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A B S T R A C T

To enhance the wear resistance of CoCrMoW alloys, this study used laser powder bed fusion (LPBF) to fabricate 
TiN nanoparticle-incorporated composites. By conducting microstructure characterization and wear resistance 
testing, the intricate relationship between microstructure and wear behavior was elucidated. The LPBF- 
fabricated samples presented dual-phase structures comprising face-centered cubic and hexagonal close- 
packed phases along with numerous stacking faults. The TiN particles were uniformly distributed in the sam
ple with a 1 wt% addition. However, as the additive content increased, the TiN particles grew, and the inter
particle spacing correspondingly decreased. Notably, robust interfacial bonding existed between the TiN 
nanoparticles and the matrix material. The interface between the TiN particles and the matrix displayed a 
semicoherent nature characterized by a specific orientation relationship: [001] TiN//[011]γ and (020)TiN// 
(111)γ. Compared to the nonincorporated sample, the incorporated samples demonstrated reduced friction co
efficients and wear rates. A comparative analysis of the nonincorporated and incorporated samples’ wear be
haviors revealed that oxidation wear predominantly characterized the nonincorporated sample, which displayed 
significant plastic deformation along with fragmented debris and loose oxides. In contrast, the incorporated 
samples presented relatively smooth wear surfaces where abrasive wear emerged as the primary mechanism. 
These findings underscore enhancements in tribological properties due to TiN incorporation and offer valuable 
insights into its fundamental behavior during wear.

1. Introduction

Cobalt-chromium-molybdenum (CCM) alloys are extensively utilized 
in biomedical orthopedic implants due to their high strength, excep
tional corrosion resistance, and biocompatibility [1,2]. CCM alloys 
typically exhibit a dual-phase structure consisting of a hexagonal 
close-packed phase (ε-HCP phase), which is a hard, brittle martensitic 
transformation product, and a face-centered cubic phase (γ-FCC phase) 
that serves as the soft matrix [3,4]. These alloys are generally produced 
via casting, which is a process that often results in multiscale defects, 
such as coarse dendritic microstructures and carbide precipitation. 
These defects negatively impact the overall performance of CCM alloys, 
particularly in terms of strength and ductility [5–7].

Laser powder bed fusion (LPBF), an advanced additive 

manufacturing (AM) technique, is widely used to produce materials with 
exceptional properties and intricate geometries [8,9]. This process em
ploys a high-energy laser beam to melt metal powders and enable 
layer-by-layer fabrication of dense metal components. LPBF offers sig
nificant advantages including its ability to customize components for 
personalized biomedical devices [10,11].

Advancements in AM technology have enabled CCM alloys produced 
via the LPBF process to achieve superior strength, which is attributed to 
the high-energy input and rapid cooling rates inherent in this method 
[12–14]. Thus, LPBF technology has gained widespread application in 
the fabrication of biological implants [15]. However, orthopedic im
plants inevitably generate friction with surrounding bone tissue, which 
can lead to sterile loosening of an implant and reduced lifespan [16,17]. 
Consequently, enhancing the wear properties of CCM alloys is critically 
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important.
Hard ceramic particles, such as TiC, TiN, B4C, and SiC, are frequently 

employed as reinforcement materials [18–21]. This is because of their 
high hardness and excellent wear resistance, which significantly influ
ence composites’ mechanical and physical characteristics [22,23]. A 
considerable number of studies have demonstrated that the incorpora
tion of ceramic particles can influence the physical properties, me
chanical properties, and microstructure of composites. For instance, 
Song et al. [24] investigated the AM behavior of SiC/Fe bulk nano
composites and disclosed that adding SiC to the Fe matrix significantly 
enhanced viscosity and local melt instability. The fabricated Fe/SiC 
nanocomposite samples exhibited much higher strength and improved 
tensile properties compared to the pure iron samples.

Li et al. [25] studied TiN/IN718 composites fabricated using LPBF. 
They discovered that the addition of TiN could refine the grains, 
enhance the texture strength, reduce the detrimental precipitation of the 
Laves phase, and considerably improve the favorable combination of 
strength and plasticity of the composite. Additionally, the added 
second-phase particles might decompose or precipitate in situ during the 
AM process. For example, Thapliyal et al. [26] examined B4C-reinforced 
Fe-Mn-Co-Cr-Si high-entropy alloys produced by LPBF. B4C decomposes 
during the LPBF process and leads to the segregation of the B element at 
the grain boundary. Zhai et al. [27] reinforced 316L stainless steel with 
micron-sized TiC particles using LPBF. Despite the addition of 
micron-sized TiC particles, in-situ precipitated nanoscale TiC particles 
were dispersed throughout the matrix, indicating partial melting or 
decomposition of TiC during the LPBF process. Pan et al. [28] prepared a 
TiC-strengthened CoCrNi medium entropy alloy. They found that TiC 
broke down during LPBF, forming a Cr23C6 phase at the cell substructure 
boundary. Moreover, TiO2/TiC nanoprecipitates with TiO2 as the core 
were also identified, which were considered to be caused by the partial 
oxidation of TiC during in-situ formation. In summary, the addition of 
ceramic particles to different alloys produces a variety of reactions and 
affects both microstructures and properties.

The incorporation of ceramic particles has been recognized as an 
effective strategy for enhancing materials’ frictional properties. For 
example, Gu et al. [20] synthesized high-entropy alloys with varying 
levels of SiC incorporation. Among these, samples containing 1 vol% SiC 
exhibited the lowest average friction coefficient and wear rate, primarily 
undergoing abrasive wear. Compared to nonincorporated samples, these 
alloys showed significant improvements in tribological performance. 
Similarly, Cao et al. [16] produced Al2O3-doped CCM alloys via LPBF 
processing and assessed their tribological properties. At an incorpora
tion level of 1 wt%, the alloy demonstrated the smallest wear track 
width and stable friction coefficients. Li et al. [25] investigated the 
tribological properties of TiN/IN718 composites fabricated with LPBF. 
They found that composites with a 3 wt% TiN content exhibited excel
lent tribological performance, with a friction coefficient of 0.531 and 
wear mass reduced to half that of IN718. These results highlight TiN’s 
notable abrasion and wear resistance within composites.

Currently, research on CCM alloys is mainly concentrated on 
enhancing their mechanical properties [17,29,30]. Although several 
studies have demonstrated that adding ceramic particles can somewhat 
improve the tribological properties of CCM alloys [16,31–33], a 
comprehensive understanding of particle effects and the relationship 
between a microstructure and its wear behavior remains insufficiently 
explored. A key issue is determining which kind of ceramic material 
should be selected as the reinforcement. In numerous studies, nitrogen 
(N) incorporation (achieved by the addition of Cr2N powders or mel
ting/gas atomization in a nitrogen atmosphere) has been widely 
employed to strengthen CCM alloys, yielding significant advancements 
[29,34,35]. Due to its excellent biocompatibility, high hardness, and 
wear resistance, TiN has been regarded as an ideal choice for antiwear 
protection of load-bearing biomaterials and has been extensively 
applied in cardiovascular and orthopedic implants [36–40].

In this current study, TiN-incorporated CoCrMoW alloys were 

fabricated using the LPBF method, taking advantage of the excellent 
biocompatibility of both Ti and N. Microstructural characteristics were 
analyzed and dry sliding wear tests were conducted to assess the influ
ence of TiN particle incorporation on wear behavior.

2. Experimental procedure

In this experiment, gas-atomized CoCrMoW powder (Chengdu 
Kewan Intelligent Technology Co., Ltd., China), with a particle size of 
20–60 μm, was utilized (see Fig. 1a). The chemical composition 
measured by inductively coupled plasma was (in weight percent, wt.%): 
27.53 % Cr, 5.19 % Mo, 5.35 % W, 0.55 % Si, 0.011 % Mn, and the 
balance Co. A scanning electron microscopy (SEM) energy dispersive 
spectrometry (EDS) analysis of a particle, shown in Fig. 1b, confirmed 
the uniform distribution of the principal elements.

Fig. 1c and d presents transmission electron microscopy (TEM) im
ages of TiN powder alongside their corresponding Fast Fourier Trans
form (FFT) and Inverse Fast Fourier Transform (IFFT) spectra, revealing 
that TiN particles exhibit a spherical morphology. The TiN powder was 
blended with CoCrMoW powder using a solution-mixing method. Spe
cifically, the TiN powder was first dispersed in alcohol via ultrasonic 
vibration followed by the addition of CoCrMoW powder. The mixture 
was subjected to electromagnetic stirring in a water bath until the 
alcohol completely evaporated. Finally, the mixed powder was dried in a 
vacuum-drying oven.

The SEM and EDS results of the mixed powders containing 1 wt% and 
2 wt% TiN, shown in Fig. 1e and f, indicate that the TiN particles 
adhered uniformly to the surfaces of the CoCrMoW powder. The nano
scale TiN particles tended to adhere to the surfaces of the micronscale 
CoCrMoW particles during the solution mixing and drying process, 
driven by electrostatic adsorption. For simplicity, the pure CoCrMoW 
alloy and the TiN/CoCrMoW composites that contain 1 wt% and 2 wt% 
TiN are henceforth referred to as CCM-0, CCM-1, and CCM-2, 
respectively.

The LPBF process was conducted using a DiMetal-150 L machine 
(Laseradd, China) under argon gas protection, ensuring an oxygen 
content below 500 ppm. Process parameters were optimized via a series 
of orthogonal experiments, varying laser power, hatch spacing, and 
scanning speed, and were subsequently finalized as follows based on 
assessments of relative density and mechanical properties: 220 W of 
laser power, 0.07 mm of hatch spacing, a 950 mm/s scanning speed, and 
a 0.03 mm layer thickness. The scanning direction alternated by 67◦

between consecutive layers, achieving a total height of approximately 2 
mm.

The microstructures of all specimens were characterized by optical 
microscopy (OM), SEM (Model Quanta 250 FEG), and TEM (Titan G2 
FEI). OM and SEM specimens were prepared by sandpaper grinding, 
polished using W2.5, W1.5, and W0.5 diamond polishing paste, and 
finally polished with 0.02 μm silica polishing solution. TEM samples 
were electropolished using a twin-jet method in a mixed solution of 5 % 
perchloric acid and 95 % alcohol, with an applied voltage of 30 V and a 
temperature of − 25 ◦C. Phase constitutions were identified via X-ray 
diffraction (XRD) using Cu Kα radiation with a D8 ADVANCE apparatus.

Wear tests were conducted using a ball-on-disk device (UMT-3) 
under dry sliding conditions. 60 N was applied during the tests on a 10 
mm liner line with a reciprocating frequency of 300 times per minute for 
a duration of 30 min. A 9.5 mm Si3N4 ball served as the abrasive tip. 
Wear tracks and local macroscopic three-dimensional (3D) topography 
were analyzed using SEM and a laser spectroscopy confocal microscope 
(KC-X1000, China). Microhardness values were determined by aver
aging data from at least five locations using an HVS-1000M2 Vickers 
microhardness tester.
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3. Results

3.1. Microstructures of LPBF-ed alloys

Fig. 2 presents OM images of the nonincorporated and incorporated 
samples. The observation direction is parallel to the construction di
rection. It is evident that the molten pools, characterized by a flat slat 
configuration, are approximately 70 μm apart, aligning with the speci
fied parameters. The bond between adjacent pools is exceptionally tight, 
resulting in well-formed samples under these LPBF process conditions. 

The relative densities of the three samples were 99.24 % for CCM-0, 
99.20 % for CCM-1, and 99.35 % for CCM-2.

Fig. 3(a–c) shows the electron backscattered diffraction (EBSD) in
verse pole figures and XRD patterns of the three samples. According to 
EBSD grain size statistics, the average grain sizes of CCM-0, CCM-1, and 
CCM-2 are 32.27 μm, 34.98 μm, and 30.33 μm, respectively, which 
shows no obvious change in grain size. The XRD patterns reveal the 
presence of both the FCC and HCP phases in all three samples. The ratio 
of the integrated intensities of the (200)fcc and (1011)hcp diffraction 
peaks, which serve as an indicator of the relative phase content [41], 

Fig. 1. (a) Morphology of the CoCrMoW powder; (b) SEM-EDS analysis of CoCrMoW particles; (c, d) TEM analysis of the TiN particles; (e, f) morphology and element 
distribution of the mixed powders.
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shows a gentle increase with the addition of TiN. This suggests that the 
addition of TiN moderately suppressed the γ-to-ε transformation, but the 
effect was not pronounced.

As illustrated in Fig. 3d–f, a significant number of stacking faults 
(SFs) and thin ε-HCP lamellae are present in the as-built samples 
alongside cellular and columnar subcrystals formed under rapid cooling 
conditions during the LPBF process [42]. Constitutional supercooling, 
represented by the G/R ratio (G: temperature gradient and R: solidifi
cation rate), influences the formation of cellular and columnar sub
grains. During the LPBF process, the columnar subgrains epitaxially 

grow perpendicular to the melt pool boundary due to the orientation of 
the temperature gradient. As solidification advances, the liquid–solid 
interface transitions from the bottom to the top of the melt pool, leading 
to a decrease in the G/R ratio at the top, where cellular subgrains are 
formed [43–45].

Furthermore, as shown in Fig. 3g–i, increasing the incorporation 
concentration leads to noticeable changes in the size and distribution of 
second-phase particles. In the CCM-0 sample, a small number of oxide 
particles are dispersed within the matrix. In contrast, the CCM-1 sample 
exhibits finely dispersed TiN particles that are uniformly distributed 

Fig. 2. OM images of the samples: (a, d) CCM-0, (b, e) CCM-1, and (c, f) CCM-2.

Fig. 3. EBSD, XRD, and ECC images of the samples: (a, d, g) CCM-0, (b, e, h) CCM-1, and (c, f, i) CCM-2.
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throughout the cell structure and along grain boundaries. This phe
nomenon can be attributed to surface tension gradients induced by local 
temperature variations and chemical concentration gradients within a 
liquid molten pool during LPBF processing, which facilitate Marangoni 
flow within that environment. Such convection enhances particle 
movement and rearrangement [46,47]. In the sample, when the incor
poration level reaches 2 wt%, a noticeable increase in both the size and 
nonuniformity of second-phase particles is observed.

Fig. 4 presents bright-field TEM and high-resolution TEM images of 
the CCM-0 sample, revealing dual-phase structures comprising γ-FCC 
and ε-HCP along with numerous SFs. The FFT image depicted in Fig. 4a1
illustrates the orientation relationships between thin ε laths and γ matrix 
that conforms to the Schmid-Nabarro rules: {111}γ//{0001}ε and 
<110>γ//<11_20>ε [48]. It can be seen that a large number of SFs or 
thin ε laths intersect, forming a complex network. The high-resolution 
TEM image in Fig. 4b shows the different lattice structures of the γ 
and ε phases. Furthermore, Fig. 4c and d illustrate the cellular and 
columnar subgrain structures, respectively, which represent the 
distinctive microstructure characteristics of AM.

Fig. 5a illustrates a typical bright-field TEM image of the incorpo
rated samples, showing a significant presence of SFs, thin ε-HCP phases, 
and secondary phase particles indicated by red arrows. Fig. 5a1 illus
trates orientation relationships between thin ε laths and γ matrix that 
conforms to Schmid-Nabarro rules: {111}γ//{0001}ε and <110>γ// 
<11_20>ε [48]. Fig. 5b is a dark-field image of the region corresponding 
to Fig. 5a by selecting diffraction spots of ε-HCP matrix in Fig. 5a1 for 
imaging. The lamellas appearing bright are ε laths with a width of tens to 
hundreds of nanometers, as indicated by yellow arrows. Fig. 5c presents 
a HAADF-STEM image of the doped sample, revealing a significant 
presence of secondary phase particles, SFs/thin ε-HCP phases, and weak 
cellular substructures. The HAADF-STEM image presented in Fig. 5d, 
along with the corresponding EDS spectra, indicates that these particles 
are rich in Ti and N. Fig. 5e displays a high-resolution TEM image of a 
particle from Fig. 5d, while Fig. 5f provides an enlarged view of this 
particle.

Notably, it was observed that SFs within the matrix did not propagate 
through the particles. The identification of these particles as TiN was 

confirmed via FFT processing and indexing. As shown in Fig. 5g, there 
exists a specific orientation relationship between TiN and the γ-FCC 
matrix: [001]TiN//[011]γ, (0_20)TiN//(11_1)γ. The interplanar distance 
between the (200) planes of the FCC matrix is measured to be ~0.175 
nm, closely aligning with the theoretical value of 0.177 nm, as illus
trated in Fig. 5g1. The interplanar spacing between the (200) planes of 
TiN is measured to be ~0.217 nm, close to its theoretical value of 0.212 
nm.

3.2. Wear behaviors

Fig. 6 presents the friction coefficient (COF) values recorded during 
wear tests conducted on both nonincorporated and incorporated sam
ples under a load of 60 N. The COF of the CCM-0 sample exhibited a 
gradual increase over time, indicating deteriorating wear conditions as 
friction progressed. Conversely, the incorporated samples displayed 
distinct behavior, where the COF values for CCM-1 and CCM-2 fluctu
ated slightly but tended toward stability over time. For the three sam
ples, the average COF values were determined to be approximately 0.36, 
0.30, and 0.29, respectively. Compared to the nonincorporated CCM- 
0 sample, the wear rates of the CCM-1 and CCM-2 samples decreased 
by 7.8 % and 15.5 %, respectively.

Al-Aloosi et al. [49] investigated the friction and wear performance 
of CCM alloys under various laser scanning speeds. Their results indi
cated that at a scanning speed of 700 mm/s, the lowest coefficient of 
friction (COF) value achieved was 0.36, which was significantly higher 
than the COF of 0.29 observed in this current study. These results sug
gest that incorporating TiN effectively reduces COF, thereby enhancing 
wear-resistance properties. Furthermore, the hardness of the non
incorporated sample increased from 455 HV to 542 HV in the CCM-1 
sample, and when the incorporation concentration reached 2 wt%, the 
hardness further elevated to 567 HV.

Three-dimensional (3D) surface profiles alongside two-dimensional 
cross-sectional depth profiles for wear tracks are depicted in Fig. 7
(a–f). The averaged width and depth measurements for wear tracks 
across all three samples are approximately: 990 μm, 28 μm; 972 μm, 26 
μm; 900 μm, 26 μm for CCM-0, CCM-1 and CCM-2 samples, respectively, 
which are summarized in Fig. 7g. The maximum width & depth were 
noted specifically within the CCM-0 sample. The average volume losses 
of the three specimens were calculated to be around 2.79 × 10− 2 mm3, 
2.56 × 10− 2 mm3, and 2.36 × 10− 2 mm3 respectively. As demonstrated 
in Fig. 7h, the corresponding average wear rates were about 2.58 ×
10− 5 mm3/N•m, 2.38 × 10− 5 mm3/N•m, 2.18 × 10− 5 mm3/N•m. 
Compared to the nonincorporated CCM-0 sample, the wear rates of the 
CCM-1 and CCM-2 samples decreased by 7.8 % and 15.5 %, respectively. 
These volumetric loss results indicate that the incorporation of TiN 
substantially reduces wear and friction, contributing positively to 
improved performance characteristics.

3.3. Worn surfaces

Examining the morphology of worn surfaces provides valuable in
sights into wear mechanisms. Fig. 8 illustrates the morphology of the 
wear tracks. For all specimens, the worn surfaces exhibited plastic 
deformation characterized by delamination, with continuous dark tri
bofilms present at the centers of the wear tracks, indicating direct con
tact between the worn surface and Si3N4. Additionally, as depicted in 
Fig. 8a, the surface of the CCM-0 sample displays significant plastic 
deformation along with deep wear grooves and large debris particles. 
Further analysis using EDS elemental mapping confirmed that this 
debris consists primarily of oxides—typical characteristics associated 
with oxide wear. The oxide on the worn surface forms as a result of a 
chemical reaction between the metal surface and oxygen in the air 
during the wear test. The oxides generated during wear tended to adhere 
poorly to substrates, leading to their degradation and transformation 
into new friction particles, which exacerbated surface wear on the 

Fig. 4. (a, b) Bright-field and high-resolution TEM images showing the dual- 
phase structures comprising γ-FCC and ε-HCP phases; (c, d) bright-field TEM 
images showing the cellular and columnar subgrains of the CCM-0 sample.

C. Xiao et al.                                                                                                                                                                                                                                     



Smart Materials in Manufacturing 3 (2025) 100078

6

samples [50].
As shown in Fig. 8(b and c), the wear tracks for CCM-1 and CCM-2 

exhibit extensive continuous friction films accompanied by signifi
cantly reduced groove depths and limited surface damage areas. This 
behavior contributes to maintaining a stable COF. It can be concluded 
that abrasive wear is the predominant mechanism affecting the incor
porated samples. The corresponding EDS analyses revealed a notable 

reduction in oxide content alongside a more uniform distribution across 
these samples. Furthermore, the accumulation of Ti and N elements was 
observed on both the CCM-1 and CCM-2 surfaces, likely originating from 
TiN particles. The Ti enrichment of CCM-1 is very weak, which may be 
attributed to the smaller particle size observed in CCM-1, as illustrated 
in Fig. 3. Both the CCM-1 and CCM-2 samples demonstrated high 
resistance to surface deformation when compared to their 

Fig. 5. (a) A bright-field TEM image of the incorporated samples; (b) a dark-field TEM image of the incorporated samples; (c) an HADDF-STEM image of the 
incorporated samples; (d) an HADDF-STEM image and its corresponding EDS mappings; (e, f) high-resolution HAADF images of a particle; (g) FFT and IFFT patterns 
of (f).

Fig. 6. (a) COF versus time (s) for CCM-0, CCM-1, and CCM-2 samples with loads of 60 N; (b) histogram of averaged COF summarized from (a) and Vickers 
hardness values.
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nonincorporated counterparts.

4. Discussion

The wear and tribological behavior of materials is governed by a 
complex interplay of factors, including a material’s intrinsic physical 
properties and specific parameters employed during wear testing. 
Extensive research has been undertaken to enhance wear resistance via 
various surface treatments, such as nitriding, boriding, and aluminum 
plating [51–54]. These methods aim to introduce a durable second 
phase and modify the microstructure of a material, thereby improving 
its frictional performance [55–57].

In this current study, incorporating TiN resulted in an increase in 
hardness from approximately 455 HV in sample CCM-0 to about 542 HV 
in sample CCM-1 and around 567 HV in sample CCM-2. By comparing 
the morphology of TiN particles and their orientation relationships with 
the matrix alloy before and after the LPBF process, it can be inferred that 
TiN underwent a process of melting and reprecipitation during the 
printing process. The initial TiN particles had a spherical morphology. 
Under laser irradiation, the initially spherical TiN particles underwent 
melting and reprecipitation, transforming into square-shaped particles 
in the LPBF-processed sample and exhibiting a specific orientation 
relationship with the matrix.

TiN, as a ceramic reinforcement phase, is inherently very hard. 

Additionally, its strong bonding with the CoCrMoW alloys matrix makes 
it difficult to detach from the matrix, resulting in high hardness. 
Notably, a positive correlation exists between wear properties and 
hardness [58]. This tough second phase enhances material hardness and 
leverages TiN’s inherent wear resistance capabilities, significantly aug
menting overall wear performance. Furthermore, the specific orienta
tion relationship between TiN particles and the FCC matrix, as well as 
the semi-coherent interface between them, reduces the likelihood of TiN 
particles detaching from the matrix during wear experiments. This 
characteristic significantly enhances wear resistance. As TiN content 
increases, particle spacing decreases and reduces the frontal contact area 
between the matrix and the friction pair. During frictional interactions, 
TiN particles bear loads, which leads to a transition in wear mechanisms 
from abrasive and oxidative processes to predominantly abrasive wear.

In the nonincorporated CCM-0 sample, the primary wear charac
teristics included severe plastic deformation accompanied by loose 
spalling oxides. In contrast, the incorporated CoCrMoW alloys exhibited 
relatively smooth worn surfaces. This difference arose because in the 
CCM-0 sample, the matrix surface lacked the protection of a reinforcing 
TiN phase, resulting in lower hardness. Consequently, the wear debris 
acted as abrasive particles, embedding them into the matrix and accel
erating surface damage. The incorporation of TiN played a crucial role in 
enhancing wear resistance as the particles absorbed the primary load 
and resisted abrasive forces, which is consistent with the observed 

Fig. 7. (a–f) 3D surface profile and 2D cross-sectional depth profiles of the wear tracks of (a, b) CCM-0 (c, d) CCM-1; (e, f) CCM-2; (g) averaged width and depth of 
the wear tracks; (h) wear volume losses and wear rates of the thre samples.
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macroscopic morphology. Notably, the wear resistance of the CCM-2 
sample was further improved compared to CCM-1, as the higher TiN 
content allowed more particles to absorb the load and resist deformation 
and wear.

5. Conclusion

In this study, TiN-incorporated CoCrMoW composites were success
fully prepared using the solution-mixing method and the LPBF process. 
Microstructures were thoroughly characterized, and wear resistance and 
wear behavior were studied in detail. The key findings are summarized 
as follows. 

(1) The LPBF-ed samples presented a dual-phase structure 
comprising γ-FCC and ε-HCP along with numerous SFs. The TiN 
particles in the CCM-1 sample exhibited a finely dispersed dis
tribution. As the TiN content rose to 2 wt% (CCM-2 sample), the 
particle size increased while the interparticle spacing decreased. 
The interface between the TiN particles and the matrix displayed 
a semicoherent nature with a specific orientation relationship: 
[001]TiN//[011]γ and (020)TiN//(111)γ.

(2) A significant enhancement in wear resistance was observed. 
Specifically, the COF and wear rates of the CCM-2 samples 
decreased by 19.4 % (from 0.36 to 0.29) and 15.5 % (from 2.58 
mm3/N•m to 2.18 mm3/N•m), respectively, compared to the 
CCM-0 sample.

Fig. 8. Surface morphology and composition of the three samples after dry sliding against Si3N4 under 60 N; (a) CCM-0 sample; (b) CCM-1 sample; (c) CCM- 
2 sample.
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(3) The wear mechanisms of the nonincorporated and incorporated 
samples differed notably. For the CCM-0 sample, oxidative wear 
was the dominant mechanism characterized by severe plastic 
deformation, the presence of wear debris, and the formation of 
loose oxides. Conversely, the incorporated samples exhibited 
abrasive wear as the primary mechanism, resulting in a relatively 
smooth wear surface.

This study demonstrates that the addition of TiN significantly en
hances the wear resistance of CoCrMoW alloys, providing a promising 
approach to extending the service life of medical alloys.
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[5] A.J. Saldívar-García, H.F. López, Microstructural effects on the wear resistance of 
wrought and as-cast Co-Cr-Mo-C implant alloys, J. Biomed. Mater. Res. Part. A. 74 
(2005) 269–274.

[6] K. Yamanaka, M. Mori, A. Chiba, Developing high strength and ductility in 
biomedical Co–Cr cast alloys by simultaneous doping with nitrogen and carbon, 
Acta Biomater. 31 (2016) 435–447.

[7] K. Yamanaka, M. Mori, A. Chiba, Influence of carbon addition on mechanical 
properties and microstructures of Ni-free Co–Cr–W alloys subjected to 
thermomechanical processing, J. Mech. Behav. Biomed. Mater. 37 (2014) 274–285.

[8] T. DebRoy, H.L. Wei, J.S. Zuback, T. Mukherjee, J.W. Elmer, J.O. Milewski, A. 
M. Beese, A. Wilson-Heid, A. De, W. Zhang, Additive manufacturing of metallic 
components – process, structure and properties, Prog. Mater. Sci. 92 (2018) 
112–224.

[9] D. Huang, Y.P. Dong, H.C. Chen, Y.H. Zhou, M.X. Zhang, M. Yan, Effects of 
processing parameters on a β-solidifying TiAl alloy fabricated by laser-based 
additive manufacturing, Microstructures 2 (4) (2022) 2022019.

[10] K.G. Prashanth, S. Scudino, H.J. Klauss, K.B. Surreddi, L. Löber, Z. Wang, A. 
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