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Abstract:

The in-situ formation of TiC/Ti composite coatingasvachieved by induction cladding (IC)
approach. The powder mixture of 70at% Ti and 30gt&phite were preplaced on a Ti6Al4V
substrate and irradiated with a high frequency ¢tidn heating coil in Ar atmosphere. The
cladded coating exhibited a practically dense amk{free microstructure with metallurgical
adherence to the substrate. Fine titanium carl{iti€ were uniformly formed in the coating,
which were confirmed by X-ray diffraction (XRD), d&y photoelectron spectroscopy (XPS)
and transmission electron microscope (TEM) analy$iso temperature peaks within the
coating indicates the induction cladding processdlifferent from the point heating sources.
Dissolution-precipitation mechanism is used to axpthe formation of the composite coating
and the in situ synthesis of the TiC particle reinéments. The nanoindentation hardness of the
TiC particles is about 22 GPa, which makes the ohiardness of the composite coating (600
HVo2) nearly twice the microhardness of the Ti6Al4V swate (340 HY,). The hardness
evolution of the composite coating is evaluatedh®yrule of mixtures and the predicted results
are consistence with the measured ones.

Keywords: induction cladding, titanium matrix consgies, composite coating, in-situ synthesis,

TiC



1 Introduction

Titanium and its alloys are widely used in aerospacarine, chemical and biomedical fields
because of their desirable properties, such agl@wity, high specific strength, non-magnetism,
biocompatibility, corrosion resistance, and gooddation resistance [1-3]. However, low
hardness and modulus, poor wear resistance andrfdgbn coefficient limit their applications,
especially to the fields where specific surfacefqremances are required [4-6]. Wear is
essentially a surface-dependent property that neayriproved by appropriate modification of
the surface microstructures and compositions withaftecting the properties of the bulk
materials [7, 8]. Titanium matrix composites (TMQ@gve considerable potential, particularly
for wear resistance applications because of thigin hardness, high strength, high elastic
modulus, and excellent high temperature stabilttys an effective solution to improve the
surface properties by the particulate-reinforcéghtum based composite coatings [9, 10]. The
in-situ synthesis technology is a promising apphdacfabricate the particulate-reinforced metal
based composite coatings with elevated mechaniogkepties by the in-situ formed hard phases,
which can improve the hardness, thermal stabdidiyerence of the coatings [11, 12]. Advanced
composite coatings for titanium and its alloys vtk in-situ particle reinforced structures have
been rigorously investigated in the past decad#jtalemains an active area of interdisciplinary
researches.

Laser [13, 14], TIG [15] and plasma transferred [A&] are commonly used for the in-situ
deposition of the particle reinforced compositeticmgs. Among these methods, laser surface
processing was regarded as the most promising@oldt7]. Yang et al. [18] in-situ synthesized
TiCN/TIN composite coating by laser cladding thextmie of Ti and C powder on Ti-6Al-4V
substrate using nitrogen as protective gas. Trstindeposited TiCN/TiIN composite coating
shows a remarkable improvement of microhardnesd (Bres) and wear resistance (10-11
times) compared to the Ti6Al4V substrate. Das €tl8] in-situ synthesized TiB/TiN reinforced
Ti6Al4V alloy composite coatings on Ti substratelager alloying from the premixed Ti6AI4V
and BN powders. It showed that the hardness andg'sumodulus of the composite coatings

are positive correlated with the percentage of2Nepowders. Li et al. [20] in-situ synthesized



the (TiC+TiB)/Ti composite coating on Ti6Al4V sulete by laser cladding from the preplaced
Ti and B,C powders. The coating exhibited excellent weaistasce under dry sliding wear
tests.

TiC is regarded as one of the best reinforcemengstitanium matrix due to its outstanding

characteristics, such as high elastic modulus,laindensity to Ti alloys, high melting point
(3067 °C), high hardness (2800 HV), good thermal stabikycellent wear resistance, high

oxidation resistance and low friction coefficie@tl[ 22]. The in-situ TiC particles formed via
the chemical reaction between Ti matrix and difiérearbon sources during the fabrication
process can ensure that the Ti/TiC interfaces @ cand have strong metallurgical bonding
[23]. In-situ Ti/TiC metal matrix composites haveen fabricated using several techniques and
the coatings exhibit excellent properties [16,25], Zhang et al. [26] prepared a TiC reinforced
composite coating on Ti6Al4V by laser induced nmgjtiand reaction of a powder mixture,
which was consisted of Ti and L£g powders. It was found that the microstructureghef
composite coating were related with the compositibthe powder mixtures and the processing
conditions. Savalani et al. [27] in-situ synthedizihe TiC/Ti composite coating by laser
cladding from the preplaced mixture of Ti powderda?0 wt% carbon nanotubes. The
composite layers exhibited high hardness of 112544#id excellent wear resistance due to the
TiC reinforcements. According to the report [28] laf the in-situ TiC composite coatings
fabricated with proper addition of CNT give promigihigh temperature wear resistance which
IS ten times higher than that of the titanium sigtet The improvement of the wear resistance is
believed to be attributed to the reinforcement prasTiC.

Induction heating has been used for heat treatdoendecades. This process is time and
energy saving, low cost, high reliability, fastmal response, and low environmental hazards
[29]. In recent years, it has been applied fordaposition and treatment of advanced coatings.
Its applications involve laser-induction hybrid dding of Ni based alloy [30], induction
melting of Co based coating [31] and inductionesimg of powder coatings [32]. Particularly,
induction melting has received attention to preparsitu metal matrix composite coatings on

steel substrate. Wang et al. [33] in-situ synthebiZiC particle reinforced Ni-based alloy



composite coating by induction cladding from thextonie of nickel based alloy powders,
titanium powders and graphite powders. The reduoliicate that the formation of the TiC
particles increases with increasing of percentagé® titanium and graphite powders. The
microhardness showed a gradually increasing treitdinvthe composite coating, and the
average microhardness of the composite coatin@®® HV,, which is 5 times that of the

16Mn steel substrate.

However, few studies have focused on in-situ syishef TMCs on Ti or its alloys by
induction cladding method. Considering the inductieating method provides larger heating
area compare to that of the point heating sousted) as laser, plasma, TIG, and electron beam,
the induction cladding method can improve the Efficy of the deposition and reduce the
defects (cracks and pores) within the coating @uth¢ fast heating process. The aim of this
study is to prove the feasibility of in-situ synsimed TMCs on Ti alloy surface by induction
cladding. The phase composition, microstructurerorhardness, nanoindentation behavior and
formation mechanism of the in-situ composite layere investigated.

2 Experimental procedures
2.1. Raw materials and induction cladding process

Ti6Al4V specimen with a size of 50 mm x 30 mm x rhéh were used as substrates. The
substrates were sandblasted and ultrasonic cleaitiedicetone before the induction cladding.
Ti powder (particle size 10-25 pum, purity 99.9% @naphite powder (particle size 5-50 pm,
purity 99.99%) were used as raw materials. The powdixture was weighed to give a
composition of 70at% Ti and 30at% C. This was béshdn a three-dimensional mixing
machine at a speed of 60 rpm for 24 h to make t hemogeneous. Fig.1 shows the SEM
image of the mixed raw powder. The homogenized goweas mixed by the binder (25wt%
rosin, 75wt% turpentine) to form a slurry mateaald then preplaced on the cleaned substrate
surface to form a layer of 2.0 mm thickness.

The induction cladding process is shown in Figl2e Bscillation frequency of the induction
heating equipment was 80-200 kHz with a maximum gyoeutput of 40 kW. The cladding

processes were carried out using a flat inductmhvath a size of 30 mm x 50 mm x 8 mm,



and the size of the square copper tube was 8.0 81 mm with a wall of 0.5 mm in thickness.
The induction cladding was carried out using thiébo¥ang optimized processing parameters:
The scanning rate of coil (v) was 1.5 mm/s, ouppawer (P) was 15 kW, and distance between
the coil and preset coating surface (a) was 5 mm.

2.2. Characterization

X-ray diffraction (XRD) with Cu Kt radiation (Bruker D8 Advance XRD) was used to
identify the phase composition of the cladded cwoptaind the raw powder mixture. After the
cutting, hot mounting and cross-section grindingd apolishing, the polished coating
cross-section was etched in the Kroll reagent @t + 5vol%HNQ + 93vol%H0 solution).
The morphologies and microstructures of the powdetsthe coatings were characterized using
a field emission scanning electron microscopy (FASEEI Nova NanoSEM 450) equipped
with an energy dispersive X-ray spectroscope (ED&nsmission electron microscope (TEM,
Oxford JEOL 2100 LaB6) coupled with EDS was utilize investigate the composite coating.
The observations were carried out with an accéteratoltage of 200 kV. X-ray photoelectron
spectroscopy (Thermo Fisher ESCALAB 250Xi with AluKX-ray source) was used to
characterize the chemical states of cross-secfigheoin-situ TiC/Ti composite coating. High
resolution peaks of Ti2p and C1ls were recorded. pdlished cross-section of the composite
coating was etched by Aat 2 kV for 600 s before the XPS measurement.

Cross-section Vickers hardness of the compositdingbavere measured by a Buehler
micromet 6030 tester. The measurements were pegtbaha load of 200 g and a dwelling time
of 10 s. A fully calibrated Agilent Nano IndenteP@® nanoindentation tester was employed to
measure the mechanical properties of the in-sitndd reinforced phase and the matrix of the
composite coating, and the Ti6Al4V substrate. Gamus stiffness measurement (CSM)
nanoindentation was carried out to determine thé@tian of indentation hardness {Hand
elastic modulus (E) with indentation depth from 0 nm to 1000 nm. iltlentations were done
on the cross-section of the coating at a constaainsrate of 0.02°§ The precise indent
positions were preselected by using the integrapgidal microscope equipped on the tester. To

avoid the interaction between two adjacent ind@miat the distance between any two test



points was larger than 50n. As the desired displacement or load reacheddhe-indenter tip
was held in position permitting creep effects tewgc and during the unloading part of the
experiment a correction of thermal drifts was perfied. Ten measurements were performed at
each of the selected phase or material to incrdasetatistical reliability of the results. The
CSM indentation method makes it possible to obtadgentation hardness () and elastic
modulus (k) of materials from surface to certain depth bytowously recording the force and
indentation depth during indenting materials swefathe indentation deformation behaviors
were observed by a laser confocal microscope (LOMmMpus OLS 4000). The area fraction of
the reinforcing phase was calculated by image amalyith the measured fractions for five
optical micrographs from different portions of thpper-to-middle area and interface of the
composite coating averaged. The measurements wagte using Image-Pro Plus software.

3 Results

In-situ formed carbides were confirmed by both XBBd XPS analyses. Fig.3 shows the
XRD patterns of the induction cladding compositatow and the preplaced Ti/graphite raw
powder coating before cladding. The preplaced rawder chiefly composed by-Ti and
graphite. After induction cladding, neither the keaf the graphite nor the oxides of titanium
were detected from the cladded composite coatmdjcating that graphite has fully reacted.
Diffraction peaks from the composite coating canlwaatch the TiC phase. Furthermore,
except the originab-Ti phase, a weak peak also can matchptie phase due to the phase
transition caused by the induction heating durilaglding.

Fig. 4(a) and (b) show the Ti2p spectra and Clstspef the TiC/Ti composite coating,
respectively. Peak at 454.3 eV was observed whahesponded to the Ti2p3/2 from the
titanium carbide. Peak at 460.3 eV corresponds @pZ2/1 from the titanium carbide [34, 35].
Fig. 4(b) shows the C 1s spectra of the compositinng. The C 1s peak of TiC is observed at
281.9 eV. The peak of graphite is absent in thetsp®. Peak at 285.3 eV is corresponding to
carbon contamination [34].

The microstructures on the cross-section of theitin-TiC/Ti composite coating were

presented in Fig.5. It shows that the coating issdeand has a thickness of about 1.8 mm (see



Fig.5 (a)). The coating is well bonded to the Ti@Alsubstrate, and no interlayer cracks, gross
defects are observed, such as porosity or lackgidm. It indicates that the preplaced powders
were fully melted during induction cladding. Moresydispersed phases with different size and
shape are found in the different zones of the ngafliC particles formed in the coating have
two shapes, one is the near-sphere structure wdiiraeter of 1-3 pm (see inset image Fig.5
(b)); another is the needle like structure witkeragth of 5-10 um and a diameter of 1th2 (see
inset image Fig.5 (c)). It is verified by the arsyfrom EDS. It is shown in Fig.5 (b) and (c)
that TiC particles not only segregated at Ti gragundaries but also precipitated within a
portion of Ti grains. The near-sphere particles dispersed both at the boundaries and in the
grains, while the needle-like particles are matifpersed at the boundaries. The in-situ formed
TiC particles were uniformly distributed within tleeating in micron scale, but the near-sphere
particles were only formed in some Ti grains.

It can be seen in Fig.5 (d) that the surface ofcii@posite coating is more flat compare to
other in-situ composite coatings deposited by spetrgy sources, such as laser [36], PTA [37]
or GTAW [38]. This difference is mainly caused e theat sources. Compared with the spot
energy sources, high frequency induction heatirlgoam provide more energy and larger area
of the preplaced powder coating could be irradiatduch leads to a large molten pool and a
corresponding smooth surface after solidifyingtha present work, the coil (50 mm in width)
scanned along the length direction of the speci(88nmm in width), and the powder coating
was melted within one scanning process. Surfacghmess of the composite coating was
measured in a range between 1.5 to 2.5 pm. Whi@nsnkess machining allowance is needed
and more materials are saved in practical appticatrurthermore, the inset optical microscope
(OM) image in Fig.5 (c) shows that the Ti matrixsha typical characteristic of bimodal
structure, which consists of two typical structurdd a small amount of the primary equiaxed
a-Ti phase and (2) large quantity of the platelebselaryo-Ti phase that separated by interface
layer of thep-Ti (that is the structure df transformation). The generation ptransformation
was mainly caused by the induction heating, p#1d between platelet secondasyTi phases

was also detected by XRD. Besides, a transitiore zzthout 200 um was formed between the



composite coating and the substrate, and no cracksores are observed, which indicates
metallurgical bonds were produced between the mpatihd the substrate. The needle-like TiC
particles are distributed in this transition zoseg(Fig.5 (e)).

TEM characterizations were carried out to study rifierostructures of the in situ formed
spherical and needlelike TiC phases (see Fig.arfd)(c)), and Ti matrix (see Fig.5 (c)). Fig.6
shows the bright field TEM images and the corredpmn SAD patterns of different phases
within the TiC/Ti composite coating. Based on thealgsis of the diffraction patterns, Fig.6 (a),
(b) and (d) are corresponding to the TiC reinforeetiwith a cubic (NaCl) structure in the [001]
beam direction. Thus, it was confirmed that neditke-TiC and spherical TiC were formed by
the in situ reaction between Ti and graphite. F{g)6(e) and (f) indicate that the light coloured
strip Ti matrix phase has a close-packed hexag{mgb) structure in the [2-1-10] beam
direction, and the deep coloured interlaminar rrapiiase has a cubic face-centered (bcc)
structure in the [-113] beam direction.

A cross-sectional microhardness profile of the cosite coating is shown in Fig.7. It is clear
that the coating has relatively uniform hardnegpieximately 600HY ) at the first 1500 pm
of the coating from the surface. Then the hardmesseases gradually to approximately 440
HV,, at the interface between the coating and thesitian zone The hardness at the interface
between the transition zone and the substrateastatd0 H\$,, which is still higher compare
to the hardness of the Ti6AI4V (340 HY.

Nanoindentation tests were performed to investigfatemechanical properties of the phases
in nano/micro scale. Typical 3D optical micrograptfsthe indented positions on different
phases, at a maximum indenter depth of 1000 nmyegrerted in Fig.8 (a)—(d). Triangular
pyramid craters can be formed when the indentdijprpenetrates in different phases. The
indentation hardness (Bl and indentation modulus  can be obtained by continuously
recording the force and indentation depth durirtpiming materials surface.

Fig.9 (a), (b) and (c) show the load-displacemeuntve, H; profile and bk profile,
respectively. Compare to substrate and other phbhgg®er indentation load is needed to make

the indentation depth to 720 nm for TiC phase, Wwhiteans that the TiC phase possesses a



relatively high hardness. The load-depth curveshefsubstrate and the equiaxedi phase
have similar trends. For deeper indentation depbimf720nm to the final maximum, the
indentation load for thed transformation is the highest. Furthermore, itnied that the
maximum indentation loads for the TiC phase andetjiaxedo-Ti rich phase are similar,
indicating they have similar average hardness.réhelts of indentation hardness and modulus
were consistent with the load-depth observatiom® M profile of TiC phase increases with
the indentation depth in the range from 0 nm toualF® nm, stabilizes from 70 nm to 120 nm,
and then decreases. The other profiles of hardreessthe same trends: increase rapidly in the
depth range from 0 nm to 40 nm, and stabilize wimelented deeper than 40 nm. For the
variation of modulus, the situation is similar witte hardness for all the tested samples. The in
situ TiC phase and the structurefofransformation exhibit a peak hardness of 22 GRham
average hardness of 6.1 GPa, and a peak moduR&0oGEPa and an average modulus of 200
GPa, respectively. The equiaxedi rich phase and the substrate possessed thiaisprnoperty:
an average hardness of 4 GPa, and a modulus ¢&R&0
4. Discussions
4.1 Forming mechanism of the induction cladding coating

It is well known that the current distribution istruniform when an alternating current flows
through a conductor. The maximum value of the curdensity will be located on the surface
of the conductor, and it decreases from the cowdustirface toward its center. The
phenomenon of nhonuniform current distribution witllhe conductor cross-section is called the
skin effect, which is one of the major factors tbatise the concentration of eddy current in the
surface layer of the workpiece during induction thep Because of the skin effect,
approximately 86% of the induction power will bencentrated in the surface layer. The
temperature will therefore decrease from the serfat the preplaced coating toward the
interface and the substrate during induction clagldDn the other hand, induction heating relies
on two mechanisms of energy dissipation for theppse of heating. These are energy losses
due to Joule heating and energy losses associatedmagnetic hysteresis [39]. The Joule

heating is the sole mechanism of heat generatioroinmagnetic materials such as austenitic



stainless steels, and aluminum, titanium and téors. In this case, the heat by induced eddy
currents in the workpiece is proportional to thaasg of the current intensity. It is obvious that
the “dense” Ti6AI4V substrate has much less eleglrresistance compared to the “loose”
preplaced coating on the substrate. Thereforejnthection heating rate of coating/substrate
interface is higher than that of the preplaced inganhear interface, leading to a second
temperature peak at the interface besides thengpstirface.

To have a better understanding of the heating ppead the forming mechanism of the
induction cladding coating, less power was utilitedyet a not fully reacted composite coating
and its cross section images are shown in Fig.h6.cbating surface and the interface regions
are dense. TiC particles have similar morphologiés that shown in Fig.5, which can be
clearly distinguished, indicating the preplacediid graphite powders were melted completely
at these regions even under less heating poweretawin the middle area of the coating,
plenty of black particles covered by gray layer aloserved. It is verified by EDS analysis that
the particles are graphite and the layers are T@sgs. Large amount of residual graphite
particles indicate that the melting of Ti powderswaoor in this area, and the formation,
dissolution, and precipitation processes for thenfdion of TiC were incomplete due to the
relatively low temperature during induction cladglint indicates that during the induction
cladding, temperatures at the surface and thef@iceerareas are higher than that in the middle
zone. It proved the presence of two temperaturkspeéhin the coating, one at the surface and
the other at the interface. Hence, induction hgasndifferent from the point heating sources,
such as laser, plasma, electron beam, and oxyanetylame. The melting processes for these
sources are from the surface to the center. Irdackion melting process, the coating can be
melted from the surface and the interface simutiasly by the joule heat derived from eddy
current, which can provide a rapid melting prodesghe deposition of the coating. Especially
the melting process happens at the interface, wtachlead to metallurgical bonded interface
between the coating and the substrate.

4.2 Solidification process and in-situ forming mechanismof TiC

During induction cladding, the reaction of Ti andyghite can be expressed as follows:



Ti+C—TiC (1)

The standard Gibbs free energyr, and standard formation enthalgyi+, of the above
reaction was calculated using thermodynamic daia fve [40]. As shown in Fig. 11, theGy
is negative up to 2500 K, indicating the reacticmsvieasible thermodynamically and TiC can
be formed at this condition. Moreover, thetis also negative, which indicates that the reaction
is exothermic and can spontaneously occur. The XRES, TEM, and SEM analysis of the
composite coating verified that the TiC particlesrevin situ synthesized from the preplaced
coating consist Ti and graphite powders by inductadadding, leading to a significantly
increase of the microhardness of the compositengpbabmpared to the substrate.

The growth mechanism of TiC includes: (1) diffusiomechanism and (2) dissolution—
precipitation mechanism. A study on the in-situ /RlCcomposite coating shows that the high
temperature self-propagating reaction between diGuoccurs below 1500 K [41]. Tong [42, 43]
et al. reported that when the temperature is ldh@n 1554 K, the growth of TiC is dominated
by the diffusion process. When it is higher thaB4L¥, the TiC is formed by the dissolution—
precipitation process. Generally, the diffusion hmdsm happens when the synthesis
temperature is lower than the liquidus temperatWhen the synthesis temperature is higher
than the liquidus temperature, the dissolutiondpreation processes happen, which includes
three steps: | formation through in-situ reactitirgissolution in a high-temperature melt, lli
nucleation and growth before solidification [42]nheT dissolution-precipitation mechanism is
applicable to the formation of the reinforcing pémsf the composite materials such as TiC/Ti,
TiB, and (TiC+TiB)/Ti obtained by the laser, plasreéectron beam, and induction methods.

The infrared temperature measurement shows thahitifeest surface temperature of the
samples during the induction cladding was highanth300 K. Based on the Ti—C binary phase
diagram [44] shown in Fig.12, the in-situ synthediZiC particles will dissolve completely in
the liquid Ti molten pool, and then precipitate €TRC particles were first nucleated and then
growth during the subsequent cooling and solidifica In this case, the in-situ formation of
TiC/Ti composite coating by induction cladding dam explained as follows: the preplaced Ti

powder transformed from-Ti to B-Ti when temperature was higher than 1155 K, aled fRTi



reacted with graphite and formed TiC. When the &majure was higher than 2000 BTi
melted and formed the molten pool, in which thesita-formed TiC particles dissolved and
precipitated during the cooling process. The sied morphologies of the TiC reinforcing
phases were mainly influenced by the cooling rateéng the solidification and the crystalline
structure of the TiC.

The binary phase diagram of Ti—C shows that Tiipi@ates from the liquid phase and then
form the primary crystal of TiC during the solidiétion. As TiC has the B1 (NaCl style) crystal
structure [45], the growth rate on the symmetrigstal faces was the same during the
nucleation, favoring the formation of the symmesiaucture, i.e., isometric spherical particles.
Moreover, the surface energy for the formationgifesical particles is the lowest, and thus the
nucleation was the easiest. Therefore, spheridal particles are primary formed during the
cooling process. However, under the nonuniformiogotonditions, the growth rate along the
undercooling direction will be faster. Observing tliquidus and solidus temperatures of L +
TiC, the rise of the former was steeper, favorimg appearance of constitutional undercooling,
and forming the dendrite due to the preferenti@wgh along the undercooling direction.
Moreover, temperatures rise up faster at the seirfad the interface areas, which act as two
heating sources for the synthesis process. Thengoaites at these two areas are also higher
than that in the middle area when induction heast@pped, leading to the growth of the
strip-type TiC phases as shown in Figs. 5(c) addl. Sthe cooling condition in the middle of the
coating was relatively stable, resulting in tharation of the near-spherical TiC phases.

In the further cooling process, tReTi and TiC (binary eutectic) precipitated from tiguid
phase when reaching the binary eutectic line effLTi + TiC, and the TiC was spherical.
When approaching to the solid phase, the diffusata decreases, whereas the TiC nucleation
rate increases, leading to the precipitation of llem&iC crystals from the binary eutectic
compared to the primary TiC phase. With a furthesrdase of the temperature, the reaction of
B-Ti + TiC— o-Ti occurred in the solid-phase area. Few solicssphaactions happen due to the
low temperature and fast cooling rate.

4.3 Reinforcement mechanism and mechanical behaviors of in-situ TiC



The Hy and Er of in-situ TiC phase are strongly affected by thdentation depth. This
scale-dependent hardness behavior is related twothposite microstructure constructed by the
hard reinforcements and the soft matrix, whichiffeent from the well-known indentation size
effect (ISE) [46] and related to strain gradientsl @eometrically necessary dislocations. As
shown in [46] indeed, such effect will be dominarten the indentation depth is very small.
The nanoindentation hardness is calculated byatie of the indentation load to the projection
area of the plastic deformation of the sample [Af\very small depth, only elastic deformation
occurs. With the increase of indentation depthstpdadeformation occurs and causes a rapid
increase of the indentation hardness at the depttozens of nanometers, and the measured
values above that depth are generally consideragepesent the real mechanical properties.
Therefore, the rapidly increasing hardness and insdat lower depth shown in Fig.9 (b) and (c)
can be attributed to the indentation size effecweler, the ISE cannot explain the hardness
behaviors for the in-situ TiC. But it is helpful éxplain the hardness behavi@rsansformation,
equiaxeda-Ti rich phase and Ti6Al4V substrate, which do possess a particle reinforced
microstructure. Their hardness stabilizes rapidlioe& depth. Therefore, the average hardness
measured deeper than dozens of nanometers refleetdehavior of the structure df
transformation and the equiaxedli phase, and they exhibit the average hardne$sloGPa
and 4.0 GPa, respectively.

To clarify the mechanical behaviors of the in-ftumed TiC particles and understand the
correlation between the indentation degdth (he indentation volume and the size of the TiC
particle, the size of residual nanoindentation spron is corresponding to the indentation
displacements during the loading process. In généira indentation radiugy;, describes the
distance between the center and the vertex of qodageral triangle indentation markhich
can be used to calculate the volume of the indientatater. For a standard Berkovich indenter,

there is a relationship betweBnand the indentation depth (h), which can be egae@ss:
R=2h-tga 2

where a denotes the angle between a plane and the altitdfidine triangular pyramid

indentation marks (or the indenter), and in thes@né paper, for a diamond Berkovich indenter



the angle g=a,=8,=65.3°.

An indentation depth of 120 nm corresponds to atentation radius of about 520 nm
according to the above equation. At this deptincalgh the deformation volume is smaller than
the size of a TiC patrticle in the cross-sectiothef composite coating, it approaches to 1/10 of
the dimension of a single TiC particle in the dir@g vertical to the cross-section, because the
size of the TiC particles (shown in Fig.8 (a)) werebably reduced from original 3#mn to
about 1-2um during the grinding process. The indentationtenTiC patrticle, in this case, can
be regarded as indenting on hard film with a softstrate, and the influence of bottom soft Ti
matrix increases with the increasing of the indeoradepth, especially when the depth deeper
than 1/10 thickness of the coating according to 184577 standard [48]. Therefore the
decreasing hardness of TiC phase, when the depffed¢han 120 nm, can be explained by the
variation of the indented volume of bottom Ti muatrin this case, the hardness measurements
of the TiC phases were less influenced by the mainase ofu-Ti and p-Ti. The in situ TiC
phase exhibits an average hardness of 22 GPa idefhth range from 70 nm to 120 nm, the
value corresponds with the hardness levels inghge of 2000-3000 HV reported by Jiang [49].
Whereas with the increasing of the indentation ldeptore influences from the bottom and
surrounding soft Ti matrix were achieved to lowss hardness. It is shown in Fig.9 (b) and (c)
that obvious inflection points appear at the inddabh depth of 450 nm in curves of TiC. In
which the size of the indentation craters are chkos¢he sizes of the TiC particles, and the
hardness and the modulus will gradually decreasigatoof the Ti matrix.

The Vickers hardness values of the in situ TiCiplag and the matrix phases ®fTi and
B-Ti can be recalculated from the nanoindentatiomliess according to the following formula
[48]:

Hy = 94.5H;t 3)
where H, is the microhardness value by Vickers hardnesshodetHV, and K is the
indentation hardness by nanoindentation method, GPa

The recalculated hardness for the dispersed pestanid the matrix of the composite coating

are feasible for the estimating of the hardness fasction of the phase fractions according to a



Rule of Mixtures (ROM) calculation. The hardnesgshaf in situ TiC/Ti composite coating can
be calculated according to the models of Iso-StrgimStress and Power-Law, associated with

high, low and middle volume fractions of reinforqatase, respectively [24, 50, 51]:

Hcomposite = HTinTiC + Hmatrix(1 - fTiC (ISO'Strain) (4)
Hc_olmposite = H%ilchiC + Hl;l:;trix(l — fric)(Iso-stress) ©))
Hcomposite = HmatriX(HHTiC )fTiC (Power-Law) (6)

matrix

where fic and f..ix are the area fractions of the TiC particles amdntiatrix, respectively+ it +
fmatix =1. Homposite Hric, and Hharix are the hardness of the composite, TiC partictes the
matrix, respectively.

These equations are applied fgg fanging from 0 to 1, using#d = 2079 HV (recalculated
form Ht of 22GPa), and assuming that the matrix is egtimmposed of structure df
transformation with H.i=567 HV (recalculated form jHof 6.1 GPa) or equiaxedTi rich
phase with Hawix =378 HV (recalculated form Hof 4.0 GPa), or the mixture of 75vol%
structure ofp transformation and 25vol% equiaxedTi rich phase with Ha:ix =520 HV
(calculated by Iso-strain model). The results ef pinedictions according to all three models are
demonstrated in Fig.13. To examine the validitytha#se calculations, the predicted hardness
values are also compared with the measured, neatart, microhardness value at the
upper-middle coating, whergd is estimated as 0.11, angtfat the interface, is 0.02.

The measured microhardness of the middle—uppeimgo@it00 HV, ;) agrees well with the
predicted results of the rule of mixtures (ROM)the coating matrix was supposed to only
contain thep transformation, the measured hardness of the mpatias consistent with the
Iso-stress model. When the equiaxed@i phase was in dominant, the measured hardnetbe of
coating was consistent with the predicted valuaiokd from the Iso-strain model. In the case
when the coating was combined with 75vol¥@dfansformation and 25vol% of equiaxedi
phase, the measured hardness of the coating wassimon with the predicted value obtained
from the Power-Law model, which is consonant with tesults obtained by Brian et al. [24].
The measured hardness in the interface aB0(HV) was consistent with the predicted value

from ROM with the assumption that the matrix of theerface was equiaxedTi phase. About



2% of TiC reinforcements were formed in the inteefarea and its hardness is still dominant by
the equiaxed-Ti phase.

The abovementioned results indicate that the hasdokthe composite coating reinforced by
the in-situ synthesized TiC can be effectively jrttl by using the ROM method. Appropriate
hardness and the concentration of the matrix ainéoreed phases should be carefully choosing.
The in-situ TMCs coating can be designed with $litastructures to meet hardness
requirements for the application, which includes Helection of the percentage of the matrix
and the reinforcements.

5 Conclusions

The in-situ synthesized TiC particles reinforced cimposite coating was successfully
prepared by the high frequency induction claddingthmd on Ti6Al4V substrate. The
composite coating has a flat surface and a demsetwste without defects such as pores and
cracks. Metallurgical bond was formed between tegting and the substrate. The formation of
TiC patrticle undergoes in-situ reaction betweeard C, dissolution in the high-temperature Ti
melt, nucleation and growth before solidificatiofhe in-situ deposited TiC phase has a
hardness of 22 GPa and a modulus of 270 GPa. Tameslof TiC particles were formed in the
coating, near-sphere phase with a diameter of Inbneedle like phase with a length of 5-10
um and a diameter of 1gh. Two temperature peaks were found within the ingaduring
induction cladding, which leads to a rapid heatargl solidification of the surface and the
interface of the composite coating. That affects mhorphology and distribution of the TiC
particles, and results in a good metallurgical ogdbetween coating and substrate. The matrix
was formed by th@ transformation and the equiaxedi phase. A relatively uniform hardness
in the range of 590-610 HY is achieved at surface area of the coating. Thdnleas then
decreases to 440-410 ki/at the interface, and the hardness of the subsga&40 H\{,. The
hardness evolution agrees well with the predictibthe Rule of Mixtures, which is related with
the percentage of the reinforcements and the tipwatrix.
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Figure captions

Fig.1 SEM micrograph of the mixed powders of 90wi%dDwt%C.

Fig.2 Schematic diagram showing set-up of high desgty induction cladding of Ti/graphite
sample.

Fig.3 XRD pattern of (a) the raw Ti and graphitevders before cladding and (b) the composite
coating.

Fig.4 XPS patterns of (a) Ti2p and (b) C1s of t-3iC/Ti composite coating.

Fig.5 Cross-sectional SEM images of (a) overviewrostructure, (c) middle area, (b) upper
area and (d) interface, of the in situ TiC/Ti cormsip® coating.

Fig.6 Bright field TEM images of (a) spherical désped phase, (b) strip dispersed phase and (c)
Ti matrix of the coating, and SAD patterns of (&},T(e)a-Ti and (f) B-Ti phases thereon.

Fig.7 Microhardness profile of the in situ TiC/Traposite coating (cross-section).

Fig.8 Indentation marks at a maximum depth of 20@0for (a) TiC phase, (k)-Ti rich phase,
(c) structure off transformation on the composite coating and (BAHYV substrate.

Fig.9 Nanoindentation results of (a) load-depthveu(b) indentation hardness and (c) Young's
modulus for different phases on the composite ngatind the Ti6Al4V substrate (using a
Poisson ratio of 0.25).

Fig.10 Cross-sectional SEM images of (a) overviewrostructure, (b) magnified zone shown
in square A, (c) magnified zone shown in squaren® @) magnified zone shown in square C,
of the partly melted TiC/Ti composite coating ungeor melting conditions (w = 10 kW, v =
1.2 mm/s, a =4 mm).

Fig.11 Variation of Gibbs free energy and formatemthalpy of the reaction between Ti and
graphite.

Fig.12 The calculated Ti—C phase diagram [44] &hew indicating the mole fraction of C is
0.3 in the raw powders used in the present work).

Fig.13 Rule of Mixtures results compared with meadwalue for TiC/Ti composite coating
when assuming the matrix consists of (a) struatfifetransformation, (b) equiaxedTi phase,

and (c) a mixture of 75vol% structure pfransformation and 25vol% equiaxedi phase.
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Highlights
In situ synthesized TiC/Ti composite coating is achieved by induction cladding.
The coating has smooth surface, dense structure, high hardness and good bond.
Formation mechanisms of the coating and thein situ TiC particles are discussed.
Nano/micro mechanical properties of different phasesin the coating are studied.

Hardness evolution of thein situ coating agrees well with the Rule of Mixtures.



