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ABSTRACT

Directed laser metal deposition (DLMD) offers significant potential for producing high-
performance coatings and functional components, yet the effect of powder feed rate on coaxial
powder stream stability and its correlation with single-track deposition quality remains
insufficiently investigated. This study characterizes the Inconel 625 powder stream using light-
sheet imaging and grayscale intensity analysis at feed rates of 5—30 g/min. The powder stream
consistently converged at approximately 9 mm below the nozzle exit, independent of feed rate,
ensuring stable alignment with the laser beam without adjusting the stand-off distance. The
transverse profiles exhibited a Gaussian-like distribution. Based on these findings, single-track
deposition on SS400 steel produced stable geometry, a fine cellular-to-columnar dendritic
microstructure (primary dendrite arm spacing of 2.2—2.3 um), uniform microhardness of 206.7—
209.5 HV (about 25% higher than the substrate), and no porosity, lack-of-fusion, or solidification
cracks. These results establish a direct link between powder stream characteristics and
deposition quality, providing practical guidelines for robust DLMD processing of Inconel 625 on
carbon steel substrates.
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1. INTRODUCTION

Directed laser metal deposition (DLMD), a directed energy deposition (DED) technique,
enables the fabrication of near-net-shape components and high-performance coatings by delivering
metallic powder into a laser-induced melt pool [1, 14]. It offers excellent metallurgical bonding,
controlled dilution, and the capability to deposit dissimilar materials such as Inconel 625 on carbon
steels [2]. Although carbon steels are widely used due to their low cost, their poor corrosion
resistance limits service life, particularly in tropical environments with high humidity and chloride
exposure [3, 4]. Applying Inconel 625 by DLMD is therefore an effective approach to improve
corrosion resistance while maintaining economic efficiency [5,6]. Previous studies have reported
fine cellular-to-columnar dendritic microstructures, Nb- and Mo-rich interdendritic Laves phase
and MC carbides, and enhanced hardness in DLMD-fabricated Inconel 625 [7].

The powder stream in DLMD is governed by carrier gas flow, nozzle geometry, particle
interactions, and powder feed rate [8-10]. Variations in feed rate influence particle concentration,
convergence position, stream diameter, and powder distribution, thereby affecting powder
catchment efficiency, melt pool stability, and deposition quality. Light-sheet imaging based on
Mie scattering theory provides an effective non-contact method for characterizing powder streams
through grayscale intensity analysis [11]. Although numerical studies have extensively
investigated powder flow [8, 12, 13], experimental studies directly correlating powder stream
characteristics with single-track deposition quality remain limited.

In this study, the Inconel 625 powder stream delivered through a coaxial nozzle was
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experimentally characterized over feed rates of 5-30 g/min using light-sheet imaging and grayscale
analysis. The convergence position, particle density, and transverse distribution were quantified,
followed by single-track deposition on SS400 steel. The deposited tracks were evaluated in terms
of geometry, microstructure, and mechanical properties to determine whether feed-rate variations
require stand-off or laser realignment and to establish practical guidelines for stable DLMD
processing of Inconel 625 on carbon steel.

2. MATERIALS AND METHODS

2.1. Experimental setup and materials

Experiments were conducted using a DLMD system (Figure 1) comprising a 500 W fiber laser
(YLR-500-WC, IPG), a coaxial powder nozzle, a rotating-disk powder feeder, and a multi-axis
Computer Numerical Control (CNC) stage. A Gaussian laser beam (M? = 1.1) was delivered
through an optical fiber and focused by a 190 mm focal-length lens. The coaxial nozzle featured
four 5 mm powder inlets inclined at 60° and an annular outlet with inner/outer diameters of 10/12
mm. Inconel 625 powder was delivered using nitrogen as both the carrier gas (6 L/min) and
shielding gas (8 L/min). SS400 steel substrates (160 x 160 x 8 mm) were ground and solvent-
cleaned before deposition. The chemical compositions of the powder and substrate are listed in
Table 1 and Table 2.

Table 1. Chemical composition of Inconel 625 powder.

%C %Si % Mn %P %S %Cr %Mo
0.03-0.10 <0.5 <0.5 <0.02 <0.015 20-23 8.0-10.0
%Ni %Ti % Cu %Al %Co %PFe %Nb
>58 <04 <0.5 <04 <1.0 <50 3.15-4.15
Table 2. Chemical composition of $5400 steel.
%C %Si % Mn %P %S %Ni %Cr %PFe
0.11-0.18 0.12-0.17 0.4-0.57 <0.05 <0.05 <0.03 <0.02 Bal.
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Figure 1. (a) schematic and (b) actual DLMD system with (c) a coaxial powder nozzle.
2.2. Powder stream imaging and analysis

Powder stream characteristics were characterized with the processing laser turned off to
eliminate thermal radiation interference. A 30 mW, 532 nm green laser and a cylindrical lens
generated a thin light sheet for longitudinal (Figure 2a), while transverse imaging used a 45° mirror
to reflect the spot into the camera (Figure 2b). Feed rates from 5 to 30 g/min were tested to evaluate
particle density and convergence behavior. The actual experimental setup and obtained images are
shown in Figure 2c.
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Figure 2. Experimental setup for imaging the powder stream. (a) and (c) axial cross-sections,
(b) and (d) radial cross-sections.

Captured images were processed using ImagelJ (version 1.54g) to extract grayscale intensity
profiles along the nozzle centerline and selected transverse sections (Figure 3). Based on Mie
scattering theory, grayscale intensity was used as a qualitative indicator of particle concentration
and to identify the convergence position and effective stream diameter. Since multiple scattering
and signal saturation occur at high feed rates, grayscale intensity was used for relative comparison
rather than absolute particle concentration.

Figure 3. Image processing of powder stream cross-section using ImageJ: (a) transverse image
and (b) longitudinal image.
2.3. Single-track deposition

To validate the characterized powder stream conditions, a single-track deposition of Inconel
625 on an SS400 steel substrate was performed using a laser power of 450 W, a scanning speed of
300 mm/min, a powder feed rate of 10 g/min, and a stand-off distance of 9 mm, selected based on
the powder stream characterization (Section 3.1).

The deposited track was sectioned at mid-length by wire-cut Electrical Discharge Machining
(EDM), metallographically prepared, etched with Kalling’s No. 2 reagent, and examined by
Scanning Electron Microscope (SEM; JSM-IT800, JEOL). Track geometry (width, height,
penetration depth, and contact angle) was measured using ImageJ, while dilution was calculated
according to Equation (1).

Dilution(%) =

(d+h)XIOO (1)

Vickers microhardness testing was carried out across the deposited layer and substrate using a
Vickers microhardness tester (Affri DM2D, AFFRI). Measurements were performed with a load
of 100 g (HVO0.1) applied for 10 seconds.

3. RESULTS AND DISCUSSION

3.1. Powder stream characterization
3.1.1. Longitudinal distribution
Figure 4 shows how the powder stream evolves with feed rate. At 5 g/min the convergence
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zone is faint, indicating low particle density, while 10 g/min produces a brighter, more
concentrated region. The inset in Figure 4b reveals a bright central core with a Gaussian-like
distribution, highest at the center and decreasing outward. Beyond 15 g/min, overall brightness
saturates and the core elongates axially, a response caused by shielding and multiple scattering in
the dense cloud, as well as camera limitations, which restrict the apparent rise in intensity.

Q gimin (a)

Figure 4. Longitudinal images of powder stream at different powder feed rates (5 to 30 g/min).

Figure 5 shows longitudinal intensity profiles along the nozzle axis. For all feed rates, grayscale
intensity rises sharply below the nozzle exit, peaks, then gradually decreases, confirming a stable
convergence zone. The peak position (approximately 9 mm) remains nearly unchanged, indicating
that feed rate does not affect convergence, which is governed by nozzle geometry and carrier gas
flow. This invariance means deposition productivity can be adjusted via feed rate without
reconfiguring laser focus or stand-off distance.

250 T T T T T 0
_:_. ?Og /gT,::n [—=— Convergence position
—v— 15 g/min | | E ] J
200 *— 20 g/min £ 2
—»— 25 g/min T:’
o —*— 30 g/min o
3150 2 44 ]
P g
> 8
o 100 S -6+ -
o )
5
g
50 8 -84 4
5 L . : s \ “104— . : : : :
0 5 10 15 20 25 30 5 10 15 20 25 30
Axial distance (mm) Powder feed rate (g/min)
Figure 5. Longitudinal intensity distributions of Figure 6. Convergence position of the powder
the powder stream at different powder feed rates. stream at different powder feed rates.

In terms of particle density, the peak or maximum intensity increases markedly as the feed rate
rises from 5 to 10 g/min, indicating a higher powder concentration within the convergence zone.
At feed rates beyond 10 g/min, however, the peak intensity slightly decreases, likely due to the
saturation-like response in the captured images. This apparent optical saturation does not imply
that particle concentration in the convergence zone ceases to increase.

Figure 6 shows the relationship between feed rate and convergence position. Despite minor
fluctuations, the convergence point remains close to -9 mm downstream of the nozzle exit,
confirming that feed rate mainly affects particle density rather than shifting the focal position. This
stability ensures reliable overlap between the powder focus and laser beam, allowing productivity
to be adjusted by feed rate without altering nozzle setup or laser alignment. The result highlights
the robustness of the system and simplifies DLMD process control.

3.1.2. Transverse distribution

Figure 7 shows transverse intensity profiles at the convergence positions, extracted along a
horizontal line from the longitudinal images (see Figure 3a). These profiles provide an indirect
evaluation of the transverse powder distribution based on the projection of particle concentration
in the longitudinal plane. All feed rates exhibit a Gaussian-like particle distribution, characterized
by a pronounced centerline peak and symmetric radial decay. From 5 to 10 g/min, peak intensity

Journal of Military Science and Technology, 113 (2026), 168-175 171



Mechanics & Mechanical Engineering

rises and the profile broadens, indicating higher particle density and lateral spreading; changes
diminish at higher rates due to saturation. Results at higher powder feed rates (> 20 g/min) are not
shown because significant gray-level saturation occurs, leading to loss of linearity between image
intensity and particle concentration.
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Figure 7. Transverse intensity at convergence Figure 8. Convergence diameter
position under different feed rates. under different feed rates.

Figure 8 shows that the convergence diameter increases steadily from about 5 to 8 mm
reflecting higher particle numbers as the feed rate rises from 5 to 20 g/min. At higher feed rates,
the apparent reduction remains unclear, though improved imaging could provide more reliable
characterization under dense flow. A larger diameter reduces overlap with the laser beam,
increasing powder loss, so feed rate must be carefully controlled to avoid excessive broadening.

As shown in Figure 6, the convergence position remains stable at about 9 mm downstream of
the nozzle exit, allowing the stand-off distance to be fixed for all feed rates. Figure 9 presents
transverse cross-sections at this position up to 15 g/min, where the spots remain nearly round,
confirming symmetric particle distribution and nozzle stability. With increasing feed rate,
brightness intensifies and the spot gradually enlarges, indicating higher particle density without
significantly shifting the convergence position. This stability, as earlier mentioned, enables
consistent laser alignment and simplifies DLMD process control. Similar to Figure 7, results at
higher powder feed rates (>20 g/min) are omitted due to gray-level saturation.

Figure 9. Transverse cross-sections of the Figure 10. Transverse cross-sections of the
powder stream at -9 mm from the nozzle exit powder stream at different axial positions
under different powder feed rates. with a feed rate of 10 g/min.

To examine powder-flow evolution, transverse cross-sectional images (Figure 10) were
recorded at different axial positions below the nozzle exit with a feed rate of 10 g/min. In the
near-nozzle region (-6 to -7 mm), the distribution appears diffuse, reflecting lower particle
concentration. With increasing distance, the stream brightens and becomes most compact around
-8 to -9 mm, before diverging again at -10 to -11 mm. Across all positions, the nearly round
cross-sections confirm symmetric particle distribution, supporting uniform clad formation.
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The corresponding transverse intensity profiles at different axial positions of the 10 g/min
stream are shown in Figure 11. Both the raw curves (Figure 11a) and their smoothed counterparts
(Figure 11b) are presented. In Figure 11a, the “0” position corresponds to the maximum intensity
in the convergence plane at -9 mm. Despite minor fluctuations caused by measurement noise and
stochastic particle behavior, the raw profiles almost share the same central peak at “0” position,
demonstrating the high stability of the powder stream. The smoothed curves emphasize the
underlying Gaussian-like distribution and symmetry of the stream. Moreover, the peak intensity
increases progressively as the imaging plane shifts from -6 mm to -9 mm, before decreasing
beyond this point. This behavior clearly confirms the convergence position at approximately -9
mm, in agreement with the longitudinal intensity profiles previously shown in Figure 5.
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Figure 11. Gray value profiles of transverse cross-sections at different axial positions with a feed
rate of 10 g/min: (a) raw curves without smoothing and (b) smoothed curves.

3.2. Single-track deposition characteristics

Based on the powder stream characterization (Section 3.1), a stand-off distance of 9 mm was
selected for single-track deposition to maximize powder concentration at the melt pool. Figure 12
shows the SEM cross-section of an Inconel 625 track deposited on SS400 at 450 W, 300 mm/min,
and 10 g/min. The bead exhibits a nearly symmetric elliptical profile, consistent with the Gaussian
powder distribution and laser beam profile, indicating good correlation between powder flow and
deposition geometry. The measured width, height, penetration depth, wetting angle, and dilution
were 0.96 mm, 0.15 mm, 0.11 mm, 32°, and 42%, respectively.
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Figure 13. Microstructure of the
single-track cross-section (a-d) and
substrate (e-f).

Microstructural characterization was conducted at multiple locations along the track height.
Higher-magnification SEM images of the microstructure in the three representative regions
marked in Figure 12 are presented in Figure 13. The microstructure in this region consists of fine
cellular-to-columnar dendrites with a primary dendrite arm spacing (PDAS) of approximately 2.2-

Figure 12. The deposited single track and its cross-
section geometry.
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2.3 um. Interdendritic MC-type carbides and Laves phase are observed, indicating Nb and Mo
segregation during solidification [7]. Such segregation behavior is widely recognized as a
characteristic feature of rapidly solidified Ni-based superalloys.

Figures 13c and 13d show the microstructure in region 2, representing the transition between
the clad and the substrate. Compared to the clad region, the dendritic structure here becomes
slightly coarser, with PDAS increasing to approximately 2.6-3.1 um. This coarsening is associated
with a reduced cooling rate and compositional mixing between the Inconel 625 and the SS400
substrate. In the lower part of this region, a clear transition in morphology is observed from
cellular-like structures to elongated, well-oriented columnar dendrites. This change is attributed to
the increasing influence of directional heat extraction toward the substrate, which promotes
epitaxial growth. The presence of such columnar structure near the interface indicates strong
metallurgical bonding. Figure 13e and 13f illustrate the substrate region, where the original
microstructure of SS400 is observed. The microstructure is characterized by a typical ferrite-
pearlite structure, without dendritic features. No porosity, lack-of-fusion defects, or cracks were
detected across the regions, indicating good metallurgical integrity. However, microsegregation
may locally influence mechanical properties and corrosion resistance.

Figure 14 shows the Vickers microhardness profile across the clad. Uniform values of 206.7-
209.5 HV were measured within the deposit (locations 1-3), about 25% higher than the substrate
hardness (location 4). This increase is attributed to the fine cellular-columnar dendritic
microstructure, solid-solution strengthening from Nb, Mo, and Cr in the y-FCC matrix, and
dispersion strengthening from interdendritic phases. The hardness enhancement demonstrates the
effectiveness of DLMD in producing functional coatings or features on carbon-steel substrates.
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Figure 14. Microhardness of the deposited single track.
4. CONCLUSIONS

This study presents a systematic experimental investigation of Inconel 625 powder stream
behavior through a coaxial nozzle and its translation into single-track deposition on SS400 steel
by direct laser metal deposition. The powder stream convergence position remained stable at
approximately 9 mm downstream of the nozzle exit across the entire feed-rate range of 5 to 30
g/min, while particle density and convergence diameter exhibited clear dependence on mass flow
rate. Transverse distributions followed a Gaussian-like profile. These characteristics ensured
optimal overlap between the powder focus and the laser beam and enabled the selection of a fixed
stand-off distance, resulting in a defect-free single-track deposit with columnar dendritic growth,
refined PDAS of2.2-2.3 um, and homogeneous microhardness enhancement of about 25% relative
to the substrate. Future research will extend to optimization of process parameters, multi-layer
builds, post-deposition heat treatments to mitigate microsegregation and detailed assessment of
long-term corrosion resistance and fatigue behavior.
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TOM TAT

Phén tich thyc nghiém dic tinh dong bot va dwong don Inconel 625 trén nén thép SS400
bang cong nghé boi dap kim loai truc tiép bang laser

Céng nghé boi dap kim logi truc tiép bang laser (DLMD) c6 tlem nang lon trong che
tao I6p phii va chi tiét hiéu suat cao. Tuy nhién, dnh hwdng cia toc do cap bot dén d¢ on
dinh dong bét dong truc va moi twong quan véi chat lwong dong don van chuwea dwoe nghién
cieu mét cach hé thong. Nghién ciru khdo sat dic trung dong bét Inconel 625 bang ky thudt
chup anh mdt cdt két hop phan tich cwong dé xam o toc do cap bt 5—30 g/phit. Dong bét
luon hoi tu o khoang 9 mm dwoi miéng phun, khong phu thugc téc do ccfp bot, bdao dam sy
dong truc voi chum laser ma khong can diéu chinh khodng cdch dau phun dén bé mdt nén.
Cdc mdt cat ngang ciia dong bét cé phdn bo dang Gauss. Dya trén cdc két qua nay, boi dap
duwong don trén thép SS400 cho hinh dang on dinh, cdu triic dendrite té bao - ¢ét manh
(PDAS 2,2-2,3 um), do cwng té vi 206,7-209,5 HV (cao hon khoang 25% so voi nen) khong
xudt hién ro 5 khi, thiéu néng chdy hodc mirt dong dic. Cac két qud nay thlet Idp moi lién hé
truee tiép giita dac trung dong bot va chat leong boi ddp, dong thoi cung cdp co sé cho quy
trinh DLMD 6n dinh doi véi Inconel 625 trén nén thép carbon.

Tir khoa: Bdi dép kim loai tryc tiép bang laser; Inconel 625; Pic trung dong bot; Dau phun ddng truc; Puong don; Ciu
tric va dg cung te vi.
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