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In situ Ti(C, N), ring phase, and multi-phase enhanced Ni204-based alloy coating were prepared by adding
various Ti/C/TiN ratios particles. The effects of the reinforcement phase on the microstructure, microhardness,
tribological property, and microstructure characteristics at the interface between the coating and substrate were
investigated. The results show that the coatings with a 5:1 mass fraction ratio of TiN/C exhibits the highest
microhardness, which is 3.78 times higher than that of the original Ni204 coating. While, the coating with 21:7:2

mass fraction ratio of TiN/Ti/C exhibits the lowest friction coefficient, which is 4.44 times smaller than that of
the original Ni204 coating. The addition of Ti and C particles promotes the precipitation of ring phase and
carbides, reduces ceramic agglomeration, alleviates the floating of ceramic particles, and improves the bonding
strength of reinforcement phases. Owing to the good mutual solubility among Fe, Ni, and, Cr elements, the
diffusion happened at the interface between the coating and substrate.

1. Introduction

The developing manufacturing industry has come an increased
number of demands on the component, and a variety of issues keep on
coming: poor wear resistance, corrosion, and lower hardness and service
life [1,2]. The face-to-face or line contact components usually produce
fracture, pitting, and bonding due to poor surface property. Reduce the
service life and working stability of components. Therefore, enhancing
the surface performance of components is an effective way to improve
the service life. For steel parts, the surface properties obtained by
post-treatment methods such as aging, quenching and tempering are
difficult to meet all applications. There is an increasing solution in
dealing with the waste components using remanufacturing technology,
such as pitting, brush plating, surfacing [3,4], cold spraying [5], powder
metallurgy [6], direct laser fabrication.

Considering the metallurgical bonding strength, porosity and cracks
between substrate and coating interface, laser direct cladding composite
materials is an effective method to improve surface properties. Using the
direct Laser fabrication technology can improve the metallurgical
bonding strength between the coating and the substrate [7-9], and the
composite materials can solve the contradiction between coating

property and substrate bonding quality. To improve the performance of
reinforced coating, wide attentions have been paid to composite metal
material for which enhanced based alloy via adding or in situ synthesis
reinforced phases. Liang et al. [6] built various contents of TiN and TiC
composite coating via powder metallurgy technology. The addition of
too much TiN to the coating would result in a reduction of wear resis-
tance and compactness and an increase of porosity. Zhang et al. [10]
used reactive hot pressing to fabricate a relative density, high hardness
(1901 HV), and toughness (6.71 MPa m'/?) Ti(C, N)-TiBo,—Co ceramics
coating under sintered pressure at 34 MPa. Dobrzanski and Admiak [11]
prepared ceramic/metal composite coatings by physical vapor deposi-
tion and investigated the reinforcement of TiN and Ti(C, N) on the
high-speed steel. The difference in the substrate and coating was the
failure mechanism. In YOU et al. [12] study, the TiN film was built on a
ceramic surface via chemical vapor deposition. Ceramic powders have
many excellent advantages, for example, high melting point, high
hardness, high wear, and corrosion resistance, and good chemical sta-
bility. Addition a suitable content of ceramic powder is an effective
method to enhance the properties of the metal-based material. Although
the utilizing of the above methods can prepare the ceramic composite
coating, the poor metallurgical bonding quality is still the critical factor
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affecting the coating properties [13-15]. The direct laser fabrication
technology can fabricate an excellent density structure with good
bonding quality, less internal defects, and high mechanical performance
[16-18]. Therefore, many scholars have paid attention to the prepara-
tion of metal-based ceramic composites by direct laser fabrication.

The Ni-based powder is one of the most widely used self-melting
alloy powder with corrosion resistance, oxidation resistance, good
impact toughness, low melting point, and wide range of solid-liquid
temperature [19]. Besides, the Ni-based alloy also has a strong wetting
ability for a variety of matrix and WC particles. Not all Ni-based alloys
can bond well with 45 steel easily, the properties some time have to be
willing to compromise. Otherwise, the pores and cracks are easily
generated in the interface zone. Ceramic-composite materials can be
used to solve these issues, the number and type of in situ enhancement
phase play a critical role in determining the coating properties such as
microhardness and wear resistance. Saravanan et al. [20] investigated
the effect of TiN on the wear behavior of SS 316 L. The hardness of TiN
doped coating increased 9 times. The adhesion between the contact
materials was prevented by the excellent bonding quality in TiN and
matrix and the high hardness of TiN, thereby improving the wear
resistance of the composite coating. Chen et al. [21] investigated the
reinforcement of in situ synthesize Ti(C, N) and the small existing CeO
nanoparticles on Ni60 alloy. The microhardness and wear resistance of
Ni60-based ceramic coating had changed with the addition of various
ceramics. Zhao et al. [19,22] prepared Ni-based composite coatings with
various mass fraction ratios of TiC/TiN/B4C via laser cladding. Although
the hardness and wear resistance were significantly improved, the dis-
tribution of the ceramic phases was unevenly, thus caused big fluctua-
tions of the mechanical properties. The density composite coating with
better metallurgical bonding quality can be built utilizing laser cladding,
while maybe the poor liquidity of ceramic powder and the breeding of
cracks and pores causes the few studies using laser cladding. In the
previous studies, Fe313/ceramic [15] and Ni204/ceramic [19,22]
coating have been successfully built via laser cladding. The addition of
existing ceramic caused relatively serious aggregation phenomena and
the reinforcement of in situ synthesis ceramic phases is more stable.
Microstructure characteristics, phases composition, and distribution of
reinforcement phase direct effect the coating performance. There has
seldom reported about in situ or exist ceramic reinforced Ni-based
coating. The effect of ceramic content on the microstructure and me-
chanical properties is still an issue to be solved.

The reports of TiN, TiC, and Ti(C, N) reinforced Ni-based alloy via
laser cladding are seldom. In this study, the composite coatings with
various Ti/C/TiN/Ni204 mass fraction ratios were built on the 45 steel.
The wear and hardness test were conducted and investigated the effect
of ceramic content and characteristics on its mechanical properties.
Further, the microstructure evolution mechanism and the microstruc-
ture characteristic in the interface between coating and substrate were
also analyzed.

2. Materials and experimental procedures

The 45 stainless steel was used as the substrate and Ni204 alloy
powder was chosen as the cladding material in this study, whose
chemical composition is given in Table 1. The various mass fraction
ratios of Ti/C/TiN was added into Ni204 alloy powder for investigating
the reinforcement of ceramic phase, the specific proportion is shown in
Table 2. Among them, the size of the sphere Ni204-based alloy powders
ranges from 53 to 150 pm, which provided by RAYCHAM Co. LTD. The
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size of the sphere Ti particles (99.5% purity) is 53 pm, the size of the
irregular graphite (99.95% purity) and TiN (99.5% purity) particles
range from 0 to 53 pm and 2-10 pm, respectively. Ti, graphite, and TiN
particles provided by Aladdin. These powders are averagely mixed as
direct laser fabrication material. The milling time and speed have a
significant effect on the powder’s particle configuration. Choosing the
tool small milling time and speed results in the powders being mix is not
well, and the milling time and speed too large renders the mix powder
failure because the powder size decreased, the more difficult deliver it
becomes. Therefore, set the rotation speed = 30 rpm and mixed duration
set up to 2 h. The ceramic ball to powder ratio ranges from 1.5 to 2 when
mixing. Before and after mixing, the powders need to be dried under
120 °C for 4 h.

The laser cladding experiments were conducted in an open-loop
control system consisting of a 500 W YLR-500 optical fiber laser,
water cooler, powder feeder, and a KUKA robot, the detail introduction
has been reported in literature [16]. The offline software RobotArt was
used to design cladding paths, the design and optimization of the clad-
ding strategies have been discussed in detail in literatures [17,18]. The
optimized argon gas flowing rate contributes to guarantee coating
quality, so, the flowing rate of powder carrier gas (coaxially) is 8
Lemin ! and the shielding gas (coaxially) is 15 Lemin !, which have
been discussed in the literature [19]. The laser cladding parameters are
given in Table 2 [19,22].

To use a wire-electrode cutting machine to prepare all specimens, the
specimen surface was ground, polished, cleaned, and dried. The metal-
lographic specimens were etched in a 2:1:1 vol HCl: HNO3: H0 hybrid
solution. X-ray diffraction (XRD) was used to identify the phase consti-
tutions, the diffraction angle ranges from 5° to 90° with a scanning speed
of 12°emin~!. The wear morphology of the specimen surface was
characterized by laser confocal microscopy (OLYMPUS LEXTOLS4100).
The microstructure in the cross-section of the coating and the interface
of the substrate-coating was observed by a field emission scanning
electron microscope (SEM, Zeiss Ultra Plus) which equips with the
electron backscatter diffraction (ESBD) and Energy dispersive spec-
trometer (EDS). The microhardness tester (EM500-2 A) and recipro-
cating friction wear tester (MFT-4000) were used to investigate the
reinforcement of in situ TiN, TiC, Ti(C, N), and other carbides. The other
detailed experiment parameter of needs can be got from Refs. [19,22].

3. Results
3.1. Coating phase analysis

Fig. 1 shows the XRD pattern of all specimens. The diffraction peaks
of TiC, TiN, and Ti(C, N) were detected in specimens 2#-5#. However,
no TiC and Ti(C, N) peaks are found in specimen 1#. In 30% TiN/70%
Ni204-based composite coating (specimen 1#), aside from TiN, the (Fe,
Ni) solid solution, (Fe, Cr) solid solution, and Ni-Cr-Fe were also
detected. And, more remarkable, the separate peak for each diffraction.
With the addition of C particle (specimen 5#), the characteristic of the
diffraction peaks changed. There appears to be more than one peak in
diffraction near TiN peak, the TiC and Ti(C, N) phases were in situ
formed. When various mass fraction ratios of Ti/C/TiN particles were
added to Ni204, the characteristic of diffraction peak around TiN is
continually changing (specimens 2#-4#), the MCx (M = Fe, Nb, Cr, Mo)
precipitation increases and the intensity of peak decreases.

The following reactions occurred between Ti, C, N, and other metal
elements caused these changing:

Table 1
Chemical composition of Ni204 powder and #45 die steel (wt. %).
C P,S Si Cr Ni Mn Mo Nb Cu Fe
Ni204 <0.03 - 0.4 21 Bal. - 9 - 1.5
45 steel 0.42-0.5 <0.045 0.17-0.37 <0.25 <0.25 0.5-0.8 - <0.25 Bal.

5919


18340355586@163.com
高亮


Y. Zhao et al.

Table 2
Composite of cladding materials and laser cladding parameters (wt. %).
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No. Component content (wt %) Process parameters
Ni204 Ti C TiN Laser powers (W) Scan speed (mmes 1) Powder feeding rate (remin1) overlap rate (%) Az (mm)
1# 70 0 0 30 450 5.5 0.7 (11.056 gemin ! for Ni204-based alloy powder) 35 0.35
2# 70 12 8 10
3# 70 12 3 15
4# 70 7 2 21
5# 70 0 5 25
i e TiIC + (Fe,Ni) v MCx (M= Fe, Nb, Cr, Mo)
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Fig. 1. XRD patterns of coatings with various Ti/C/TiN ratios.
CreCrs : AG‘; = —161.92 + 0.017357T (kJ / mol) (6)

Ti + C — TiC (1)
xTiC + yTiN — Ti(Cyx, Ny) O <x,y < L,x +y=1) (2)
M + xC - MCx (0 < x < 1, M = Fe, Cr, Mo, and Nb) (3)

Ti can combine with C to form TiC, the relationship between tem-
perature and Gibbs free energy of formula (1) is an approximately linear
function AG‘% 184.096 + 0.012099T(kJ mol™') [23]. The Gibbs free
energy of formula (1) was —158.7 kJ mol ! at 2100 K, and the AG‘; <0
when the temperature ranges from 298 K to 2100 K, indicating formula
(1) can be spontaneous during laser cladding. TiC and TiN have a similar
lattice structure, so they can easily precipitate and aggregate to form Ti
(C, N) ternary phase. The Gibbs free energy of the formation of Ti(C, N)
(formula (2)) can be calculated by Ref. [24-26],

AGY [TiC, TiN,| =xAG4[TiC.] +yAG}[TiN,| + RT{xInx + ylny} @)

where R stands for the general gas constant (R = 8.314 kJ ’1), Ti(Co.2,
No.g), Ti(Cg.3, Ng.7), and Ti(Cg 7, Ng.3) are the most common forms of Ti
(Cx, Ny) phases. In the literature [24], the Ti(Co.2, No.g) was considered
as the thermodynamically favorable phase. The Gibbs free energy of
formulas (1) and (2) is negative under the cladding temperature, the
absolute value of AGY. [formula (2)] > AG. [formula (1)1, this is leading
to be better to the formation of Ti(Cp.2, No g).

Due to the addition of C particles, the high Cr content of Ni204 alloy
has contributed to the formation of CrCy. In general, x is 3/2, 3/7, and 6/
23, the expression of various CrCyx Gibbs free energy are given [23]:

CryCry : AGY = — 85.35 — 0.020727T(kJ / mol) (5)
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Cra3Cs: AG) = —364.84 + 0.029154T(kJ /mol) (7).

From the value of }AG‘% , precipitation stability and order of Cry3Ce,
CrsCs, and CryCs successively reduced. The Fe can replace Cr in CrCy to
form (Cr, Fe) Cx. The matrix has higher concentrations of C when added
C, the C combined with M (M = Fe, Cr, Nb, Mo, and Ti) to form MC,. It
was confirmed that formulas (1)-(3) can be spontaneous.

3.2. Coating composition and microstructure analysis

The elements mapping distribution of the square-shaped phase in
specimen 2# was detected, as shown in Fig. 2. One can find that the
square-shaped phase is core-shell structure, and Ti, N, Nb, and Mo were
detected in this structure, maybe some C atoms exist in it [19]. As the
results in Fig. 2(b)-(e), Ti and N are mainly distributed in the core zone
and the shell zone primarily contains Nb and Mo. Based on the feature of
laser cladding, the smaller size of TiN can decompose into Ti and N while
a larger one leads to complete decompose failure, and only partially or
not. Ti and C gathered around the undecomposed TiN particles to form
Ti(C, N) and TiC owing to the similar crystal structure. Besides, Nb is
also attracted to the C atoms to form NbC. Mo has an important role in
preventing the development of carbides [27], so Mo would gather
around carbide phases (TiC), forming (Nb, Mo, Ti) (C, N) multi-ring
phase. The results gained by energy spectrum analysis (ESP) of points
1 and 2 are given in Table 3. In point 1, the phase is TiN. while in point 2,
the content of Ti and N decreased, Nb and Mo present the reverse.
Combine with Fig. 2 and previous research [19,22], the phase at point 2
area was determined as (Nb, Mo, Ti) (C, N).

The line distribution of Ti, N, C, Nb, Mo, Ni, Fe, and Cr from the
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Nb

Fig. 2. EDS maps showing the distribution of Ti, N, Nb, Mo, Fe, Cr, Ni, and Fe in sample 2#.

Table 3

EDS spectra analyses results of samples (au. %).
Marked locations Ti C N Nb Mo Ni Cr Fe Si
Point 1 50.41 10.82 4.33 1.60 1.20 1.08 30.57
Point 2 35.18 5.38 2.90 2.24 1.59 52.15 0.57
Point 3 3.01 1.66 4.69 38.81 15.61 35.27 0.95
Point 4 1.25 1.12 2.38 23.80 9.67 61.03 0.74
Point 5 0.01 98.49 0.66
Point 6 98.67 0.49
Point 7 3.73 4.86 2.00 89.40
Point 8 1.35 0.37 5.56 2.35 90.37
Point 9 38.19 4.89 1.76 2.33 1.65 51.18
Point 10 6.56 24.15 18.36 22.02 28.01 0.9
Point 11 53.65 46.35
Point 12 3.8 231 37.47 13.67 42.07 0.69
Point 13 23.17 2.01 6.30 28.48 19.38 20.66
Point 14 78.66 21.34
Point 15 19.72 3.24 6.35 27.69 10.44 32.57
Point 16 23.49 0.63 2.48 28.14 11.23 34.03
Point 17 100
Point 18 52.96 47.04
Point 19 55.66 44.34
Point 20 1.25 0.37 2.68 39.53 15.54 40.64
Point 21 3.77 2.76 5.98 38.61 16.26 32.61
Point 22 24.15 25.31 9.46 15.12 9.76 16.20
Point 23 5.45 5.66 5.09 36 14.55 33.25

substrate to coating is presented in Fig. 3. Four areas, substrate, heat-
affected zone (HAZ), coating 1, and coating 2, appeared in the
coating. According to the results, the distribution of Nb and Mo in the
whole coating is uniform. The diffusion of Ni, Cr, Fe, and C happened in
the interface between the substrate and coating and the interface be-
tween the coating 1 area and coating 2 area. When the substrate was
irradiated by the laser, the Ti/C/TiN-Ni204 composite powder associ-
ated with the melted substrate as the coating 1 area. Also note that the
Ti, C, and TiN floated up during laser cladding, which kept consistent in
literatures [19,22]. At the interface between coating 1 and coating 2, the
content of Cr, Ni, and Fe is not a sudden change. The different concen-
trations in these areas caused diffusion. Fe can dissolve in Ni liquid
phase without limit to form [Fe, Ni] solid solution, therefore, the content
of Fe is gradually decreased in the coating 2 area. Test the points 3-6 by
ESP, the results are given in Table 3. The 98.49% and 98.67% Fe was
detected in point 5 (HAZ) and point 6 (substrate), respectively. The
microstructure of the HAZ has been refined due to the laser radiation.
The 61.03% Fe, 1.25% Ti, 1.12% Nb, 2.38% Mo, 23.8% Ni and 9.67% Cr
were detected in point 4 (coating 1 area). In the coating 2 area, 35.27%
Fe, 3.01% Ti, 1.66% Nb, 4.69% Mo, 38.81% Ni, and 15.61% Cr were
detected in point 3, these results were same with the line scanning.
The cross-section morphology and microstructure of the substrate,
the HAZ, and coating under various mass fraction ratios of Ti/C/TiN/
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Ni204 are shown in Fig. 4. Fig. 4(a)—(e) indicate that there is an obvious
interface among substrate, HAZ, and coating. The good metallurgical
bonding in substrate and coating was formed, no pores and cracks
appeared around this area. While some cracks appeared in the coating of
specimens 2#-4#. On the one hand, the cracks may be caused by
remelting during laser processing, and on the other hand, the difference
in thermal expansion coefficients between ceramic particles and the
matrix which induced thermal stress, providing the source to crackle.
The TiC particles would rise towards the surface direction and its
characteristics have a direct relationship with fusion temperature. The
edge angle and irregular shape of TiC particles weaken as temperatures
go up [28]. At the top of each layer, the concentration of TiC is higher,
and the size is bigger. According to the analysis of cladding temperature
distribution in the literature [16], the temperature of the overlapping
zone generated by adjacent layers is lower than other zones, therefore,
the size of the ceramic particles at this zone is bigger, causing an obvious
layered structure, as shown in Fig. 4(b)-(d). Specimens 1# and 5# are
added 30% TiN and 25% TiN-5% C, respectively. So, there is no layered
structure. Fig. 4(al)-(el) show the SEM images of the substrate and no
change in microstructure. Fig. 4(a2)-(e2) are the microstructure of the
HAZ. Although there is no change in the contents of elements, the
microstructure characteristics are quite different from the substrate
zone. Under the influence of laser radiation, the milk-white ferrite and



Y. Zhao et al.

Date :18 Jun 2019

Time :14:17:39
Heat
Cofting |affected |  Substrate
Coating 2 Coating 1 zone
5000 | —
5000+ b

45000~

35000~

25000~

20000~

.
1000 1200 1400 1600

12000~
9000
6000

3000~

mu(pm)

Ceramics International 47 (2021) 5918-5928

Interface

R

ting 2" Coating 1 I I Ti
I Heat I

[Coating | affected |
| e

Substrate

I goooo (oo oo

I
I N
I
I

- — -

Lo R, it bty
0 1000 1200 1400 1600 1800 (HM)

Fig. 3. EDS line scan results of Ti, N, C, Nb, Mo, Fe, Cr, and Ni in sample 1#.

calls lamellar pearlite disappeared (Fig. 4(a2)), and the grain of the HAZ
was refined (Fig. 4(e2)). Besides, the soon hot and cold feature makes
the recrystallization austenite grains failed to grow up, changing the
state of the original coarse grains. Owing to the multiple remelting and
heat treatment that happened at the HAZ, many nanocrystalline
generated, as shown in Fig. 4(b2)-(d2).

The microstructure characteristics of the bottom of the coatings
(coating 1 area) were observed (Fig. 4(a3)—(e3)). When the 30% TiN was
added in specimen 1#, the microstructure characteristic is similar to
pure Ni204 alloy. According to the previous study, the milk-white phase
is a secondary precipitate phase [Nb, Mo]. The size of the addition TiN is
2-10 pm, TiN particles are easy-melted and trended to float up, thus
there is seldom TiN particles appeared in this zone (Fig. 4(a3)). The TiN/
Ti/C mass fraction ratios of specimens 2#-4# are 5:6:4, 5:4:1, and
21:7:2, respectively. The number of block-shape ceramic phase increases
as the TiN content increases. From Fig. 4(c3), one can find that the
reinforcement phase precipitated firstly at the grain boundaries. The Ti,
N, and C elements dissolved into Ni-based alloy liquid to form
Ti-N-C-Nb-Mo-Cr-Fe-Ni multivariate liquid phase, and then TiC, TiN,
Ti(C, N) and other carbides were precipitated. The size of Ti particles is
100 pm, when Ti and C particles were added into Ni204 alloy, increased
the appearance of Ti(C, N) and carbides at the bottom of the coating,
thus alleviated the floating of ceramic particles (Fig. 4(b3) and (c3)). In
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order to analyze the phase composition, points 7 and 8 were detected by
ESP, the results are given in Table 3. The 89.4% Fe, 3.73% Ti, 4.86% Ni,
and 2% Cr were detected in the white phase (point 7). Owing to 8% C
particles were added into the coating and the untrusted data of C content
by ESP, combined with Table 2 and Fig. 1 (XRD results), the phase is
FeCy. At point 8, 90.37% Fe, 1.35% Ti, 5.56% Ni, and 2.35% Cr, the
matrix is Fe rich solid solution, which indicates the diffusion occurred at
molten pool boundary, and the results agree with Fig. 3. From point 9,
the phase is cell-shell structure, the cell area primarily contains 38.19%
Ti, indicating this phase is TiC, the phase of shell area can be confirmed
as ring phase (Ti, Mo, Nb)C [19,22].

Fig. 5 show the SEM images of the specimens with various Ti/C/TiN
mass fraction ratios and the ESP measured results are presented in
Table 3. When only added 30% TiN into the Ni204 alloy, many bigger
and irregular ceramic phases appeared in the coating 2 area. The
incomplete melting TiN particles aggregated together to form the large
TiN phase, as shown in Fig. 5(a). The white phase in specimen 1# (point
10) which is near the gray phase primarily contains 6.56% Nb and
24.15% Mo. The Nb, Mo, Ti, and N atoms dissolved into Fe-Ni-Cr liquid
phase, the TiN precipitated firstly at the grain boundary and in the
intergranular, and then the Nb and Mo precipitated at the grain
boundary in the form of secondary precipitated phase (Nb, Mo). The
53.65% Ti and 46.35% N were detected in point 11 area, combined with
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Fig. 4. Microstructure and morphology of samples. (a)-(e) Cross-section morphology; (al)-(el) Microstructure on the substrate; (a2)-(e2) Microstructure on the
HAZ; (a3)-(e3) Microstructure on the coating.
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Fig. 5. BSE images of coatings. (a) Sample 1#; (b) Sample 2#; (c) Sample 3#; (d), (e) Sample 4#; (f) Sample 5#.
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the XRD results obtained in Fig. 1, indicating the phase is TiN. In the
matrix area (point 12), the 3.8% Ti, 2.31% Mo, 37.47% Ni, 13.67% Cr,
and 42.07% Fe were detected, indicating the matrix mainly consists of
Cr, Ni, and Fe element, some tiny TiN particles dissolved in it. When Ti,
C, and TiN particles were added into Ni204 coating, the microstructure
characteristics changed (Fig. 5(b)-(e)). With the content of TiN in-
creases, the size of ceramic particles increased. From Fig. 5(b), the
microstructure of this specimen mainly contains gray phase (arc
boundary) and milk-white phase (columnar-shape), and the micro-
structure characteristic at the grain boundaries changed. The 23.17% Ti,
2.01% Nb, 6.3% Mo, 28.48% Ni, 19.38% Cr, and 20.66% Fe were
detected in point 13, according to Fig. 1, the matrix phase can be
determined as Ni-Fe—Cr, [Fe, Ni] and [Fe, Cr] solid solution. The tiny
TiN, TiC particles, and other carbides dissolved into the matrix. In point
14, 78.66% Ti was detected, while just 21.34% N in this point, combined
with Fig. 1 and the C addition content, the phase in this point is Ti(C, N).
The high concentration of C has reduced the (Nb, Mo) precipitation,
which in turn increases the MCy, (M = Fe, Cr, Nb, Mo) content. With the
decreases of C content, the size of the precipitated ceramic phase
reduced, as shown in Fig. 5(c) and (e). The white long-chain phase
appeared at the grain boundary, which is similar to Fig. 5(a). Fig. 5(d) is
the enlarged SEM image of Fig. 5(e). The white long-chain phase (point
15) primarily contains 19.72% Ti, 3.24% Nb, 6.35% Mo, 27.69% Ni,
10.44% Cr, and 32.57% Fe. One can find that the concentration of Nb
and Mo in point 16 is reduced, therefore, the long-chain phase can be
determined as (Nb, Mo). The matrix mainly consists of Ni-Cr-Fe and
[Fe, Ni] solid solution, and the in situ synthesis tiny TiC particles dis-
solved into the matrix; the 100% C was detected in point 17, indicating
the black phase is graphite; the gray phase mainly contains 52.96% Ti
and 47.04% N, the gray phase is TiN. The incomplete melting large TiN
particles, C, and Ti attracted each other, the in situ formed TiC dispersed
through the matrix and dissolved into TiN particles to form Ti(C, N), the
C that failed reaction to form graphite. The graphite mainly appeared at
the overlapping zone between adjacent layers.

The obvious cell-shell structure appeared in the specimen 5# which
was added 25% TiN and 5% C (Fig. 5(f)). In the previous studies [19,22],
the gray phases of cell areas are TiN, TiC, and Ti(C, N), the shell areas are
multi-ring phase (Ti, Nb, Mo) (C, N). At the grain boundary, the pre-
cipitation phase also changed. The MCx (M = Fe, Cr, Nb, Mo, Ti) has
replaced (Nb, Mo).

The phase composition in Fig. 6 (specimen 1#) can be acquired
through ESP. The testing results of points 19-23 were presented in
Table 3. The gray phase (point 19) contains 55.66% Ti and 44.34% C,
combined with XRD results obtained from Fig. 1, indicating this phase is
TiN. The 39.53% Ni, 15.54% Cr, and 40.64% Fe were the main detected
elements in point 20. During laser cladding, the Mo, Nb, N, and Ti
precipitated out in form of TiN and (Nb, Mo), so, the matrix consists
mainly of Cr-Fe-Ni, [Fe, Ni] and [Fe, Cr] solid solution. Fig. 6(b) is the

Date :18 Jun 2019
Time :14:39:28

EHT = 15.00 kV

WD = 83 mm Mag= 500KX
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enlarged SEM image of the grain boundary area. At points 22 and 23
area, 24.15% Ti, 25.31% Nb, 9.46% Mo and 5.66% Nb and 5.09% Mo
were detected, respectively. Which can be confirmed as (Nb, Mo),
meanwhile, some tiny TiN dissolved into it.

3.3. Microhardness of the composite coating

The microhardness distributions arrange from the substrate to the
coating surface of the composite coatings with various Ti/C/TiN/Ni204
mass fraction ratios are measured and shown in Fig. 7. Owing to the in
situ formation of TiC, Ti(C, N), TiN, and other carbides, meanwhile, the
existence of dispersion strengthening and solution strengthening, the
microhardness of the coating 5# is 3.78 times higher than that of Ni204-
based alloy coating (298 H V). The various Ti/C/TiN ratios enhance-
ment on the Ni204 coating is in the following order: sample 5# > sample
4# > sample 2# > sample 1# > sample 3#. The specimens 2#-4#
showed similar transformation trends, and specimen 1# is the same as
specimen 5#. When Ti and C doped into Ni204/TiN composite coating,
the ceramic particles floating have been weakened by the in situ syn-
thesize Ti(C, N). The dispersion strengthening of TiC and carbides also
enhanced the microhardness at the bottom of the coating. When 12% Ti,
3% C, and 15% TiN particles were added, the microhardness of the
coating surface among all specimens is lowest. According to Fig. 5, the
size and number of ceramic phases are less, and the floating up of TiN
particles caused the relatively poor reinforcement. Owing to 8% C par-
ticles were added to the specimens 2#, although the TiN content
decreased, the in situ synthesis TiC, Ti(C, N), and carbides increased.
The TiC, Ti(C, N), and MCy (M = Cr, Fe, Mo, Nb) enhanced the micro-
hardness. The coating 4# has the highest microhardness among speci-
mens 2#-4#, which was profited from the addition of 7% Ti, 2% C, and
21% TiN, the high content of the reinforcement phase and good bonding
strength between the reinforcement phase and the matrix. Compared
with specimen 1#, the in situ synthesis TiC and Ti(C, N) phases in
specimen 4# have effectively enhanced the coating. Therefore, the
specimen presents a higher hardness. The specimen 5# was added 25%
TiN and 5% C, the C play an important role in generating the multi-ring
phase (Ti, Nb, Mo) (C, N) and multi-phase (Cr, Fe, Nb, Mo)C. The TiN
and C were easy to in situ forms Ti(C, N), thus increasing the concen-
tration of C around TiN. And then, the content of Nb increased and
dissolved into Ti(C, N) to form (Ti, Nb) (C, N). Mo can prevent carbon
from growing up, thus Mo spread to (Ti, Nb) (C, N) to form the multi-
ring phase (Ti, Nb, Mo) (C, N). Owing to the addition of C, the Cr and
Fe precipitated in the form of (Cr, Fe)C at the grain boundary, combined
with the (Nb, Mo) phase to form (Cr, Fe, Nb, Mo) C. The multi-ring phase
improved the bonding force between ceramic phase and matrix. Besides,
the carbides precipitation at the grain boundaries also improved the
intensity of intergranular.

When the force was applied on the surface, the micro-cracks

EHT = 16,00 kV
WD = 83mm

Signal A= AsB
Mag= 70.00KX

Date :18 Jun 2018
Time :14:43:14

Fig. 6. Microstructure and spectrum analysis of sample 1#.
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Fig. 7. Microhardness of different samples.

generated on the surface. With the microhardness increased, the crack
branch and total crack length increased. All specimens appeared
concentric ring cracks and the residual Vickers impression generated in
specimen 4# was irregular lines [29]. Although the hardness of

different Ti/C/TiN/Ni204 mass fraction ratios over time are present in
Fig. 8. According to the previous study [19,22], the abrasive wear and
adhesive wear is the dominant wear dominant. Therefore, friction co-
efficient values increased in the initial stages (Fig. 8(a’)), after several

Ni204-based alloy coating was enhanced by adding various Ti/C/TiN
ratios particles, the fracture toughness decreased.

minutes of turmoil, the trend of the values to level off, oscillating up and
down around a stable value (Fig. 8(b’)). It was supposed that the
increment in the coefficient friction value was owing to the grinding ball
breaking the smooth surface. As the wear time goes on, the surface
materials flaked off and accumulated, causing a shakeout stage for co-
efficient friction values, namely the run-in period. The content, kind,

3.4. Friction coefficient of the composite coating

Friction coefficients change curves of the composite coatings with

0.8 5 V)
E .64
e 5 i e
= 0.6 W =
£ 05 h S n " ’Wmm w’ 5] p=0.45
e ' ) E
= 04+ i £ 044
éw X ‘ “ 2 o n=0.157
03 - £ 03
2 g =0.165
© 024 M“"‘ S 024 DM AP AU AB. A u,
0.1 0.1 p=0. 148
i | T T T T T T T T T 1 0.0 T T T T T T T T X 1
o 2 4 6 8 10 12 14 16 18 20 80 82 84 86 88 90 92 9% 96 98 100
Time (min) Time (min)
0.9 =
. 1# (p=0.460) 2# (p=0.637) 3# (n=0.193)
0.8 = 4# (p=0.165) S# (p=0.317)
=0.7 - :
0.6 =

=
(%)}
1

Coefficient friction
() =
w »
[ [

o
o
1

0.1 - a' : : b' :
0.0 T T T T T T T T T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90 100

Time (min)

Fig. 8. Friction coefficient-time curves of different samples.
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and size of peel off materials in the wear areas achieved a dynamic
equilibrium and were responsible for the stable stage [30,31]. The
friction behavior of the composite coatings changed with the content of
Ti, C, and TiN particles, and the distribution, content, size, and char-
acteristics of the reinforcement play an important role. Use the average
coefficient friction value which ranges from 80 to 100 min as the coef-
ficient friction of the specimens, the order of the coefficient friction
follows by, sample 2# > sample 1# > sample 3# > sample 5# >
sample4#. From Fig. 8(a’), one can find that the time for the specimens
to reach stability is in order: sample 5# > sample 3# > sample 1# >
sample 4# > sample 2#. Only TiN was added, the TiN easily appeared
agglomerate, had a larger size, and generated poor bonding force with
the matrix, thus needing more time to cause the TiN particles to peel off,
and causing the disadvantageous effect of wear resistance. When TiN
and C were added together, the in situ synthesize Ti(C, N), multi-ring
phase (Ti, Nb, Mo) (C, N), and MCx (M = Cr, Fe, Nb, Mo) improved
the bonding force between reinforcement and the matrix, and the
bonding force in the intergranular. Therefore, more wear time was
needed to peel off the reinforcement, and the reinforcement and car-
bides improved the wear resistance. When various contents of TiN, Ti,
and C were added, the wear mechanism changes. With the addition
content of TiN decreased, the wear resistance weakened. The size of the
in situ formation reinforcement particles, such as TiC, MCy, was small,
which was primarily a diffuse distributed in the coating. These particles
were easily peeled off and had a disadvantage for the improvement of
wear resistance. As the same bonding strengthening, the reinforcement
size and content is important for the wear resistance. The 21% TiN, 7%
Ti, and 2% C particles were added into specimen 4# was added the Ti
and C particles improved the bonding strength between the reinforce-
ment phases and matrix, and also guaranteed the content and size of
reinforcement. Thus, specimen 4# showed lower friction coefficient

Ceramics International 47 (2021) 5918-5928

values.

The two-dimensional and three-dimensional morphologies of
scratches of the specimens with various Ti/C/TiN/Ni204 mass fraction
ratios are given in Fig. 9. The adhesive phenomenon appeared on the
wear areas of specimens 1# and 5# (Fig. 9(a) and (e)). In specimen 1#,
the matrix was enhanced by TiN while the composite of the phases
remained unchanged. So in the wear stage, the soft matrix was easily
peeled off and appeared adhesive wear. The large volume TiN particles
improved the ability to resist the deformation. Therefore, the friction
coefficient is a factor 1.45 smaller than that of the initial coating.
(friction coefficient of Ni204 is 0.657). From Fig. 5(f), one can find that
the large content of carbides was generated in the coating. On the one
hand, the bonding strengthens between the reinforcement phase (TiN,
TiC, and Ti(C, N)) and matrix was enhanced, improving the wear
resistance, and on the other hand, the content of carbides (MCy) in the
peel-off materials improved, causing the adhesive of the wear surface
(Fig. 9(e)). In specimens 2#-4#, the in situ formation TiC and Ti(C, N)
uniform distributed in the coating. However, sample 2# was added 8%
content of C which caused low lump ceramic phases density. Aside from
in situ synthesis TiC, there were also many carbides (MCyx, M = Fe, Cr,
Nb, and Mo). The hardness and wear resistance of the carbides are all
poor to TiN, TiC, and Ti(C, N) ceramic particles, so wear resistance is the
worst. From the wear surface (Fig. 9(b)), the content of lump ceramic
phases is few. According to Fig. 9(c) and (d), one can find many ceramic
particles uniform distribution in the wear surface. Under the help of the
multi-ring phase (Ti, Nb, Mo) (C, N) and MCy, the coatings of these
specimen (specimens 3# and 4#) show a low friction coefficient, which
is a factor 3.98 and 4.44 times smaller than that of pure Ni204-based
alloy coating. According to Fig. 9(al)-(el), all specimens revealed a
flatter wear surface. Compared with the literature [19], the in situ
synthesis ceramic particles have effectively reduced surface wear of

[ 14.407
- 7.204
129

'

Fig. 9. Wear morphologies of different samples.
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Ni204-based alloy coating.

4. Conclusions

In this study, TiC-, TiN- and Ti(C, N)-reinforced Ni204 alloy coatings
were in situ formed via laser cladding. The enhancement of
Ti-C-TiN-Ni204 on the microstructure, microhardness, and tribo-
mechanical properties was investigated. Besides, the element diffusion
and microstructure characteristics in the interface between the coating
and substrate were also studied.

(1) TiC, TiN, Ti(C, N), multi-phase or ring phase (Ti, Mo, Nb) (C, N),
and MCy (M = Fe, Cr, Nb, and Mo) were in situ synthesized in the
composite coating. The addition of C particles promoted the
generation of multi-phase, ring phase, and carbides, thus
improving the bonding strength between the reinforcement phase
and the matrix.

The reinforcement phases were most uniformly distributed in the
composite coating that was added Ti, C, and TiN particles to the
coating at the same time. The (Ti, Nb, and Mo), ceramic phase,
and carbides partially replace (Nb, Mo) phase at the grain
boundary. Meanwhile, in situ synthesis tiny TiC particles dis-
solved into the matrix to reinforce the hardness and wear of the
coating. Furthermore, the diffusion activities have become
established in the interface between substrate and coating.

The ring phase (Ti, Mo, Nb) (C, N), Ti(C, N), and MCy improved
the deformation resisting capability. The coatings with 5:1 mass
fraction ratio of TiN/C (specimen 5#) and 21:7:2 mass fraction
ratio of TiN/Ti/C (specimen 4#) exhibited the highest micro-
hardness and lowest friction coefficient, respectively. The
microhardness of specimen 5 is 1127.3 HV 5, which is 3.78 times
higher than that of the original Ni204 coating. The friction co-
efficient of specimen 4# is 4.44 times smaller than that of the
original Ni204 coating.

The microhardness and tribo-mechanical properties are synthet-
ically determined by the content, size, kind, and characteristic of
the reinforcement phases. The formation of Ti- and C-rich phases
can effectively relieve the floating up of the tiny ceramic particles
and improve the microhardness at the bottom of the coating.

(2)
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