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Abstract

Metal Matrix Composites (MMCs) reinforced with ceramic particles provide enhanced mechanical
properties for high-performance applications. Accordingly, Laser Powder Bed Fusion (LPBF) enables
the fabrication of complex and lightweight structures from these materials. However, achieving a
homogeneous particle distribution within metal matrix remains a key challenge while maintaining
powder processability. In this work, we investigated different powder mixing techniques: acoustic,
tumbler, and ball milling for dispersing TiC ceramic particles into Inconel 625 powders. Micro- and
nano-sized particles were systematically studied to examine the effect of particle size on the
reinforcement distribution within the matrix during powder preparation. The objective was to achieve
homogeneous dispersion of reinforcement particles within the Inconel 625 while preserving the
spherical morphology of matrix powders. Powder characteristics such as flowability, apparent density,
and tap density with respect to particle size, content and mixing parameters for each method were
analysed. Results revealed that the acoustic mixing achieved uniform dispersion of TiC particles with
minimal agglomeration and maintained the spherical shape of the matrix powders. In comparison, ball
milling resulted in surface deformation and particle clustering in mixed powders, whereas tumbler
mixing caused significant agglomeration of the reinforcements. The addition of TiC particles and
applied mixing methods led to slight decrease in flowability of the composite powders due to increased
surface roughness. Among all methods, powders prepared with acoustic system showed superior flow
behaviour and the lowest Hausner ratio. Furthermore, fully dense samples were successfully produced
using the powders processed via acoustic mixer, confirming their suitability for LPBF processing. This
study demonstrated the potential use of acoustic mixing as an efficient and scalable method to produce
high-quality MMC powders with improved dispersion while fulfilling the requirements of LPBF
process.
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1. Introduction

The Metal Matrix Composites (MMCs) belong to a class of advanced materials with improved
mechanical and physical properties, derived from the integration of reinforcements with
distinctive individual properties. These include enhanced strength, stiffness, reduced density,
improved hardness, and superior wear resistance (Tjong, 2007). Ductile alloys are commonly
used as matrix materials to combine with reinforcements, which typically exhibit low thermal
expansion and advanced toughness (Parsons & Shaik, 2022). Although MMCs present
noticeable advantages in thermomechanical properties compared to their pure alloy forms, they
still have gained limited acceptance in industry. Thus, MMCs have significant potential for
wide range of application within various sectors.

The fabrication methods for MMCs include stir casting, powder metallurgy, and additive
manufacturing. However, most traditional techniques result in high cost and mostly limits the
geometrical complexity. Therefore, Additive Manufacturing (AM) in MMCs fabrication
presents outstanding capability for complicated parts and will gradually involve the adoption
of MMC:s in industry thanks to the advantages offered by AM technologies. Among the AM
techniques, Laser Powder Bed Fusion (LPBF) has emerged as the leading technology for
fabricating MMCs. The operation principle for is LPBF based on layer-by-layer processing. A
thin layer of powder is spread uniformly onto a substrate and then is partially fused by a high-
energy input, usually either a laser or electron beam.

It is well known that characteristics and composition of feedstock powders have a major effect
on material properties of final parts produced by LPBF (Murray, et al., 2019). Apparent density,
flowability, morphology, and particle size basically control the powder behaviour during
processing. From this perspective, there are various studies that investigate the powder quality
and its effects on material properties of components. Liu, et al. (2011) demonstrated that an
increase in the fraction of fine particles in 316L stainless steel powders allows higher density
of parts in addition to enhancing the surface quality. Similarly, Baitimerov, et al. (2018)
investigated different batches of gas atomized powders from different manufacturers and found
that powder flowability and apparent density have an effect on the processability and eventually
lead variation in microstructure and porosity in specimens. It has also been determined that
powder flowability is enhanced with spherical particles which ultimately ensures the quality of
LPBF parts (Niu & Chang, 1999).

In MMCs, material properties of the fabricated components strongly depend on parameters
related to the size, type and concentration of reinforcement, in addition to powder mixing
methods (Baitimerov et al., 2018). In addition, inappropriate powder properties might lead to
undesirable defects such as increased porosity or void formation within manufactured parts,
thus compromising their structural integrity.

Ball milling is one of the methods that allows wet or dry grinding of materials, mechanical
alloying and homogeneous mixing using impact force. This process is carried out as a result of
the interaction between chamber and balls. In this process, mixing is carried out by providing
centrifugal movement within the determined parameters such as rotation speed, time, number
of repetitions. Gu et al. (2009) applied high-energy mechanical alloying to Ti-Al-graphite
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powder mixtures and achieved morphological evolution from flattened to coarsened spherical
shapes with increasing milling time. In another study, conducted by Zhuang et al. (2020),
nanocomposite powders prepared using planetary ball milling was investigated and found that
prolonged milling time causes undesirable clustering of reinforcement particles. Meanwhile,
Yang et al. (2022) investigated the ball milling technique under different conditions, including
dry, wet, and hollow ball milling. They concluded that powder sphericity is damaged with the
long dry ball milling time while wet ball milling cannot ensure the particles to be welded. These
studies further highlight the complexities involved in achieving optimal dispersion of
reinforcements through ball milling.

Tumbler mixing is another widely used method in composite powder preparation. The three-
dimensional rotational motion in the tumbler mixing offers minimizing the mechanical
deformation of metallic powders and allows powder mixing without agglomeration. The
composite powder preparation of 316L stainless steel reinforced with Y20s nanoparticles was
carried out using tumbler mixing. It was observed that tumbler mixing can result in rough
particle surfaces, which ultimately lead to reduced powder flowability during the LPBF process
(Zhai, et al., 2020). Similarly, this technique was also employed for preparing Inconel 718
powder reinforced with TiC nanoparticles and revealed that constituents are dispersed
uniformly within the matrix (Yao, et al., 2017). However, this method typically requires a long
processing time to prepare the composite powder, which is considered a significant drawback
for industrial applications (Dadbakhsh et al., 2020).

Even though different powder mixing methods are available in industrial applications, resonant
acoustic mixing (RAM) has emerged as an innovative technique by offering uniform
dispersion, minimizing agglomeration, and maintaining powder flow properties. RAM is
known for its ability to achieve rapid and uniform mixing via of low-frequency energy. It
generates acoustic interaction and unique material movement inside the chamber. Specifically,
RAM mixers control vertical motion to induce vibration and movement of the resonator plate,
thereby transferring energy to the contents within the mixing vessel. Compared to traditional
mechanical mixers, RAM technology combines low-frequency, high-intensity motion with the
acoustic energy. Smith et al. (2020) demonstrated that efficient mixing of Y20Os-coated NiCoCr
composite powders can be achieved using RAM technology. Similarly, in another study, RAM
was used to mix carbon nanotubes (CNTs) with AISi10Mg in order to attain uniform particle
dispersion (Thompson et al., 2019).

This research conducts a systematic study for comparison of composite powder preparation
techniques, namely, high-energy ball milling, tumbler mixing, and resonant acoustic mixing.
A detailed and systematic analysis of powder morphology, apparent density, and flowability
was conducted for Inconel 625 alloy reinforced with micro- and nano-sized TiC particles. The
objective was to determine an optimal composite powder preparation strategy for LPBF
technology that ensures both homogeneity and processability across different reinforcement
particle sizes.
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2. Methodology

Gas-atomized Inconel 625 powder, with an average particle size of 35 um, was employed as
the matrix alloy in this study (Figure 1). TiC reinforcements were introduced at a fixed content
of 2 wt% in two size ranges: nano-sized particles (35-55 nm) and micro-sized particles (1-10
pum). The composite powders were mixed using three different techniques: acoustic mixing,
high-energy ball milling, and a tumbler system. The process parameters for each mixing
method were investigated and optimized to achieve a uniform distribution of TiC particles
within the matrix. LPBF process parameters were adopted from literature optimized for Inconel
alloy as shown in Table 1 (Poyraz & Kushan, 2019).

Figure 1. SEM images of (a) Virgin Inconel 625 particles (matrix), (b) Nano-sized TiC
particles, and (c) Micro-sized TiC particles.

Table 1. LPBF process parameters (Poyraz & Kushan, 2019).

Laser power (W) 285
Laser scanning speed (mm/s) 960
Hatch distance (mm) 0.11
Layer thickness (mm) 0.040

2.1. Preparation of Powder Mixtures
2.1.1. Ball Mill Mixing

Planetary Mono Mill Pulverisette 6 classic line device was used for ball milling process. Dry
mixing was performed in a ZrO. chamber with ZrO. grinding balls, maintaining a ball-to-
powder mass ratio of 1:1. The mixing parameters are summarized in Table 2. To prevent
excessive heating, 10 min cooling period was applied after every 15 min of milling. These
parameters were independently applied to mix both micro-sized and nano-sized TiC particles
with the Inconel 625 matrix powder.
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Table 2. The parameters of the mixture experiments for ball milling.

Time (min) Rotation speed (rpm)
60 200
120 =
180 =

2.1.2. Tumbler Mixing

The tumbler mixing process was carried out using a Turbula T2F device. The rotational speed
was adjusted by changing the position of the drive belts on the five-stage pulley system,
enabling a velocity range of 23-101 rpm. The experimental setup employed 2 wt% micro- and
nano-sized TiC particles as reinforcements. TiC/Inconel 625 composite powders were mixed
for durations of 4, 8, and 12 h at a constant rotational speed of 101 rpm. A 2000 mL cylindrical
plastic vessel was used with a fill level of 50%. The complete set of experimental parameters
is summarized in Table 3.

Table 3. Tumbler mixing parameters for tumbler mixing.

2 Wt% micro-sized TiC 2 Wt% nano-sized TiC
Mixing time (h) 4,8, 12 4,8, 12
Fill level (%) 50% 50%
Rotational Speed (RPM) 101 101

2.1.3. Resonant Acoustic Mixing (RAM)

The Resodyn LabRAM |1 device was used for the RAM method. The vertical movement of the
resonator plate and the attached vessel holder generate acoustic energy, which induces
dispersion of reinforcement within matrix. To maintain the desired outcomes and ensure a safe
mixing environment, powders were added to the system in accordance with specific weight
limits. The container was periodically cooled during the mixing process to prevent powder
agglomeration due to the risk of the excessive heating. The RAM device has 1 kg mixing
capacity and can deliver up to 100 g acceleration for effective processing. In the experimental
procedure, 2 wt% micro-sized TiC was first introduced into the container and mixed at 90 g for
1 min. Following this, the matrix powder was added and mixed at 80 g for durations ranging
from 1 to 4 min. A similar procedure was applied for 2 wt% nano-sized TiC particles, with
mixing times ranging from 1 to 6 min. The experimental setup for the acoustic mixer is shown
in Table 4.

Table 4. Experimental parameters for resonant acoustic mixing.

Micro-sized TiC Nano-sized TiC
Mixing time (min) 1-4 1-6
Fill ratio (%) 80 80
G-force 80 80
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2.2. Characterization

Morphology, particle size, shape, and distribution of the composite powders were characterized
using Hitachi SU5000 scanning electron microscope (SEM) equipped with an energy-
dispersive spectroscopy (EDS) system. Flow rate measurements of the composite powders
were carried out using the PowderFlow Measurement Kit in accordance with ASTM B213 and
ASTM B964. Hall flow tests were conducted with 50.0 g of powder, while Carney flow tests
used 150.0 g in accordance with ASTM B213 and ASTM B964 standards. Apparent density
was determined using 25 cm® of powder via the PowderFlow Measurement Kit, following
ASTM B212 and ASTM B417 standards. Tapped density measurements were performed with
100.0 g of powder using a Torontech Tap Density Tester in accordance with ASTM B527.
Flow properties were evaluated by calculating the Hausner ratio from the apparent and tapped
density results. SEM was also used to analyse the microstructure of the bulk samples. The
specimens were sectioned along the XY-plane using electrical discharge machining (EDM),
mounted within a polymer (Bakelite) holder, and subsequently ground, polished, and etched
using a glycaemia solution.

3. Results

The Inconel 625 matrix alloy was analysed using SEM, as shown in Figurela, revealing that
the matrix powders mainly had a spherical morphology, with minor irregularities. EDS analysis
confirmed the presence of the expected elements in the Inconel 625. Figure 1b presents SEM
images of the nano-sized TiC particles, which exhibited slight agglomeration due to their
nanoscale size. Figure 1c presents SEM images of the micro-sized TiC particles, which exhibit
an irregular and non-spherical shape form. The matrix powder (as shown in Table 5) exhibited
an apparent density of 4.616 g/cm? and a tapped density of 5.264 g/cm3. The resulting Hausner
ratio was 1.14, while the Hall flow rate was measured as 17.106 s, both of which indicate good
powder flowability. Distribution of reinforcement in Inconel 625 powder

Figure 2 presents SEM images of the composite powder reinforced with 2 wt% micro-Sized
TiC, prepared by the ball milling method. The results reveal that TiC particles caused
noticeable deterioration in the surface texture and morphology of Inconel 625 particles,
attributed to mechanical impact from the ceramic particles during milling. Similarly, Figure 3
illustrates the morphology of the 2 wt.% nano-sized TiC particles-reinforced powder, which
exhibited comparable surface damage and a higher degree of particle adhesion. A
homogeneous distribution of TiC particles was not achieved; instead, both nano- and micro-
sized TiC reinforcements formed localized agglomerates, indicating limited dispersion.
Furthermore, increasing the milling time and rotational speed did not effectively suppress
agglomeration. Among all tested parameters, the most favourable results for the ball milling
technique were obtained at 150 rpm for 180 min for both nano- and micro-sized powders.
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60 min
150 rpm

60 min
300 rpm

120 min
150 rpm

120 min
300 rpm

180 min
150 rpm

180 min
300 rpm

Figure 2. SEM micrographs of the 2 wt% micro-size TiC particles-reinforced Inconel 625
composite powders processed via ball milling at different magnifications with (a), (b) for
60 min 150 rpm; (c), (d) for 60 min 300 rpm; (e), (f) for 120 min 150 rpm; (g), (h) for 120
min 300 rpm; (i), (j) for 180 min 150 rpm; (k), (1) for 180 min and 300 rpm.
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60 min
150 rpm

60 min
300 rpm

120 min
150 rpm

120 min
300 rpm

180 min
150 rpm

180 min
300 rpm

Figure 3. SEM micrographs of the 2 wt% nano-sized TiC particles-reinforced Inconel 625
composite powders processed via ball milling at different magnifications with (a), (b) for 60
min 150 rpm; (c), (d) for 60 min 300 rpm; (e), (f) for 120 min 150 rpm; (g), (h) for 120 min
300 rpm; (i), (j) for 180 min 150 rpm; (k), (1) for 180 min and 300 rpm.

In Figure 4, SEM images of the powder mixture composed of nano-sized TiC reinforcement
particles prepared using a tumbler mixer are presented. As shown in Figure 4, majority of the
nano-sized particles did not adhere to the matrix powders, and a significant agglomeration was
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observed. This indicates that a 4 h mixing duration is insufficient to achieve effective dispersion
of the reinforcement particles. Although some matrix particles were partially coated with
reinforcement particles, remaining powders exhibited minimal adhesion, resulting in an
inconsistent and non-uniform mixture. To further evaluate the effect of mixing time, SEM
images were analysed after 8 and 12 h of mixing. However, no significant improvement in the
homogeneity of the nano-sized particles was observed, even with extended mixing durations.

4 hours

8 hours

12 hours

Figure 4. SEM images of 2 wt% nano-sized TiC/Inconel 625 composite powder from the
different mixing time and magnification (Turbula system).

In the case of micro-sized TiC particles, Inconel 625 processed using the tumbler mixer, SEM
images in Figure 5 reveals that poor dispersion of the reinforcement particles after 4 h of
mixing, with visible clusters and agglomerates. The surfaces of the Inconel 625 powders
remained largely uncoated, as the relatively larger micro-sized TiC particles tended to remain
embedded within the matrix. However, a significant improvement in particle distribution and
interfacial adhesion was observed with extended mixing times. After 8 h, particle clustering
was noticeably reduced, and a more uniform distribution across the matrix was achieved,
indicating an improvement in mixture homogeneity due to prolonged mechanical interaction.
Further enhancement was observed after 12 h of mixing, where clustering was minimized and
a more consistent, homogeneous dispersion was achieved. These findings highlight the critical
influence of both particle size and mixing duration on the homogeneity of composite powders.
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4 hours

8 hours

12 hours

Figure 5. SEM images of 2 wt% micro-sized TiC/Inconel 625 composite powder from the
different mixing time and magnification (Turbula system).

Figure 6 shows the morphology and particle shape of 2 wt% nano-sized TiC/Inconel 625
composite powders processed via resonant acoustic under varying mixing times at constant g-
force. The results indicate that nano-sized TiC particles were uniformly distributed throughout
the matrix without any agglomeration. The spherical morphology of the matrix particles was
preserved since there was no mechanical impact during the process. During the initial mixing
periods of 3, 4, and 5 min, partial surface attachment of TiC particles to the Inconel 625 matrix
was observed; however, some regions remained insufficiently coated. After 6 min of mixing,
a significant improvement in adhesion between TiC particles and Inconel 625 matrix was
observed as shown in Figure 7. This suggests that 6 min of processing represents the optimal
mixing time for achieving uniform dispersion and effective coating of the reinforcement
particles.
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3 min

4 min

5 min

6 min

Figure 6. SEM images of 2 wt% nano-sized TiC/Inconel 625 composite powder (RAM)
prepared at different mixing time.

EDS Layered Image 2 Ni La1.2

o] [ [ ) )

25um

Figure 7. EDS mapping images of 2 wt% nano-sized TiC/ Inconel 625 composite powder
prepared (RAM) at 6 min mixing time.

As anticipated, micro-sized TiC particles exhibited, different mixing behaviour compared to
their nano-sized counterparts. Owing to their irregular morphology and interparticle van der
Waals interactions, micro-sized TiC particles showed a pronounced tendency to agglomerate.
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As shown in Figure 8, after 1 min of mixing, although some reinforcement particles were
observed on the matrix surface, a significant fraction had already formed agglomerates on the
carbon band. However, with extended mixing time, the distribution of micro-sized TiC
particles became more uniform, and greater adherence to the matrix particle surfaces was
achieved. In contrast to nano-sized TiC particles, the primary challenge for micro-sized TiC
reinforcements was minimizing interparticle agglomeration rather than achieving complete
surface coverage of the matrix. This observation suggests that mixing strategies for micron-
sized reinforcements should prioritize dispersion stability over surface coating efficiency.

1 min

4 min

Figure 8. SEM images of 2 wt% micro-sized TiC/Inconel 625 composite powder prepared
(RAM) at different mixing.

The apparent density, tapped density, Hausner ratio, and Hall flow rate of TiC-reinforced
composite powders processed via RAM and ball milling, along with the matrix powder, are
presented in Table 5. No flow measurements were obtained for the powder mixed via tumbler
mixer, as the powder failed to flow through the funnel during the test, indicating poor
flowability. The matrix powder exhibited an apparent density of 4.616 g/cm® and a tapped
density of 5.264 g/cmé, resulting in a Hausner ratio of 1.14. The Hall flow rate was measured
at 17.106 s, both of which indicate good powder flow characteristics.

As shown in Table 5, the flow behaviour of TiC-reinforced composite powders prepared by
ball milling is slower compared to the matrix powder, with flow rate decreasing as the
reinforcement particle size decreases. The nano-sized TiC/Inconel 625 composite powder
exhibited an apparent density of 3.5 g/cm? and a tapped density of 4.1 g/cm3. The corresponding
Hausner ratio was 1.17, and the Hall flow rate was measured as 25.2 s, indicating fair
flowability. In contrast, the micro-sized TiC/Inconel 625 composite powder showed higher
apparent and tapped densities of 4.2 g/cm?3 and 5.0 g/cm?, respectively, with a Hausner ratio of
1.19 and a Hall flow rate of 24.1 s, showing fair flowability. These results indicate that even
though both composite powders show reasonable flow properties, the nano-sized TiC/Inconel
625 composite powder indicates slightly poor flow characteristics, likely due to increased
interparticle cohesion and surface area.
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On the other hand, 2 wt% micro-sized TiC/Inconel 625 composite powder prepared via RAM
exhibited an apparent density of 4.508 g/cm®and tap density of 5.449 g/ml. The calculated
Hausner ratio was 1.208, and the Hall flow rate was measured as 25.014 s, indicating fair
flowability. Analysis of the tap density values reveals that the micro-sized TiC particles
exhibited the highest tap density, followed by the Inconel 625 matrix powder, while the nano-
sized TiC particles showed the lowest value. This behaviour for micro-sized TiC partciles can
be attributed to the insufficient adhesion to the matrix. In contrast, the strong adhesion of nano-
sized TiC particles to the matrix prevents such separation, resulting in more efficient particle
packing. The flowability of the composite powder consisting of an Inconel 625 matrix and
nano-sized TiC particles was found to be favourable, whereas the composite powder containing
micro-sized TiC particles exhibited slightly reduced flowability but remained within acceptable
limits. These results suggest that the insufficient adhesion of micro-sized TiC particles
adversely affects the flow behaviour of the composite powder, whereas the nano-sized TiC
particles exhibits no detrimental impact on flow properties.

Table 5. Density and flow characteristics of powders (values correspond to composite powder
mixtures prepared using optimized mixing parameters).

Mixing Apparent Tap Density ~ Hausner Flow Hall Flow
method Sample Density (g/cc) (g/ml) Ratio Character  Rate (50g/s)
- Inconel 625 4.616 5.264 1.14 Good 17.106
Acoustic pm-TiC composite 4.508 5.449 1.208 Fair 25.014
Acoustic nm-TiC composite 4.334 4.965 1.145 Good 16.606
Ball Mill pm-TiC composite 4.2 5 1.19 Fair 24.1
Ball Mill nm-TiC composite 3.5 4.1 1.17 Good 25.2
Tumbler nm-TiC composite Test could not be performed
Tumbler pm-TiC composite Test could not be performed

Figure 9 shows that the apparent density of Inconel 625 decreases upon reinforcement with
TiC particles This can be attributed to the influence of reinforcement particles on powder
packing characteristics. However, the RAM method provides higher apparent density
compared to both ball milling and tumbler mixing. This improvement is attributed to more
uniform dispersion and enhanced interfacial interaction between the matrix and reinforcement
particles.

As shown in Figure 10, Hall flow rates for the Inconel 625 matrix and nano-sized TiC/Inconel
625 composite powders processed via RAM are higher than those for micro-sized TiC/Inconel
625 composite powders, while powders prepared by ball milling and tumbler mixing exhibit
significantly slower flow rates. This difference is primarily due to uniform particle dispersion
and preserved spherical morphology achieved through RAM. In contrast, ball milling induces
surface deformation and particle flattening, which negatively affect the flowability.

Figure 11 presents the tapped density results, which follow a trend similar to the apparent
density trend observed in Figure 9. The nano-sized TiC/Inconel 625 composite powder
processed via RAM exhibits the highest tapped density, indicating improved particle packing
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efficiency. This is due to minimized agglomeration and improved interfacial contact between
the reinforcement and matrix, resulting in more efficient particle arrangement.
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Figure 9. Apparent density of samples by mixing methods.
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Figure 11. Tap density of samples by mixing methods.

In summary, Table 6 compares different mixing methods for MMC powders and demonstrates
that RAM provides enhanced particle dispersion in shorter processing times, along with
improved powder flow properties.

Table 6. Comparative chart of mixing methods for MMC powders.

Parameter Resonant Acoustic Mixing  Ball Milling Tumbler Mixing
Mixing time 1-6 min 1-3h 4-12 h
Homogeneity Minimal agglomeration Partial dispersion Visible clustering
Agglomeration Minimal Moderate High
Particle morphology Preserved Deformation observed  Preserved

Good Fair Fair

Flow properties (Hausner ratio) 1 445 1 9g) (1.17-1.19) (1.208)

Figure 12 shows the microstructure of the bulk Inconel 625 matrix sample, revealing distinct
melt pools with dendritic features exhibiting a cellular morphology that are generally
distributed in a homogeneous manner. Variations in local cooling rates during the additive
manufacturing process resulted in dendritic structures aligned parallel to the solidification
direction in some regions, while exhibiting a more perpendicular orientation in others. No gas
porosity was observed within the microstructure. EDS analysis confirmed the chemical
composition of the material, with no detectable signs of contamination.
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TEI MTL 10. Smm M-x1.00k BSE-ALL

Figure 12. SEM images of the bulk Inconel 625 matrix.

Figure 13 shows that, similar to the Inconel 625 matrix, distinct melt pools were observed in
the bulk nano-sized TiC/Inconel 625 composite sample. The nano-sized TiC particles acted as
effective nucleation sites, promoting the formation of equiaxed grains instead of the typical
columnar dendritic structures. This grain refinement is consistent with established literature,
where ceramic reinforcements such as TiC are known to enhance nucleation and suppress
columnar growth (Al Mangour et al., 2007). However, EDS analysis revealed localized
agglomeration of nano-sized TiC particles within the microstructure, suggesting incomplete
dispersion despite their role in grain refinement.

EDS Layered Image 11

1T 1 e

Spm

Ti Kal

Figure 13. SEM-EDS images of the bulk nano-sized TiC/Inconel 625 sample.
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Figure 14 shows distinct melt pools within the microstructure of micron-sized TiC/Inconel 625
bulk sample, with EDS analysis revealing the presence of agglomerations. These
agglomerations are significantly higher compared to the nano-sized TiC/Inconel 625 bulk
sample and distributed throughout the matrix and primarily attributed to their larger particle
size. Moreover, it can be seen that unmelted or partially melted micron-sized particles were
located near the melt pool boundaries during processing, where they accumulate and form
agglomerates.

100pm 100pm

Figure 14. (a) SEM images and (b) EDS analysis of the bulk micro-sized TiC/Inconel 625
sample.

As shown in Table 7, the Inconel 625 matrix exhibited average hardness values of 24 HRC in
the Z-direction and 23 HRC in the XY-direction. Both bulk TiC particles-reinforced composite
samples achieved higher average hardness values compared to the unreinforced matrix,
indicating a substantial improvement in mechanical resistance. This enhancement is primarily
attributed to effective load transfer from the ductile Inconel 625 matrix to the hard, rigid TiC
particles, as well as contributions from grain refinement and dispersion strengthening
mechanisms.

Table 7. Comparative macro-hardness chart.

Material Z-direction XY-direction
Inconel 625 matrix 24 23
2 Wt% micro-sized TiC/Inconel 625 35 35
2 wt% nano-sized TiC/Inconel 625 33 34
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4. Discussion

These findings show that composite powder flow properties may substantially depend on
mixing method regardless of the reinforcement particles (nano- or micro-scale size).
Meanwhile, achieving strong adhesion between the reinforcement particles and the matrix
powder is critical for maintaining powder integrity during LPBF, where optimal flowability
and consistent powder deposition are essential for quality of final part. The results showed that
mixing methods such as ball milling and tumbler mixing produced composite powders with
poor flow characteristics, while RAM provided improved flowability due to the ability to
homogeneously disperse TiC particles in the Inconel 625 matrix without compromising
spherical powder morphology.

In the case of nano-sized TiC/Inconel 625 composite powders, tumbler mixing resulted in
pronounced agglomeration, with no significant improvement observed even after extended
mixing durations. Similarly, ball milling was unable to achieve fully homogeneous mixing
despite variations in rotational speed and mixing time. In contrast, RAM proved to be highly
efficient, achieving homogeneous particle dispersion and strong adhesion to the matrix within
only 3 min, with no evidence of agglomeration.

Considering micro-sized TiC/Inconel 625 composite powders, while the mixtures exhibited
slight changes in uniformity, tumbler mixing had limited effectiveness since even at longer
mixing duration. However, the ball milling method managed improved homogeneity than
tumbler mixing, where higher rotational speed and longer duration enhanced the mixing
quality. Nevertheless, RAM accomplished more uniform distribution compared to both
alternatives, and longer mixing duration further improved dispersion quality. Among the
methods tested, RAM provided the most effective and homogeneous mixing for micro-sized
TiC particles.

The addition of TiC particles promotes the alteration in microstructure from columnar to
equiaxed grain structures. Although agglomeration is observed in bulk samples with both nano-
and micro-sized TiC particles, it is more noticeable in specimens reinforced with micro-sized
particles. TiC usually does not melt during processing owing to its high melting point. Due to
its high melting point, TiC typically does not melt during processing; however, partial
dissolution may occur when particle size is reduced to the nanoscale, combined with low TiC
content. In nano-sized TiC particles-reinforced specimens, agglomeration is primarily driven
by the relatively low density of TiC particles, which promotes their flotation within the melt
pool. During rapid solidification, these floating particles tend to segregate toward melt pool
boundaries, where they accumulate and form agglomerates. In contrast, agglomeration in
micro-sized TiC particles-reinforced specimens is mainly attributed to the larger particle size,
the inability of the particles to melt, and insufficient interfacial bonding with the matrix.

Among the powder mixing techniques investigated, RAM has emerged as a promising method
for achieving rapid and uniform particle dispersion. Compared to ball milling, which may
deform the powder morphology, or tumbler mixing, which often requires extended processing
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times, acoustic mixing offers a balance between processing efficiency and powder quality. This
method is particularly effective for nano-sized reinforcements, as it minimizes agglomeration
while preserving the original morphology of the particles.

5. Conclusion

This study aimed to uniformly disperse 2 wt% TiC particles with different sizes in Inconel 625
matrix powders using the various mixing techniques. Among the methods tested, RAM
achieved homogeneity in short time, maintaining the spherical morphology of the matrix
particles. The flow properties of the RAM-prepared powders remained at optimal levels, as a
result of low Hausner ratio (1.145) and Hall flow rate (16.6 g/s). These characteristics ensures
that composite powders suitable for LPBF. Ball milling resulted in partial improvement in
reinforcement dispersion but introduced surface deformation and agglomeration. These effects
decreased the powder flowability apparent and tap and density. Tumbler mixing preserved
particle morphology but failed to disperse agglomeration, even with extended mixing times (4-
12 hours). Additionally, the TiC particles showed poor adhesion to the matrix. The samples
produced with LPBF using the powders created with RAM showed low level of porosity. Due
to the small size of the TiC nano-sized particles, they acted as nucleation sites for the equiaxed
grain growth. On the other hand, the micro-sized TiC particles agglomerated due to their shape
and size. The reinforcement of 2 wt% TiC into Inconel 625 matrix significantly enhanced
hardness around 47%. The RAM mixing technique was found to be the most effective method
in this study since it produced high-quality composite powders within the shortest time
possible. RAM has proved its effectiveness as an ideal method for producing MMC powders,
which can be used in LPBF technology.
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