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Abstract: A novel approach focused on continuous real-time variable composition is becoming more 

popular in additive manufacturing (AM). At present, there is a lack of knowledge on multi-material 

laser directed energy deposition (MML-DED) additive manufacturing of continuously variable 

composition. Here we show the novel approach to deposit the layer which combine titanium, nickel 

and niobium three elements with dynamic continuous variable composition. The experimental 

results reveal that the mass norm precent of titanium element gradually continuous increase along 

the laser beam traversing direction, precent of nickel element basically no change and precent of 

niobium element gradually decrease. This study will inspire the scholars and engineers seeking 

approach and understanding of how to utilize AM method to innovate the alloy design and intricate 

geometries building engaging in the additive manufacturing and relevant fields to meet future needs 

in numerous applications. 

Keywords: multi-material additive manufacturing; powder mixer; multi-powder feeding; titanium; 

nickel; niobium 

 

1. Introduction 

Multi-material additive manufacturing, process of joining multiple materials for numerous tiny 

melting pool continuously to make heterogeneous parts from 3D model data, usually layer upon 

layer, as opposed to traditional subtractive manufacturing and formative manufacturing 

methodologies. It provides significant advantages in fabricating continuously real-time variable 

composition and structural gradients for metallic materials [1–3]. Especially, directed energy 

deposition (DED) using a laser beam, where powder-feeding ratios and other parameters can be 

manipulated in real time during processing, is more suitable for fabricating the heterogeneous alloy 

[4–6]. However, the real-time variable composition deposition has a huge challenge, how to achieve 

the continuous uniformly and variably feeding multiple powders. 

In the last decade, most researchers focused on the graded metals noncontinuous variable 

metals. Hofmann et al. [7–9] provided an overview of multi-material additive manufacturing, with 

emphasis on compositionally graded metals designed with the help of phase diagrams. W. Li et al. 

[10,11] control the metallurgical quality of interfaces between dissimilar materials by DED. According 

to these results, the different critical metallurgical incompatibilities between metals have been 

identified as preventing their sound combination by additive manufacturing. To circumvent such 

incompatibilities, various studies proved the use of appropriate intermediate material layers to be an 

effective solution. For instance, Eliseeva et al. [12,13] proposed an algorithm for automatic 

optimization of the multi-metallic gradient transition between incompatible metals, based on 
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equilibrium phase calculations, and followed by manufacturing via DED. Current works [14–16] have 

presented the multi-powder mixer details and verified the mixer’s stability and uniformity utilized 

directed energy deposition. However, these studies haven’t gave a real-time variable composition 

and structural gradients for metallic materials. A dynamic composition adjusting approach is still 

urgent for multi-material directed energy deposition. 

This work presents a novel additive manufacturing approach utilized a multi-powder feeder 

with real-time continuously variable composition function, a multi-powder mixer and a multi-

powder nozzle to fabricate the Ti-Ni-Nb variable composition single-track deposited layer. This 

study also paves the way for future development of multi-material additive manufacturing. 

2. Materials and Methods 

The self-designed novel additive manufacturing powder feeding system is composed of a three-

channel powder feeder with real-time variable composition function, a three-channel powder mixer 

and a circle coaxial multi-powder nozzle. Figure 1 shows the schematic diagram of the novel real-

time continuously variable composition directed energy deposition. 

 

Figure 1. The schematic diagram of the novel real-time continuously variable composition directed energy 

deposition. 

Previous research results have proved that these mixed powders perform an excellent in-situ 

alloying characteristics among the pure titanium powder, pure nickel powder and pure niobium 

powder under the laser irradiation. Therefore, pure titanium powder, pure nickel powder and pure 

niobium powder with a particle size of titanium is 15~53 μm, nickel is 53~105 μm, and niobium is 

15~53 μm, and a purity of 99.99 wt.% are selected as raw powder materials. A pure titanium plate 

with a size of 150.0×150.0×4.0 mm as the build platform was machined in this work. The argon with 

a purity of 99.99 wt.% is used for powder feeding carried gas and preventing the melting pool from 

being oxidated. This optimal depositing process parameters with a laser power of 600 W, a laser 

scanning speed of 10 mm/s, and a laser spot diameter of about 1.0 mm with a uniform energy 

distribution. 

In Figure 2, the titanium powder feeding rate is increased linearly from 0 RPM to 3.00 RPM, the 

nickel powder feeding rate is constant as 1.50 RPM and the niobium powder feeding rate is decreased 

linearly from 3.00 RPM to 0 RPM. This means that the powder feeding mass of titanium powder is 

increased linearly from zero to a maximum value, nickel powder as a constant value and niobium 

powder is decreased linearly from a certain value to zero. In the building process, the three channel 

powder feeders are open at the same time and the duration time for mixing is all set for 10 s, 
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respectively. Thus, a length of 100 mm deposited layer in the build platform was acquired at the laser 

scanning speed of 10 mm/s. The deposited layer sample was divided into 10 units every 10.00 mm 

along the laser scanning speed direction. The energy dispersing spectrum (EDS) element analysis 

based on a 45 sampling points random strategy, and the X-ray diffraction (XRD) phase constitution 

based on a representative sampling strategy was implemented for verifying the reliability of this 

unique approach presented in this work. 

 

Figure 2. The single-track deposited layer with real-time continuously variable composition by multi-powder 

feeder. 

3. Results and Discussions 

Figure 3 presents the EDS analysis results of a single-track deposited layer under the real-time 

continuously variable powder feeding rate. From Figure 3a, the mass norm precent of titanium 

element gradually continuously increase along the scanning speed direction. In Figure 3b, the mass 

norm precent of nickel element basically doesn’t change. In Figure 3c, the mass norm precent of 

niobium element gradually continuously decrease. These results reveal that the mass norm precent 

of titanium, nickel and niobium is real-time variable along the laser scanning direction. It is 

interesting that the trends are consistent with the experimental expectation due to the three powders 

in accordance with the linear speed change trends. We can also find that the absolute value of the 

slope between the mass norm precent curve of titanium element and the mass norm precent curve of 

niobium element resulting from the loose packing density when the volume of the three elements is 

equal. The slope of mass norm precent curve of nickel element is approximate zero. These phenomena 

indicates that a real-time continuously variable composition directed energy deposition strategy is 

reliable. 
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Figure 3. The EDS results of single-track deposited layer at power. (a) The mass norm precent curve of Ti with 

sampling point. (b) The mass norm precent curve of Ni with sampling point. (c) The mass norm precent curve 

of Nb with sampling point. 

In order to further probe the phase evolution of the Ti-Ni-Nb deposited layer along the scanning 

direction with change of the three channels’ powder feeding rate, Figure 4 demonstrates the XRD 

micro-regions’ phase constitution diagram of the representative samples. From Figure 4a, the XRD 

results of the sample in the Figure 4d sampled at the laser starting scanning position, there are four 

main phases including NiTi, Ti, Ni8Nb and NiNb4. From Figure. 4b, the XRD results of the sample in 

the Figure 4e sampled in the middle of the deposited layer, there are four main phases include NiTi, 

Nb, Ti2Ni and NbNi4. From Figure 4c, the XRD results of the sample in the Figure 4f sampled at the 

laser ending scanning position, there are also four main phases including NiTi, Ni, Ti and NbTi4. 

Interestingly, these results indicates that the NiTi phase is more easily generated than any other 

phases among titanium, nickel, and niobium elements under the laser beam irradiation. The number 

of phases containing niobium element decreases with the decrease of niobium element. Moreover, 

the titanium-rich phase increase with the increase of titanium element. These results also reveal that 

the NiTi phase is easily formed no matter the content of titanium. According to these data, we can 

infer that the additive manufacturing approach named directed energy deposition with real-time 

continuously variable composition is suitable to adopt for verifying the rapid alloy design strategies. 

 

Figure 4. The XRD results of single-track deposited layer. (a), (d) The sampling point at the laser start scanning 

position of the deposited layer. (b), (e) The sampling point in the middle of the deposited layer. (c), (f) The 

sampling point at the end of the deposited layer. 

4. Conclusions 

In summary, the multi-material laser directed energy deposition of Ti-Ni-Nb alloy at a real-time 

continuously variable composition has been achieved. The mass norm precent of titanium element 

continuously increases along the laser beam traversing direction, nickel element essentially 

unchanged and niobium element continuously decrease. The different phases generate from the laser 

start scanning position to the end of the deposited layer. The NiTi phase is more easily generated 

than any other phases among titanium, nickel, and niobium elements under the laser beam 

irradiation. And the novel approach is efficient to verify the different powder alloying capacity by a 

dynamic composition, rapid selection of alloy composition designs from actual fabricating. It also 

paves the way for future development of multi-material additive manufacturing. 
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