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Abstract  

Functionally graded materials were created using laser-directed energy deposition technology. This work examines how different mixing 
ratios of Stainless Steel 316L and Inconel 625 affect the relative density and porosity of these materials. Twelve samples were created using 
a constant laser power of 600 W, three different laser scan speeds (20, 25, and 30 mm/s), and four different SS316L/IN625 transition ratios 
(85%/15%, 60%/40%, 40%/60%, and 15%/85%). To determine the volumetric distribution across the compositional gradients, the porosity 
and relative density measurements were taken. Optical and scanning electron microscopy were used for microstructural analytical 
characterization to differentiate between compositional gradients in grain shape and phase distribution. The mechanical performance was 
examined using microhardness measures, namely the Vickers method. This study applied to prove the process parameters and compositional 
transformations to the resulting microstructural features and mechanical properties, providing insight into optimizing the laser-directed 
energy deposition-manufactured functionally graded materials for advanced performance. The best graded composition was found that gives 
the best overall performance based on experimental data. 
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1. Introduction 

unctionally graded materials (FGMs) represent an advanced 

class of engineered composites in which chemical composition 

and microstructure are intentionally varied—either 

continuously or discretely—across the component volume. This 

spatial variation enables localized control of mechanical, thermal, 

and corrosion-related properties beyond those achievable in 

homogeneous alloys [1].  

In the present study, stainless steel 316L (SS316L) and the nickel-

based superalloy Inconel 625 (IN625) were combined to exploit their 

complementary characteristics: SS316L is characterized by good 

ductility, formability, and economic efficiency, whereas IN625 

exhibits superior high-temperature strength and corrosion resistance 

[2]. The integration of these alloys within a graded architecture 

provides a model system for investigating compositional transition 

effects in dissimilar metallic systems [3]. Such graded configurations 

have been examined in previous studies for components exposed to 

combined mechanical and environmental loading [4]. 

Laser-directed energy deposition (LDED) is particularly suitable for 

fabricating FGMs due to its capability for in situ multi-powder 

feeding and controlled energy input [5]. By independently adjusting 

powder feed ratios and scan parameters, LDED enables systematic 

modulation of thermal gradients, melt pool geometry, dilution 

behavior, and solidification kinetics. This process flexibility 

facilitates controlled formation of graded microstructures through 

compositional mixing within a common melt pool [6]. 

Porosity is a recurrent defect in graded metallic systems, typically 

appearing as sub-spherical gas pores or irregular interdendritic 

cavities. These defects originate from incomplete fusion, gas 

entrapment, melt pool instability, or powder-related irregularities. 

Consequently, careful optimization of processing parameters is 

required to minimize porosity and maintain microstructural 

continuity across compositional transitions [7]. Spatially controlled 

multi-material additive manufacturing, in which distinct materials are 

deposited within a single build, provides a platform for investigating 

localized property gradients under controlled processing conditions 

[8]. 

Zhong et al. [9] investigated melt pool behavior in nickel-based alloys 

during high-speed laser metal deposition and demonstrated that 

variations in thermal convection significantly influence solidification 

dynamics and gas evolution. Chen et al. [10] reported that increasing 
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IN625 content enlarges primary dendrite arm spacing and promotes 

precipitation of secondary phases at high alloy fractions, with 

corresponding changes in hardness. Ferreira et al. [11] observed a 

continuous hardness transition across graded regions and 

highlighted the influence of thermal history on heat-affected zone 

dimensions. Ghanavati et al. [12] showed that repeated remelting and 

heat accumulation during multilayer deposition modify 

microstructural scale and segregation behavior, leading to 

measurable variations in local hardness. Jones et al. [13] examined 

SS304–IN625 joints and demonstrated that compositional balance 

strongly influences interfacial integrity and cracking susceptibility. 

Hotz et al. [14] produced graded metallic systems via LDED and 

emphasized that gradual compositional transitions mitigate 

interfacial brittleness. Gotoh et al. [15] demonstrated that power 

density is a dominant factor governing porosity formation in laser-

based additive manufacturing processes. 

Guanyu Jiang et al. [16] evaluated the corrosion behavior of IN625 

and SS316L under supercritical water conditions and reported 

distinct degradation mechanisms associated with alloy chemistry and 

environmental composition, highlighting the importance of 

understanding compositional effects in multi-material systems. 

In this study, SS316L–IN625 graded alloys were fabricated using 

LDED and characterized in terms of porosity, microstructure, 

relative density, and microhardness to establish quantitative process–

structure–property relationships within the investigated parameter 

range. Powder mixing ratio and scanning speed were systematically 

varied to evaluate their influence on compositional transition 

stability and defect formation. The experimental results indicate that 

a gradient composition of 40 wt.% SS316L–60 wt.% IN625 provides 

the lowest measured porosity, improved microstructural continuity 

across the transition zone, and higher hardness relative to the other 

investigated ratios. These findings are restricted to the defined 

processing conditions and provide an experimentally supported 

basis for understanding compositional grading effects in SS316L–

IN625 systems. 

 

2. Experiment 

In this research, two types of powdered alloys were used, namely 

stainless steel 316L (SS316L) and nickel-based superalloy Inconel 

625 (IN625). The particle sizes of the SS316L powder ranged from 

56 to 100 μm, while those of the Inconel 625 powder ranged from 

55 to 115 μm, as shown in Figs. 1 and 2, respectively. Also, the 

volumetric distribution was illustrated in Figs. 3 and 4. The 

chemical compositions of both powders are detailed in Tables 1 

and 2. 

Table 1. Chemical Composition of SS316L 

El. C% Cr% Mn% Mo% P% Si% Ni% Fe% 

Co 0.03 19.09 1.14 2.32 0.5 0.71 10.07 balance 

 

Table 2. Chemical Composition of IN625 

El. Fe

% 

Ti% Cr% Al% Mo% Nb

% 

Si% Ni% 

Co 1.1 0.32 22.2 0.66 9.05 3.75 0.71 balanc 

 

  
Figure 1. SEM of SS316L powder 

 
Figure 2. SEM of IN625 powder 

 
Figure 3. Volume distribution of SS316L 

 
Figure 4. Volume distribution of IN625 

In this case study, an IPG YLS-3000 3 kW ytterbium-doped fiber 

laser operating at a wavelength of 1070 nm (±10 nm) with a 

Gaussian beam intensity distribution was used, as shown in Fig. 5. 

producing a laser spot diameter of 1.2 mm at the focal point. The 
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system was integrated with an ABB industrial robotic arm coupled 

with a circular two-axis table, enabling precise multi-axis motion 

control and flexible deposition strategies. Argon gas was used as the 

shielding and carrier gas during the laser deposition process. A raster 

scanning strategy was applied to deposit successive 0.2 mm thickness 

for each track layer by zigzag for cubes building strategy to form 

metal parts with a total height of 12 mm (each section was 4 mm in 

height as shown in Fig. 6). 

 
Figure 5. Ytterbium fiber laser and LDED printhead. 

 

Figure (6) Layered Structure of FGM Sample: SS316L–IN625 

with Graded Composition 

The powder material was introduced into the melting bath via a 

coaxial nozzle using a GTV TWIN PF 2/2 powder feeder, ensuring 

high precision at a feed rate of 0.01 rpm, enabling stable and robust 

powder flow. Which means the feeder delivered powder by 

extremely slow, precisely metered rotations of the dosing 

screw/roller. The account of study at a low rotational speed gives 

very fine volumetric control of the powder stream and reduces 

transient pores, so the powder flow into the melt pool is stable and 

reproducible—provided the feeder has been calibrated for the 

specific powder morphology and bulk density [17]. The system 

includes two individual hoppers, each one for feeding SS316L and 

IN625 powders in separate modes, as shown in Figure 7.  

The key process parameters include a laser power fixed at 600 watts, 

scanning speeds of 20, 25, and 30 mm/s, and a combined powder 

flow rate of 9.5 g/min for both powders. Argon gas was supplied at 

a flow rate of 25 L/min for protection and 7.5 L/min for powder 

delivery. The nozzle-to-substrate distance (standoff distance) was 

maintained at 12 mm. The used overlap of 50%, and hatch spacing 

of 0.6 mm, which is typical for LDED processes and ensures 

sufficient melt pool overlap for good metallurgical bonding. 

 
Figure (7) Dual-Hopper LDED Setup with Coaxial Nozzle and 

IPG YLS-3000 Laser Head 

Functionally graded samples were fabricated with the following 

layered structure: a 4 mm height base of 100% SS316L, a 4 mm 

height middle zone containing graded compositions (85%/15%, 

60%/40%, 40%/60%, and 15%/85% SS316L to IN625 ratios), and 

a 4 mm height top layer of 100% IN625. The substrate material used 

was 304L stainless steel, measuring 120 mm × 100 mm × 6 mm. Fig. 

8 shows Cross-sectional macrograph of the SS316L–IN625 

functionally graded structure fabricated by LDED, distinguishing 

the distinct regions of 100% SS316L (4 mm), composition transition 

zone (4 mm), 100% IN625 (4 mm), and the SS304L substrate. The 

details of SS304L chemical composition in Table 3. All other fixed 

parameters for the LDED process was reported in Table 4. 

Table 3. Parameters 

Element C% Si

% 

Mn

% 

Ni

% 

Cr

% 

P% S% Fe% 

Continen

t 

0.0

3 

0.7

5 

2 12 20 0.04

5 

0.0

3 

balanc

e 

Table 4. Fixed LDED Process Parameters 

Category Parameter Value 

Energy Input 

Control 

Laser power 600 W 

Spot size 1.2 mm 

Standoff Distance (SOD) 12 mm 

Material Delivery Total Powder Flow Rate 9.5 g/min 

Layer Formation Layer thickness 0.2 mm 

Hatch Spacing 0.6 mm 

Overlap 50% 

Shielding and 

Process 

Atmosphere 

Carrier Gas 7.5 L/min 

Shielding Gas 25 L/min 
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Figure 8. Cross-section of the SS316L–IN625 graded build 

highlighting substrate, SS316L, transition, and IN625 regions. 

The dimensions of the final workpiece were 10 mm × 10 mm × 12 

mm. The metallographically prepared samples were chemically 

etched using aqua regia, consisting of nitric acid and hydrochloric 

acid mixed in a 1:3 volume ratio (HNO₃: HCl), to effectively reveal 

the microstructural features of the SS316L–IN625 composition, 

following recent practices reported for laser-deposited multi-

material systems. The density of the functionally graded sample was 

detected through a Mitutoyo Quick Vision Pro optical coordinate 

measuring instrument. 

Quantitative porosity analysis was performed using ImageJ software. 

Optical micrographs acquired from polished and etched cross-

sections were used for analysis. For each sample, multiple images 

were captured at identical magnification from representative regions 

across the deposited area to ensure statistical reliability. The images 

were first converted to grayscale and subjected to contrast 

enhancement to improve pore–matrix differentiation. A global 

thresholding method was applied to segment pores from the metallic 

matrix, followed by manual verification to remove artifacts and non-

relevant features. Porosity was quantified by calculating the ratio of 

the total pore area to the total analyzed area. The reported porosity 

values represent the average of all analyzed images for each 

processing condition.  

Optical microscopy (OM) and scanning electron microscopy (SEM) 

were employed to systematically analyze and clearly reveal the 

microstructural characteristics of the SS316L–IN625 composition. 

OM was used to examine the overall solidification morphology, melt 

pool features, and track-to-track and layer-to-layer characteristics 

across the deposited region, while SEM provided higher-resolution 

observation of the cellular and dendritic substructures, pore 

morphology, and microstructural heterogeneity at the microscale. 

The combined use of OM and SEM enabled a comprehensive 

interpretation of microstructural evolution arising from the laser 

deposition process and the interaction between the SS316L and 

IN625 constituents. Mechanical performance was calculated through 

Vickers microhardness testing, which was performed using a load of 

300 g and a dwell time of 10 s, enabling assessment of local property 

variations caused by microstructural evolution and porosity 

distribution. 

Hardness profiles (Fig. 9 [18]) were obtained along three vertical 

traverses across the cross-section (edge–center–edge) from the 

substrate interface to the top of the deposited height. A total of 180 

independent indentations were conducted, consisting of 60 

measurements along each traverse. A minimum center-to-center 

spacing of at least three times the indentation diagonal length was 

maintained between adjacent indents to avoid interaction effects, in 

accordance with ASTM E384. The hardness values obtained from 

each traverse were subsequently averaged, and the mean values were 

used for plotting and comparative analysis. 

 

Figure 9. Principal of Hardness Vickers Calculation [18]. 

3. Results and discussion 

3.1. Microstructure 

Using OM and SEM, a systematic analysis was conducted on the 

microscopic detection of FGMs in SS316L-IN625 gradient samples. 

Twelve samples were generated in this study using a constant 600 W 

laser power. Scan speeds of 20, 25, and 30 mm/s and composition 

gradients of 85%/15%, 60%/40%, 40%/60%, and 15%/85% for 

the SS316L-IN625 metal powders were the primary factors in this 

case. The core graded section of each mixed sample was 4-mm thick. 

Variations in microstructure were significantly affected by changes 

in travel speed and component percentage. The samples were 

mechanically ground and polished to standard specifications before 

being chemically treated with appropriate chemicals to expose the 

crystalline/dendritic structure and microstructure of the melted 

zone. 

When transitioning from regions rich in 316L stainless steel to 

regions rich in nickel as a balance contained in IN 625, the 

microstructure changes from a fine-grained austenitic structure to a 

coarser, more dendritic structure with increased spacing between the 

dendrites [19]. The primary dependencies are the linear energy 

density (J/mm) and scan speed (mm/s) at a constant input power 

(W). The mixed-phase structures exhibit microstructure variations at 

two levels: (1) the level of molten pool geometry, which is influenced 

by geometric dimensions and process parameters, and (2) the level 

of micro-segregation, which is characterized by the accumulation of 

niobium and molybdenum in the nickel-rich regions [20]. 

Optimizing the deposition process (increasing energy per unit length 

at a given energy-to-scan-speed ratio) reduces microstructure 

inhomogeneity, resulting in a more uniform appearance with fewer 

visible interfaces and lower porosity [21]. For 85%/15%, there are 

three different speeds: 20 mm/s Fig. 10(a), high heat input/low 

cooling rate: coarse austenitic matrix with coarse primary dendrites, 

large Secondary Dendrite Arm Spacing (SDAS), enhanced 

interdendritic segregation, and tendency toward columnar growth 

and grain coarsening. 25 mm/s Fig. 11(a); intermediate heat input: 
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mixed cellular-dendritic structure, reduced SDAS vs 20 mm/s, 

partial refinement of interdendritic segregation, and smaller epitaxial 

grains. 30 mm/s Fig. 12(a); low heat input/high cooling rate: fine 

cellular/dendritic microstructure, minimal segregation, highest 

homogenization, and hardness among SS316L-rich conditions. At 

60%/40%: 20 mm/s Fig. 10(b); high heat input: coarsened 

primary/secondary dendrites, stronger Ni/Cr/Mo segregation in 

interdendritic regions, and increased risk of Laves-type interdendritic 

phases; pronounced columnar growth. 25 mm/s Fig. 11(b); 

intermediate: finer dendrites than 20 mm/s, reduced interdendritic 

Laves segregation, mixed cellular-dendritic morphology, and 

improved microstructural continuity. 30 mm/s Figures 12(b); high 

cooling rate, refined cellular dendrites, suppressed coarse 

interdendritic Laves, more homogeneous matrix, higher hardness, 

and finer precipitate distribution. At 40%/60%: 20 mm/s Fig. 10(c); 

high heat input: coarse dendritic Ni-rich matrix, strong interdendritic 

segregation, and larger solute-rich eutectic/Laves regions; coarsened 

γ′/Laves precursors and columnar grains. 25 mm/s Fig. 11(c): 

intermediate: partial refinement of dendrite arms, reduced solute 

banding, fewer continuous Laves networks, and improved ductile 

matrix continuity. 30 mm/s Fig. 12(c); high cooling rate, very fine 

cellular/dendritic Ni-rich structure, minimal interdendritic Laves 

formation, best homogenization, and fine precipitate dispersion 

(highest strength/lowest segregation). At 15%/85%: 20 mm/s Fig. 

10(d); high heat input: very coarse Ni-rich dendrites with strong 

interdendritic segregation and continuous Laves/eutectic films; large 

columnar grains and reduced toughness. 25 mm/s Fig. 11(d); 

intermediate: reduced SDAS and partial breakup of interdendritic 

Laves, improved matrix continuity but still Ni-rich coarser 

morphology. 30 mm/s Fig. 12(d); high cooling rate, fine Ni-rich 

cellular structure, greatly decreased interdendritic Laves/eutectic, 

refined precipitates, and increased hardness/strength. 

The sample fabricated from a 40% SS316L - 60% IN625 alloy, using 

a scanning speed of 30 mm/s (linear energy density of 20 J/mm, 

power of 600 W), exhibited the best microstructure and overall 

mechanical properties.  

The optimum microstructural condition is proved when it provides 

the most stable and continuous transition across the graded region 

under the investigated processing parameters. At this ratio, the 

solidification morphology exhibits a uniform cellular-dendritic 

structure with reduced heterogeneity, indicating balanced dilution 

and controlled melt pool mixing between the Fe-based and Ni-based 

matrices. The transition zone does not display abrupt morphological 

discontinuities, excessive segregation contrast, or pronounced defect 

clustering, suggesting improved metallurgical compatibility and 

thermal stability during deposition. In addition, the mechanical 

response across the gradient shows a clearer and smoother hardness 

evolution from SS316L to IN625, reflecting compositional 

uniformity and microstructural consistency. Collectively, this ratio 

represents a thermally and chemically balanced state in which 

densification, microstructural continuity, and local mechanical 

response are simultaneously optimized within the defined 

experimental window. 

These characteristics explain the low porosity and relatively high 

density compared to other samples. Furthermore, the improved 

wettability and reduced surface tension of the molten metal in this 

composition contributed to minimizing defects and gas entrapment, 

while rapid solidification reduced solute segregation, maintaining the 

integrity of the intergranular phases instead of forming a network, 

thus increasing strength while maintaining ductility. Therefore, the 

40% SS316L-60% IN625 composition at a scanning speed of 30 

mm/s was the optimal choice in this study. 

On the other hand, SEM results confirm the OM findings, showing 

a finer microstructure in the samples fabricated with a 40% SS316L 

and 60% IN 625 alloy composition at a scanning speed of 30 mm/s 

and a laser power of 600 W, compared to other samples. Based on 

SEM, the microstructure characteristic is uniform, with small 

number of grains and precipitates that form between the grains 

instead of layers of precipitates. Cross-sectional images from SEM 

detection. Also show that there are no large voids caused by 

incomplete fusion and only small, round pores.  

The visible microstructural features in the scanning electron 

micrographs explain why the samples have great mechanical 

properties, low porosity in particular mixing, and high relative 

density without being brittle. A high scanning speed which produced 

of El = 20 J/mm, the cooling process is increased, makes the grain 

structure more even, and prevents solute precipitation. A chemical 

composition of 40% SS316L-60% IN625 makes the molten metal 

surface more wett-able and reduces thermal stress. These factors 

totally contribute to minimizing defects and improving mechanical 

performance. Therefore, the SEM results confirm the OM findings. 

 

 
Figure 10. OM and SEM images of the composition region at 

different mixing ratio at v=20 mm/s. 
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Figure 11. OM and SEM images of the composition region at 

different mixing ratio at v=25 mm/s. 

 

 
Figure 12. OM and SEM images of the composition region at 

different mixing ratio at v=30 mm/s. 

 

3.2. Microhardness Test 

At a linear energy density of 20 J/mm, this joining condition results 

in a relatively small pool of molten metal with sufficient thermal 

stability and rapid cooling during solidification. These conditions 

also reduce the distance between metal crystals and limit the 

diffusion time of atoms, which leads to the precipitation of Nb and 

Mo elements at the grain boundaries, but in the form of small, 

dispersed particles rather than continuous layers, while a significant 

portion of the alloying elements (nickel, cobalt, molybdenum, and 

niobium) remains dissolved in the matrix. This interplay between 

solid solution strengthening (nickel, cobalt, and molybdenum in the 

crystal lattice) and precipitation strengthening (fine particles at the 

grain boundaries) contributes to increased material strength without 

cracking. The higher IN625 fraction increases intrinsic hardness via 

Ni-based solid solution and precipitation strengthening, while El 

controls thermal input and microstructural scale-El values for the 

tested speeds are 30 J/mm (20 mm/s), 24 J/mm (25 mm/s), and 20 

J/mm (30 mm/s). 

The basic relationship of material quality in LDED is the volumetric 

energy density (VED) in J/mm³, mathematically expressed as [22]. 

𝑉𝐸𝐷 =  
𝑃

𝜈 𝑡 𝑑
       --------------   (1) 

where P laser power (W),  

v scan speed (mm/s),  

d spot diameter (mm),  

and t layer thickness (mm).  

Nevertheless, for single-track depositions, the fixed spot size (1.2 

mm) and layer thickness (0.2 mm) in each deposition track, the linear 

energy density, mathematically specified as [22], 

 𝐸𝑙 =  
𝑃

𝜈
    -------------------   (2) 

becomes the dominant parameter controlling melt pool 

characteristics.  

Lower El (higher scan speed) reduces thermal accumulation, refines 

dendritic/cellular features, and raises dislocation density, producing 

higher hardness; conversely, higher El promotes grain/dendrite 

coarsening and local softening [23,24]. The measured maximum 

hardness therefore appears where a relatively high IN625 content 

(40% SS/60%) coincides with the lowest El (30 mm/s/20 J/mm), 

whereas combinations with excessive El or increased porosity reduce 

the effective load-bearing area and lower apparent microhardness. 

The 40%:60% ratio of 316L stainless steel to Inconel 625 alloy also 

improves the liquid viscosity and surface tension balance, enhancing 

interlayer adhesion, improving fluid flow, and reducing porosity and 

defects. Since the fusion depth at 20 J/mm is sufficient for complete 

melting without causing porosity, which avoids defects in the 

process. These phenomena collectively explain the reduced porosity 

(small gas pores instead of irregular voids) and increased density of 

the resulting material.  

In summary, this composition (40% SS316L and 60% IN625) at a 

speed of 30 mm/s showed the best results in considering of 

hardness. The rapid solidification process enhances the crystal 

structure and material properties, while the stable pool of molten 
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metal and complete melting contribute to a high-quality process, 

achieving an ideal balance between high strength, low porosity, and 

high density [25]. 

As shown in Fig. 13, hardness rises with increasing IN625 fraction 

and with higher scan speed, while porosity remains very low across 

all samples and is minimal at the condition combining the 

intermediate composition and the highest velocity. As shown in Fig. 

14, a lower VED value (higher v value) with a balanced composition 

results in a finer microstructure and increased hardness, along with 

simultaneous stabilization of the melt pool, which reduces porosity 

and increases density. This promotes faster solidification, finer 

cell/dendrite spacing, and stronger solid solution/precipitate 

hardening, which explains the observed increase in hardness. At the 

same time, soluble chemical composition reduces the surface tension 

of the melt pool, improves wetting, and minimizes turbulence and 

gas entrapment, leading to lower porosity and higher density. 

Lower scan speed leads to a larger ratio between the temperature 

gradient at the solid–liquid interface and the solidification (interface) 

growth rate-controlled features (coarser SDAS, segregation, 

Laves/intermetallics); higher scan speed leads to a higher cooling 

rate, so refined cellular/dendritic microstructure, less interdendritic 

segregation, and higher hardness [26]. 

 

Figure 13. Relationship between velocity, VED, avg. hardness and 

porosity. 

 

Figure 14. Relationship between velocity, avg. hardness, VED, and 

RD% 

3.3. Porosity and relative density (RD%) Measurement 

The porosity fraction and relative density (RD) were quantified from 

cross-sectional images acquired using a Mitutoyo optical 

measurement system. The images were subsequently processed in 

ImageJ to determine the pore area fraction, from which the relative 

density was calculated. The resulting values reflect the interaction 

between thermal input and compositional mixing during laser 

deposition. 

In laser-directed energy deposition, the linear energy density governs 

the thermal energy delivered per unit length of the deposition path 

and therefore directly influences melt pool size, melt lifetime, and 

solidification conditions. At high scan speed, the melt pool becomes 

larger and remains liquid for longer durations, which may promote 

keyhole instability, vaporization, and gas entrapment within the 

molten metal [27]. These phenomena increase the probability of pore 

formation during solidification. Conversely, at very low density (high 

scan speed), the melt pool becomes smaller and the interaction time 

between the laser and powder stream decreases. Under such 

conditions, incomplete melting and insufficient wetting may occur, 

which can generate lack-of-fusion defects and irregular porosity [28]. 

Therefore, both excessively high and excessively low energy densities 

can promote porosity through different mechanisms. 

Within the investigated parameter range, an intermediate linear 

energy density of 20 J/mm (600 W, 30 mm/s) provided the most 

stable thermal conditions for melt pool formation and solidification. 

Under this condition, the melt pool size was sufficient to ensure 

complete melting and wetting of the powder particles while avoiding 

excessive vaporization or keyhole instability. Rapid but stable 

solidification promoted a uniform cellular-dendritic microstructure 

and allowed gas bubbles to escape before being trapped in the 

solidifying matrix. As a result, this condition produced the highest 

relative density (99.673%) and the lowest measured porosity 

(0.327%) among the investigated samples. 

Material composition also contributed to the observed densification 

behavior. Increasing the IN625 fraction improves melt fluidity due 

to the higher Ni content, which enhances melt wetting and promotes 

pore elimination [29]. In contrast, regions rich in SS316L tend to 

exhibit higher susceptibility to incomplete fusion and gas entrapment 

when insufficient thermal energy is supplied [30]. However, 

excessive IN625 fractions may also intensify segregation effects 

associated with Ni–Mo-rich interdendritic regions, which can 

destabilize melt flow and increase pore formation when combined 

with unsuitable energy input [31]. Consequently, the porosity and 

relative density observed in Figs. 15 and 16, trends arise from the 

combined influence of thermal input and compositional mixing. 

Among the investigated conditions, the 40% SS316L–60% IN625 

composition processed at 30 mm/s (20 J/mm) produced the most 

stable melt pool behavior and the most uniform mixing between the 

Fe-based and Ni-based constituents. This balanced composition 

improved wetting and melt fluidity while maintaining sufficient 

solidification stability to minimize segregation-driven porosity. As a 

result, this condition exhibited the most favorable densification 

characteristics and microstructural continuity within the graded 

region. 

Overall, the experimental results demonstrate that porosity 

evolution in the SS316L–IN625 functionally graded system is 

controlled by the coupled effects of linear energy density, melt pool 

stability, and compositional dilution, which together determine 

solidification dynamics and gas escape behavior during deposition. 

Table 4 summarizes the effect of composition ratio and scanning 

speed (energy density) on the microhardness, porosity, and relative 

density of the SS316L–IN625 graded samples. 
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Figure 15. Relationship between composition, velocity, El and 

RD%. 

 
Figure 16. Relationship between composition, velocity, El and 

porosity 

Table 5. Effects of energy density on the microhardness, porosity, 

and relative density 

 
 

4. Conclusion 

Twelve samples of Functionally graded SS316L–IN625 structures 

were successfully fabricated using laser-directed energy deposition 

under controlled compositional gradients and scanning speeds. The 

results demonstrate that the combined effects of linear energy 

density, melt-pool stability, and compositional dilution govern the 

evolution of microstructure, densification behavior, and mechanical 

response in the graded system. 

Microstructural observations revealed that increasing scan speed 

significantly increases cooling rate, leading to progressive refinement 

of the cellular–dendritic solidification structure and suppression of 

interdendritic segregation. Under these conditions, the graded region 

exhibits improved metallurgical continuity and reduced defect 

formation. Conversely, higher thermal input promotes dendrite 

coarsening, segregation of Nb- and Mo-rich constituents, and 

increased likelihood of defect accumulation. 

Quantitative porosity analysis showed that densification is strongly 

dependent on the interaction between thermal input and alloy 

composition. Among the investigated parameters, the condition 

corresponding to 600 W laser power and 30 mm s⁻¹ scan speed (El 

= 20 J mm⁻¹) produced the most stable melt-pool behavior and the 

most favorable solidification conditions. This regime yielded the 

highest relative density (99.673 %) and the lowest measured porosity 

(0.327 %), indicating improved melt wetting, efficient gas escape 

during solidification, and reduced lack-of-fusion defects. 

The compositional gradient also influenced mechanical 

performance. Increasing IN625 content enhanced hardness through 

combined solid-solution strengthening and fine precipitation of Nb- 

and Mo-rich phases, while the refined microstructure produced at 

higher scan speeds further increased resistance to localized plastic 

deformation. The highest hardness values were therefore obtained 

when the 40 wt.% SS316L–60 wt.% IN625 composition coincided 

with the lowest investigated linear energy density. 

Integrating the microstructural observations, porosity 

measurements, relative density results, and hardness data indicates 

that the 40 wt.% SS316L–60 wt.% IN625 composition processed at 

30 mm s⁻¹ provides the most balanced condition within the studied 

processing window. Under these parameters, the graded region 

exhibits uniform cellular–dendritic morphology, minimal defect 

population, stable compositional transition, and enhanced 

mechanical response. 

Overall, the study demonstrates that the performance of SS316L–

IN625 functionally graded materials fabricated by LDED is 

governed by the coupled interaction between processing parameters, 

melt-pool thermodynamics, and compositional mixing, providing 

experimentally supported insights into the process–structure–

property relationships of graded Fe–Ni alloy systems. 
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