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ARTICLE INFO ABSTRACT

Keywords: Inconel 718 coating has been applied in various applications such as aviation impellers and gas turbines due to its
Inconel 718 coating excellent tensile properties, high impact toughness, corrosion resistance, and creep resistance. However, its low
Laser DED

hardness and poor wear resistance restrict its broader applications. In this study, laser directed energy deposition
(DED) is utilized to in-situ synthesize TiB,, TiC, and (Ti, Nb)C ceramic phases, which improves the mechanical
properties of the Inconel 718 coating. The effect of five coatings with different Ti and B4C contents on phase,
microstructure, microhardness, scratch, and wear resistance was studied. Gibbs free energy (G), SEM, EDS, and
EBSD were used to analyze experimental phenomena. The results showed that TiBy, TiC, and (Ti, Nb)C ceramic
phases were in-situ synthesized. The (Ti, Nb)C phase with a loop shape was around TiC phase and TiB, phase,
which were found on the Laves phase and at grain boundaries. The formation and positional relationship of the
Nb atom and Ti atom in MC (refer to TiC and (Ti, Nb)C) crystal structure have been investigated. The distribution
of Ti atom and Nb atom within the MC crystal structure, as well as their effect on G, have also been analyzed. The
mechanical properties of Inconel 718 coating have been significantly improved as a result of fine-grain
strengthening, solid solution strengthening, and second-phase strengthening. The addition of B4C + Ti content
can considerably enhance the microhardness of Inconel 718 coatings by 62.96 %, and the fitting function of
powder content and microhardness has been obtained. The deformation resistance is increased, and the
toughness is reduced. The deformation of the scratch has been translated from plastic deformation to shear
deformation. In addition, the wear mechanism of the coating changed from adhesive wear to abrasive wear, and
the minimum wear rate is 1.70 x 10~* mm®/Nm. This study.

proposes a novel approach for improving the mechanical properties of Inconel 718 coating, as well as provides
guidelines for coating preparation.

In-situ synthesis

Loop (Ti, Nb)C phase
Microstructure
Mechanical properties

1. Introduction performance of Inconel 718 coating so that it can be used in a wider

range of applications and working environments. The traditional

Inconel 718 stands out from Ni-based superalloys for its outstanding
properties, making it highly desirable across numerous industries [1]. In
addition to its primary strengths (high-temperature resilience, creep
resistance, and superior corrosion/oxidation protection), it offers
weldability, ease of fabrication, and remarkable versatility. Inconel 718
has become an ideal choice for manufacturing complex components,
customized products, and demanding applications where reliability and
performance are crucial [2]. The laser directed energy deposition (DED)
is an efficient method for preparing Inconel 718 coatings. However, the
Inconel 718 coating has several disadvantages, including poor wear
resistance and low hardness. Therefore, it is necessary to improve the
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methods to reinforce the Inconel 718 coating include heat treatment [2]
and ultrasonic treatment [3]. However, these methods have some
drawbacks that cannot be ignored, such as being environmentally un-
friendly, inefficient, and so on [4,5].

In the past decade, many scholars focused on the study of reinforced
coatings with additional new phases by laser DED. Among the many
reinforced phases, SiOy, WC, TiC, and other ceramic phases with high
hardness and excellent chemical stability have become research hot-
spots. For instance, Gao et al. [6] conducted real-time Operando X-ray
diffraction to capture and monitor the solidification process. The results
indicated that the ceramic phase MC hinders grain coarsening during
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solidification, which highlights its crucial role in enhancing material the matrix is a serious consequence during mechanical loading [15,16].
hardness. Zheng et al. [7] explored how the TiB; ceramic phase refines In order to address these issues, several studies have been conducted
grains and increases the hardness of Inconel 718 coating. The study also to investigate the advantages of using in-situ ceramic phases by laser
reported that heat treatment has negligible effects on the hardness of DED. This approach enhances thermal stability and interfacial compat-
Inconel 718 coatings. Based on the above, the ceramic phase positively ibility, improving stress transfer [17,18]. Recently, hot ceramic phases
affects the reinforced coatings. However, the ceramic phases with large like TiC, TiBy, and their corresponding binary phases have been studied
sizes can increase the porosity and reduce bonding ability and so on. For extensively. Chen et al. [19] used Ni45, Ti, and graphite to in-situ syn-
instance, Ning et al. [8] illustrated that the addition of SiC ceramic thesized TiC ceramic phases in a gradient coating on ductile cast iron
particles improves the microstructure and hardness, while reducing the using laser DED. The gradual increase in microhardness is due to
bonding ability between Inconel 718 metal matrix composite and sub- improved solid solution, grain refinement, and dispersion strengthening
strates. Bhatnagar et al. [9] reported that TiC ceramic phase size affects facilitated by the larger in-situ synthesized TiC phase. Gao et al. [20]
laser beam absorption and dilution rate. Thermodynamic analysis in- found that in-situ synthesized ceramic phases have better physical and
dicates that most ceramic phases have positive G, making them unable mechanical properties compared to the individual ceramic phases. Zhao
to decompose during laser direct energy deposition (DED) [10,11]. This et al. [21] confirmed that composite carbides offer distinct advantages
property implies physical contact between the ceramic phases and the over single carbides, with (Nb, Ti)C carbide showing significantly
matrix powder. The differing thermal expansion coefficients of different enhanced hardness, brittleness, and interface binding energy, as well as
powders result in unstable wettability and poor bonding performance reduced lattice mismatch with Fe. Increasing the Ti content shifts car-
[12]. The bonding performance is crucial for the mechanical properties bides from eutectic to primary. Although the in-situ synthesis of TiC-
of composite coatings [13,14]. These issues can lead to coating failure TiB, has been studied in Fe-based and Ni-based alloys, little research has
and performance degradation, and the ceramic particle separation from been conducted on superalloy powder Inconel 718, which has a complex
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Fig. 1. (a) SEM mapping of Inconel 718; (b) Size distribution of Inconel 718; (c) Magnified view of Inconel 718particle; (d) Chemical composition of Inconel 718; (e)
SEM mapping of pure Ti powder; (f) SEM mapping of pure B4C powder; and (g) Magnified view of B,4C particles.
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element composition and high-temperature resistance. Research on the
in-situ synthesis of loop (Ti, Nb)C phase is also little.

In this paper, the porosity, crack, phase, microstructure, micro-
hardness, scratch, and wear resistance were analyzed for five coatings
with different Ti and B4C contents. The porosity and crack were
analyzed via the optical microscopic. The reaction order of in-situ syn-
thesized was revealed by thermodynamic analysis. Additionally, SEM,
EDS, and EBSD were used to investigate the microstructure and distri-
bution of in-situ synthesized ceramic phases. The microhardness, scratch
performance, and wear resistance of the Inconel 718 coatings containing
different Ti and B4C contents had been thoroughly investigated. This
study offers valuable insights for improving coating quality and
repairing techniques to achieve superior mechanical properties.

2. Materials and methods
2.1. Materials

Inconel 718 (made in Chengdu Kotilon Alloy Co. Ltd., China,
GH4169) was utilized in this paper. The SEM mappings and magnified
view of Inconel 718 are shown in Fig. 1. The powder size can be found in
Fig. 1(b), with an average particle size of 46.66 pm. The main chemical
composition is shown in Fig. 1(d). The particles are uniform, elliptical,
and well-defined without agglomeration. Pure B4C and Ti powders were
added to strengthen Inconel 718 coatings. The geometric morphology of
pure Ti powder (99.5 % purity) is visible in Fig. 1(e). The geometry of
pure B4C (98 % purity) powder with a diameter of <73 pm (see Fig. 1f),
while the magnified view of the powder is given in Fig. 1(g), exhibiting
its small size in diameter.

The material of the substrate for this experiment is 40Cr, with the
dimension of 100 mm x 100 mm x 10 mm. Table 1 lists the detailed
chemical components of Inconel 718 powder and 40Cr substrate. The
molar ratio of in-situ TiC and TiB; was 1:1, so the mass ratio of pure B4C
to pure Ti powder was 1:3. Table 2 shows the powder proportions used
in the coating preparation.

2.2. Laser DED process

The laser DED system consists of a 6-axis KUKA robot (R16-2), a
coaxial powder feeding nozzle (RC5) attached to the robot’s end
effector, a powder feeder that pushes powder into the system via a
rotating powder disc, a water cooler, a laser generator, and a robot
control system. The IPG YLR-500 fiber laser generates the laser beam,
which acts on the workpiece surface through the coaxial powder feeding
nozzle. The defocus distance between the nozzle and the workpiece is
15.0 mm. Ar gas serves as both shielding gas (15 L min~') and powder
delivery gas (8 L min~1).

Fig. 2 illustrates the experimental and detection processes for the
ceramic reinforcement coatings. The experimental steps are shown in
Fig. 2(a-g). Firstly, the additional powder and Inconel 718 were pro-
portionally weighed. Subsequently, the Al;O3 balls were added to the
mixing powder, and the ball mill was set to 30 rpm for 2 h. The mixed
powder was dried at 100 °C for 4 h. Finally, the designed scanning
strategy was used to control the KUKA robot precisely during the coating
preparation process. The experimental procedure and principle are
detailed in Fig. 2(f) and (g), while Fig. 2(h) shows the final coating. The
process parameters for the coatings are the powder feed rate of 0.8 r/
min, the scanning speed of 8 mm/s, and the laser powder of 400 W.

These samples were wire-cut to obtain cross-sections and end faces.
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Table 2

The powder proportions for the coating preparation.
Ingredient (wt%) Inconel 718 Ti B4C
Sample SO 100.00 0.00 0.00
Sample S1 95.00 3.75 1.25
Sample S2 90.00 7.50 2.50
Sample S3 85.00 11.25 3.75
Sample S4 80.00 15.00 5.00

The surfaces of these samples were polished using SiC sandpapers (240
to 3000 grit) and diamond paste (2.5 pm grain diameter) for 30 min.
Subsequently, these samples were etched with aqua regia for 20-60 s.
Finally, the processed samples underwent various tests, such as SEM,
EDS, EBSD, and microscopy (OLS4100). SEM and EBSD were employed
to analyze the microstructure and grain orientations. The Vickers
indentation tester (300 g loading force, 10-s dwell time) was used to
measure the microhardness. The tribological tests were performed on a
multifunctional material surface performance tester to evaluate wear
properties. The grinding ball was made of 99.5 % pure Al,O3 with a
diameter of 5 mm and a microhardness of 1650 HV. The cone angle of
the diamond indenter for the scratch test was 120°. The indenter was
pressed into the composite coating at a speed of 50 N-min ! with a slip
distance of 2 mm.

3. Results and discussion
3.1. Porosity and crack

The pores and cracks of the coatings can be effectively inspected
through the dye penetration inspection. Fig. 3 shows the original and
penetration morphologies. The results indicate that there are no pores
on the surface of the sample SO. However, the number and size of pores
gradually increase as the B4C + Ti content increases (Fig. 3g, h, i, and j).

For further research, the optical microscopic images of pores and
cracks in SO, S1, S2, S3, and S4 are depicted in Fig. 4. One reason for pore
generation can be attributed that the shielding gas and delivery gas do
not escape during the experimental process [22]. Another reason is that
the pores are generated by the chemical reactions between the com-
posite powder and air. The pores are small and regular in sample SO.
However, the pores become bigger as the B4C + Ti content increases.
The relationship between the porosity and powder content was fitted,
which can be expressed as follows:

P =1.218 +2.578X — 0.224X> +0.007X> (€D)]

Where P is the porosity and X% is the Ti + B4C powder content in
mass percentage. The coefficient of determination (R-squared) is 0.9914
(see Fig. 5a). The shape of pores in sample S2 became increasingly
irregular as the Ti + B4C content increased. Magnified views of  and Il in
Fig. 4(f) demonstrate differences in pore sizes. The average values of the
pore width and length follow the equations:

W =21.33+12.63X (2)

K =19.77 +12.44X 3)

Where K and W are the length (R-squared 0.9711) and width (R-
squared 0.9523) of pores, respectively. Length and width have similar
variation trends, indicating that the size of pores becomes uneven and
large. It can be found in Fig. 5(d) that the data of width/length ratio

Table 1
Chemical composition of the substrate and Inconel 718 powder (wt%).
Ni Cr Si C Mn Co Cu Nb Mo Al Ti P S Fe
Inconel 718 52.6 19.6 0.07 0.03 - 0.14 0.09 5.06 3.02 0.4 0.94 0.01 - Bal
40Cr 0.25 0.95 0.28 0.4 0.65 - - - 0.08 - - 0.03 0.03 Bal
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Fig. 2. The experimental process and testing process of ceramic reinforcement coatings.
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Fig. 3. The original and penetration morphologies of SO, S1, S2, S3, and S4.

becomes more dispersed. This indicates that the pores have become
irregular. These irregular-shaped pores are derived from the unmelted
powder during the laser DED [23,24]. When the laser energy density is
constant, the number of unmelted ceramic particles increases with the
addition of powder increases. Due to their melting point is high.
Therefore, the size and number of irregular pores increased.

Generally, residual stress is caused by rapid cooling rate during the
laser DED, which induces cracks in the coating [25]. Pores, unmelted

powders, coarse grains, impurities, element segregation, and ceramic
powder all may become the crack initiation point [26,27]. During the
solidification of coating, the bigger residual tensile stress is generated at
the crack initiation site than at other sites. The schematic diagram of
crack initiation by pores is given in Fig. 6. The generated pores often
have a stress concentration, allowing crack initiation and propagation
during the solidification of laser DED [28]. As the size of the pores in-
creases, the stress concentration also increases. Defects such as irregular
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Fig. 4. The distribution of pores and cracks inside samples.
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Fig. 5. (a) The porosity of the samples; (b) The average values of pore width; (c)
length ratio.

pore morphology, unmelted powder, ceramic powder, coarse grain, and
impurity can form crack initiation. Then, the cracks propagate through
grain boundaries, especially the loosely packed grain boundaries, until
the residual stresses are released. Because the grain boundaries have
insufficient strength, the propagation of the crack is promoted. The B4C

The average values of pore length; and (d) The point density map of pore width/

powder can lead to the agglomeration of composite powder, preventing
the powder flowability. So, the unmelted powder is generated during the
solidification. Meanwhile, it becomes stress concentration points. The
ceramic powder, whose physical parameter is significantly different
from the Inconel 718 coating, becomes the crack initiation. Therefore, as
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Fig. 6. Schematic diagram of crack initiation by pores: (a) the pore in the coating; (b) the crack initiation; and (c) the crack propagation.

the B4C + Ti content reaches 15 wt%, the crack is formed (see Fig. 4
d and e).

3.2. Thermodynamic analysis

This paper analyzes the chemical reactions and reaction order during
the solidification based on the thermal property module of the “NiFe
Based Superalloy” in JMatPro. The thermodynamic calculations in
JMatPro are based on CALPHAD technology, with the judgment crite-
rion being the minimization of G. Two principles of CALPHAD tech-
nology for a system to reach equilibrium under constant temperature
and pressure are: (1) the total G reaches a minimum value of G, and
(2) the chemical potential of each component is equal in all phases.

0Gm(@) G (p)

0X; 0X; (€3]
#i(@) = ui(p)
Gm = > XG) +RTY XinX;+» > XXy Q(X-X;)" 5)
i i i v
Ti+2B—TiB, 1
M+ C—MC 2
23Cr + 6C—>Cr23C6 (3)
3Cr + 2B—>Cr3B2 (4)

Where, Eq. (4) assumes the presence of component i in both the «
phase and p phase. Here, G, represents the molar Gibbs free energy of
each phase, u denotes the chemical potential, X; stands for the molar
fraction of component i, X; represents the molar fraction of component j,
Q, signifies the interaction coefficient, R denotes the gas constant, T
represents the temperature, and v represents volume. The first term in
Eq. (5) represents the sum of molar Gibbs free energies of pure com-
ponents, the second term signifies the increase in free energy due to
ideal mixing entropy, and the third term indicates the excess free energy
caused by deviation from a perfect solution. The chemical reactions are
inferred as follows:

In reaction 2, M represents Ti and Nb. The G of these phases is shown
in Fig. 7. When G is negative, the reaction occurs as the system tends
towards the lower energy states. Fig. 7(a) shows that several phases are
synthesized spontaneously due to the negative value of G. TiB, phase
would be synthesized priorly due to the lowest G value. According to this
rule, The reaction order is reaction 1-2 - 4 - 3, successively. The G values
of TiB, (S1-S4) are consistent (Fig. 7b), indicating the rise of B4C + Ti
content does’t affect the G of TiB, phase. At the same temperature, as
B4C + Ti content changes, the G value of the TiC phase changes signif-
icantly (Fig. 7c). When the temperature exceeds 500 °C, the G value
slightly fluctuates with the increase of B4C + Ti content. During the laser
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Fig. 7. (a) The G value of possible reactions in the sample S3, (b) The G value of
MC in the different samples; and (C) The G value of TiB, in the
different samples.

DED process, the Ti element priorly combines with the B element to
synthesize TiB, and then reacts with C to synthesize TiC. Moreover, the
C element also reacts with the Nb element of the Inconel 718 to syn-
thesize NbC or (Ti, Nb)C. Ti and Nb, both Group 4B elements, have good
solubility due to their similar crystal structures and atomic sizes [29].
Therefore, the TiC, NbC, and (Ti, Nb)C can be synthesized. The different
distribution and ratio of Ti atom and Nb atom in the MC Crystal struc-
ture affect the G value (see Fig. 7c¢). There is a noticeable change among
samples S1, S2, and S3. However, samples S3 and S4 are similar. Because
the Nb content in Inconel 718 is constant and low, when the additional
B4C + Ti content reaches 15 wt% (Sample S3), the Nb elements are
reacted sufficiently. So, the G of MC in samples S3 and S4 are similar.
Therefore, the influence of Nb content on G value would be diminished.
TiC and NbC carbides have the same structure in the Fm-3 m space
group, with eight atoms per unit cell, comprising four metal atoms and
four C atoms [30]. Ti atoms can be substituted with Nb atoms based on
their number, which can be represented as NbC, (Tip25Nbg.75)C,
(Tip.5Nbg 5)C, (Tip.75Nbg.25)C, and TiC. Their crystal structures can be
found in Fig. 8.

3.3. Microstructure characterization

The BSE and EDS mappings of C, B, Fe, Mo, Ti, Ni, and Nb in sample
S4 are shown in Fig. 9. Ti-Nb-C-B aggregates to form reinforced spots,
indicating that the reinforcement phases are synthesized. To further
analyze the elemental distribution, Fig. 9 shows the microstructure and
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corresponding mappings of magnified region A in Fig. 8 (a). The black
and gray of irregularly shaped phases were observed in Fig. 10(a). Ti and
C were distributed in the central region of the reinforcement phases,
while Nb, B, and Mo were distributed on the periphery of the rein-
forcement phases.

Fig. 11 shows the SEM micrographs of samples and the corre-
sponding points distribution of EDS. The coating consists of a gray
matrix phase, black ceramic phases, and white ceramic phases. A bright
continuous bonding line at the bond region between the substrate and
the coating was observed, which indicates good metallurgical bonding
[31]. The addition of B4C and Ti powder does not affect the bonding
performance. The columnar dendrites which are predominantly
perpendicular to the bond region are observed. The growth direction of
columnar crystals was along the temperature gradient [32,33]. The B4C
+ Ti increase results in a higher quantity and larger size of black ceramic
phases in the coating (Fig. 11b, e, h).

The EDS analysis and details of these ceramic phases can be found in
Table 3. Fig. 11(a) shows that sample S2 is mainly composed of a
[Fe—Ni] solid solution, a small white-gray block, a long white-gray rod-
shaped block, and a small gray circular block. The [Fe—Ni] solid solu-
tion is the y phase [34]. In the small gray circular block (point 1), there is
a significant increase in B, C, Ti, and Nb content, indicating the synthesis
of ceramic phases TiBy and (Ti, Nb)C. TiC and NbC are similar specif-
ically in lattice constants, atomic radii, and electronegativities [35,36].
Therefore, Ti and Nb atoms are allowed to be substituted in the carbide
crystal structure, leading to the synthesis of the dual-phase ceramic of

S2 (Ti 7.50%+B,C2.50%)

lum  Ba-sww SgnalA = SE2
—

I m EMT = 1500 kv
S Co 1um

WD = 14.1 mm

Date 26 Dec 2023
Time 1122440

S3 (Ti 11.25%+B,C3.75%)

Signel A« SE2
Mog= 1000KX

Materials Characterization 220 (2025) 114709

(Ti, Nb)C, rather than that of the simple-phase ceramic of TiC and NbC
[21]. The Fe + Ni content at point 1 is 23.06 %. Therefore, point 1
consists of the y, TiBy, and (Ti, Nb)C. The long white-gray rod-shaped
block (point 2) also shows an increase in B, C, Ti, and Nb content, though
it is less pronounced than at point 1. Therefore, the region of Point 2 is
most likely composed of y, TiBy, and (Ti, Nb)C. The [Fe—Ni] solid so-
lution content at point 2 is 39.66 %, which is higher than that at point 1,
resulting in fewer ceramic phases. In addition, the Mo content at points 1
and 2 is significantly higher than that in the original powder, indicating
that Mo promotes ceramic phase synthesis [37]. The region of point 3 is
composed of the small white-gray phases. Due to the increase in C and B
contents and the slight change in Ti and Nb contents, the small white-
gray phases could be inferred to be a Cr3B; and y [38].

As can be seen from Fig. 11(d, g), with the variation of B4C + Ti
content, the phase morphology and element distribution were also
changed. The ceramic phases gradually reinforced. Sample S4 mainly
consists of y phase, white-gray long strips, irregular white-gray small
rhombic blocks, gray blocks, and black circular blocks. The atomic
percentage of C in the black circular block (point 4) is 29.40 % C and
34.13 % Ti, indicating a nearly 1:1 ratio. The EDS and SEM results
suggest that the region of point 4 is an in-situ synthesized coarse TiC
ceramic phase. The high Nb content indicates the synthesis of TiC and
(Ti, Nb)C ceramic phases. The TiC block was encircled by a gray block
(point 5). The EDS analysis shows that the atomic percentages of Ti and
B are 17.45 % and 32.29 %, respectively, which is close to 1:2. It in-
dicates that TiB, phase has been synthesized. The previous study [39]
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Fig. 11. SEM micrographs of samples and corresponding points distribution of EDS.
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Table 3
Elemental composition (at.%) of the phases in samples S2 and S4.
Area B C Al Ti Cr Fe Ni Nb Mo Possible phase
1 6.88 38.29 1.01 11.91 8.79 8.46 14.61 8.50 1.55 TiB, (Ti, Nb)C
S2 2 15.72 28.25 0.45 5.67 8.80 13.13 19.09 7.32 1.57 TiB,, (Ti, Nb)C
3 35.23 16.68 0.39 3.43 8.04 12.43 21.71 1.37 0.72 Cr3B,
4 0 29.40 5.27 34.13 6.49 9.36 8.18 6.08 1.09 TiC (Ti, Nb)C
<4 5 32.29 29.27 1.90 17.45 4.03 5.06 5.16 4.10 0.73 TiB,
6 24.87 22.87 6.23 29.58 3.14 4.11 3.85 4.81 0.55 TiB, TiC (Ti,Nb)C
7 0 37.11 0.48 9.17 9.49 18.06 21.29 3.47 0.93 (Ti, Nb)C

showed that TiBy and TiC have a 1.6 % lattice mismatch, which is far
below the critical value of forming coherent lattice interfaces (16 %).
Therefore, a cohesive relationship with reduced interfacial energy can
be formed between the TiB, and TiC lattices, resulting in strong bonding
at the coherent interface. C and B elements in TiB, and TiC ceramic

al
.
v

phases come from the decomposition of B4C, promoting the adjacency
proximity of these phases. The morphology of the phases at point 6 is
similar to those at point 4 and point 5, indicating the synthesis of TiBy,
TiC, and (Ti, Nb)C phases. A gray-white long strip block at point 7 is rich
in C, Ti, and Nb, indicating the synthesis of the (Ti, Nb)C phase. In

-12-10
01-10

Fig. 12. The EBSD mapping in sample SO, sample S3, and sample S4: (al, b1, and c1) Band contrast + phase mappings of the sample S1, sample S2, and sample S3;
(a2, b2, c2) IPF + band contrast mappings along the building direction; (a3 and c¢3) EDS mapping of sample SO and S4; (b3) Magnified mapping of ceramic phase of
sample S3; and (b4) EDS mapping of the main elements correspond with figure b3.
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summary, TiBy, TiC, and (Ti, Nb)C phases tended to co-exist in the
coatings.

In Fig. 11(d, g), in-situ synthesized ceramic phases are distributed at
grain boundaries. Furthermore, several fine phases are synthesized at
the grain boundaries (Fig. 11g). As the sizes of these phases decrease, the
B4C + Ti content increases and grain boundaries become rough (see
Fig. 11a, d, g). These preferentially in-situ synthesized ceramic phases
facilitate the nucleation rate, inhibiting the growth of other grains [40].
So, the phases in the grain boundaries are fine.

To further elucidate the synthesis and evolution of the ceramic
phase, the EBSD analysis was performed on sample SO, sample S3, and
sample S4, respectively. Fig. 12 (al, bl, and c1) shows the BC + Ph
(band contrast + phase) mappings of the coatings along the building
direction. In Inconel 718 coating, the main phase is y phase. As the B4C
+ Ti content is added, the ceramic phases TiC, TiB,, and (Ti, Nb)C are in-
situ synthesized, and the ceramic phases increase with the addition of
the B4C + Ti content. The B, C, Nb, and Ti elements of sample S4 are
superposed in Fig. 12 ¢3 EDS mapping. As evident in Fig. 12 (b1, c1, b3,
c3), the position relations of in-situ synthesized ceramic phases are
revealed. The loop (Ti, Nb)C phase encapsulates the TiC phase and TiB,
phase; The TiC phase is distributed in the center, while the TiB, phase is
distributed on the periphery. In sample S3, the TiB, phase is small in size
and small in quantity, so it is not obvious. Because the B element easily
reacts with air during laser DED. Furthermore, the EDS mapping of Ti,
Nb, C, and B elements, which is shown in Fig. 12 (b4), also confirms the
TiBy phase. However, in sample S4, the TiB; is obvious, and the TiB is
around the TiC phase. Fig. 12 (c3) also confirms this conclusion. Some
long strip-like phases are found in Fig. 12 a2 and b2. The long strip-like
phases are directional with the building direction but non-directional in
sample S3. When the B4C + Ti content increases, the long strip-like
phase is few. Fig. 12 a3 shows the EDS mapping, which superposes
the Ti, Nb, and Mo elements of sample SO. The long strip-like phases are
rich in the Nb-Mo-Ti-Fe-Ni-Cr elements. Therefore, these phases are
identified as the Laves phase, which is consistent with previous studies
[41-43]. Notably, the in-situ ceramic phase, which grows on the Laves
phase, exists in a circle or small block morphology.

According to the reaction order in Fig. 7 and the results of SEM and
EBSD, the schematic illustration of microstructure evolution is clearly
visible in Fig. 13. It is worth noting that the beginning synthesized time
of y phase is before the Cro3Cg phase and Cr3B,, even though the G value
of y phase is more than the G value of Cry3Ce phase and Cr3B; phase
(Fig. 7). In view of the fact that the synthesized temperature of y phase is
higher than Cry3Ce phase and CrsBy phase. So, during the solidification,

Liquid at above 3413K

Materials Characterization 220 (2025) 114709

the y phase reaches the synthesized condition first. However, the change
of solidification temperature is significantly fast, so it is considered that
the Cry3Cq phase and Cr3B; phase begin to solidify during the solidifi-
cation of the y phase.

3.4. Mechanical properties

3.4.1. Microhardness

Fig. 14 (a) indicates the microhardness distribution of the coatings
along the building direction. Three points are selected on the same
horizontal line to obtain the average microhardness. Fig. 14(b) displays
the morphology of the indentations. It indicates that the coatings
maintain good toughness, which is consistent with previous research
[44]. Fig. 14(c) illustrates the variation trend of the microhardness,
which has a significant increase from sample SO to S4. The average
microhardness under the steady-state condition is shown in Fig. 14(d).
The microhardness increases from 240.70 HV to 447.30 HV. The
average microhardness of the S1 coating is 304.95 HV, which is
enhanced by 11.10 % compared with sample SO. The S4 coating has the
highest microhardness (447.30 HV), which is 1.86 and 1.63 times higher
than the substrate and sample SO coating, respectively. The micro-
hardness of the coating is proportional to the B4C + Ti content, as
described by the following equation:

H = 473.84 —200.14 / (1 +(X/9.99)*% ) 6)

Where H is microhardness. The R-squared is 0.9933. The increase in
microhardness is attributed to the in-situ ceramic phase. In this rein-
forced process, the in-situ synthesized reinforced phases play multiple
roles. Firstly, the nucleation sites are created by the synthesized ceramic
phases, which promote crystallization. Secondly, the grain structure is
refined by the synthesized ceramic phase, which improves mechanical
properties [45]. Therefore, the coatings enhance deformation resistance
through fine reinforcements.

The microhardness of all the samples in the heat-affected zone (HAZ)
has significantly increased, which is attributed to the treatment of
continuous laser energy input during the laser DED process. The fine and
hard martensitic structure is formed in the HAZ. The microhardness
variations on the HAZ of sample S4 were studied along the building
direction (see Fig. 14e). Fig. 14(j) illustrates that microhardness in the
HAZ generally decreases from the top zone (adjacent to the bond zone)
to the substrate. The significant microhardness change is in the region
between the top zone and the bond zone, which indicates the
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Fig. 13. The schematic illustration of microstructure evolution in sample S3.
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considerable changes in crystal structure during the laser DED process.
The potential reason could be inferred that the higher temperature
gradient of the substrate is caused by efficient heat dissipation. The High
temperatures and temperature gradients at the HAZ-top zone can pro-
mote recrystallization and grain refinement. In addition, the top zone,
which has the maximum number of elements (C, B, Ti, and Cr), has been
exchanged with Inconel 718. These elements enhance the nucleation
and grain refinement, thereby forming fine needle-martensite [46] (see
Fig. 14f). These reasons explain why the top zone has the maximum
microhardness in the HAZ. The HAZ-mid zone has slightly coarser grains
(see Fig. 14g) due to the lower temperature gradient and slower
nucleation rates. Therefore, as the temperature decreases, the HAZ-
bottom zone exhibits coarser martensitic and ferrite (Fig. 14 h).

3.4.2. Scratch performance

Fig. 15 shows the coefficient of friction (COF) and its magnified
views (initial stage). This experiment attempts to select regions that
avoid pores and cracks. At the initial stage, the COF of samples SO and S1
rapidly increased, then briefly stabilized before increasing again. When
it reaches a threshold, the COF is finally stabilized. The reason for the
abrupt increase in COF is the big resistance of plastic flow during the
initial scratch stage [47]. Moreover, the COF enters a stable stage after
the fluctuation stage, which indicates shear deformation has occurred.
Samples S3 and S4 have a steady COF growth trend, indicating that
material toughness is decreasing.

Optical and localized magnified views of the scratches are exhibited
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Fig. 15. Effect of the loading force on the COF: (a) The curves of COF versus
applied load, (b) the magnified view of the friction coefficient at the
initial stage.

in Fig. 16, which illustrate the different scratch mechanisms associated
with the COF. Grooves can be seen in Fig. 16(a2-b2, a6-b6) at the initial
scratch stage, indicating the generation of shear deformation. The
smaller grooves can be found at the initial scratch stage of samples S3
and S4 (Fig. 16c2, d2, c6, d6). It indicates that plastic deformation and
fracture could still occur under minimal loading conditions. The scratch
length decreased by 38.94 %, from 1493.33 pm to 911.82 pm. It reveals
that the coating resistance to deformation has increased. It also



C. Guan et al.

Materials Characterization 220 (2025) 114709

3D morphology

Optical image

¥

I
|
. I
g 40 groove I
0@
8 Aj
Q 0 1 1 1 1 1
0 300 600 900 1200 Distance(pm)

Depth(um)

1 ! L 1
600 900 1200 Distance(um)

(ST
o <o

Depth(um)

- 90(I) ' ]20'0 Dllstanée(pn;

500

1 1 1 1 1
300 600 900 1200 1500

Fig. 16. (al-d1) Scratch morphology of samples; (a2-d2) The image height of scratch morphology; (a3-d3) The localized magnified views of the beginning point of
the scratches; (a4-d4) The localized magnified views of the midpoint of the scratches; (a5-d5) The localized magnified views of the endpoint of the scratches; and (a6-

d6) The central sections of scratches along the depth direction.

indirectly suggests that the toughness of the coating decreases. The
scratch morphology showed a significant change between samples SO
and S1, which indicated that the addition of B4C + Ti powder promotes
surface modification. The plastic accumulation occurred at the scratch
edges and decreased as the B4C + Ti content increased. It indicates that
the deformation resistance has increased and plastic deformation has
decreased. The beginning, midpoint, and endpoint of the scratch are
marked in Fig. 16(a3-d3, a4-d4, a5-d5), respectively. For sample SO, due
to the metal plow, the plastic deformation may be the main removal
mechanism during the scratch test. However, the slip bandwidth of
sample S1 is significantly decreased. The slip band of sample S4 is the
smallest. The cracks could be found in sample S1 (Fig. 16 b4). Firstly,
plastic deformation occurs due to good plasticity, which prevents the
generation of cracks in the slip bands. Subsequently, as the loading force
increases, the plastic deformation intensifies. The cracks occur in the slip
bands when the tensile stress exceeds the bonding strength. The
numbers and volumes of these cracks increased with increasing B4C + Ti

12

content. The direction of these crack propagation is parallel to the di-
rection of the metal flow. The angle between metal flow and slip di-
rection increases from 20° to 40° (Fig. 16 a4, b4, c4, and d4). Moreover,
the plastic accumulation at the scratch endpoint gradually decreases.
The shear fractures can be observed at the end of sample S1 scratch, and
the fracture area increases as the B4C + Ti content increases.

The ceramic phases are mainly bound by weak ionic or covalent
bonds, making them susceptible to fracture under stress. The ceramic
phases hardly undergo plastic deformation, so they usually break
directly after the elastic deformation stage. Conversely, due to the strong
metallic bonds which are non-directional and have high plasticity, the
metal undergoes plastic deformation after the elastic deformation stage.
Because the yield strength of the Inconel 718 matrix exceeds that of
ceramic phases, elasticity modulus is a mathematical description of the
tendency of an object to deform when subjected to an external force
[48]. Therefore, sample SO has the widest slip band, the longest plastic
slip band, and the smallest plastic flow angle (20°) at the same location.
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Due to the higher elastic modulus of ceramic phases compared to the
Inconel 718 matrix, the deformation of in-situ synthesized ceramic
phases is less than that of the Inconel 718 matrix.

The cracks form and propagate towards the edges as the tensile stress
increases. The strain at the ceramic phase edges increases as the
numbers and size of ceramic phases increase, which promotes the gen-
eration and propagation of cracks. When the crack propagated to the
surface, it started to fall off. Therefore, when the reinforcements are in-
situ synthesized, plastic accumulation at the end of the scratch de-
creases, and shear fracture begins to occur. Because the microhardness
of ceramic phases exceeds that of the Inconel 718 matrix, the metal
matrix undergoes plastic deformation. When the dislocation and defor-
mation within the coating spread to the high-hardness ceramic phases,
the Orowan effect occurs [49]. Therefore, as the size and volume frac-
tion of the synthesized phases increase, so does their deformation
resistance, resulting in a gradual decrease in scratch depth (see Fig. 16
(a6-d6)).

3.4.3. Wear resistance

According to the COF variation curve (see Fig. 17), the two stages can
be used to observe the wear process: sharp wear and stable wear. As
shown in Fig. 17(b), during the sharp wear stage, the contact area of the
friction pairs (AlpO3 grinding ball and coatings) is small, limiting the
material removal. However, as the grinding balls gradually wear, the
surface material bulges and falls off, causing significant fluctuations in
COF. Meanwhile, the friction force fluctuates significantly due to the
variation in surface roughness, leading to a rapid increase in the COF
[50]. As more material is removed under the larger loading force, the
wear process enters a stable stage (Fig. 17c). In this stage, the high-
hardness reinforcing phases act as a “skeleton”, which effectively pre-
vents the micro-cutting process of the softer matrix. It can be attributed
to the fact that these reinforcing phases sustain more contact stress, and
reduce the contact area between friction pairs. The ceramic reinforcing
phases reduce the material removal and enhance friction stability. The
COF average value of samples can be identified from Fig. 19 (a). Sample
SO has the highest COF value. The COF decreases linearly with
increasing B4C + Ti content, with a minimum value of 0.5393 (Sample
S4). It can be expressed as follows:

1.0
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C=052+ 0.10/ (1 +(X/9.59)12 ) @

Where C is the COF value. The R-squared is 0.9943. The COF of
sample S4 is only 0.87 times that of SO. The average COF indicates that
adding B4C + Ti powder at room temperature can significantly improve
the lubrication of the coatings.

The wear mass, which is measured by the electronic balance, de-
creases from 2.19 mg (Sample SO) to 1.19 mg (Sample S3), reduced by
45.66 % (see Fig. 18 b). The wear mass of Sample S4 has increased to
1.82 mg. The wear rate (R) can be calculated using Eq. (6) [51]:

7Vm
" NxS

R ®

Where N is the loading force (15 N), S is the wear distance, and V, is
the wear volume. The value of wear rate (samples S0-S3) decreases by
79.44 %, from 8.27 x 10~* mm®/Nm to 1.70 x 10~* mm?3/Nm. A
turning point appears in sample S3. During the wear process, the
properties of the ceramic phases (size, composition, proportion, and
bonding strength with the matrix) have a significant influence on the
wear rate [37]. Sample SO has the lowest microhardness, so it has the
highest wear volume. It is consistent with the law of Archard [52,53],
which the microhardness of a material is proportional to its wear
resistance. The material that has high hardness can prevent plastic
deformation, inhibit crack generation, and reduce surface material
removal. This study [52] indicated that significant residual stresses
often exist within laser DED coatings, with their distribution being
highly localized. The localized residual stress promotes the flaking of
material from the wear surface of the coating. The debris that adhered to
the grinding ball increased the friction resistance, resulting in higher
COF values and wear rates. The wear rate of sample S4 has increased
slightly. When the B4C + Ti addition ratio reaches 20 %, the distinctions
between the ceramic phase and the matrix become more apparent
because of their different physical parameters. Since the ceramic phases
are small (<2.0 pm) or even smaller than the micro-cutting plane, they
are “dug out” with the matrix during the wear process. Zum et al. [54]
also reported that when the carbides are smaller than 1.0 pm, the wear
resistance decreases with increasing carbide content. The ceramic pha-
ses have a negative impact on the wear resistance of sample S4. Fig. 18
(d) shows the cross-sectional profile of wear morphology. The wider and
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Fig. 17. (a). Time-dependent COF curves of different coatings, (b) COF at sharp wear stage, and (c) COF at stable wear stage.
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Fig. 18. (a) average COF of samples, (b) wear mass of samples, (c) wear rate of different samples, and (d) cross-sectional of scratch morphology from samples.

deeper wear scratches can be found in samples SO and S1 due to the
lower microhardness. Significant plastic accumulation at the wear edges
indicates that samples SO and S1 have relatively high toughness.

The wear surface becomes smoother and the track becomes smaller

with an increase of Ti and B4C content. Fig. 19 shows optical images, 3D
morphology, and top profiles of the Al,O3 grinding ball after the wear
process. The top surface area of the grinding ball decreases from
774,669.50 pm2 to 176,234.30 pmz, reduced by 77.25 %. Fig. 19
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Fig. 19. (a-e) optical morphology of grinding balls, (f-j) 3D morphology of grinding balls, and (k-o) top profile of grinding balls.
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illustrates sharp scratches on the grinding ball caused by the relative
motion of the samples, intensifying up to sample S2.

To elucidate the relationship among COF, wear rate, and wear
mechanism, the 2D and 3D surface morphology and line profiles of
samples S0-S4 are demonstrated in Fig. 20. To unify research variables,
the region without pores and cracks was selected as much as possible to
test. Little cracks can be found on all worn surfaces. Fig. 20 (a, b, c)
depicts a large area of material flake that may cause surface unevenness.
The cross-sectional profiles are presented in Fig. 20(d, h, 1, p, t). The
height difference and standard deviation of the sectional profile along
the building direction are measured (see Fig. 20 u). As the B4C + Ti
content increases, the wear width decreases. Sample SO has the largest
wear width (1143.77 pm), which is 1.6 times greater than sample S4.
The wear surface becomes smoother. Samples SO and S1 exhibit poor
surface flatness due to large flakes of worn surface. In contrast, the wear
surfaces of samples S3 and S4 are smooth, which can be attributed to the
change in the wear mechanism. This phenomenon also explains why
samples S0-S1 have a high COF value, and the sample S2-S4 have a
relatively stable COF value. Usually, during the reciprocating friction
test, the sample surface is subjected to localized high-contact stress from
the friction pair, which increases crack sensitivity and leads to crack
initiation [55]. The flake-like pits are formed because of the crack
propagation. The wear debris easily adheres to the grinding ball, which
exhibits typical adhesive wear properties, as shown in sample SO. In
sample S1, adhesive wear remains the dominant wear style, but
continuous grooves along the wear direction begin to appear. The
abrasive wear is observed in samples S2-S4, and two characteristics can
be found: one is the small debris caused by localized material fall off, and
the other is the long fracture grooves caused by abrasive scratches (see
Fig. 20j, k, n, o). Specifically, the wear surface of sample S4 is very
smooth, which only has grooves without large spalling pits. These
phenomena indicate that the addition of B4C + Ti improves its lubri-
cation and changes the wear mechanism. Ceramic phases reduce the fall-
off of the low-hardness matrix and cause a lower wear rate. On the other
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hand, the ceramic phases which are removed by micro-cutting provide
lubrication during wear. Therefore, the ceramic phases reduce the value
of COF and enhance surface smoothness [38].

4. Conclusions

In this paper, laser-directed energy deposition (DED) is utilized to in-
situ synthesize TiB,, TiC, and (Ti, Nb)C ceramic phases. The effect of five
different Ti and B4C contents on phase, microstructure, microhardness,
scratch, and wear resistance was investigated. The impact of these
ceramic phases on microstructure, porosity, thermodynamic analysis,
microhardness, scratch performance, and wear resistance was thor-
oughly investigated. The main conclusions are as follows:

1. The addition of Ti + B4C powder can increase the porosity. The
relationship between the porosity and powder content was fitted.
Thermodynamic analysis has been used to analyze the in-situ syn-
thesized ceramic phases and reaction sequences (TiBy > MC > Cr3By
> Cry3Cg). Ti atoms can be substituted with Nb atoms, which can be
represented as NbC, (TiolzsNb()js)C, (Tio,sNbo.s)C, (Ti(),75Nb0,25)C,
and TiC. Ti atom and Nb atom, which have different distributions
and ratios in MC (refer to TiC and (Ti, Nb)C) crystal structure, affect
the Gibbs free energy (G). Conversely, the G values of the TiB; phase
in different samples are consistent.

2. TiBy, TiC, and (Ti, Nb)C ceramic phases don’t like to exist separately
before synthesizing synchronously. The positional relations of in-situ
ceramic phases are as follows: The loop (Ti, Nb)C phase encapsulated
the TiC phase and TiB; phase; the TiC phase is distributed in the
center, while the TiB; phase is distributed on the periphery. The In-
situ ceramic phases are priorly synthesized on the laves phase or
grain boundaries. The ceramic phases refine grain by increasing the
nucleation rate, inhibiting the growth of other grains, and subse-
quently forming grain boundaries.

flake ‘ debris_ protrusi:m
groove ‘ pit ‘ Lmooth zonej

Fig. 20. Optical images of worn surfaces (a-d) sample SO, (e-h) sample S1, (i-]) sample S2, (m-p) sample S3, and (g-t) sample S4.
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3. As the B4C + Ti content changes, the microhardness of the coatings
increases from 274.48HV( 3 to 447.30HV( 3. This increase results
from in-suit synthesized ceramic phases, solid solution strength-
ening, and fine-grain strengthening. From the top zone to the sub-
strate, microhardness in HAZ decreases by 56.74 %, from 495.95 HV
to 215.07 HV. The rapid increase in HAZ microhardness is due to
martensitic transformation, exchanged elements (C, B, Ti, and Cr),
and HAZ temperature gradients.

4. As B4C + Ti content increases, the scratch length is decreased from
1493.330 pm to 911.822 pm, reduced by 38.94 %. The angle of the
plastic flow increases from 20° to 40°, and the number and size of
cracks in the plastic flow increase. The above phenomenon shows
that the coatings increase deformation resistance but reduce tough-
ness. The scratch deformation transforms from plastic deformation to
shear fracture. Under increased loading force, the metal matrix in
coatings first undergoes plastic deformation to resist loading force;
when the dislocation is transmitted to ceramic phases, the Orowan
effect occurs, which increases the resistance to external deformation.

5. The wear resistance of the coatings has been significantly improved.
The relationship between the COF and powder content is fitted. The
coating with 11.25 % Ti powder and 3.75 % B4C powder demon-
strates the best wear resistance, exhibiting a 45.66 % reduction in
wear mass and a 79.44 % reduction in wear rate compared to the
Inconel 718 superalloy coating. As the B4C + Ti powder content in-
creases, the wear mechanism of the samples changes from adhesive
wear to abrasive wear, and the lubrication of the coating is
improved.
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