2 and 5 (Figure 3A−D), while the same
features are not seen in any other specimens. Both linear and
point elemental analyses by energy-dispersive spectrometry
(EDS) demonstrated the elevated amount of C elements in
these areas (Figure S3 and Figure S4). Areas close to the
spherical carbon-rich zones are found to be rich in Cr and B
(Figure 3C and Figure S4), which therefore can be assigned to
chromium boride (CrB). Considering the low friction
coefficient of Specimens 2 and 5 (see Tribological Properties),
these carbon-rich zones could consist of graphitic micro-
structures, which shows good self-lubricating characteristic.
X-ray diffraction (XRD) was conducted on Specimen 2 to

confirm the possible existence of any graphitic phase in the
coatings in correlation with the SEM-observed carbon-rich
zones. Though no graphitic phase can be identified in the XRD
result (Figure S5), various phases in the coating were detected,
including γ-Ni, TiB2, TiB, TiC, NiTi2, NiTi, Ni2B, Ni3B, Cr2B,
CrB, Cr7C3, and Cr23C6. The composite phase constituent is
mainly due to the various reactions between the Ni60A and
nanoscale B4C precursor with the substrate elements in the
molten pool, consistent with our previous results.35 The
nanoscale B4C in the precursor materials should undergo
sufficient transformation during the laser cladding, judging
from the XRD analysis (Figure S5) together with the previous
mentioned SEM and EDS results (Figure 3, Figures S3 and
S4).
High-resolution transmission electron microscopy

(HRTEM) was conducted to further study the micro-
structures, especially the carbon-rich zones observed by

Figure 3. Microstructure of carbon-rich zones under SEM and the graphene-like few-layer microstructure under HRTEM. (A−D) SEM
morphologies showing the spherical or nearly spherical carbon-rich zones in the prepared coatings for Specimen 2 (A and B) and Specimen 5 (C
and D) (B and D are magnified from areas in A and C, respectively, as annotated). Point elemental analysis results of P1, P2 and P3 are shown in
Figure S3. (E−H) HRTEM images of the graphene-like few-layer microstructures in the carbon-rich zones of specimen 2 showing a graphene-like
basal planes (E), spherical carbon-rich zones (F), (002) lattice image of graphene-like layers coexisting with an amorphous phase close to TiC (G),
and (002) lattice image of the graphene-like layers coexisting with CrB (H). (Brown ribbons or spheres in the sketch models inset to the images
stand for graphene-like structures.)
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SEM. The HRTEM image in Figure 3E clearly shows the
existence of the graphene-like few-layer microstructure. The
visible curvatures of the observed graphene-like layers suggest a
significant level of in-plane defects. During the sample
preparation process, breakup of the robust coating structure
surrounding the carbon-rich zones could lead to the release of
local constraining. The graphene-like layers then flatten out as
a result, which enables their identification under HRTEM at
the right alignment with the electron beam. Moreover, the
carbon-rich zones displayed a spherical morphology (Figure
3F), which is similar as observed by SEM (Figure 3B).
Close-up examination of the carbon-rich zone edges clearly

reveal the lattice images of the graphene-like layers (indicated
by arrows in Figure 3G, H). The interplanar spacing (marked
as G 0002 in Figure 3G, H) is slightly larger than the standard
(0002) value (∼0.34 nm) of graphite. This can be attributed to
the aforementioned intrinsic defect-induced curvatures. Fur-
ther examination suggests that the graphene-like layers are
closely associated with CrB and amorphous phases (marked in
Figure 3G, H). Nanoscale TiC phases are also found to exist
close to the graphene-like layers, separated by the amorphous
phase as shown in Figure 3G. The coexistence of such
nanoscale amorphous and crystalline phases originates from
the rapid cooling after laser processing.
Beyond the carbon-rich zones, γ-Ni and TiB2 phases are also

identified by HRTEM (Figure S6a−d). Weak diffraction spots
can be seen in the γ-Ni diffraction pattern (see Figure S6b for
selected area electron diffraction), suggesting the coexistence
of other microcrystals, possibly Cr23C6. The lattice image
(Figure S6e) of the Cr23C6 structures is observed close to γ-Ni
(indicated by arrow, Figure S6a). In addition, CrB and Cr3C2
are also observed (Figure S6f) by HRTEM, which both serve
as reinforcement phases in the cladding coatings.
Tribological Properties. We next examined the tribo-

logical properties of the prepared specimens (Figure 4A−C).

Specimen 2 shows the lowest wear mass loss and the lowest
friction coefficient among the series of specimens. High wear
mass loss was found on Specimen 4, 7, and 11, which can be
attributed to the high dilution rate under high laser specific
energy. Higher laser power (3.0 kW) leads to higher friction
coefficients among the prepared specimens while the lowest
friction coefficient is found on Specimen 2 prepared using 1.0
kW laser power. The average friction coefficient of Specimen 2
is 0.35 during the initial 20 min test and the value gradually
increases to 0.41 at 30 min (Figure 4B). Besides, Specimen 5
also shows a relatively low wear mass loss and friction
coefficient, but large pores are found in the coating (Figure
2D), which could induce local stress concentration. The
existence of these large pores can be attributed to the
inadequate flowability of the molten pool caused by the high
B4C amount (10 wt %) that consumes a significantly higher
amount of energy during melting.36 Though the laser specific
energy is twice that in specimen 2, more B4C particles are
added in specimen 5 (10 wt %) than that in specimen 2 (5 wt
%). The decomposition of massive nanoscale B4C particles
consumes relatively more energy in specimen 5, resulting in
inadequate flowability of the molten pool and even large pores
(Figure 2D).
Taking Specimen 2, 10, and 11 into consideration, the wear

mass loss increases with laser power (from 1.0 kW to 3.0 kW),
while the opposite is seen in the microhardness distributions
(Figure S7). As previously mentioned, the dilution rate for
Specimen 11 is as high as 49.04%, which indicates a massive
amount of Ti diffuses into the molten pool from the substrate.
A surplus of low hardness Ti weakens the intrinsic mechanical
property of the entire Ni-based composite coating, resulting in
a “dilution effect”. As a result, Specimen 2 fabricated at 1.0 kW
shows the lowest dilution rate and wear mass loss, which is
only 1/43.67 that of the Ti-6Al-4V substrate. Among the
specimens in the present study, specimen 2 shows superior

Figure 4. Wear property, XRD analysis, and Ti−B−C phase diagram. (A) Wear mass loss of the substrate and the prepared coatings. (B, C)
Friction coefficient curves of the prepared coatings. (D) XRD pattern of the nanoscale B4C precursor. (E) Calculated isothermal Ti−B−C ternary
phase diagram at 1400 °C.37
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tribological performance. Comparison on the tribological
properties between specimen 2 and some published reports
is listed in Table S2, where specimen 2 also stands out with
remarkable relative wear resistance and friction coefficient.
It is a great challenge for metal surface modification to

achieve high wear resistance and low friction coefficient
simultaneously, although they are the most ideal combination
for practical applications. A low friction coefficient is beneficial
to prevent coatings from delamination.38 Various factors could
affect the friction coefficient, including the surface roughness
and the inherent properties of the constitute phases that exist
within the coatings.39 To reduce the friction coefficient, efforts
have been spent by adding self-lubricating additives to the laser
cladding precursors. Additives such as CaF2,

40 WS2,
41 MoS2,

42

and h-BN43 have been reported. The emphasis in these studies
was to restrain an appropriate amount of self-lubricating phase
from the precursors after the laser processing. In the present
study, Specimens 2 and 5 demonstrate a comparatively low
friction coefficient despite that no self-lubricating additives
were introduced to the precursors. It can be concluded that the
graphene-like few-layer microstructure within the graphitic
phases provides an excellent friction-reducing benefit. The
graphitic phases with HCP crystal structure show weak van der
Waals force among the basal planes, resulting in low shear
strength and friction.44 Their high hardness and wear

resistance compared with the others samples placed them
among the best of all the specimens studied here.

Formation Mechanism of the Graphitic Phases.
According to the traditional cast iron theory, graphitic phases
could be obtained under near-equilibrium cooling conditions
(relatively low cooling rate45). However, this is not the case in
the laser cladding process, where the ultrahigh cooling happens
(≥103 k·s−146). As the spherical or nearly spherical graphitic
phases composed of graphene-like few-layer microstructures
are found to contribute significantly to the coatings’
antifriction behavior, their formation mechanism is studied
comprehensively. The origin of carbon atoms is first
considered. Both Ni60A and B4C could provide carbon
atoms, and the latter is the main carbon source. Besides, it is
noteworthy that some uncombined carbon atoms exist in the
nanoscale B4C precursor. In the XRD pattern of the nanoscale
B4C (Figure 4D), a rhomboidal graphite phase annotated as
3R-graphite can be identified, which is an unstable graphite
variant and will transform into hexagonal graphite at
temperatures above 1600 °C.47 Since nanoscale B4C is utilized
as a precursor in this study, the size of 3R-graphite phase
within the raw materials should also be in nanoscale (≤100
nm). However, observation of the carbon-rich zones (Figure
3B−D) indicates that the graphitic spheres are in the size of
micrometers (∼1.0−5.0 μm). Nanoscale precursor materials

Figure 5. Schematic illustration of the formation mechanism of the graphitic phase with the graphene-like few-layer microstructures in the cladding
coatings. (A) Decomposition of the Ni60A and B4C precursors and the diffusion of Ti atoms from the substrate into the molten pool under the
heating of the laser beam. (B) In situ synthesis and the formation of different phases. (C) Surplus C atoms aggregate and precipitate along the
interface of gas bubble/melt. (D) Formation mechanism of the spherical graphitic phase, showing the repeated growth and reorientation of the
graphitic layers via superassembly.
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are not able to guarantee a nanoscale product after laser
cladding, owing to decomposition of the precursors and
accompanied chemical reactions in the molten pool (Figure 1).
The final obtained microstructure size relies more on laser
process parameters than the particle size of raw materials. The
original nanoscale 3R-graphite phase could have transformed
into short-range ordered hexagonal regions and thereafter
acted as the nucleation core of the spherical or nearly spherical
graphitic phases. The 3R-graphite phase is also able to be
dissolved into the molten pool under the severe laser heating
condition and then react with other alloying elements (e.g., Ti,
Cr, etc.) to form carbides.
3R-graphite in the nanoscale precursor is not the sole carbon

source to form the graphitic phases. These microstructures in
the cladding coatings can also be formed in an in situ manner.
Considering the three main elements Ti, B, and C in the
prepared coatings, the Ti−B−C ternary phase diagram (Figure
4E)37 suggests that the coexistence of graphitic phase and
others is thermodynamically possible (TiB2+C+′B4C′ zone and
the TiB2+TiC1−x+C zone). It is reasonable to assume that B
and C atoms are released from B4C almost simultaneously
under the rapid heating effect of the laser beam, considering
the ultrafine size of the B4C particles (80−100 nm). Ti tends
to react with B prior to C atoms. Li et al. found that the Gibbs
free energy of Ti+2B → TiB2 is lower than that of Ti+C →
TiC.48 With B atoms consumed, a surplus of C atoms appear,
which provides extra carbon source for the graphitic phase to
grow. It is noteworthy that the formation of phases is related
with both the thermodynamic and kinetic factors. Despite of
the inferior thermodynamic conditions (Figure S8) for some
phases (e.g., NiTi2, NiTi, CrB, Cr7C3, and Cr23C6), they are all
generated in the present study under the laser cladding
condition.
The formation mechanism model of the graphitic phases in

the cladding coating is established and illustrated in Figure 5.
Under the heating of the laser beam, various atoms (e.g., Ni,
Cr, B, C, etc.) arise as a result of Ni60A and B4C precursors
decomposition (Figure 5A). Complicated reactions then occur
to form multiple phases, including Ni−Ti, Ti−B, TiC, Cr−B,
Ni−B, and Cr−C compounds as suggested by the XRD and
TEM analysis (Figure 5B). Since the mole fraction of B is
significantly higher than C in the precursor and in the molten
pool, various borides could first form without long-distance
diffusion, consuming a substantial amount of Ti, Ni, and Cr.
Subsequently, the elements that are available to react with C
decrease, resulting in the generation of uncombined carbon
atoms (Figure 5B). Meanwhile, some gas bubbles form in the
molten pool due to the reactions with ambient atmosphere
during laser cladding. These uncombined carbon atoms tend to
precipitate at the bubble/melt interface and grow up according
to the heterogeneous nucleation theory (Figure 5C).
As to the formation of the graphitic phases in an overall

spherical morphology, various theories developed for spher-
oidal graphitic cast iron can be referred to, including the
bubble theory.49 Gas formation in laser cladding is almost
inevitable, which is suggested by the pores formed in
Specimens 2 and 5 (Figure 2B, D). As gas is formed in the
molten pool, graphitic phase tends to nucleate at the interface
between the gas and the melt. Further growth follows a
superassembly manner as schematically shown in Figure 5D.
Owing to its crystal structure, the graphite nuclei then grow
along their basal crystal plane (0002), while long-range growth
is impossible because of the limited space available. To enable

further growth, the later formed graphitic layers will have to
reorientate toward the center of the bubble and the growth
continues until the whole bubble is filled. This repeated growth
and reorientation lead to the formation of the spherical or
nearly spherical graphitic phases. As mentioned previously, 3R-
graphite present in the nanoscale B4C precursor could also
transform into hexagonal graphitic phase and then act as the
nucleation core.
Apart from the spherical graphitic phases, nearly spherical

morphologies are also observed in Specimens 2 and 5
(indicated by dashed circle in Figure 3B, C). The appearance
of nearly spherical graphitic phase is similar to the so-called
“graphite degeneration” in ductile irons.50 First, composition
fluctuation, which is derived from the mass transfer in the
molten pool, leads to the regional difference in composition. At
the position with unfavorable composition for nucleation of
the spherical graphitic phase, no graphitic phase will be formed
or only nearly spherical graphitic phase be generated. Second,
the formation of these nearly spherical or degenerated
spherical graphitic morphology is also attributed to the harsh
cooling conditions during laser cladding. Further, the rapid
cooling during the laser cladding process results in non-
equilibrium growth of the graphene-like structures, and this, in
addition, leads to the high in-plane defect density, which is
supported by the highly curved fringes observed by HRTEM
(Figure 3G, H).
Appropriate laser specific energy (4.4−8.9 kJ·cm−2) and the

amount of nanoscale B4C precursor are critical for the
formation of well distributed spherical or nearly spherical-
graphitic phases. A lack of B4C could not supply enough C
atoms, leading to an increase in the friction coefficient. A
surplus of C atoms, on the other hand, leads to severe reactions
between the molten pool and ambient air. The resulting pore
formation reduces the mechanical properties of the final
coatings. A higher laser power or a lower scanning velocity
results in increased Ti dilution that consumes the uncombined
C atoms available while the low hardness of Ti weakens the
overall wear-resistant property of the prepared coating. Laser
cladding parameters together with the precursor compositions
can tune the obtained coating microstructure, which further
determines their mechanical behaviors.

■ CONCLUSIONS
In this study, Ni60A and nanoscale B4C mixtures are used as
the precursor materials for laser cladding on Ti-6Al-4V
substrates. With appropriate laser cladding parameters and
precursor compositions (i.e., Ni60A base material with 5.0 wt
% nanoscale B4C, fabricated using 1.0 kW laser power and 450
mm·min−1 scanning velocity), the wear resistance of the
coating shows a remarkable 43.67 times enhancement with
excellent friction coefficient than that of the substrate. The
simultaneously obtained low friction coefficient (∼0.35) is
mainly attributed to the distributed spherical or nearly
sphericalgraphitic phases. The formation mechanism of this
graphitic phase is discussed from the perspectives of raw
material introduction and the laser cladding induced in situ
superassembly. Repeated growth and reorientation of the
graphene-like microstructure during the laser process is found
to play a vital role in the model established for the formation
mechanism. To obtain tailored microstructure and properties
of the final coatings, the laser process parameters should be
strictly controlled with carefully designed precursor material
compositions. In the future, the formation mechanism of the

ACS Central Science http://pubs.acs.org/journal/acscii Research Article

https://dx.doi.org/10.1021/acscentsci.0c01365
ACS Cent. Sci. 2021, 7, 318−326

323

http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c01365/suppl_file/oc0c01365_si_001.pdf
http://pubs.acs.org/journal/acscii?ref=pdf
https://dx.doi.org/10.1021/acscentsci.0c01365?ref=pdf


graphene-like few-layer microstructures and their super-
assembly will be further studied with more microstructure
characterizations. Extended precursor systems will also be
explored to obtain the graphitic structure under the non-
equilibrium laser process condition. Furthermore, synthesis of
large-scale graphene-related materials and further incorpora-
tion into more functional composite materials will also be
investigated.
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