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Abstract 

The need for functionally graded material (FGM) parts has surfaced with the development 

of material science and additive manufacturing techniques. Direct Metal Deposition (DMD) 

processes can locally deposit different metallic powders to produce FGM parts. Yet inappropriate 

mixing of materials without considering the influence of varying dilution rates and the variation 

of material properties can result in inaccurate material composition ratios when compared to the 

desired or computed compositions. Within such a context, this paper proposes a 2D simulation 

based design method for planning the process parameters in the DMD manufacturing of designed 

thin-walled parts. The proposed scheme is illustrated through two case studies, one of which is a 

part with one-dimensional varying composition and the other with two dimensional variation. 

Using the proposed method, the process parameters can be planned prior to the manufacturing 

process, and the material distribution deviation from the desired one can be reduced. 

1. Introduction

Additive manufacturing of metals is becoming of strategic importance in a variety of 

industries. Direct Metal Deposition (DMD) stands out among metal based additive manufacturing 

techniques due to its flexibility in depositing powders. Because of this, the potential of the DMD 

process greatly lies on the fabrication of heterogeneous objects.  

A heterogeneous object is non-uniform, and composed of different materials (or phases) 

with different properties. A heterogeneous object has many advantages and can realize appearance 

and/or functionality that homogeneous objects cannot achieve, such as the enhancement of the 

overall physical properties of the object, or cost and weight reduction. Based on the material 

distribution, heterogeneous objects can also be classified into two categories: HCs (Heterogeneous 

Continuous) and HDs (Heterogeneous Discrete) [1, 2]. HCs have a continuous material 

distribution function while HDs have a discrete material distribution function. The HCs are also 

named functionally graded materials (FGM). Although fabricating HCs or FGM parts is our final 

goal, when coming to the manufacturing process, discretization is a realistic and practical approach. 

The process parameters are tuned according to the design requirements in a discrete or step-by-

step manner due to the nature of the digital control of the machines. The manufacturing resolution 

depends on parameters such as the control step size, the powder size, the laser scanning speed, and 

the laser beam dimension.  

Among the currently existing metal based additive manufacturing techniques, such as 

Direct Metal Deposition (DMD), Ultrasonic Consolidation (UC), Shape Deposition 

Manufacturing (SDM), Selective Laser Melting (SLM), and Electron Beam Melting (EBM), DMD 

has the added flexibility of being able to vary the proportion of different materials spatially and 
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continuously. Most of the other processes typically can only vary materials in a layer by layer 

fashion. The DMD process can deliver powders either via powders premixing [3-8], or via powders 

in-situ mixing [9-12]. In this study, the focus is the fabrication of heterogeneous objects using the 

in-situ mixing approach. The main advantage of this approach is that the powder composition can 

be adjusted and injected on demand.  

The schematic of the DMD working space is shown in Fig. 1, where the part being 

fabricated is an FGM part. Two types of powders are injected and mixed in the melt pool induced 

by the laser beam. The final part is fabricated layer by layer, and the material composition can be 

varied per line and per point. The powder delivery system in this study consists of two symmetric 

injection nozzles. The ratio of the two powders is adjustable according to design and 

manufacturing requirements. The delay effect due to the length of the hose and/or nozzles is to be 

considered by introducing a delay. 

 

 
 

Fig. 1 Schematic of the DMD fabrication of a functionally graded part. 

 

2. Background and Research Objective 

 

In order to fully take advantage of the potential of heterogeneity in objects, the ability to 

manufacture the material distribution and shape according to a part’s design is needed. Previous 

studies have shown that DMD and similar processes (e.g. laser cladding, laser engineered net 

shaping, direct laser fabrication, etc.) have the potential for fabricating FGM parts, and some of 

the research work has been well summarized by Qi et al. [13]. Many other publications are focused 

on the characterization of the FGM parts built by the DMD process. For example, Ocylok et al. 

used tensile tests and hardness tests to study the mechanical strength of the FGM parts made of 

Marlok and Stellite 31 powders [14]. Soodi et al. investigated the tensile strength and fracture 

mechanisms of FGM parts using different metal/alloy powders, i.e. 316 SS with 420 SS, 

Colmonoy6 with 316 SS, AlBrnz with 420 SS, and 316 SS with tool steel [15]. The effects of laser 

power and powder mass flow rates of SS316L and Inconel 718 on the microstructure and physical 

properties such as hardness, wear resistance, and tensile strength of FGM were discussed by Shah 

et al. [16]. In the majority of these publications, titanium alloys, nickel alloys, and stainless steels 

are the materials mostly utilized for deposition. The published results show the improvement of 

material properties when compared to a homogeneous material.  

Ever since multi-material deposition using the LENSTM technology was raised and 

published in the late 1990s [17], the investigation and fabrication of simple FGM parts have been 

implemented in a number of papers [18-26]. However, in these papers, the deposition was uniform 

throughout each deposition of a straight line or circular line, allowing a change only at the next 

deposition, which constrains the potential of the heterogeneous manufacturing capability and its 
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flexibility. The papers also neglect the mixed/shared portion of a certain layer with its adjacent 

layers, which would cause inaccuracies, especially when the resolution and/or accuracy 

requirements for manufacturing is high. Meanwhile, to our knowledge, the investigation of 

composition change point by point has not been researched or published. Without considering the 

varying parameters during the fabrication process, e.g., varying dilution rates and substrate 

properties, the final component mixing ratio will be inaccurate. Therefore, this study aims to 

understand, model, and propose a methodology for planning the appropriate process parameters 

with respect to the desired material distribution in an FGM part. 

Theoretically, DMD has the potential to process and mix a vast majority of metals and 

alloys. Even when the laser power is not sufficiently high to fully melt one component, a discrete 

phase of that specific component can still form within the other component. In addition, more than 

two materials can be simultaneously deposited by DMD to fabricate a multi-components part 

according to a designed multi-material distribution. The above mentioned two conditions are 

beyond the scope of this work. Within this study, two typically used alloy powders (Inconel 718 

and Ti-6Al-4V) are used as two build materials to investigate the basic concepts and their 

implementation. Since a 2D model is adopted, we only consider the scope of fabricating thin-

walled heterogeneous parts. 

The organization of this paper is outlined as follows. In section 3, the design methodology 

is proposed based on process models. Then two case studies, 1D composition change and 2D 

composition change respectively, are presented in section 4 to illustrate the proposed design 

methodology. Finally, the conclusions and future work are discussed in section 5. 

 

3. Model Based Design Methodology 

 

A thin-walled part can be approximated as a 2D structure where the material distribution 

is homogeneous in the wall thickness direction. As shown in Fig.2, the wall thickness direction is 

perpendicular to the paper. Basically, the volume fraction or concentration for each component 

material throughout the part can be analytically expressed. For manufacturing and modeling 

consideration, the FGM part is discretized and represented by cell arrays, as illustrated in Fig. 2. 

The cell volume is sufficiently small compared to the part, and the material composition remains 

the same within each cell. In this premise, the process parameters only vary when the laser scans 

across cells. According to our previous work [27, 28], many process parameters can be varied in 

order to achieve specific objectives such as minimize powder waste and/or laser energy 

consumption. These parameters include the laser power and scanning speed, the powder injection 

velocity and angle, and other changeable parameters. Herein we adopt a similar idea but focus on 

how to plan the process parameters in order to fabricate a part with specific composition variation. 

Since the manufacturing stability and composition control are also critical issues in this focus, 

some process parameters need to be preset. These parameters mainly include three categories: (1) 

the uniform (across the beam) attenuated value of the laser power Patt, laser scanning speed V, and 

laser spot radius rl, since the melt pool size should be controlled; (2) the total powder volumetric 

feed rate 𝑉�̇� since the layer height should be maintained constant, the particle radius rpi and particle 

speed vpi; (3) the nozzle diameter w, and the injection angle θi (i = 1,2 for separate nozzles). Since 

varying these parameters can be computationally expensive and can even destabilize the 

fabrication process, the design variables only include the volumetric feed rates of the two powders 

𝑉𝑝𝑖
̇  and the actual laser power P. 
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The mixing of powders occurs in the melt pool, where multiple driving forces exist. The 

magnitude of the weld pool molten flow speed is analytically calculated about 0.5-1 m/s [29-31], 

and this has also been demonstrated computationally in the DMD process and the like [32-34]. 

With the high melt pool velocity, the mixing process can be seen as instant and uniform. 

 

 

 
 

Fig. 2 Schematic illustration for part discretization and the dilution effect on mixing. 

 

As shown in Fig. 2, the substrate based on which the FGM part is being fabricated is 

functionally graded. However, the substrate is typically not functionally graded but a uniform 

material, which is the focus in this study. The dashed cell under the laser indicates the melted 

region on the former layer. The shaded regions on the figure on the right (cross section) represent 

the shared portions between layers due to dilution. Every new layer starts on top of the previous 

layer, but has an overlapped region with the previous layer. The composition of a cell in the new 

layer is the resultant of the mixing of the instant powder composition and the composition of the 

cell beneath it. The dilution rate D is defined as the ratio of the cross-sectional area of the melted 

substrate to the total cross-sectional area of the melted substrate and the deposited layer. When 

determining the composition of the actual fabricated part, the effect of dilution should be 

considered as well as the instantaneous powder composition: 

 

𝐶𝑖,𝑑𝑒𝑠
1 = 𝐷𝑖

1 × 𝐶𝑖,𝑠𝑢𝑏 + (1 − 𝐷𝑖
1) × 𝐶𝑖,𝑝𝑜𝑤

1                                              (2) 

𝐶𝑖,𝑑𝑒𝑠
2 = 𝐷𝑖

2 × 𝐶𝑖,𝑑𝑒𝑠
1 + (1 − 𝐷𝑖

2) × 𝐶𝑖,𝑝𝑜𝑤
2                                              (3) 

𝐶𝑖,𝑑𝑒𝑠
𝑛 = 𝐷𝑖

𝑛 × 𝐶𝑖,𝑑𝑒𝑠
𝑛−1 + (1 − 𝐷𝑖

𝑛) × 𝐶𝑖,𝑝𝑜𝑤
𝑛                                             (4) 

 

where C is artificially defined as the concentration of a specific material; the superscripts represent 

the layer number; i is the cell number in each layer, shown in Fig. 2; the secondary subscripts 

indicate the layer number; and 𝐶𝑑𝑒𝑠 , 𝐶𝑠𝑢𝑏 , and 𝐶𝑝𝑜𝑤  represent the desired concentration, the 

substrate concentration, and the powder concentration respectively. The desired concentration is a 

function of the dilution rate, the previous layer’s concentration, and the powder concentration. 

Note that the concentration always refer to the same material specified. 

The dilution rate can be predicted using the following equation [35]. 
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𝐷 = (1 +
𝜂𝑑𝑉�̇�Δ𝐻𝑠

𝜂𝑎𝜂𝑚𝑃 − 𝜂𝑑𝑉�̇�Δ𝐻𝑝

)

−1

                                                   (5) 

 

where 𝜂𝑎, 𝜂𝑑 and 𝜂𝑚 are the efficiencies for laser absorption, powder deposition, and melting; 𝑉�̇� 

is the total powder volumetric feed rate (mm3/s); P is the laser power; and Δ𝐻𝑠 and Δ𝐻𝑝 are the 

melting enthalpies (J/mm3) of the substrate and the powder materials. The efficiency of laser 

absorption 𝜂𝑎 includes two parts: the absorptivity due to material optical property (𝜂𝑙) and the 

absorptivity due to the shadowing effect of powders (𝜂𝑛). The melting efficiency (𝜂𝑚) is defined 

as the fraction of the laser energy actually used for inducing the melt pool. The rest energy other 

than the energy used for melting is the dissipated to the unmelted region by thermal conduction. 

For a 2D case, the melting efficiency is given by [36, 37], 

 

𝜂𝑚 =
1

8𝛼

5𝑉𝑑
+ 2

                                                                     (6) 

 

where V is the laser scanning speed; d is the melt pool width; and 𝛼 is the thermal diffusivity, 

which is related to the material composition of the substrate. It can be seen from Eqs. (5) and (6) 

that the dilution rate depends on the substrate concentration, since Δ𝐻𝑠 , Δ𝐻𝑝 , and 𝛼  are all 

functions of the substrate concentration. The substrate herein is not restricted to the original 

substrate, but also can be any underlying layer on top of which the new layer is being deposited. 

In Eq. (5), the 𝜂𝑎𝑃 term is defined as the attenuated laser power 𝑃𝑎𝑡𝑡, where 𝜂𝑎 = 𝜂𝑙𝜂𝑛. 

Considering the powder shadowing effect, 𝜂𝑛 can be calculated using the Beer-Lambert Law [38-

43], so: 

 

𝑃𝑎𝑡𝑡 = 𝜂𝑙𝜂𝑛𝑃 = 𝜂𝑙𝑒−𝜀𝐶𝑝𝑜𝑤𝑧𝑃                                                            (7) 
 

where 𝐶𝑝𝑜𝑤  is the powder concentration; 𝜀 =
3(1−𝜂𝑙)

2𝑟𝑝𝜌𝑝
 is the molar absorptivity or extinction 

coefficient (m2/kg); 𝑟𝑝 and 𝜌𝑝 are the radius and density of the powder particles, and 𝜌𝑝 is also 

dependent on the powder composition. The powder concentration is a variable along the laser 

scanning direction due to the overlapping of the two powder jets. However, it can be seen from 

Fig. 3 (a) that the two shadowed areas can be equated. Flipping the lower shadowed area, the 

equated shadowing effect can be represented as Fig. 3 (b), where the laser beam passes two 

trapezoidal regions of two materials respectively. Then, assuming the attenuation is constant 

within the laser beam at a specific time, Fig. 3 (b) can also be equated to Fig. 3 (c), where the laser 

beam passes two rectangular regions of two materials respectively. We assume that the powder 

injection angle is 𝜃, the laser beam width equals to b, and neglect the powder jet divergence angle. 

Then Eq. (7) can be rewritten as: 

 

𝑃𝑎𝑡𝑡 = 𝜂𝑙𝑒𝑥𝑝 [−
3(1 − 𝜂𝑙)

2𝑟𝑝1𝜌𝑝1
∙

𝑉𝑝1
̇ 𝜌𝑝1

𝜋 (
𝑤

2
)

2

𝑣𝑝1

∙ 𝑧 −
3(1 − 𝜂𝑙)

2𝑟𝑝1𝜌𝑝2
∙

𝑉𝑝2
̇ 𝜌𝑝2

𝜋 (
𝑤

2
)

2

𝑣𝑝1

∙ 𝑧] 𝑃 

= 𝜂𝑙𝑒𝑥𝑝 {−
6(1 − 𝜂𝑙)𝑉𝑝1

̇

𝜋𝑤2𝑟𝑝1𝑣𝑝1
[

𝐿 sin 𝜑

𝑠𝑖𝑛(𝜃 + 𝜑)
+

𝑤

2 sin 𝜃
] −

6(1 − 𝜂𝑙)𝑉𝑝2
̇

𝜋𝑤2𝑟𝑝1𝑣𝑝1
[

𝐿 sin 𝜑

𝑠𝑖𝑛(𝜃 + 𝜑)
+

𝑤

2 sin 𝜃
]} 𝑃 
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= 𝜂𝑙𝑒𝑥𝑝 {−
6(1 − 𝜂𝑙)𝑉�̇�

𝜋𝑤2𝑟𝑝𝑣𝑝
[

𝐿 sin 𝜑

𝑠𝑖𝑛(𝜃 + 𝜑)
+

𝑤

2 sin 𝜃
]} 𝑃   (𝑓𝑜𝑟 𝑟𝑝1 = 𝑟𝑝2 𝑎𝑛𝑑 𝑣𝑝1 = 𝑣𝑝2)            (8) 

 

Knowing the attenuated laser power, the laser power actually needed can be calculated. 

 

 
                 (a)                                                (b)                                     (c) 

 

Fig. 3 Equating of the powder shadowing effect. 

 

The attenuated laser power (𝑃𝑎𝑡𝑡) required can be determined via FEM simulation, which 

will be discussed in the case studies. Then the actual laser power (𝑃) needed can be reversely 

solved using Eq. (8). Based on Eq. (4), the required powder concentration (𝐶𝑖,𝑝𝑜𝑤
𝑛 ) at any layer and 

any cell can also be solved. During the calculation, the material properties of the mixture are 

calculated following the mixing theory: 

 

𝑃𝑚𝑖𝑥𝑡𝑢𝑟𝑒 = (1 − 𝐶)𝑃1 + 𝐶𝑃2                                                        (9) 
 

where 𝑃𝑚𝑖𝑥𝑡𝑢𝑟𝑒 is any material property for the mixture, 𝑃1 and 𝑃2 are the material properties for 

material 1 and material 2 respectively. It is assumed in this study that the material properties are 

not variable as temperature changes. Other mixture rules could be used, our objective is to show a 

process, and let the engineers decide which is the most appropriate mixture rule depending on the 

materials they use and their own expertise. For example, the properties of the mixture can also be 

estimated by using the mass fractions of the two components: 

 

𝑃𝑚𝑖𝑥𝑡𝑢𝑟𝑒 =
𝜌1

(1 − 𝐶)𝜌1 + 𝐶𝜌2

(1 − 𝐶)𝑃1 +
𝜌2

(1 − 𝐶)𝜌1 + 𝐶𝜌2
𝐶𝑃2                     (10) 

 

The results of using different mixture rules are presented and compared in the case studies 

in Section 4. The design process that the case studies follow is illustrated in Fig. 4. The input 

variables are given by the designers and are circulated in the dashed rectangles, and the output 

variables are in the bold rectangles. Some of the input parameters have subscript i (i = 1, 2), for 

example, vpi, rpi, which represent that the specific parameter can have different values for the two 

types of powders. 
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Fig. 4 Design process flowchart. 

 

4. Case Studies 

 

4.1 Case 1: 1D FGM Part Fabrication 
 

The objective of this case study is to fabricate a thin-walled FGM part with dimension 3 

mm × 20 mm (Fig. 5 (a)). The component materials are Inconel 718 (material 1) and Ti-6Al-4V 

(material 2). The physical and thermal properties of the two materials are listed in Table 1 [44-46]. 

The concentration in this paper is always specified for the Ti-6Al-4V. The concentration 

distribution of the desired part has the following function: 

 

𝐶 =
𝑥

𝐿𝑥
                                                                        (11) 

 

Consequently, the concentration for Inconel 718 is (1 −
𝑥

𝐿𝑥
). For the 1D case, the concentration 

only varies along the x-axis. Therefore, the fabrication process is iterative, layer by layer, and the 

process parameters remain the same among layers. However, practically, the manufacturing 
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direction does not necessary have to follow the direction in Fig. 5 (a), the fabrication direction in 

Fig. 5 (b) provides a way to reduce the changing rate of powder concentration. In Fig. 5 (b), the 

powder concentration remains the same for every single layer. The tradeoff is that the number of 

layer will increase, which may affect the manufacture speed and the physical properties of the 

fabricated part. Determining which manufacturing direction to choose depends on different 

situations. In this study, we perform process parameters planning for both cases.  

 

Table 1. Physical and thermal properties of Inconel 718 and Ti-6Al-4V. 

 

 Inconel 718 Ti-6Al-4V 

Laser absorptivity, 𝜂𝑙 0.3 0.3 

Emissivity, E 0.4 0.4 

Density, ρ (kg/m3) 8190 4420 

Specific heat, cp (J/kg/K) 435 610 

Thermal conductivity, k (W/m/K) 21.3 17.5 

Thermal diffusivity, α (m2/s) 5.98×10-6 6.49×10-6 

Melting temperature, Tmelt (K) 1609 1928 

Melting enthalpy, ΔH (J/mm3) 8.19 6.63 

 

 
                      (a)                                                                    (b) 

 

Fig. 5 FGM part with 1D concentration variation. 

 

Case 1 (a): 

Before calculating the key variables (𝑉𝑝𝑖
̇  and P), some constant variables need to be preset 

as input variables to stabilize the fabrication process. As discussed above, these preset parameters 

include the attenuated laser power Patt, laser scanning speed V, laser spot radius rl, powder total 
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volumetric feed rate 𝑉�̇�, injection angle θi, nozzle diameter w, particle speed vpi, particle radius rpi, 

powder divergence angle φ, the distance between the nozzle center and the spot center L, and the 

width (wall thickness) of the thin-walled part d. According to Eq. (8), the selection of these input 

parameters can affect the value of the final laser power. The laser power decreases with the 

injection angle and the size of a particle, and increases with the nozzle diameter. However, the 

powder deposition efficiency 𝜂𝑑 ≈ 𝑏/𝑤 will decrease as the nozzle diameter increases. If different 

process parameters are applied to the two powders, the attenuation effect should be treated 

separately, as Eq. (8) shows. 

The width of the part d is set at constant 0.7 mm, the particle radius is assumed to be 

constant 10 μm. The particle speed vp, injection angle θ and the nozzle diameter w are set at 10 

m/s, 30º and 2 mm respectively. The divergence angle φ is assumed to be 5º, and L is set at 10 mm. 

The laser beam radius b is 0.6 mm. To determine the attenuated laser power needed to melt the 

substrate, the FEM simulations on COMSOL Multiphysics® are performed. Since the composition 

of the part keeps changing during the fabrication, it is difficult to determine the minimum laser 

power needed for every spot. Therefore, in order to find a minimum Patt for every spot, two extreme 

simulations are run assuming that the substrate consists of only Inconel 718 or Ti-6Al-4V 

respectively. The power should be able to at least generate a melt pool width large enough to cover 

the width of the part d. The Patt required is then the maximum Patt of the two extreme simulations. 

In the simulation, rl is fixed to 0.3 mm, and V is fixed to 20 mm/s. A continuous Gaussian beam 

moves on the symmetrical semi-domain. The energy distribution of the moving Gauss beam under 

Cartesian coordinate can be expressed as: 

 

𝑃𝑎𝑡𝑡(𝑥, 𝑦) = 𝜂𝑎𝑃
1

𝜎√2𝜋
𝑒

−
(𝑥−𝑉𝑡)2+𝑦2

2𝜎2                                                (12) 

 

where 𝜎  is the standard deviation which equals to rl/3. The governing heat equation for the 

temperature evolution of the substrate due to a moving laser heat source is: 

 

𝜌𝑐𝑝

𝜕𝑇

𝜕𝑡
+ 𝜌𝑐𝑝𝑽 ∙ ∇𝑇 = ∇ ∙ (𝑘∇𝑇)                                                 (13) 

 

where T is the substrate temperature, t is time. The convection and radiation boundary conditions 

are applied on the peripheral surfaces of the substrate, and the bottom surface is subject to thermal 

insulation. The minimum Patt required for pure Inconel 718 and Ti-6Al-4V are 130 W and 105 W  

respectively, and we choose the larger one (130 W) as Patt. 

The remaining process parameter that needs to be predetermined is the powder volumetric 

feed rate 𝑉�̇�, and it is related to the manufacturing resolution in the vertical direction, i.e., the height 

of a single layer h. According to Fig. 2 and from mass conservation, 

 

ℎ =
𝜂𝑑𝑉�̇�

𝑉𝑑
                                                                      (14) 

 

where the deposition efficiency 𝜂𝑑 is assumed to be a constant 0.3 (b/w). Suppose that a 0.3 mm 

layer height is needed to complete the fabrication in 10 loops. This requires a total volumetric 

powder feed rate of 14 mm3/s. For the horizontal direction, we require a 1 mm resolution for the 

concentration change, which means that the dimension of a cell in the x-axis is 1 mm. The x 
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position of any cell is represented by the x position of its center. Hence the desired concentrations 

for a consecutive of cells (i = 1, 2, 3, …, 20) in one layer are 𝐶𝑖,𝑑𝑒𝑠
𝑛 = 2.5%, 7.5%, 12.5%, …, 97.5%. 

 

 
 

Fig. 6 Typical simulation result (half space due to symmetry) for laser substrate heating. The 

innermost isotherm line represent the melt pool. 

 

The substrate composition is also critical to the whole process. The best condition is that 

the substrate has the same composition as the desired FGM part, then the powder concentration 

will be exactly the same as desired regardless of the dilution effect. However, in most situations 

the substrate composition is a single material which is most available. Therefore, we start from the 

substrate which is composed of a single component material only. The first layer or several layers 

may not achieve the desired concentration but eventually it will. The final part can be fabricated 

by finally removing the first several sacrificial layers. In this case, we choose Ti-6Al-4V as the 

substrate material (Ci,sub = 1, i = 1, 2, …, 20).  

Combining Eqs. (2) - (6) and (9), the locally varied dilution rate and the volumetric powder 

feed rates (𝑉�̇� × 𝐶𝑖,𝑝𝑜𝑤
𝑛  for Ti-6Al-4V and 𝑉�̇� × (1 − 𝐶𝑖,𝑝𝑜𝑤

𝑛 ) for Inconel 718) we should actually 

apply can be obtained by solving these simultaneous nonlinear equations using Matlab. The 

calculated locally variation of the two powders’ feed rates and the dilution rate for the first layer 

are shown in Fig. 7. It is understandable that the injected powder at the initial locations is composed 

of only Inconel 718, since the desired Ti-6Al-4V concentration in the part should be increased 

gradually from 0 to 1 and the substrate is made of pure Ti-6Al-4V. It can also be imagined that 

when mixed with the substrate material, several sacrificial layers are needed in order to achieve 

the desired concentration. These sacrificial layers should finally be cut off via post processing such 

as lathing or milling. Therefore, a second trial is then conducted to test the achievability of the 

desired composition. An indicator of the achievability is the maximum/minimum powder feed rate 

of Inconel 718/Ti-6Al-4V at the initial locations: only when there is no maximum/minimum 

powder feed rate can we assert that the desired composition is achieved. From Fig. 8 we can see 

that still the desired composition is not achieved, so the trail is continued. However, contradiction 

exist that the substrate is made of pure Ti-6Al-4V and that we desire a zero concentration of Ti-

6Al-4V in the leftmost location of the part. In this sense, we may assume that the desired 

composition is achieved whenever the second location does not require a maximum/minimum 

powder feed rate. Figure 9 shows the powders feed rates and dilution rates when depositing the 

third layer. We can believe that the desired composition is achieved until this layer, and this “third 
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layer” will be seen as the actual “first layer”. Then, when calculating the remaining layers, their 

previous layer’s physical properties will be calculated directly according to the desired 

composition. 

 

  
   (a)                                                                          (b) 

 

  
(c) 

 

Fig. 7 First trial: (a) the volumetric feed rate of Inconel 718, (b) the volumetric feed rate of Ti-

6Al-4V, and (c) the dilution rates at each location. 
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    (a)                                                                          (b) 

 

 
(c) 

 

Fig. 8 Second trial: (a) the volumetric feed rate of Inconel 718, (b) the volumetric feed rate of Ti-

6Al-4V, and (c) the dilution rates at each location. 

 

  
   (a)                                                                          (b) 
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(c) 

 

Fig. 9 Third trial: a) the volumetric feed rate of Inconel 718, (b) the volumetric feed rate of Ti-

6Al-4V, and (c) the dilution rates at each location. 

 

Figure 10 shows the plots for the final powders feed rates and the dilution rates at each 

discrete fabrication location. Since in this case the composition varies in 1D, once the desired 

composition is achieved and stabilized at the first and second layers, there is no need to vary the 

powders composition any more among layers. The process becomes a layer by layer iteration after 

the second layer. It can be seen that the two curves in each of the sub-figures of Fig. 10 are very 

close. This can be understood and explained by the fact that the more sacrificial layers to cut, the 

closer the two curves will be. The two curves will eventually be overlapped when the number of 

sacrificial layers are large enough. 

 

  
  (a)                                                                          (b) 
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(c) 

 

Fig. 10 Final results: (a) the volumetric feed rate of Inconel 718, (b) the volumetric feed rate of 

Ti-6Al-4V, and (c) the dilution rates at each location. 

 

An alternative mixture rule is used and the new result (Fig. 11) is compared with the current 

result (Fig. 10). The equation used for the new mixture rule is expressed in Eq. (10), which is a 

mass ratio based approach. The trends for the powders feed rates using the two mixture rules are 

similar with slight difference, while the difference of the dilution rates is apparent. It can be seen 

that the dilution rate plot for using the mass ratio based mixture rule shows an obvious curved 

trend, and this causes the differences of the powders feed rates. 

 

  
(a)                                                                          (b) 
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(c) 

 

Fig. 11 Final results using an alternative mixture rule: (a) The volumetric feed rate of Inconel 

718, (b) the volumetric feed rate of Ti-6Al-4V, and (c) the dilution rates at each location. 

 

In this case, the total laser power usage is about 25.4%, considering the powder shadowing 

effect (84.7%) and the laser absorptivity by the substrate (30%). The actual laser power used is 

calculated as 510.9 W using Eq. (8). The laser power is calculated as a constant value, since the 

laser attenuation by powder depends on the powders’ total volumetric flow rate instead of the 

concentration of any single powder. Finally, the initial two sacrificial layers (0.6 mm thickness) 

should be removed. 

 

Case 1 (b): 

The alternative building direction of the desired part is illustrated in Fig. 6 (b), where the 

composition in each layer is constant. For this approach, the concentration in each layer varies 

from 0 to 1 bottom to up. Inconel 718 is selected as the substrate material (Ci,sub = 0, i = 1, 2,…, 

10). Apparently, the building direction is not unique: a 1 to 0 manner is completely equivalent, 

only that the substrate material will be Ti-6Al-4V. Similarly, the Case 1 (a) can be also 

implemented in a right-to-left manner. 

In this case, we assume that all the preset process parameters are the same as Case 1 (a), 

except the powder volumetric flow rate 𝑉�̇�. If we still set 𝑉�̇� = 14 mm3/s, resulting in a 0.3 mm 

layer height, then it will take 66.7 deposition loops (67 layers) to complete the fabrication. In order 

to make this number an integer and reduce the total number of layers, we set 𝑉�̇� = 18.7 mm3/s to 

result in a 0.4 mm layer height. The total number of layers then becomes 50. Further reducing the 

layer number would require an even larger 𝑉�̇�. Consequently, the deposition efficiency 𝜂𝑑 would 

not simply remain the same, and the dilution rate would be too low to support deposition. 

The cell width is fixed to 0.3 mm, and each layer contains 10 cells. Therefore, a 10 × 50 

cells array is formulated. The desired concentrations for cells in different layers (n = 1, 2, 3, …, 

50) are 𝐶𝑖,𝑑𝑒𝑠
𝑛 = 1%, 3%, 5%, …, 99%. The volumetric feed rates of the two powders and the 

dilution rate for each layer are shown in Fig. 12. Comparing with Case 1 (a), the results show a 

linear trend at the beginning of deposition. This is because the concentration gradually changes 

from 0 (the substrate) to 1, and there is no need to vary the powder concentration in each layer, so 

that sacrificial layers are not needed. For each layer, the resulted powder concentration is slightly 
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higher than the desired concentration, since the layer below has a lower concentration. It can be 

seen from Fig. 12 (c) that the dilution rate is low comparing with Case 1 (a), due to the fact that 

the 𝑉�̇� is larger in this case. The design result for using the alternative mass ratio based mixture 

rule is similar as the current result (therefore not presented here). The corresponding dilution rate 

plot is shown in Fig. 12 (d), with a similar curved plot. 

Finally, the laser power needed is calculated as 540 W, which is slightly higher than Case 

1 (a). In this case, the total laser power usage is 24.1%, considering the powder shadowing effect 

(80.2%) and the laser absorptivity by the substrate (30%). The reason for the lower laser power 

usage is also due to the higher total powder volumetric flow rate that results in a stronger 

shadowing effect. 

 

  
   (a)                                                                          (b) 

 

  
    (c)                                                                          (d) 

 

Fig. 12 (a) The volumetric feed rate of Ti-6Al-4V, (b) the volumetric feed rate of Inconel 718, 

(c) the dilution rate for each layer, and (d) the dilution rate plot using an alternative mixture rule. 

 

Comparing the two fabrication approaches, the first approach varies the powder 

concentration within a layer and beyond the second layer the variation is repetitive, while the 

second approach varies the powder concentration among layers but the powder concentration 
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remains the same within a layer. The dilution rate is a variable within a layer in the former case, 

while the dilution rate is constant within a layer but varies among layers in the latter case. The 

main disadvantages of the first approach include: (1) it takes more time for altering the mixing 

ratio during the fabrication, which lowers the manufacturing precision; (2) it may need a specially 

made substrate instead of a substrate made of pure material. The main disadvantages of the second 

approach are: (1) more layers are needed due to the incapability of forming a thick layer, which 

increases the fabrication time and accumulates deviation/error; (2) the dilution rate is low, which 

may reduce the connection strength among layers. In summary, the choice of fabrication direction 

can be different according to different situations. 

 

4.2 Case 2: 2D FGM Part Fabrication 
 

In this case study, process parameters are to be planned to fabricate an FGM part with 

concentration variation in 2D. The part is of the same dimension as Case 1 (3 mm × 20 mm), and 

is composed of the same materials (Inconel 718 as material 1 and Ti-6Al-4V as material 2). In 

order to avoid the zero concentration at end points or edges and thus the appearance of sacrificial 

layers, the desired concentration is designed to be from 0.2 to 0.8, as shown in Fig. 13 (b). The 

minimum concentration (C = 0.2) is at the lower left corner, and the maximum concentration (C = 

1) is at the upper right corner. The other two corners both have concentrations of 0.5. The 

transitions among these points are all smooth linear. 

 

The concentration distribution of the desired part follows the function below: 

 

𝐶 = 0.2 + 0.3 × (
𝑥

𝐿𝑥
+

𝑦

𝐿𝑦
)                                                     (15) 

 

Consequently, the concentration for Inconel 718 is 0.8 − 0.3 × (
𝑥

𝐿𝑥
+

𝑦

𝐿𝑦
). For the 2D case, the 

concentration varies along both x-axis and y-axis, so there is no significant difference between 

adopting the two fabrication directions. However, the number of layers are fewer and thus the 

stability is higher using the horizontal fabrication direction. Therefore, horizontal fabrication is 

adopted in this study.  

Assume that the preset parameters have the same values as Case 1 (a). The Patt value is still 

130 W, and the actual laser power P can be calculated from Eq. (8). Since the bottom layer of the 

part has a relatively low concentration of Ti-6Al-4V, Inconel 718 is used as the substrate material 

in this case. 
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   (a)                                                                             (b) 

 

Fig. 13 Illustration of the desired FGM part with 2D concentration variation. 

 

Following the same calculation procedure, the volumetric flow rates of the two powders 

and the dilution rates are shown in Fig. 14. It can be seen that except for the first layer, the results 

for all the other layers are almost parallel with each other. This is understandable since the first 

layer is built on the substrate, and there is a gap between the substrate concentration and the desired 

concentration. After the second layer, since the previous layer already achieves the desired 

concentration, the powder concentration just needs to increase a certain amount to satisfy the 

gradient concentration variation. Finally, the actual laser power needed is 510.9 W, which is the 

same as Case 1 (a). In this case, using the alternative mass ratio based mixture rule, the design 

result is also similar to the current result (not presented). Although it is obvious that Fig. 14 (c) 

and (d) have detectable differences, their corresponding numbers differ by only around 2.5%. 

Therefore using the mass ratio based mixture rule generally does not significantly affect the design 

result. However, as mentioned in earlier text, the results always need to be recalculated whenever 

a new mixture rule is applied. Although there may be only slightly differences, engineers need to 

determine the most appropriate mixture rule to use in order to best fit design to applications. 

 

  
   (a)                                                                          (b) 
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(c)                                                                          (d) 

 

Fig. 14 (a) The volumetric feed rate of Ti-6Al-4V, (b) the volumetric feed rate of Inconel 718, 

(c) the dilution rates for each location, and (d) the dilution rates plot using an alternative mixture 

rule. 

 

5 Conclusions and Future Work 
 

This paper proposes a process parameters planning method for the DMD fabrication of 

FGM part process. Two case studies are presented to demonstrate the method. The varying 

material properties due to the FGM part composition are considered in the model. The effect of 

dilution rate on determining the powder concentration needed is also considered to obtain an 

accurate fabrication. Using the proposed method, the process parameters can be planned prior to 

the manufacturing process, and the deviation of the material distribution from the desired one can 

be reduced. This method can serve as an off-line planning process prior to the fabrication. The 

planned process parameters can be programmed into an executable file readable by the DMD 

equipment to drive the fabrication. 

The two case studies preset most of the parameters, i.e., the attenuated laser power Patt, 

laser scanning speed V, laser spot radius rl, powder volumetric feed rate 𝑉�̇�, injection angle θi, 

nozzle diameter w, particle speed vpi, particle radius rpi, powder divergence angle φ, the distance 

between the nozzle center and the spot center L, and the width of the thin-walled part d. These 

parameters are related with the determination of the powder concentration and the laser power, 

and they are not necessarily as what we set in this paper. For example, if setting the laser scanning 

speed to a lower value, the substrate is easier to be melted. Consequently, the dilution rate might 

end up higher, and/or the attenuated laser power might end up lower, in which case the powder 

concentration and laser power should be recalculated. Actually, these preset parameters can be 

played with and adjusted according to equipment settings and different requirements. For example, 

to increase the fabrication resolution, we may reduce the powder size and the laser beam dimension. 

For better application of the proposed method, future work may include: (1) considering 

more complicated FGM part concentration variation, including the 3D cases; (2) investigating the 

effects of the variation of different preset parameters on the final decision to help better understand 

the process; (3) taking into account the material properties variation due to the temperature change 

during fabrication; (4) involving more physical based models and/or simulations, such as the 

particle-laden turbulent feed gas flow model; and (5) manufacturing parts using DMD and 
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conducting electron microscope imaging and/or mechanical property test experiments to validate 

the results. 
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