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Abstract 

Bimetallic systems are widely used in applications requiring combination of different material properties, such as in the 
aerospace industry, nuclear industry. Especially in rocket propulsions, Copper-Inconel alloys provide significant advantages 
due to the excellent heat conduction and wear resistance of Copper alloy and corrosion and oxidation resistance of the Inconel 
alloy. However, bimetallic systems produced by traditional methods could fail because of different material behavior under 
extreme conditions. Recently, additive manufacturing (AM) is considered as a promising technique to produce functionally 
graded materials (FGM) for large and complex parts with a short lead-time. In this paper, we aim to develop a CuSn10-Inconel 
718 functionally gradient material using directed energy deposition (DED) AM process to elucidate the relation between 
process parameters and the microstructure. The DED process parameters have been optimized to produce desired FGM 
structure, and thermodynamic calculations have been conducted to investigate undesired phases within the gradient structure. 
Microstructure and the elemental composition of the gradient material have been investigated using scanning electron 
microscopy (SEM) and energy dispersive spectroscopy (EDS). The study aims to combine the experimental and thermodynamic 
computational modeling, to demonstrate the viability of assessment through computational work for a gradient material 
additively manufactured by DED processes.  
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1. Introduction 
Metal alloys or composite materials have improved the 
properties of constituent materials, their properties are 
mostly homogenous throughout the structures. 
However, in certain critical applications, different 
functionalities and material properties are needed at 
different locations of the part [1]. Metal-Ceramic 
composites for thermal barrier structures, heat 
protection sheets, low temperature resistant nickel-
titanium thermal barriers are some examples of multi 
material structures used in aerospace, jet engine 
control systems and space shuttle projects [2]. Usually, 
parts possessing long thermal fatigue and resistant to 
thermal cracks and erosion are needed for nuclear 
applications. To overcome these challenging 
requirements, multi material structures could be used. 
In general, the parts utilized in aerospace and nuclear 
industries experiences severe thermal gradients, and 
such phenomena demands different structural behavior 
in different locations of the structure. For a single part, 
a simultaneous demand for oxidation, corrosion, and 
wear resistances, and high thermal conductivity shall 
sometimes be needed in different regions of the 
structure [3-6] and thus bringing the need of combining 

different materials in a single structure [3-7]. 

To combine different materials, traditional fusion 
welding methods are still of use. This process needs a 
transaction layer between two different materials to 
avoid the occurrence of cracking [8]. Friction stir 
welding (FSW) is a fusion welding method, and is used 
to manufacture multi material structures. Nonetheless, 
using FSW and traditional fusion welding processes, the 
formation of the cracks, large heat affected zone and 
other microstructural defects are inherently triggered 
due to massive heat input. FSW process also leads into 
thermal residual stresses in the final structure due to 
local small transition zone between two unsimilar 
materials, but, one can overcome this problem by 
introducing a larger gradient zone between two 
materials [9-15]. Since the directly bonded multi 
material structures suffers from cracking and 
delamination issues originated from dissimilar material 
properties of the combining metals, functionally graded 
materials (FGM) were proposed. By using such 
materials, creating gradual changes in material 
properties is realized, and above stated problems be 
eliminated [16], though, research on the FGM method is 
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still ongoing. 

The need of advanced structures for the gas turbine 
engine and rocket engine parts is steadily becoming 
worldwide as mission profiles for such technologies 
gets harder. To this end, high thermal conductivity for 
faster cooling, wear and corrosion resistance, high yield 
strength properties are needs to be merged in a single 
structure. Nickel based alloys, especially Inconel 718, 
holds excellent mechanical properties such as high 
tensile, creep, fatigue and rupture strength on high 
temperatures and are widely used in aerospace 
industry [17].  Recently, the copper alloys have been 
started to be used in rocket propulsion to increase 
material efficiency with their excellent thermal 
conductivity. In regeneratively cooled rocket engines, 
GRCop-84 is utilized as the nozzle liner material 
[18,19]. Similarly, CuSn10 also stands for being a 
promising material in applications of cooling channels, 
fusion reactors, aviation industries due to its high heat 
conduction feature and wear resistance [20]. 

Additive manufacturing (AM) enables to manufacturing 
of multi-material structures in a post processing free 
state [21-23]. Especially, one of the additive 
manufacturing methods, directed energy deposition 
(DED) not only can fuse two different metals but also 
can produce functionally graded materials. In DED, the 
metal powder and laser are simultaneously released 
out of the same nozzle, thus, powder is being fed 
continuously along the melt pool [24]. This method is 
easily adapted to manufacture FGM, since two or more 
powder hoppers are already present in DED. By doing 
so, compositional graded structure manufacturing 
becomes available since one can change the powder 
composition between layers [25,26]. Another 
advantage of the DED, the process provides a unique 
heterogeneous structure where the mechanical and 
thermal properties of the part vary throughout the 
structure itself to withstand severe environmental 
conditions in multiple directions [27]. However, 
undesired intermetallic phases in the microstructure 
still are a side product of the DED process since it is 
essentially a fusion process. This issue is widely 
witnessed phenomenon in different metal combining 
processes and attempted to be addressed by several 
scholars [28-31]. Main focus for these studies has been 
the process optimization to increase mechanical and 
microstructural properties of the bimetallic structures. 
In the literature, there haven’t been any studies 
investigated the relation between thermodynamic 
modeling of the structure and data gathered from 
experimental work, to examine if it is possible to 
determine process parameters. Also by using DED 
method, one can achieve different mechanical 
properties along the structure according to the building 
direction and manufacturing larger parts is possible 
with DED. Thus DED process is used for creating FGM  
CuSn10-IN718 for this study. 

For FGM structures, understanding the relation 
between the process parameters and the 

microstructural behavior in the transition areas hold a 
great deal of importance. For the transition areas 
between two materials, the most problematic 
defections happens in fully mixed region. That’s why in 
this study, 50%-50% CuSn10-Inconel718 composite is 
produced by using DED method. Process parameters for 
FGM structure is developed whereas the 
microstructure, phase composition, elemental 
composition have been investigated using scanning 
electron microscopy (SEM) and energy dispersive 
spectroscopy (EDS). There has already been some 
literature on the trial and error on process parameters. 
However, to the best of our knowledge, there is a 
shortage of the study in the literature combining both 
experimental and modeling work. In this study, an 
innovative approach has been used where the 
confirmation of thermodynamic calculations, 
CALculation of PHAse Diagrams (CALPHAD) modeling 
has been done via experimental work. Phases in the 
gradient zone, has been compared with the data 
gathered from the CALPHAD to show the eligibility of 
predicting the data that obtained from the 
experimentally investigated structures with 
thermodynamic calculations. 

2. Material and methods 
By combining low-cost high thermal conductivity 
copper alloy with high strength corrosion resistant 
nickel alloy, the desired thermomechanical properties 
can be achieved. This motived us to use two aerospace 
materials Inconel 718 and CuSn10 for this study.  

The gradient material is fabricated via DED processing 
with double hoppers (DMG Mori Seiki LASERTEC 65 
DED Hybrid) and using In 718 powder (Oerlikon, 
Freienbach, Switzerland) with a particle size ranging 
between 106 - 45 µm and CuSn10 powder (Schlenk, 
Roth, Germany) with a mesh size of 63 - 160 µm on  C45 
type Carbon steel substrate. The chemical compositions 
of the metal powders are given in Table 1.  

Table 1. Metal powder chemical compositions in weight 
percent. 

 Inconel 718 CuSn10 

Ni 53.9 - 

Cr 18 - 

Fe 18 - 

Nb 5 - 

Mo 3 - 

Al 0.6 - 

Ti 1 - 

Cu - 90 

Sn  10 

P  0.07 
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A high-powered fiber-coupled diode laser creates a 
melt pool on which metal powder is deposited directly 
into. Whole manufacturing process was executed under 
argon shielding and carrier gas. The two different 
hoppers simultaneously deliver the multiple metal 
powders, and thereby enable the fabrication of multi-
material structure.  

2.1. Process parameters development 

To produce high quality structures, optimizing the main 
process parameters such as laser power, scan speed, 
hatch distance, powder flow rate and layer thickness is 
required. Moreover, the dissimilarity between the 
thermal properties of multi-material structures is an 
aspect that needs to be taken into account. These 
intrinsic properties are the heat capacity, melting point, 
and coefficient of linear thermal expansion in different 
materials. The material process parameters 
development is started by 50%-50% Inconel 718-
CuSn10 single track trials. To determine the starting 
parameters set, a variant of the total energy input per 
volume (E) equation is used. Total energy input 
equation (1) contains the laser power (P), scan speed 
(v), layer thickness (h) and hatch distance (t), since 
these are the parameters that have the greatest impact 
on the energy density. Total energy input unit is  𝐽/𝑚𝑚3   
[32,33]. 

𝐸 =
𝑃

𝑣 ∗ ℎ ∗ 𝑡
                                                                           (1) 

For single track trials, hatch distance parameter 
becomes irrelevant and by removing the hatch distance 
from the equation, energy input per area is used to 
obtain initial process parameters. Prior to this work, we 
have optimized the process parameters for In 718 and 
CuSn10 separately with experimental studies. For 
initial energy per area value selection, these optimized 
single material process parameters such as laser power, 
layer thickness and scan speed are taken into account 
and calculated 107.14 𝑗/𝑚𝑚2 and 164.94 𝑗/𝑚𝑚2  
respectively, for Inconel 718 and CuSn10 alloys. Thus 
136.09 𝑗/𝑚𝑚2 is calculated to achieve a gradient 
structure and related process parameter values are 
selected to give the same total energy input per area. 
Then, by using different total energy input per area 
values, nine single track structures has been 
manufactured to achieve the optimized single track. Fig. 
1a represents the selected single track out of nine single 
track trials which are fabricated using different laser 
power and powder feed parameters. The best single 
track is selected by examining the specimens from the 
aspects of the bonding quality, and formation of 
delamination, dilution and steep edges, and is seen on 
Fig. 1a, process parameters has been given in Table 2. 
Laser power and powder feed parameters from the 
selected single track structure are taken into account 
for 50%-50% Inconel 718-CuSn10 cubic structure, 
since material development process indicates to 
stabilize good bonding with the substrate first. 
However, the final laser power parameter for the cubic 

structure is changed due to achieve a gradient structure 
with better mechanical integrity. Calculated total 
energy input per volume for the single material 
optimization of Inconel 718 and CuSn10 are used as 
71.42 𝑗/𝑚𝑚3 and 122.18 𝑗/𝑚𝑚3, respectively, for such 
optimization. These values have been calculated after 
optimizing the process parameters for In 718 and 
CuSn10 separately. For such calculation, Equation 1 is 
used. 

 

Fig 1. Inconel 718 – CuSn10 gradient structures: (a) optimized 
single track, (b) optimized 30x30x30 mm cubic, (c) cross 
section view of cubic in build direction. 

Fig. 1b shows 3D view and Fig 1c shows cross section 
view of 30mm x 30mm x 30mm Inconel 718-CuSn10 
50%-50% graded structure that has been 
manufactured by the DED process. The optimized 
processing parameters are given in Table 3.  

2.2. Characterization of Inconel 718-CuSn10 
gradient structure 

The sample is removed from the substrate using 
automatic double column bandsaw machine (Kesmak 
KYS 400 x 600). The manufactured FGM sample was 
sectioned across the building axis to observe the cross-
section of the specimen. The cross section was wet-
polished using SiC grinding papers up to 4000 grit, then 
followed by cloth polishing using 1 µm aluminum-oxide 
suspension media. A solution containing 40% HCI 
(hydrochloric acid), 30% CH3COOH (acetic acid), and 
30% HNO3 (nitric acid) was prepared for chemical 
etching of mirror-polished sample. Etching was then 
performed by the prepared chemical solution for 15 
seconds to expose the microstructural features. 

Table 2. Optimized process parameters of gradient single 
track. 

 Laser 
Power 

(J/s) 

Layer 
Thickness 

(mm) 

Scan 
Speed 

(mm/s) 

Powder 
Feed 

(g/min) 

Total 
Energy 
Input 
Per 
Area 
(𝑗/

𝑚𝑚2) 

No:5 2274 1,045 14,58 15,77 149.21 

Subsequent to the polishing procedure, the gradient 
structure is examined with scanning electron 
microscope (SEM) by using field emission gun (FE-SEM, 
Zeiss Leo Supra VP 35) at 20kV accelerating voltage. 
Energy dispersive X-ray spectroscopy (EDX) (Oxford 
Instruments, Oxford, UK) was performed to generate 
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elemental composition and evaluate the compositional 
variation as well as diffusion throughout the selected 
zones.  

Table 3. Optimized process parameters of gradient cubic 
structure. 

 Laser 
power  

( J/s) 

Scan 
Speed 

(mm/ 

s) 

Hatch 
distan
ce 

(mm) 

Layer 
thickn
ess 

(mm) 

Total 
energy 
input 
per 
volume 
(𝑗/
𝑚𝑚3) 

Optimized 
Process 
Parameters 

2179 14,58 1.46 1.045 97.93 

2.3. Thermodynamic computation 

A CALPHAD model was performed by using “Equilib” 
module of FactSage™ 8.1 thermochemistry software 
[34] to predict the possible phases during equilibrium 
cooling of 50:50 mixture (by weight) of 
CuSn10:Inconel718 alloy from molten state. The 
thermodynamic data for the calculation was taken from 
FSstel solution database. 

3. Results and discussion 
Microstructural investigations shows that the gradient 
structure without detection of any defects have been 
successfully fabricated. Both Inconel 718 and CuSn10 
having the same unit cells as face centered cubic, 
improved the compatibility and natural transition 
achieved between two alloys. SEM images has been 
given in Fig. 2, captured from three different regions 
with 5 mm interval along build direction. In (Fig. 2 a-c) 
gradient zones, equiaxed structures detected with a 
continuous distribution, which might helped to form 
the good metallurgical bond throughout the structure 
[35]. The equiaxed structure in Fig. 2 (b) displays a 
coarser grain size when comparing to the Fig. 2 (a) and 
(c). This is related to solidification rate differences 
between the locations through the sample. 

Throughout the manufacturing process, the FGM 
sample is rotated 90° between layers, i.e., a 90° hatch 
angle was used. It is stated that direction of the laser 
indicates the columnar dendrite growth direction [36]. 
This proves that the observed dendrite structures on 
the examined gradient zones are disordered while 
incessant between layers. In general the microstructure 
displays adjoined properties across the build direction 
of the gradient zone. In this study we have observed a 
dendritic structure in CuSn10 and In718 FGM material 
similar to studies of C. Shang, et al. and S. Scudino et al. 

[35,37]. Several zones selected through build up 
direction randomly and EDS area mapping conducted. 
It is concluded that the elemental composition across 
the gradient zone follows the designed composition 
without major divergence. Fig. 3 shows the related 
elemental composition through a randomly selected 
zone. The designed composition and the actual 
composition measured by EDS (weight percent average 
of EDS area mapping zones) are tabulated in Fig. 3b, 
presenting that the planned composition for the 
gradient structure is nearly the same as the 
experimentally obtained one. The error percentage 
between designed and achieved composition can be 
justified by the limitations of the EDS process [38]. (Fig. 
3 c-h) demonstrates homogenous gradient structure 
with evenly distributed Ni, Cu, Cr, Fe, Sn, Nb elements. 

Fig. 4 represents the phase changes of the alloy under 
equilibrium condition and within a temperature range 
from 1700 °C to 200 °C. The single liquid melt is first 
separated into two immiscible liquid phases with 
different compositions at ~1550 °C. According to the 
calculation, the formation of the Ni-rich first phase 
particles at ~1200 °C (fcc Ni-Fe-Cr-Cu-Nb-Sn-Ti-Al 
system) is followed by the formation of Cu-rich second 
phase particles (fcc Cu-Ni-Mo-Sn-Fe-Cr-Al system) at 
~1050 °C. The solidification of both nickel-rich and 
copper-rich alloys is complete at ~1050 °C and ~850 °C, 
respectively. A Cr-rich bcc phase formation is observed 
just before the end of the last liquid phase at ~896 °C. 
After the liquid phase is depleted, the other possible 
phases expected to form during cooling are the high-
temperature form of Ni3Sn2, Ni3Ti, the low-
temperature form of Ni3Sn, Ni-rich fcc phase, P-phase 
and Laves phase, respectively. 

It is noteworthy that carbon and phosphorus, which are 
present in very small amounts in Inconel718 and 
CuSn10 alloys, respectively, were not included in the 
present calculation. The effect of both elements, as well 
as non-equilibrium behavior of the alloy during cooling 
will be discussed after a comprehensive microstructure 
characterization of the samples. 

4. Conclusions 
Functionally graded Inconel 718 – CuSn10 structure 
have been successfully fabricated by using directed 
energy deposition. Single track trials gave an insight for 
initial process parameters since we can understand the 
bonding behavior of the related material by fabricating      
such structures. Microstructural examinations of graded 
structure, show no indication of distinct structural, 
compositional or microstructural boundaries.

 

Fig 2. SEM images of gradient structure from three different regions with 5 mm interval along build direction. 
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Fig 3. EDS mapping results: (a) SEM image of investigated area, (b) achieved and desired elemental compositions in weight 
percent, (c) EDS mapping for Ni, Cu, Cr, Fe, Sn, Nb. 

 

Fig 4. Equilibrum cooling calculation of 50:50 mixture (by weight) of CuSn10:Inconel718 alloy using FactSage™.

Fine dendritic structure aligned along building 
direction was observed without any delamination. By 
using CALPHAD method, thermodynamic 
calculations have been conducted to predict and 
evaluate the stable phases within 50%-50% Inconel 
718-CuSn10 gradient structure while EDS mapping 
shows evenly distributed elemental composition 
throughout the structure. This study shows the 
feasibility of fabricating gradient nickel-copper alloy 
using directed energy deposition. Furthermore it has 
been demonstrated that CALPHAD based 
thermodynamic computation is viable for gradient 
structure design purposes. It is foreseeable that by 
using such innovative design methodologies, next 
generation aerospace & nuclear materials will have 
higher mechanical integrity. 
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