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A B S T R A C T   

Powder-fed laser cladding with layer-by-layer deposition characteristics offers the unique advantages in the 
fabrication of ceramic/metal functionally gradient coatings (FGC). However, the inability of the size to vary with 
the content of the ceramics usually results in limited wear resistance or non-uniform mechanical properties of 
ceramic/metal FGC fabricated by the ex-situ process. Therefore, in this study, in situ synthesis of titanium car
bide/nickel (TiC/Ni) FGC was carried out on ductile cast iron by powder-fed laser cladding using Ni45, Ti, and 
Ni-coated graphite (C). Seven groups of gradient compositions from 0 to 50% Ti + Ni-coated C with a Ti to C 
atomic ratio of 1:1 were designed. The phase composition, microstructure, interfacial characteristics between the 
consecutive layers, microhardness, and wear rate from the bottom to the top of the in situ synthesized TiC/Ni FGC 
were systematically studied. The results indicated that the phase composition was subjected to the desired 
evolution with the increase in the deposition height. Besides, the relative length and area fractions of ceramic 
compounds also gradually increased, following the quadratic and linear functions, respectively. The micro
hardness increased from the bottom to the top following a quadratic function: Y = 2.961E − 6X2 + 0.0217X +

530.30 with an R-square of 97.97%, and the wear rate decreased following a linear function: Y = 4.873E − 9X +

5.077E − 5 with an R-square of 94.04%. The maximum microhardness of 1036.25 HV and minimum wear rate of 
4.872E − 6 mm3⋅N-1⋅m-1 were obtained at the top of the in situ TiC/Ni FGC. Besides, the wear mechanism also 
varied with the relative length and area fraction of the in situ TiC. This study confirms the feasibility of the 
fabrication process of the ceramic/metal FGC involving the size varies with the content of ceramics by in situ 
process.   

1. Introduction 

The advent of ceramic/metal functionally gradient coating (FGC) 
with continuous gradient behavior in microstructure and properties can 
not only meet the performance requirements corresponding to different 
locations of the part, but also relieve defects associated with poor 
bonding strength and rapid variation in properties at the metal/ceramic 
interface, where the damage always gets initiated [1,2]. Therefore, 
ceramic/metal FGCs can be utilized in a wide range of options for 
achieving the desired grading properties in machinery, aviation, aero
space, navigation, automobile, biomedicine, and other fields, [3–5]. 
Recently, ceramic/metal FGCs have attracted considerable research in
terest because of the boom of powder-fed laser cladding technology over 
the past two decades [6,7], which exhibits unique advantages in terms of 
unique layer-by-layer deposition characteristics, flexible component 
design, advanced deposition strategy, rapid response to market 

demands, and so on [8,9]. 
As early as 1993, five years after the concept of FGCs was proposed, 

Jasim et al. [10] reported a laser-clad Al–SiC FGC on an IN625 substrate 
using raw mixtures of Al–10, 30, and 50 wt% SiC, respectively. When the 
content of SiC was 10 wt%, undesired needle-like Al4C3 particles were 
found in the matrix due to the dissolution of SiC. However, 
round-shaped SiC particles were more prone to be retained at high 
volume fractions of SiC. Zhang et al. [11] fabricated two thin-walled 
FGCs using Ti to Ti-40 vol%TiC without a discrete interface on the 
Ti–6Al–4V plate by the continuous-wave CO2 laser source. The 
un-melted TiC particles were embedded in the TiC/Ti FGC, and the 
microhardness increased from 220 HV to 450 HV along the build-up 
direction. Furthermore, Mahamood et al. [12] fabricated a TiC/
Ti6Al4V FGC with the TiC content varying from 0 to 50 vol% by laser 
metal deposition. The incompletely melted TiC particles at high volume 
fractions resulted in a large variation, approximately four times of the 

* Corresponding author. School of Mechanical Engineering and Automation, Northeastern University, Shenyang, 110819, China. 
E-mail address: tianbiaoyudyx@gmail.com (T. Yu).  

Contents lists available at ScienceDirect 

Ceramics International 

journal homepage: www.elsevier.com/locate/ceramint 

https://doi.org/10.1016/j.ceramint.2022.08.243 
Received 13 June 2022; Received in revised form 16 August 2022; Accepted 22 August 2022   

mailto:tianbiaoyudyx@gmail.com
www.sciencedirect.com/science/journal/02728842
https://www.elsevier.com/locate/ceramint
https://doi.org/10.1016/j.ceramint.2022.08.243
https://doi.org/10.1016/j.ceramint.2022.08.243
https://doi.org/10.1016/j.ceramint.2022.08.243
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ceramint.2022.08.243&domain=pdf


Ceramics International 48 (2022) 36789–36801

36790

maximum value compared with that of the substrate. A similar micro
structure and microhardness evolution were also found in a study by Li 
et al. [13]. The size of the unmelted TiC particles has an insignificant 
variation with the incremental TiC content. That is, at the bottom of 
TiC/Ti6Al4V FGC, the embedded coarse TiC particles are not uniformly 
spaced. Besides, some cracks were observed to penetrate the unmelted 
TiC and the matrix, resulting in low toughness. 

For the systematic exploration of the process feasibility of ceramic/ 
nickel FGCs and subsequent analysis of their microstructure and prop
erties, related studies have been carried out extensively. Wilson and Shin 
[14] presented a laser direct deposition process to fabricate TiC/Inconel 
690 FGC with the volume fraction of TiC particles varying from 0% to 
49%. The drastic variation in microstructure with increasing TiC content 
resulted in the sudden fluctuations in the microhardness and volume loss 
in different positions of the FGC. Besides, the decomposition behavior of 
TiC particles under laser treatment was not observed. Shi et al. [15] 
firstly optimized the laser cladding process of Ni/WC by Taguchi’s 
method. Subsequently, they fabricated a free-crack and pores gradient 
composite coating. The coarse WC particles (more than 50 μm) 
improved the surrounding hardness and wear resistance. Moreover, 
apparent interfaces were also observed between the layers. Wang et al. 
[16] prepared a three gradient Ni60/coarse WC FGC on Q345R steel, the 
improved wear resistance of the Ni60 coating was obtained. Unfortu
nately, the coarse WC ceramic particles mainly accumulated at the 
bottom of the tracks because of the high density. The fabrication process 
of other ceramics/metal FGCs with different ceramics, such as Invar/TiC 
[17], WC/Stellite 6 [18], ZrO2/Ti6Al4V [19], W/Al [20], and corre
sponding microstructure and mechanical properties also have been re
ported. The analysis of the above-mentioned studies indicates that the 
process employed by most researchers for laser additive manufacturing 
(AM) of ceramic/metal FGC coatings is ex-situ, i.e. ceramic particles with 
different gradient content are briefly mixed with metal powder, and 

then the FGC with a single gradient direction is developed layer by layer 
through laser AM. 

Nonetheless, there are several inherent limitations caused by the 
initial size of the ceramic particles when using the ex-situ synthesis 
technology to fabricate ceramic/metal FGCs via powder-fed laser clad
ding, as shown in Fig. 1, one of the most important aspects of FGCs is 
that their microstructure and properties would be varied in a gradient 
with the position. Therefore, it can be speculated that the size of the 
ceramic particles should be positively correlated with the content. When 
the ceramic content is low, the ceramic particles are expected to be fine 
due to the uniformity of the mechanical properties. In contrast, when the 
ceramic content is high, the ceramics are expected to be coarse due to 
the superior wear resistance. Moreover, the sharp interfaces between the 
ex-situ synthesized ceramics and matrix, where failure is always initi
ated, are also observed due to the poor wetting performance [21,22]. 

In recent years, with the gradual advancement of in situ synthesis 
process in the fabrication of composite coatings, there have been signs of 
a solution to the above-mentioned challenges. Wang et al. [23] fabri
cated a series of submicron Ti(C, N) particles reinforced coatings by 
synchronized powder feeding plasma transferred arc cladding technol
ogy with different mole ratios of Ti/g-C3N4 in the initial materials. The 
wear resistance and hardness tended to increase in a gradient manner 
with the molar ratio. Besides, the clear interface between the in situ 
formed Ti(C, N) and Fe2Ti was also observed. TiC, Ti5Si3, and Ti3SiC2 
with different sizes and content were in situ generated in the 
Ti6Al4V/(TiC + Ti3SiC2) FGC by Li et al. [24]. The diameter of in situ 
synthesized TiC particles increased firstly and then decreased with 
enhancement in the volume fraction of (Ti–Si–C). The microhardness 
also increased in a gradient manner. Jing et al. [25] fabricated TiC and 
TiBx referenced TiNi/Ti2Ni-based gradient composites with the preset 
layer including different mixtures (TiNi + 10, 20, and 30 wt% B4C). 
However, the wear resistance was affected by the presence of pores due 

Fig. 1. Advantages and disadvantages of ceramic/metal FGCs synthesized by ex-situ process depending on the size and content of ceramic compounds.  
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to the oxidation of B4C, and Zhao et al. [26] also observed a similar 
phenomenon. Moreover, several studies [27–29] have also confirmed 
the potential for the fabrication of in situ ceramic/metal FGCs by laser 
AM process. Interestingly, defects associated with poor bond strength 
and sharp variation in properties at the metal/ceramic interface are 
alleviated [30,31]. 

Titanium carbide (TiC) has proven to be a good candidate for 
fabricating ceramic/metal FGCs due to its high hardness [32] and 
excellent wear resistance [33] as well as good wetting behavior toward 
alloys [34]. However, the powder-fed laser cladding process, micro
structure, and properties of TiC/Ni FGCs synthesized by in situ process 
have rarely been reported to date. In this study, Ti + Ni-coated graphite 
particles with gradient content variation were uniformly mixed in Ni45 
powder. Subsequently, in situ synthesized TiC/Ni FGC with the parabolic 
trend in hardness and linear trend in wear rate was fabricated layer by 
layer via powder-fed laser cladding. Besides, the effect of in situ syn
thesized TiC particles with different sizes on the layer-to-layer micro
structural evolution of TiC/Ni FGC was analyzed and discussed in detail. 

2. Materials and methods 

2.1. Material and setup 

Spherical Ni45 powder particles with the diameter ranging from 
13.41 μm to 130.61 μm (mean diameter of 64.66 μm), pure Ti particles 
with sizes ranging from 7.21 μm to 105.68 μm (purity 99.95%, mean 
length of 50.00 μm), and Ni-coated graphite (C) particles with sizes 
ranging from 26.87 μm to 139.88 μm (purity 99.95%, mean length of 
68.76 μm) were selected as materials for deposition, where the mass 
ratio of C to Ni elements in Ni-coated C particles is 3:1. The elemental 
composition of spherical Ni45 powder particles is 0.45 wt% C, 12.00 wt 
% Cr, 4.00 wt% Si, 10.00 wt% Fe, 2.40 wt% B, 0.10 wt% Mn and balance 

Ni. The scanning electron microscopy (SEM) morphological character
istics and size statistics of the Ni45 powder, Ti, and Ni-coated C particles 
are shown in Fig. 2. The sizes of all powders are within the acceptable 
range of the powder feeder, so that the better flowability provides sta
bility in the deposition process, resulting in fewer defects. 

The experiments were carried out through a coaxial laser AM system, 
including a 500 W fiber laser generator with the wavelength of 1020 nm 
(IPG 500, Germany), a coaxial cladding nozzle (RC52), a disc powder 
feeder (PGF-1), a KUKA robot (KR16-2), and cooling equipment (Tongfei 
cooling, SL400), as shown in Fig. 2. The scanning strategies could be 
executed with high reliability due to the repeatability of the KUKA robot 
(±0.08 mm). The focus of the optical system and powder beam was 
located on a plane at a distance of 15.0 mm low the cladding nozzle, 
where the diameter of the laser beam was 1.0 mm. The mass of the 
output powder particles could be adjusted using the powder feeder with 
high sensitivity, suitable for particle sizes in the range of 44 μm to 149 
μm (− 100/+325 mesh). 

2.2. Process and characterization 

To validate the feasibility process and analyze the microstructure, 
microhardness, and wear rate of the in situ TiC/Ni FGC via laser AM, a 
series of progressive transformation steps were carried out, as shown 
below:  

(1) Design powder component 

The seven gradient compositions of in situ TiC were designed layer- 
by-layer with increasing ceramic content from the bottom to the top 
of the FGC, as shown in Fig. 2. The composition of raw powder for in situ 
synthesized TiC/Ni FGC is listed in Table 1, where the Ti/C atomic ratio 
is approaching 1:1. The composite powder was weighed, matched, and 

Fig. 2. The fabrication process of in situ TiC/Ni functionally gradient coating by powder-fed laser cladding.  
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then mixed in a planetary ball mill at a speed of 120 rpm for 100 min to 
avoid spherification.  

(2) Design deposition strategies and program 

The deposition path was designed in a ’BOW’ to reduce the heat 
accumulation at the edges of the part because of single-direction depo
sition [35], as shown in Fig. 2. A three-dimensional (3D) model with the 
20 × 10 × 10 mm3 was designed, sliced equally in layers, post-processed 
by using CAD software, and finally imported into the offline program
ming software (Robot-Art). The edges of the slices were identified, 
extracted, optimized, and simulated to generate the deposition path, 
which could be read by the control system of the KUKA robot.  

(3) Carry out Experiments 

Before the experiments, the mixed composite powders were pre
heated at 100 ◦C for 100 min to remove residual water vapor. The in situ 
TiC/Ni FGC was fabricated on the ductile cast iron with the 50 × 50 ×
10 mm3. According to the literature study [36], the laser power, scan
ning speed, and powder feed rate were set as 425 W, 4.5 mm s-1, and 
0.85 r min-1, respectively. After the deposition of each layer, the time 
interval was set as 2 min to reduce heat accumulation.  

(4) Obtain microstructure and mechanical properties 

The samples were cut from the substrate in a direction perpendicular 
to the scanning direction by EDM cutting equipment, as shown in Fig. 3. 
The metallographic sample was ground with four fine SiC grits (800, 
1000, 1500, and 2000 mesh), and then polished using the polishing 
solution with a diamond particle size of 1.5 μm by a five-axis CNC 
polishing machine, until the surfaces were free of scratches. The pol
ished plane was eroded in the etching solution containing 20 mL HNO3 
and 60 mL HCl for 20–40 s to distinguish the phase characterization. 
Before the tests, the sample was ultrasonically cleaned in alcohol for 
120 s. 

The graded microstructure was obtained by 3D microscopy (LEXT 
OLS4100, Japan). The field SEM (Zeiss, Germany) system equipped with 
a backscattered electron (BSE) detector and an energy dispersive spec
troscopy (EDS) system was employed to obtain the microstructural and 
elemental characteristics. Besides, compounds were also detected by X- 
ray diffraction (XRD, PANalytical, Netherlands) with Cu Kα-radiation 
and 2θ ranging from 25◦ to 85◦ on the three polished x-y planes, where 
the distances from the interface were 2250 μm, 5250 μm, and 8250 μm, 
respectively. 

The microhardness of the in situ TiC/Ni FGC was measured on the 
polished cross-section using a Vickers microhardness tester (HV-1000, 
China) with automatic focus. The load of 300gf and a dwell time of 10 s 

and an interval of 300 μm at the center regions were set separately. Data 
were collected automatically along the building direction, which 
resulted in the enhancement of work efficiency and reliability. The po
sition of the indentations is shown in Fig. 3. To evaluate the recipro
cating wear behavior of the in situ TiC/Ni FGC as a whole, the 
multifunctional material surface properties tester (MFT-4000, China) 
was employed. Seven sets of dry sliding wear tests were carried out on 
the cross-section at different positions, where the distance from the 
interface (D) is shown in Fig. 3. An Al2O3 ball of φ5 mm with a hardness 
of more than 90 HRC was selected as the counterpart material. Other 
parameters included a load of 10 N, sliding distance of 3 mm, speed of 
200 r min-1, and test time of 30 min. The 2D, 3D worn surfaces and 
volume loss (Vloss) at different positions of in situ synthesized TiC/Ni FGC 
were also obtained by the OLS4100 with powerful data processing ca
pabilities. Besides, the wear rate, ω (mm3/N/m) was obtained by using 
the formula ω = Vloss/FL, where F and L represent the load force and total 
sliding distance, respectively.  

(5) Analyze the microstructure and properties of the fabricated FGC 
to check process feasibility. 

3. Results and discussion 

3.1. Microstructure and elemental compositions 

Fig. 4 demonstrates that the morphology of the microstructure in the 
TiC/Ni FGC evolved significantly with the increase in deposition height 
according to optical images and corresponding local magnification of 
BSE images. The optical image of the substrate exhibits a clear interface, 
which indicates that the TiC/Ni FGC was metallurgically well bonded to 
the substrate. The black particles in the substrate could be assigned to 
spherical graphite according to the EDS result of micro-zone I marked in 
Fig. 4a, as listed in Table 2. At the same time, some free spherical 
graphite particles were also observed at the foot of the TiC/Ni FGC, 
mainly attributed to the strong effect of Marangoni convection. Fig. 4b 
illustrates that Zone I follows the typical characteristics of a laser AM 
Ni45 coating and contains mainly γ-Ni, [Fe–Ni] solid solution, CrB, and 
Cr7C3 according to our previous study [36]. 

When 5% and 10% Ti + Ni-coated C particles were added to the raw 
materials, the size and number of the matrix (γ-Ni and [Fe–Ni] solid 
solution) at the bottom of TiC/Ni FGC decreased significantly, as shown 
in Fig. 4c and d. Besides, the microstructure exhibited two new types of 

Table 1 
The component design of raw powder for in situ TiC/Ni FGC.  

Layers Corresponding 
zone 

Powder composition design 

1–2 I 100.0 wt%Ni45 + 0.00 wt% Ti + 0.00 wt% Ni- 
coated C 

3–4 II 95.00 wt%Ni45 + 3.75 wt% Ti + 1.25 wt% Ni- 
coated C 

5–6 III 90.00 wt%Ni45 + 7.49 wt% Ti + 2.51 wt% Ni- 
coated C 

7–8 IV 80.00 wt%Ni45 + 14.98 wt% Ti + 5.02 wt% Ni- 
coated C 

9–10 V 70.00 wt%Ni45 + 22.47 wt% Ti + 7.53 wt% Ni- 
coated C 

11–12 VI 60.00 wt%Ni45 + 22.96 wt% Ti + 10.04 wt% Ni- 
coated C 

13–14 VII 50.00 wt%Ni45 + 37.45 wt% Ti + 12.55 wt% Ni- 
coated C  

Fig. 3. Optical cross-section showing the test locations.  
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fine black particles with spherical and polygonal shapes embedded at 
the boundaries of the grains. To identify these black phases, XRD and 
EDS were carried out. Fig. 5 indicates that Zone III is mainly composed 
of TiC, TiB2, γ-Ni, and Cr7C3. The atomic ratio of Ti and C elements in 
Micro-zone 5 is 1:1. Moreover, Micro-zone 6 is rich in Ti and B elements 
with an atomic ratio of approximately 1:2. Thus, black spherical and 

polygonal phases could be identified as in situ synthesized TiC and TiB2, 
respectively. The probability of binding between two elements as one 
compound was evaluated in terms of the Gibbs free energy (ΔG) [37] 
and the surrounding element concentration [38]. The ΔG of TiC and 
TiB2 was negative over the temperature range from 0 ◦C to the corre
sponding melting point (3140 ◦C for TiC and 2980 ◦C for TiB2) [39]. 

Fig. 4. The optical images and corresponding BSE images: (a) substrate, (b–h) zones I-VII.  
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Consequently, during the solidification process, the Ti element at the 
solidification front was allowed to combine spontaneously with the C 
and B elements to generate the crystal nucleation of TiC and TiB2. The 
crystal nucleation of TiC with the face-centered cubic structures and 
TiB2 with the hexagonal crystal structure grew up along their preferred 
orientations of (111)TiC and (0001)TiB2 [40,41], resulting in spherical 
and polygonal morphologies, respectively. The previous study [40] had 
revealed that the fracture toughness of TiC–TiB2 complexes is superior to 
that of single TiC ceramics. Therefore, the existence of the B element in 

the raw powder is beneficial in reducing the micro-cracks within the 
FGM coating. 

Fig. 4e and f exhibit that the phase compositions in the middle of 
TiC/Ni FGC were almost identical when 20% and 30% Ti + Ni-coated C 
particles were added to the raw materials. Comparative analysis of the 
microstructural morphology at the bottom of the in situ synthesized TiC/ 
Ni FGC, indicates the existence of some new phase. Zone V is composed 
of TiC, TiB2, Cr3C2, Cr7C3, and TiNi3 phases according to the XRD result, 
as shown in Fig. 5. The lump-shaped phases with gray color corre
sponded to Cr3C2 phases according to the EDS result of Micro-zone 8 and 
EDS results of Zone V. Although the ΔG of Cr7C3 was significantly less 
than that of Cr3C2 [42], the Cr element combined mainly with the 
progressively higher content of C element to form Cr3C2 rather than 
Cr7C3 as C element gradually dominated the competition during the 
solidification process. Besides, new needle-like phases and blocky pha
ses (matrix) with white color were identified as Fe2Ti + TiNi3 and γ-Ni +
TiNi3, respectively, due to the progressively higher concentration of Ti 
element in the molten pool. Moreover, the TiC and TiB2 particles became 
coarser due to the increasing concentration of Ti and C elements. 

Fig. 4g and h show that the TiC and TiB2 particles are the largest, 
with lengths of more than 2 μm. Besides, the TiC, TiB2, Cr3C2, Fe2Ti, and 
TiNi phases are in situ generated at the top of in situ formed TiC/Ni FGC, 
as shown in Fig. 5. To further analyze each phase and the corresponding 
elemental distribution, the EDS map scanning analyses were carried out. 
As shown in Fig. 6, the distribution characteristics of Ti, C, and B ele
ments provide further evidence that the black spherical and polygonal 
particles are TiC and TiB2 phases, respectively. Besides, the cellular dark 
gray phase shown in Fig. 6a primarily contains Fe, Ti, and Ni elements. 
Integration of the EDS result of Micro-zone 13 (listed in Table 2), XRD 
results of Zone VII, and the crystal characteristics of TiNi and Fe2Ti [25, 
37]. It can be confirmed that the phases are Fe2Ti + TiNi phases. 
Interestingly, almost all the TiB2 phases are surrounded by TiC phases, in 
particular, in regions 1, 2, and 3 (Fig. 4) where this phenomenon should 
be more emphasized. The previous researchers [25,39] had found that 
the ΔG of TiB2 is lower than that of TiC by roughly 100 kJ mol-1, indi
cating that TiB2 presents the most significant formation trend. Besides, 
the lattice mismatch factor of 1.001% between TiC and TiB2 was much 
smaller than the criterion of 6.0% [37,43]. It indicates that TiC could use 
preferentially precipitated TiB2 as its effective nucleation site and its 
growth was dependent. Based on the ΔG of various reactions to generate 
TiC and TiB2 reported in the literature [43,44], it can be inferred that the 
C atom in TiC can be taken by the free B atom to form TiB2 and similarly, 
the B atom in TiB2 can be replaced by the free C to form TiC. Therefore, 
TiC and TiB2 phases are grown independently, resulting in the TiC/TiB2 
composites. 

Based on the above-mentioned analysis, the microstructure evolu
tion from the bottom to the top of in situ TiC/Ni FGC is as follows: 
[Fe–Ni] solid solution, CrB, Cr7C3 → γ–Ni, TiNi3, Cr7C3, Cr3C2, TiC, TiB2 
→ TiNi, Cr3C2, Fe2Ti, TiC, TiB2. Moreover, the size of the reinforcements 
increases gradually, eventually to more than 2.0 μm at the top of the in 
situ formed TiC/Ni FGC. 

The interfacial characteristics of FGCs not only govern the smooth 
transition of the mechanical properties but also act as a major factor in 
fatigue life [45]. Fig. 4 exhibits that the in situ TiC/Ni FGC shows good 
bonding properties with the substrate, without any microscopic cracks 
or pores. Besides, the size and content of the in situ TiC increase with the 
deposition height. However, the sharp transition in the microstructure of 
the remelting zone between the consecutive layers is significantly 
reduced. At the top of the in situ TiC/Ni FGC, the microstructure of the 
remelting zone is almost identical to that in the deposited layer. 
Compared to the conclusions from the previous studies [16,18,21], the 
sharp interface, where fatigue damage always occurs, is markedly 
inhibited. Therefore, to reveal the effect of in situ formed TiC on the 
interfacial characteristics of TiC/Ni FGC, a schematic illustration was 
obtained, as shown in Fig. 7. Based on the temperature distribution 
characteristics [30,38], the molten pool could be roughly divided into 

Table 2 
EDS results marked in Fig. 4 (at. %).  

Microzone Ti C B Cr Si Fe Ni 

1 – 100 – – – – – 
2 – – – 8.6 3.9 26.71 60.79 
3 – – 30.51 30.41 2.52 15.2 21.36 
4 – 21.93 – 49.21 0.48 15.17 13.21 
5 45.78 48.22 – 2.97 0.43 1.58 1.02 
6 23.89 4.15 63.48 2.55 0.68 0.72 4.53 
7 39.56 45.26 13.94 0.82 – – 0.42 
8 3.56 21.68 6.2 30.29 0.89 6.64 30.29 
9 26.37 11.42 4.50 8.56 7.68 6.02 35.45 
10 25.35 11.56 8.75 8.34 6.97 5.83 33.20 
11 25.46 24.48 3.98 3.19 1.71 2.14 39.04 
12 48.28 45.26 – 2.01 0.53 0.46 3.46 
13 25.35 11.56 8.75 8.34 6.97 5.83 33.20 
14 25.37 25.53 2.91 3.08 1.71 2.11 39.29 
15 28.46 12.89 46.59 4.23 0.35 3.46 4.02  

Fig. 5. XRD results of Zones III, V, and VII in Fig. 3.  
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the following three zones: convection zone, nucleation zone, and growth 
zone. The convection zone has the highest temperature, and in this zone, 
the injected materials are completely melted and uniformly transported 
to the molten pool. With the decrease of temperature, the nucleation 
zone begins to evolve, where the reinforcements such as TiC and TiB2 are 
generated sequentially. Finally, the nucleation of reinforcements com
bined with the surrounding elements gradually grows in the growth 
zone. By the time the temperature is gradually reduced to room tem
perature, the microstructure evolution gets completed. The grain 
morphology prepared by laser AM is governed by two widely accepted 
factors on the solidification front: temperature gradient (G) and solidi
fication rate (R) [46–48]. The value of G relies on heat dissipation of the 
molten state, while the R can be expressed as R = V⋅cos θ [49], where θ 
is illustrated in Fig. 7. In laser fabricated parts with a gradient transition 
from one alloy to another, orientated coarse columnar crystals are often 
found at the bottom of a single deposition layer with large G value due to 
good heat dissipation and small R owing to the small curvature of the 
solidification front [50,51]. The thermal conductivity of ceramics is 
significantly lower than that of metallic materials. On the one hand, the 
heat dissipation in the direction of the G gets inhibited by the uniformly 

distributed ceramic particles, resulting in lower G value. Therefore, the 
generation of columnar crystals is severely restricted. On the other hand, 
the preferential precipitation of the ceramic particles not only increases 
the nucleation sites of the crystals but also leads to pinning effects to 
crowd out the growth space of the columnar crystals. Therefore, the 
desired transition from columnar to equiaxed crystals was carried out in 
the remelting zone, thus the microstructure in the single deposition layer 
did not exhibit any particular crystallographic orientation. This phe
nomenon becomes increasingly more pronounced with the increase in 
the size and content of the ceramic particles with the deposition layer. 
Consequently, the bonding interface between the consecutive layers 
becomes smoother. 

3.2. Ceramic contents and size analysis 

The content and geometric characteristics of the ceramic particles 
are the main contributing factors to the mechanical properties of the in 
situ TiC/Ni FGC. Therefore, Image-Pro Plus 6.0 was employed to identify 
the characteristics of ceramic particles and to count their area fraction 
and relative length, and the results are shown in Fig. 8. With a gradual 

Fig. 6. (a) SEM image, (b) EDS image, and (c–f) element distribution of zone VII in Fig. 4.  

Fig. 7. Schematic illustration of the effect of in situ TiC on the microstructure of the remelting zone between the layers of TiC/Ni FGC.  
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increase in Ti and Ni-clad graphite content, the area fraction of ceramic 
particles gradually increased from 9.16% at the bottom of the FGC to 
30.96% at the top of the FGC, following a quadratic function: Y =

3.137E − 7⋅X2 − 7.728E − 5⋅X + 9.957 with an R-square of 98.80%. It is 
generally believed that in-situ synthesized TiC particles would float to 
the surface of the single track under the effect of strong Marangoni 
convection due to low density [26]. However, the ceramic content of the 
in situ synthesized TiC/Ni FGC coating fabricated in this study varies 
very smoothly with the deposition height, as shown in Fig. 8. On the one 
hand, the Ti element with high chemical activity could easily react with 
oxygen to form oxides in the molten pool [52]. Some of these oxides, 
which do not have enough time to escape, adhere to the surface of the 
FGC, leading to low surface smoothness [39]. Combining the results of 
Zhou et al. [53] and the enriched Ti element in the molten pool, the 
oxide layer could be riched in TiO2. As shown in Fig. 7, during the 
subsequent laser cladding process, these oxide particles on top surfaces 
are drawn into the molten pool and decomposed to increase the con
centration of the Ti element due to its low melting point of 1840 ◦C. 
Therefore, the ceramic content at the bottom of the single track is 
increased. On the other hand, since the exposed area between the molten 
pool and the air becomes larger as it is closer to the surface of the molten 
pool, the oxidation of the Ti particles becomes more serious, resulting in 
a slight decrease in the ceramic content. Based on the above analysis, the 
oxidation of Ti elements is beneficial to increasing the gradient transi
tion of ceramic content. It is noted that the measured volume fraction of 
ceramic particles is only about half of the theoretical value. Most of the 
oxides, which are riched in Ti element, are blown out of the molten pool 
under the action of strong shielding gas due to their low density. 
Therefore, the oxidation of Ti decreases the concentration of element Ti 
in the molten pool, resulting in the volume fraction of the obtained 
ceramic phases being much smaller than the theoretical value, as shown 
in Fig. 8. In addition, the rapid cooling rate usually results in insufficient 
in situ reaction between elements. This is another factor in which the 
fabrication of high-volume fraction of in situ synthesized ceramic phases 
is limited by laser AM technology. According to the literature [39,54], 
ceramic particles with a large aspect ratio in the composites exhibit 
better wear resistance. Therefore, the relative length of ceramic com
pounds was automatically measured according to the presentation in 
Fig. 8. It can be found that the relative length of ceramic compounds 
gradually increased from 1.45 μm at the bottom of the FGC to 2.98 μm at 
the top of the FGC, following a linear function: Y = 1.914E − 4⋅X +

1.114 with an R-square value of 98.18%. These findings confirm the 
process feasibility of fabricating ceramic/alloy FGC by in situ synthesis 
technology. Besides, the gradients in ceramic content and size also 
indirectly indicate that the reaction between Ti and C elements is suf
ficient due to their strong affinity for each other during the solidification 
process [44,55]. 

3.3. Microhardness 

High hardness is a potentially important signature of the FGCs, 
indicating excellent wear performance because the wear resistance of 
the materials is strongly related to their hardness [56,57]. The micro
hardness distribution from the bottom to the top surface of the in situ 
TiC/Ni FGC can be found in Fig. 9. In the meanwhile, the corresponding 
microstructure around indentations reveals the effect of content and size 
of the in situ TiC on the microhardness variation. The results indicate 
that the microhardness of the in situ TiC/Ni FGC increased gradually 
from 556.85 HV on the Ni45 alloy side to 1036.25 HV at the twelfth 
layer with the in situ TiC content of 30.96% and the corresponding 
relative length of 2.98 μm, which presents an increased value of 85.91%. 
Compared with previous studies [11,15,16] on FGCs synthesized by 
ex-situ process, the microhardness of FGC fabricated by in situ process 
exhibits a smoother transition between the consecutive layers. Besides, 
the microhardness value of in situ fabricated TiC/Ni FGC with the 
increasing value of D can be expressed as: Y = 2.961E − 6⋅X2 + 0.0217⋅ 
X + 530.30 with an R-square of 97.97%. The phenomenon which no step 
in microhardness between consecutive layers indicates that the stress 
and strain acting on the surface of the FGC can be passed uniformly to 
the interior, which can inhibit fatigue damage on the subsurface [58, 
59]. 

The gradient increase in microhardness of in situ TiC/Ni FGC is 
dependent on the microstructural evolution and phase composition. 
When 5 wt% Ti and Ni-coated C particles were added to the Ni45 alloy, 
some fine spherical TiC particles with a relative length of 1.45 μm were 
in situ generated in Zone II. Besides, the addition of Ni-coated C led to an 

Fig. 8. Identified ceramic particles and corresponding area fractions and relative length at the different zones.  

Fig. 9. The microhardness profile and corresponding indentations.  
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increase in the content of CrB and Cr7C3. On the one hand, the in situ 
formed TiC with a high hardness of 3200 kg/mm2 plays the role of solid 
solution strengthening, resulting in the improvement of resistance to 
deformation. The grain size of the matrix of region II (Fig. 4c) is 
significantly smaller than that of region I (Fig. 4b). This also indicates 
that the resistance to external deformation in region II becomes stronger 
[39], and fine grain strengthening was achieved. Therefore, the mean 
microhardness of Zone II is more than 46.23 HV higher than that of Zone 
I. Fig. 8 illustrates that the size and area fraction of uniformly distributed 
reinforcements increased significantly with the gradual enhancement of 
added Ti and Ni-coated C particles. Besides, Marangoni convection 
could easily derive the uniform distribution of fine TiC particles, 
resulting in the dispersion strengthening effect on the soft matrix. 
Moreover, the cyclic evolution of the microstructure in the remelting 
zone was also suppressed by the in situ synthesis of the reinforcement, as 
shown in Fig. 7. Therefore, the variability of microstructure character
istics between consecutive layers is reduced and the microhardness 
distribution becomes smoother. 

3.4. Wear resistance 

To evaluate the wear resistance and reveal the corresponding wear 
mechanisms in different zones of the in situ fabricated TiC/Ni FGC, 
friction coefficients (COF), wear rates, and 2D and 3D worn surfaces 
were obtained. Fig. 10 illustrates the COF curves of the seven zones in 
TiC/Ni FGC. All curves pass through the “running in” period, where the 
COF is usually high, and then into the steady stage after about 10 min. 
The slight increment and fluctuation of the COF at the binging of the 
wear test can be attributed to the plastic deformation of the micro- 
bumps on the surface, the damage of the polished surface, and the 
small contact area between the friction pairs [60,61]. With the gradual 
removal of the surface material by shearing or flaking off, the soft ma
trix, carbides, and borides with high hardness were against the Al2O3 
grinding ball and entered a steady stage, resulting in a stable COF. 
Noteworthy, the fluctuations in COFs in Zones V, VI, and VII are intense 
compared to those in the other Zones. This phenomenon can be attrib
uted to the spalling of reinforcements or poor densification of compos
ites [16,62]. The average friction coefficients obtained for each region 
during the steady stage are shown in Fig. 11. When the Ti and Ni-coated 
C particles were added at less than 20 wt%, the COFs in the corre
sponding zones decreased less than that of Ni45 alloy (0.619). However, 
when the Ti and Ni-coated C particles were added at more than 30 wt%, 
the COFs increased compared to that of the Ni45 alloy. This is assumed 

to be a transformation in the wear mechanism when the content and 
relative length of ceramic compounds are more than 18.28% and 2.43 
μm, respectively. 

Fig. 11 exhibits the wear rate in the different zones. The results 
indicate that the wear rate decreases in a gradient with increasing D, 
satisfying a linear regression equation: Y = 4.873E − 9⋅X + 5.077E − 5 
with an R-square of 94.04%. The minimum wear rate of 4.872E-6 mm3 

N-1 m-1 is found at the top of the in situ TiC/Ni FGC, which is 10.39% of 
the wear rate of Ni45 alloy at the bottom of in situ formed TiC/Ni FGC. 
This has positive implications for the practical application of FGCs in 
terms of exhibiting excellent wear resistance. Besides, the COF and the 
wear rate do not correspond in a one-to-one manner, which is against 
Archard’s law [63]. The contours of wear tracks at D = 750 μm, 3750 
μm, and 8250 μm were obtained to reveal this interesting finding, and 
the results are shown in Fig. 12. The width, depth, and section area of 
the Ni45 wear track are 298.168 μm, 3.745 μm, and 1031.528 μm2, 
respectively. Owing to low hardness, large plastic deformation is found 
on the worn surface in Zone I under the large contact stress of the Al2O3 
grinding ball [36]. With the increase in the content of Ti and Ni-coated C 
particles, all these characteristics gradually decrease. In situ formed TiC, 
TiB2 ceramic particles, some CrCx, and intermetallic compounds (TiN 
and TiNi3) demonstrate a progressive enhancement in solid solution, 
dispersion, and fine grain strengthening, decreasing wear rate. Note
worthy, although the worn surface of Zone III is rougher than that of the 
Ni45 alloy, material removal is the result of the interaction of plastic 
deformation and shearing. Therefore, the low deformation resistance of 
the material results in a gradual reduction in the COF. Fig. 12c shows 
that the in situ formed coarse ceramic particles prevent plastic defor
mation and can combine with the surrounding matrix to form some 
bumps on the worn surface. These bumps can prevent the relative sliding 
of the grinding ball and therefore increase the friction, resulting in a 
higher COF. 

For correlation between the wear mechanism and the wear rate, the 
larger magnification 2D worn surfaces of in situ fabricated TiC/Ni FGC 
were obtained, as shown in Fig. 13. The worn surface of Ni45 alloy is 
uniformly distributed with continuous plow-like grooves along the 
sliding direction, and the distance between the peak and the valley on 
the section profile is 1.205 μm, demonstrating typical characteristics of 
adhesive wear.Fig. 13a1 represents that the worn surface of Ni45 alloy is 
quite smooth, which indicates that the bottom of the low hardness FGC 
is subjected to significant plastic deformation under high contact 
stresses. Besides, some flaky debris is also detected on the worn surface. 
Laser AM has the characteristic of rapid heating and cooling and 
therefore results in large local residual stresses within the part [64,65]. 
Under the repetitive attack of the grinding ball, the local residual stress 

Fig. 10. The COF via wear time in different zones.  

Fig. 11. Average COF and corresponding wear rate in different zones.  
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encourages the development and expansion of the cracks at the sub
surface of the worn surface. As wear progresses, the highly adhesive 
nickel alloy eventually develops flaky debris under shear stress. Fig. 13b 
shows that the characteristics of the worn surface in Zone III are 
significantly altered when the Ti and Ni-coated C particles were added at 
20 wt%. Some flaky pits by local material spalling and long strip broken 
grooves by abrasive scratching alternate on the worn surface, which 
indicates that the in situ ceramic compound changes the wear mecha
nism. This is the combined effect of adhesive and abrasive wear. 
Notably, only a few coarse TiC particles, as the main reinforcements, are 
distributed on the worn surface in Zone III. More fine TiC particles are 
eventually removed by being embedded in the chips as their relative 
length of 1.88 μm is so fine to be smaller than the micro-cutting interface 
[66]. These chips, which contain hard particles with a hard center and 
soft edges, are eventually formed into near-spherical abrasive grains by 
the repeated pressing of the grinding ball. The abrasive grains were 
scratched against the surface of Zone III, which resulted in the formation 
of broken grooves with a maximum depth of over 1.5 μm, as shown in 
Fig. 13b2. Therefore, although the in situ formed ceramic particles with 
high hardness and good wear resistance form a good metallurgical bond 
with the matrix, the enhancement of wear resistance in Zone III is 
limited due to its small size, as shown in Figs. 11 and 12. Fig. 13c 
demonstrates that numerous smooth blocky areas are evenly distributed 
on the worn surface in Zone VI, where the relative diameter and content 
of TiC particles increase to 2.62 μm and 24.03%, respectively, while 
some shallow and narrow plow-like grooves are found in the gaps. 
Comparative analysis of morphological characteristics of TiC particles in 
Figs. 4 and 6, indicates that these blocky phases are in situ TiC. This 
result indicates that the in situ formed TiC particles with metallurgical 
bonding with the matrix were not removed as they were coarse enough 
to be larger than the micro-cutting interface. The coarse TiC particles 
with a relative length of over 2.62 μm acted as a skeleton, inhibiting the 

removal of the matrix. Besides, with the increase in the content of Ti and 
C, the matrix of the in situ fabricated TiC/Ni FGC FGC also transformed 
from γ-Ni to intermetallic compounds (TiNi3 and TiNi), contributing to 
the wear resistance at the top of the FGC [25,41]. Therefore, the 
maximum profile height was also reduced from 2.216 μm in Zone III to 
1.222 μm in Zone VI. The sufficiently large size of the TiC particles and 
the good bonding properties to the matrix ultimately result in only a 
small amount of material spalling on top of the in situ fabricated TiC/Ni 
FGC during the wear process, showing integrated characteristics of 
abrasive and fatigue wear. 

4. Conclusions 

This study investigated the process feasibility of the in situ fabricated 
TiC/Ni FGC based on the variation in size with the content of re
inforcements by powder-fed layer-by-layer laser cladding using Ni45, Ti, 
and Ni-coated C powders. A detailed analysis of the effect of the 
geometrical characterization of the in situ ceramic compounds on 
interfacial characteristics, microhardness, and wear resistance was car
ried out. Based on the results of this study, the positive findings are listed 
as follows:  

1. Phases evolved from the bottom to the top of the in situ TiC/Ni FGC as 
follows: [Fe–Ni] solid solution, CrB, Cr7C3 →γ–Ni, TiNi3, Cr7C3, 
Cr3C2, TiC, TiB2 → TiNi, Cr3C2, Fe2Ti, TiC, TiB2 with the increase of 
C/Cr and Ti/Ni ratio. Besides, the area fraction and relative length of 
the ceramic compounds increased in a gradient, following the 
quadratic and linear functions, respectively. Furthermore, their 
maximum values of 30.96% and 2.98 μm were obtained at the top of 
the in situ formed TiC/Ni FGC. 

2. With the increase in the deposition height, particular crystallo
graphic orientation was not observed and grain size was significantly 

Fig. 12. 3D worn surface and corresponding section profile in Zones I, III, and VI.  
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reduced. In situ TiC particles with increasing size and content 
gradually weakened the heat flow density and decreased the tem
perature gradient at the bottom of the molten pool, resulting in the 
desired transition from columnar to equiaxed crystals. Therefore, the 
sharp transition in the microstructure between the consecutive layers 
was significantly decreased.  

3. The microhardness of the TiC/Ni FGC increased gradually from the 
minimum value of 556.85 HV at the bottom of FGC to the maximum 
value of 1036.25 HV at the top of FGC, following a quadratic curve 
function: Y = 2.961E − 6⋅X2 + 0.0217⋅X + 530.30 with an R-square 
of 97.97%. The gradual increase in microhardness was the result of 
the enhancement of solid solution, fine grain, and dispersion 
strengthening of the coarser TiC particles.  

4. Although the friction coefficient in the corresponding zones was 
slightly increased for Ti and Ni-coated C particles with the content of 
more than 30 wt%, the wear rate decreased continuously to a min
imum value of 4.872E − 6 mm3 N-1 m-1 with the increase in the 
deposition layer, following the quadratic function: Y = 4.873E− 9⋅ 
X + 5.077E − 5 with an R-square of 94.04%. The relative length of in 
situ TiC particles was required to be larger than the micro-cutting 
interface (2.62 μm) to effectively decrease the wear rate. Besides, 
the wear mechanism was transformed from adhesive wear to abra
sive wear and eventually to abrasive and fatigue wear. 
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