
 
e-ISSN 2717-8811 

 JournalMM, 2025, 6(1), 274-290 

https://doi.org/10.55546/jmm.1675925  

 

*Sorumlu yazar / Corresponding author: ermurat@ksu.edu.tr 
Bu makaleye atıf yapmak için /To cite this article 

 

Ermurat, E., Ziba, S. (2025). Development of Electronically Controlled Dual-Component Continuous Powder Feeder 

to Build Functional Graded Materials with Additive Manufacturing Process. Journal of Materials and Mechatronics: 

A (JournalMM), 6(1), 274-290. 

 

Araştırma Makalesi / Research Article 

 

Development of Electronically Controlled Dual-Component Continuous Powder Feeder to 

Build Functional Graded Materials with Additive Manufacturing Process 

 

Mehmet ERMURAT1*, Serhat ZIBA2 

 

1* Kahramanmaras Sutcu Imam University, Faculty of Engineering and Architecture, Department of Mechanical Engineering, 

Kahramanmaras, Türkiye, 

ORCID ID: https://orcid.org/0000-0002-5661-2108, ermurat@ksu.edu.tr 

Lutuf Mensucat A.Ş. Kahramanmaraş, Türkiye, 

ORCID ID: https://orcid.org/0000-0002-9709-6285, serhatziba4605@hotmail.com 

 

 
Geliş/ Received: 14.04.2025;                    Revize/Revised: 05.05.2025                      Kabul / Accepted: 23.05.2025 

 

ABSTRACT: Directed Energy Deposition methods allow parts to be produced in functional grades 

with different compositions across distinct regions. For this, there is a need for a powder feeder that 

allows multiple components to be fed into the process area simultaneously and in an integrated 

manner. In this study, a dual-component powder feeder was designed and manufactured. This 

electronically controlled powder feeder can feed two different powder materials at different flow rates 

at the same time. The performance of the powder feeder was tested with Ti6Al4V (flow rates of 5, 

10, and 15 g/min), Zirconium (13, 20, and 30 g/min), and Inconel 625 (20, 50, and 75 g/min) powder 

materials. Following the calibration process, the minimum deviations were observed as 2.9% for 

Ti6Al4V at 15 g/min, 11.5% for Zirconium at 30 g/min, and 6.5% for Inconel 625 at 75 g/min. 

Conversely, the maximum deviations were recorded as 12.3% for Ti6Al4V at 10 g/min, 28.8% for 

Zirconium at 20 g/min, and 18.4% for Inconel 625 at 20 g/min. Overall, the lowest deviations 

occurred at the higher end of the examined flow rate range. 

Keywords: Dual component powder feeder design, Direct energy deposition, Functionally graded 

material 
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1. INTRODUCTION 

In additive manufacturing methods used for fabricating components from metallic materials, 

sintering or melting can be performed using laser-based or electron beam energy sources. These 

methods are applicable not only to steel but also to lightweight materials such as titanium and its 

alloys, which possess high strength, wear resistance, and fatigue life—properties that make them 

suitable for the aerospace industry. Owing to their exceptional attributes, including high specific 

strength and excellent resistance to corrosion and oxidation, titanium and its alloys are increasingly 

utilized in the aerospace, marine, chemical, and biomedical industries (Wang and Liu, 2002; Courant 

et al., 1999; Altus and Konstantino, 2001; Zhu et al., 2014; Bruni et al., 2005; Ganesh et al., 2014; 

Wang et al., 2013; Weng et al., 2014). 

Achieving the desired microstructure (e.g., grain size and morphology) and mechanical 

properties (e.g., strength, hardness, residual stress) in materials processed via additive manufacturing 

remains a significant challenge. It is well-established in the literature that complex metallurgical 

phenomena occur during the process, influenced by both material characteristics and processing 

parameters. Key factors such as powder characteristics (e.g., chemical composition, particle shape, 

particle size and distribution, flowability) and process parameters (e.g., laser type, spot size, laser 

power, scanning speed, and powder layer thickness) govern these phenomena (Gu et al., 2012; Santos 

et al., 2006). 

Directed Energy Deposition (DED)—also known as Laser Metal Deposition (LMD), Direct 

Metal Deposition, or Laser Direct Manufacturing—is an additive manufacturing technique in which 

metal parts are fabricated in three dimensions. Unlike laser sintering or melting, in DED the powder 

is not pre-deposited but is instead delivered simultaneously and coaxially with the laser beam into the 

processing zone, enabling the layer-by-layer construction of components (Figure 1) (Mahamood et 

al., 2013). The powder feeding system includes a specially designed mechanism that transfers powder 

into the gas stream via a nozzle. A high-energy laser beam, focused through a lens, is directed along 

the Z-axis to the part, which is centered within the nozzle assembly. The vertical movement of the 

lens and powder nozzle enables control over the focal height of both the laser and powder. To form 

the desired geometries at each cross-section, the workpiece is moved in the X-Y plane by a computer-

controlled system, while successive layers are deposited to create the final 3D object. Advanced DED 

systems—featuring multi-axis deposition, multiple powder feeders, and closed-loop control 

systems—facilitate the fabrication, coating, and repair of complex geometries with dimensional 

precision and reliable material integrity (Mazumder, 1995; Mazumder, 2010). 

Recent advances have increasingly focused on the production of Functionally Graded Materials 

(FGMs), which provide a compositionally graded interface rather than an abrupt material transition, 

thereby improving bonding between the coating and substrate and reducing residual stresses (Weng 

et al., 2014; Dai et al., 1997; Fu and Bathchelor, 1998; Gu et al., 2012). Some studies have explored 

laser-melted graded coatings. For instance, Pei et al. (2002) successfully fabricated SiC/Ti-6Al-4V 

FGMs using laser melt injection. Developing a straightforward approach for multilayer coating via 

laser deposition is therefore imperative. A device with multiple, independently controlled powder 

feeding channels and precise flow control could significantly advance the field of multilayer FGM 

production (Weng et al., 2014). 
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Figure 1. Directed Energy Deposition process (Mahamood RM vd. 2013) 

 

Beyond the general capabilities of additive manufacturing, the continuous and simultaneous 

delivery of powder into the processing zone via the DED method enables the creation of components 

with spatially varying compositions. 

Recent literature includes various studies on multi-material part fabrication using different 

additive manufacturing methods. Some employ powder bed fusion, while others utilize LMD 

techniques. Although many investigations focus on flat-shaped specimens, others explore the 

production of complex geometries. These studies generally adopt a layer-based approach, wherein 

material transitions occur between successive layers. They often involve the fabrication and 

characterization—such as microstructural analysis and mechanical testing—of metal-metal or metal-

ceramic composite components (Wei et al., 2018; Wei et al., 2019; Lin and Yue, 2005; Lin et al., 

2006; Li et al., 2018; Xu et al., 2015; Zhang et al., 2016; Hofmann et al., 2014). 

The ability to produce point-based FGMs is a unique capability of the DED process—one not 

achievable through other existing additive manufacturing techniques. Realizing this functionality 

requires a multi-component powder feeder capable of automatically and proportionally controlling 

the delivery of different powder materials through independently regulated channels. 

Powder control systems play a critical role in ensuring consistent and accurate delivery of 

powder materials by regulating key parameters such as powder quantity, flow rate, bulk density, and 

the ratio of mixed components. These systems are essential for maintaining process stability, material 

homogeneity, and overall product quality, particularly in precision-sensitive applications like additive 

manufacturing and pharmaceutical production. Numerous powder feeder designs exist. Screw 

feeders—featuring single or multiple screws—are among the most widely adopted, accommodating 

various powder types and sizes, and are suitable for both continuous and intermittent feeding (Engisch 

and Muzzio, 2015; Li et al., 2020; Blackshields and Crean, 2017; Janssen et al., 2022). In contrast, 

the screw-brush feeder integrates a screw for bulk transport with a rotating brush that enhances 

flowability and prevents bridging and aggregation, making it especially suitable for fine or easily 

clumping powders (Barati et al., 2015). Vibratory feeders, on the other hand, use oscillatory motion 

to transport and dose fragile, irregular, and cohesive powders (Singh and Chandravanshi, 2022; Wang 

et al., 2018). 

Pump feeders operate on a simple volumetric principle, either via a cylinder-piston system that 

controls piston speed or via a paddle wheel system that regulates rotational speed (Besenhard et al., 

2017; Mendez et al., 2012). Similarly, slide feeders are intermittent volumetric feeders that use 

gravity-assisted mechanisms with adjustable slides or gates to control flow—offering simplicity and 

reliability for handling free-flowing powders (Pohorely et al., 2004). 
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Fluidized feeders represent a class of systems that aerate the powder bed to achieve a fluid-like 

state, enhancing flowability and enabling uniform dosing. This method is particularly effective for 

ultrafine or cohesive powders that typically challenge conventional feeding mechanisms (Wen and 

Simons, 1959; Annamalai et al., 1992; Suri and Horio, 2009; Özdemir, 2009; Hou, 2024). Each type 

of feeder presents unique operational characteristics; the optimal choice depends on powder 

properties, required feed accuracy, and the specific application. 

In DED additive manufacturing and cladding applications—where continuous powder feeding 

is essential—fluidized powder feeder types offer particularly suitable solutions due to their stable 

delivery characteristics. Another approach combines vibration and carrier gas flow to regulate powder 

delivery through gravity via an orifice. A schematic representation of such a powder feeder, presented 

in earlier work, is shown in Figure 2 (Ermurat, 2009), where a similar design was employed. The 

powder flow rate is regulated by adjusting the opening of a valve at the feeder outlet. 

 

 
Figure 2. Schematic of Dual Component Powder Feeder (Ermurat M, 2009) 

 

The powder feeder developed for laser metal deposition applications is capable of delivering 

both metallic and ceramic powders. In applications involving ceramic coatings on steel substrates, 

the ratio of ceramic to metallic powders varies across layers. As the deposition progresses, the ceramic 

content increases, culminating in a final layer composed entirely of ceramic material. This 

compositional gradient ensures stronger and more homogeneous bonding between the coating and 

substrate. Accordingly, a dual-component powder feeder is essential to achieve such gradation. 

As a critical component of laser metal deposition systems, the powder feeder must fulfill 

specific functional requirements. The system offers an adjustable powder flow rate, a controllable 

carrier gas flow rate, and the ability to deliver two distinct powder types at specified ratios—with all 

adjustments performed manually. 

In addition to its dual-component design, the powder feeder must incorporate automated control 

to enable efficient FGM fabrication. Although mechanical adjustment of powder flow is possible, it 

poses challenges in terms of precision and responsiveness. In contrast, computer-controlled systems 

allow more accurate and rapid regulation. 

Despite the growing number of studies on multi-material additive manufacturing and 

functionally graded components, there remains a significant gap in the development of compact, low-

cost, and semi-automated dual-component powder feeding systems specifically tailored for DED 

applications. Existing feeders are often either overly sophisticated and cost-prohibitive or lack the 
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precision and flexibility needed for real-time compositional gradation. Furthermore, most systems 

rely on manual adjustment mechanisms, which compromise repeatability and limit point-wise 

material gradient control. Therefore, a versatile and accessible powder feeding system capable of 

accurate, simultaneous regulation of multiple powder streams is urgently needed to support the 

fabrication of complex FGM structures. 

In response to this gap, the present study developed and implemented a dual-component, semi-

automated powder feeder using the Arduino programming platform. 

 

2. MATERIALS AND METHODS 

The operating principle of the dual-component powder feeder is based on the opening of valves 

located beneath the powder hoppers, allowing powders to flow—assisted by vibration—into a powder 

transport channel. Within this channel, the powder is accelerated by a carrier gas and expelled through 

distribution channels at the bottom of the feeder. The valve shaft is cylindrically shaped and operates 

via a rotational motion driven by a stepper motor, which adjusts the opening by aligning a slit on the 

adjustment shaft. 

The valve mechanism designed in this study adjusts the powder flow by altering the cross-

sectional area of the opening as the adjustment shaft rotates. The valve shaft with some dimensions 

and attached O-rings is depicted in Figure 3. 

 

 
Figure 3. Valve Shaft a) front view with some dimensions b) perspective of 3D model 

 

In Figure 4, the valve shaft is shown connected to the stepper motor via a coupling, allowing 

rotation. Figure 4 also presents a cross-sectional view of how the shaft is mounted on the feeder body, 

which is a revised version of the previous design (Figure 2), now equipped with a stepper motor to 

control powder flow. 

When the valve adjustment shaft is aligned parallel to the feeder body channel, the valve is 

considered fully open, as depicted in the figure. Rotation of the adjustment shaft regulates the amount 

of powder being dispensed. A completely closed position corresponds to a 0% valve opening. 

The vibration motor, carrier gas inlet, and valve adjustment motor are mounted on the aluminum 

body of the powder feeder. The internal powder flow channel follows the direction of gravity, and 

the mass flow rate is regulated via the valve. 

Vibration is a crucial parameter in powder flow, as it reduces inter-particle friction and 

facilitates smoother movement. The vibration motor, mounted horizontally, employs an eccentric 
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mass that shifts its center of gravity during rotation, thereby producing vibrational motion. The 

horizontal alignment of the motor enhances vertical particle movement, promoting better flowability. 

The opening and closing of the stepper motors that drive the valve shaft, carrier gas, and 

vibration motor are all controlled automatically using the Arduino programming platform. 

Due to the typically low quantities of powder fed into these systems, maintaining precise control 

over the feed rate is imperative for achieving reliable material deposition and process stability. 

Therefore, the control system must be capable of performing calculations based on user-input mass 

flow rates. The stepper motor is controlled via the Arduino platform. 

 

 

1. Valve shaft 

2. Coupling 

3. Stepper motor shaft 

4. O-ring 

5. Powder hopper 

6. Shaft opening channel 

7. Carrier gas channel 

8. Powder feeding channel 

 

Figure 4. Valve adjusting shaft assembly 

 

A photograph of the fully assembled powder feeder is shown in Figure 5. 

 

 
Figure 5. Dual Component Powder Feeder 

 

To ensure rapid and accurate adjustment of powder mass flow rates, manual measurements are 

incorporated into an automated control system. The Arduino platform is used to perform the necessary 

calculations and adjustments. The control schematic of the designed powder feeder is illustrated in 

Figure 6, and the corresponding algorithm is provided in Figure 7. 

As indicated in the flowchart of Figure 7, calibration must first be performed to determine the 

flow rate corresponding to specific valve shaft angles. Measurements are required at 25%, 50%, 75%, 
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and 100% valve openings. A function must then be established to relate the valve opening to the flow 

rate, allowing for intermediate values to be interpolated and matched with appropriate stepper motor 

angles. Since the powder feeding channel is a cylindrical hole, each valve opening corresponds to a 

variable circular cross-sectional area. Therefore, a third-degree polynomial function has been 

employed to accurately model the relationship. Given the availability of four data points, this function 

provides a suitable fit for precise calibration, yielding a coefficient of determination of one, which 

denotes a perfect fit to the data and ensures an accurate representation of the relationship between 

flow rate and valve opening. 

 

 
Figure 6. The powder feeder control schematic 

 

Interpolation refers to the mathematical process of estimating unknown intermediate values of 

a continuous function based on a finite set of known data points. The objective is to construct a 

function f(x) that passes through these known points and can reliably predict values at locations where 

data is not explicitly available. This process is critical in numerical analysis and engineering 

applications, particularly when experimental or computational constraints prevent the acquisition of 

continuous data. 

Various interpolation techniques are employed depending on the nature and distribution of the 

data points. When the known data points are not equally spaced, methods such as Lagrange 

interpolation or Newton’s divided difference are commonly used (Burden and Faires, 2011). For 

equally spaced data, finite difference methods such as Newton-Gregory forward or backward 

interpolation are more efficient. The chosen interpolation model—whether polynomial, spline-based, 

or piecewise—directly affects the accuracy and smoothness of the estimated function. 

In the context of additive manufacturing or mechatronic systems, interpolation functions are 

often utilized to calibrate or model relationships between system inputs (e.g., valve opening angles) 

and outputs (e.g., powder flow rates), especially when real-time sensor measurements are not feasible. 

Due to the potential variation in initial valve opening positions with each run and the cylindrical 

cross-sectional area of the powder feeding channel, the resulting calibration data points are not 

uniformly spaced. 

Consequently, Lagrange interpolation is employed in this study to construct a fitting polynomial 

that accurately represents the nonlinear relationship between the valve opening and the powder flow 
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rate. By using a Lagrange interpolation polynomial, the model does not require equally spaced data 

points, thereby accommodating the inherent variability in the valve's initial positioning and ensuring 

reliable performance of the control algorithm. 

If a parabolic interpolation in the form of f ( x ) = a + a x + a x2  is to be performed using 

Lagrange polynomials based on data points such as (x0,f0), (x1,f1) and (x2,f2), the coordinates of 

these points are substituted into Equation 1 to construct a system of equations. 

 

𝑓0 = 𝑎0 + 𝑎1𝑥0 + 𝑎2𝑥0
2 

(1) 𝑓1 = 𝑎0 + 𝑎1𝑥1 + 𝑎2𝑥1
2 

𝑓2 = 𝑎0 + 𝑎1𝑥2 + 𝑎2𝑥2
2 

 

The coefficients of the resulting polynomial f(x) are then obtained by solving this system and 

are presented in Equation 2. 

 

𝑎0 =
𝑓0(𝑥1𝑥2

2 − 𝑥2𝑥1
2) + 𝑓1(𝑥2𝑥0

2 − 𝑥0𝑥2
2) + 𝑓2(𝑥0𝑥1

2 − 𝑥1𝑥0
2)

(𝑥0 − 𝑥1)(𝑥0 − 𝑥2)(𝑥2 − 𝑥1)
  

(2) 𝑎1 =
𝑓0(𝑥1

2 − 𝑥2
2) + 𝑓1(𝑥2

2 − 𝑥0
2) + 𝑓2(𝑥0

2 − 𝑥1
2)

(𝑥0 − 𝑥1)(𝑥0 − 𝑥2)(𝑥2 − 𝑥1)
 

𝑎2 =
𝑓0(𝑥2 − 𝑥0) + 𝑓1(𝑥0 − 𝑥2) + 𝑓2(𝑥1 − 𝑥0)

(𝑥0 − 𝑥1)(𝑥0 − 𝑥2)(𝑥2 − 𝑥1)
 

 

In this case, the parabolic equation is rearranged for f0, f1, and f2, as shown in Equation 3. 

 

𝑓(𝑥) = 𝐿0𝑓0 + 𝐿1𝑓1 + 𝐿2𝑓2 (3) 

 

The magnitudes of Li here are given by Equation 4, and these magnitudes are referred to as 

Lagrange polynomials (Yükselen, 2008). 

 

𝐿𝑘 =
(𝑥 − 𝑥0)(𝑥 − 𝑥1) … (𝑥 − 𝑥𝑘−1)(𝑥 − 𝑥𝑘+1) … (𝑥 − 𝑥𝑛)

(𝑥𝑘 − 𝑥0)(𝑥𝑘 − 𝑥1) … (𝑥𝑘 − 𝑥𝑘−1)(𝑥𝑘 − 𝑥𝑘+1) … (𝑥𝑘 − 𝑥𝑛)
= ∏

𝑥 − 𝑥𝑗

𝑥𝑘 − 𝑥𝑗

𝑛

𝑗=0
𝑗≠𝑘

 
(4) 

 

Consequently, curve fitting was performed using a third-degree polynomial function, 

f(x)=a+ax+ax2+ax3, which offers greater accuracy than lower-degree polynomials. 
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Figure 7. Algorithm of the powder feeder working 

 

An Arduino code was developed in accordance with the algorithm illustrated in Figure 7. This 

implementation utilizes user-defined flow rate values corresponding to known valve opening ratios 

to perform polynomial regression, thereby generating a mathematical function. The resulting function 

enables precise calculation of the required valve opening to achieve any desired flow rate, and based 
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on this calculation, the stepper motors are adjusted to the appropriate position, rotating the valve shaft 

accordingly. 

All experiments conducted during both the calibration and feeding stages were repeated three 

times, and the average values were used for all calculations. In both stages, the valve shaft was kept 

open for a predetermined time interval, during which the discharged powder was collected in a clean 

container and weighed using a precision balance. The corresponding mass flow rates were then 

calculated using the standard mass flow rate equation. 

Following the completion of the calibration process, three target mass flow rates were defined 

for each material. Based on the calibration data, the powder feeder was adjusted to determine the 

appropriate valve opening corresponding to each target. During each feeding test, the powder 

delivered over the set time interval was collected and measured, and the resulting flow rates were 

calculated accordingly. 

 

3. RESULTS AND DISCUSSION 

In DED processes, the precise and continuous delivery of multiple powder materials is essential 

for the successful fabrication of FGMs. Since metallic and ceramic powders often differ significantly 

in terms of density, particle morphology, and flow behavior, a conventional single-channel feeding 

system is usually insufficient to ensure accurate dosing and homogeneous mixing during deposition. 

Therefore, a dual-component powder feeding system was developed in this study to enable the 

simultaneous and adjustable delivery of two distinct powders. This system was designed to support 

the controlled production of gradient structures by providing independent flow regulation for each 

powder stream. In addition, the integration of a predictive control model allowed the system to 

calculate appropriate valve positions based on target flow rates and material-specific characteristics. 

The following section evaluates the calibration procedure and feeding accuracy of this system under 

various operating conditions. 

The calibration process was conducted using different powder materials, followed by 

assessments of whether the actual feeding rates matched the predicted values generated by the 

developed model. The results obtained from these evaluations are discussed in detail. 

The powder materials used and their key properties are summarized in Table 1. 

 

Table 1. Powder materials and their some properties 

Powder Material Particle size (µm) Particle shape 

Ti6Al4V +109 -154 Spherical 

Zirkonyum +75 -154 Irregular 

Inconel 625 +90 -154 Spherical 

 

The microscope images of the powder materials, with their sizes and shapes specified in Table 

1, are presented in Figure 8. 
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Ti6Al4V (+109-154µm) Zirconium (+75-154µm) Inconel 625 (+90-154µm) 

Figure 8. Microscope images of the powder materials 

 

Initially, calibration experiments were carried out for each powder type. Subsequently, three 

intermediate feed rate values were selected, and the powder feeder was commanded to calculate and 

adjust the valve opening angle accordingly. The amount of powder dispensed over a fixed time 

interval was measured, and the resulting mass flow rates were calculated. All measurements during 

both the calibration and the feeding phases were repeated three times for each setting, and the average 

values were used for analysis. In both cases, the valve was kept open for a predefined duration, during 

which the dispensed powder was collected in a container and weighed using a precision balance. The 

mass flow rate was then calculated using the standard mass flow formula. These calculations were 

automated via the Arduino-based control system. 

Table 2 presents the average mass values obtained during calibration corresponding to valve 

openings of 25%, 50%, 75%, and 100% of the full opening for three powder materials. 

 

Table 2. The average of the measurement results obtained during the calibration of the powder materials 

Valve Opening 

(%) 

Powder flow rate (g/m) 

Ti6Al4V Zirconium Inconel 625 

25 1,68 9,06 6,18 

50 8,46 17,61 54,06 

75 13,56 26,55 68,28 

100 19,74 36,69 91,44 

 

Following this, feeding was conducted at various intermediate target values, and the 

corresponding measurements were recorded. Table 3 presents the target values, the mean of three 

measurements for each case, and the relative errors for each powder material. 

 

Table 3. Feeding results of the powder materials at the target and measured values and the resulting relative error rates 

Ti6Al4V Zirconium Inconel 625 

Target 

Flowrate 

(g/min) 

Measured 

Flowrate 

(g/min) 

Rel. 

Error 

(%) 

Target 

Flowrate 

(g/min) 

Measured 

Flowrate 

(g/min) 

Rel. 

Error 

(%) 

Target 

Flowrate 

(g/min) 

Measured 

Flowrate 

(g/min) 

Rel. 

Error 

(%) 

5 4.51 -9.8 13 11.22 -13.7 20 23.68 18.4 

10 11.23 12.3 20 25.76 28.8 50 54.06 8.1 

15 14.56 -2.9 30 26.55 -11.5 75 70.13 -6.5 
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Although the regression model demonstrates a perfect fit with the calibration dataset (R² = 1), 

noticeable discrepancies were observed between the predicted and actual powder feed rates during 

operation.  

These results collectively highlight the influence of particle size, shape, and target flow rates 

on the precision of the feeding system, underscoring the need for material-specific calibration 

strategies in powder-based manufacturing processes. These deviations are primarily attributed to the 

inherent complexity and dynamic behavior of powder flow systems, rather than deficiencies in the 

mathematical model itself. 

Among the tested powders, Ti6Al4V powder exhibited the lowest relative error across all target 

flow rates, followed by Inconel 625 powder, while Zirconium showed the highest deviations. As 

summarized in Table 1, Ti6Al4V and Inconel 625 exhibit spherical morphology, which is known to 

promote stable and predictable flow. Furthermore, Ti6Al4V powder possesses the narrowest size 

distribution among them. In contrast, Zirconium has angular, irregularly shaped particles with a 

somewhat broader size distribution, likely contributing to increased flow variability and feeding 

errors. 

These results support the widely acknowledged view that particle shape and size distribution 

significantly influence flow behavior in powder feeders. Spherical particles, due to their reduced 

interlocking and lower surface area-to-volume ratio, generally experience less resistance during flow 

and are less susceptible to arching and bridging phenomena. This characteristic facilitates smoother 

transport through constricted geometries such as valves and funnels, leading to more consistent 

delivery rates—an observation consistent with the superior performance of Ti6Al4V. 

On the other hand, irregular particles, like those of Zirconium, tend to interlock and form 

unstable flow patterns, particularly at lower feed rates. Irregular particles not only cause interlocking 

among themselves, but also induce flow disturbances due to the interaction between the particle and 

the flow path, especially around sharp features such as the valve shaft. This behavior aligns with the 

findings of Barati et al. (2015), where significant fluctuations in mass flow rate were observed due to 

powder cohesion and particle-wall interactions. 

Wang et al. (2018) and Besenhard et al. (2017) also have shown that fine and cohesive powders 

are particularly prone to erratic flow due to agglomeration, inter-particle adhesion, and arching 

effects, which reduce flow reproducibility even under seemingly controlled conditions. Besenhard et 

al. (2017) also concluded that flow fluctuations are more likely at low feed rates due to the high 

surface-to-volume ratio. Similar to these findings, lower flow fluctuations were observed at higher 

target flow rates for each powder in this study, as presented in Table 3. 

Studies by Pohorely et al. (2004) and Annamalai et al. (1992) underscore that low-rate feeding 

systems are particularly sensitive to small disturbances in powder behavior, especially under micro-

feeding regimes. These physical phenomena introduce nonlinearities and disturbances that are not 

captured by regression models trained on static datasets. 

These insights underscore the importance of integrating material-specific considerations into 

the design and calibration of powder feeding systems. For instance, in applications involving powders 

with poor flowability—like Zirconium—strategies such as vibrational agitation, assisted gas flow, 

and optimized flow channel geometry should be precisely tuned to stabilize the feed. This is supported 

by Mendez et al. (2012), who showed that feed frame geometry and dynamic interactions between 

powder and wall surfaces can drastically affect feed uniformity. 

Therefore, while the regression model provides an idealized estimation of the valve position 

required to achieve a target flow rate, real-time deviations stem predominantly from transient flow 
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instabilities, batch-to-batch material variability, and mechanical limitations of the feeder hardware—

all of which are well-documented challenges in the field of powder technology (Blackshields and 

Crean, 2017; Engisch and Muzzio, 2015; Janssen et al., 2022). 

In summary, the deviations observed in Table 3 are not merely the result of mechanical 

limitations but reflect the complex interplay between powder shape, size, cohesion, and the chosen 

feeding method. These findings highlight the need for adaptive and material-aware control strategies 

in dual-channel powder feeders, particularly when dealing with non-spherical or fine-grained 

powders. 

The dual-channel powder feeder developed in this study provides a robust and adaptable 

foundation for the implementation of FGM strategies via DED, particularly in high-performance 

components such as compressor disks and turbine blades. These components must withstand extreme 

thermal loads, high rotational speeds, and severe wear conditions—especially in the case of 

compressor disks, where both fatigue and surface degradation due to abrasion pose significant 

operational risks (Aschenbruck J et al.,2014). The ability to precisely regulate and independently 

deliver different powder materials enables tailored material gradients, which significantly enhance 

resistance to mechanical and thermal stresses. This flexibility, combined with the automatic control 

of variable feed rates for dual powder materials, makes such a powder feeder particularly valuable 

for the production of performance-critical components—especially in defense, aerospace, and energy 

sectors—through FGM strategies implemented via DED additive manufacturing (Nazir A et al., 

2023). 

 

4. CONCLUSION 

This study introduced a novel dual-component powder feeding system designed to enable 

independent flow control for each powder line in DED applications. The system integrates a 

calibration-based predictive model that determines the appropriate valve position for a target flow 

rate based on the feeding characteristics of each powder type. The proposed method was validated 

through a series of calibration and controlled feeding experiments using Ti6Al4V, Inconel 625, and 

Zirconium materials. Based on the results obtained, the following conclusions can be drawn: 

 Each material was fed at selected target flow rates, and the achieved values were compared 

against predicted outputs to evaluate the system’s accuracy. 

 The minimum relative deviations were observed as 2.9% for Ti6Al4V at a flow rate of 15 

g/min, 11.5% for Zirconium at 30 g/min, and 6.5% for Inconel 625 at 75 g/min. Conversely, 

the maximum deviations were recorded as 12.3% for Ti6Al4V at 10 g/min, 28.8% for 

Zirconium at 20 g/min, and 18.4% for Inconel 625 at 20 g/min. In general, lower deviations 

were observed at higher flow rates. 

 Ti6Al4V powder exhibited the lowest relative error across all target flow rates due to its 

spherical morphology and narrow size distribution. Conversely, Zirconium powder exhibited 

the highest relative error, primarily due to its irregular morphology and broader particle size 

distribution. 

 The mass flow behavior of powders was fundamentally governed by material-specific 

physical properties, especially density and particle morphology, under gravity-driven feeding 

conditions. For instance, Inconel 625, with its substantially higher density, exhibited the 

highest mass flow rate among all tested powders. This aligns with the literature emphasizing 
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the dominant influence of gravitational forces in free-flow feeding systems (Engisch and 

Muzzio, 2015; Annamalai et al., 1992). 

 Despite the irregular morphology of Zirconium powder—which is commonly associated with 

poor flowability—the presence of finer particles in its distribution appeared to enhance its 

flow behavior. As a result, Zirconium outperformed Ti6Al4V in terms of mass flow rate under 

comparable conditions, underscoring the compensatory role of particle size over shape (Barati 

Dalenjan et al., 2015; Janssen et al., 2022). 

 The favorable flow performance of Inconel 625 was further enhanced by its spherical particle 

shape, which minimized inter-particle friction and supported a more streamlined flow through 

the valve opening. Additionally, its relatively narrow particle size distribution enabled higher 

volumetric fill and more uniform movement through the feeder system, consistent with 

findings in Besenhard et al. (2017) and Wang et al. (2018). 

 Polynomial regression modeling enabled precise calibration of the relationship between valve 

opening and powder mass flow rate. The calibration curve, established via third-order 

polynomial interpolation based on four data points, exhibited a perfect fit (R² = 1.000). 

However, deviations observed in actual feed performance, particularly at lower valve 

openings, indicate that such models alone may not capture all dynamic effects present in real-

time operations—especially in the presence of complex powder behaviors. This aligns with 

prior studies emphasizing that while modeling provides a foundational understanding, 

physical phenomena such as particle bridging, vibration-induced segregation, or refill-

induced disturbances can significantly affect feeding stability (Li et al., 2020; Blackshields 

and Crean, 2017). 

 The most pronounced deviation from predicted feed rates was observed with Zirconium, 

which also exhibited the largest variation across repeated measurements. This instability is 

attributable to its irregular particle shape and broader size distribution, which likely caused 

erratic flow, frequent clogging, and intermittent surges. Such behaviors are consistent with 

the challenges of feeding cohesive or irregularly shaped powders highlighted in Wang et al. 

(2018) and Pohorely et al. (2004). 

 A general trend of reduced error and improved consistency was observed at higher valve 

openings for all powder types. This observation suggests that increased aperture reduces the 

relative influence of particle morphology and enhances bulk flow stability—findings that are 

in agreement with the work of Singh and Chandravanshi (2022), who demonstrated the 

positive correlation between opening size and feed uniformity in vibratory feeder systems. 

In conclusion, this study confirms that the dual-channel powder feeder system is capable of 

delivering accurate and consistent powder flow for a variety of materials. Nevertheless, for powders 

with challenging flow characteristics—such as Zirconium—enhanced control strategies, including 

real-time feedback or active vibration mechanisms, may be necessary to mitigate fluctuations. These 

findings highlight the critical interplay between powder physical characteristics and mechanical 

feeding design, reinforcing the need for integrated approaches that combine predictive modeling with 

process-aware engineering solutions in future developments. 
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