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Abstract

In the aerospace sector, integrating advanced materials with high mechanical capabilities
represents the forefront of material science, especially in the field of rocketry. Bimetallic
structures are increasingly used in aerospace applications due to their combination of high
strength-to-weight ratio, thermal conductivity, and corrosion resistance. Among these,
Inconel-copper (In718-Cu) systems are particularly promising, although large differences in
thermophysical and mechanical properties between the two materials can induce residual
stresses, cracks, and other interfacial defects, requiring careful process control. This study
evaluates the fabrication of In718-Cu structures through Direct Energy Deposition (DED), in
which In718 was deposited onto a copper substrate using an innovative deposition strategy.
Interface quality and microstructure were characterized by SEM/EDS and X-ray diffraction,
whereas the mechanical properties were evaluated by nanoindentation, indentation creep,
and tensile testing. The results showed that crack-free samples can be achieved, with strong
diffusion bonding at the interface and efficient precipitation strengthening on the copper
side already in the as-built condition. A uniform distribution of precipitates and consistent
penetration depth were also observed, confirming the effectiveness of the deposition
strategy for producing reliable In718-Cu components.

Keywords: additive manufacturing; DED; indentation creep; In718; precipitation behavior;
bimetallic structure; phase transformation; microstructure; nanoindentation; mechanical properties

1. Introduction

In liquid bi-propellant rocket engines, the thrust chamber operates under extremely
severe conditions due to the acceleration of high-temperature combustion gases, which
makes thermal management one of the primary design challenges, particularly when the
goal is to maximize specific impulse. In the combustion chamber, which is the upstream
section of the thrust chamber, the gas temperature can reach values as high as 3200 °C, since
higher specific impulse is directly linked to higher chamber temperatures [1]. These extreme
thermal and pressure loads demand effective cooling strategies to maintain chamber wall
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temperatures within limits that ensure structural integrity under thermal stresses, pressure
forces, and dynamic loads such as vibrations and thrust. A common solution is to circulate
one of the propellants through an intricated network of cooling passages embedded in the
thrust chamber walls, with the fuel typically chosen instead of the oxidizer to reduce the
risk of material degradation caused by oxidation. This approach is termed regenerative
cooling because the coolant is subsequently injected into the combustion process rather
than discarded [2].

In conventionally manufactured chambers, the cooling channels are machined into
a solid forged component, a process that inherently limits them to straight or moderately
simple geometries, after which an outer jacket, often made of a different alloy, is attached.
Additive manufacturing (AM), instead, enables the chamber, including intricate, curved, or
otherwise optimized internal channels, to be fabricated in a single integrated stage, thereby
eliminating the need for separate assembly steps and allowing greater design flexibility.

Regarding the materials, for the manufacturing of thrust chamber components, two
main families of metallic materials, namely structural copper alloys and nickel-based
superalloys, are generally used. Structural copper alloys are frequently designed with
precipitation strengthening mechanisms that provide thermal stability [3]. In these al-
loys, the limited solubility of the alloying elements in the matrix leads to the formation
of stable intermetallic precipitates, which combine very high thermal conductivity with
favorable mechanical and chemical properties. This results in an attractive compromise of
high-temperature strength, low thermal expansion, and improved resistance to oxidation,
making copper-based alloys particularly suitable for applications in high heat flux regions
at operating temperatures up to about 700 °C [3,4]. In contrast, nickel-based superalloys
are well established as high-temperature corrosion-resistant materials with broad use in
aerospace propulsion systems. Their widespread adoption in gas turbines and rocket
engines stems from their exceptional tensile strength, creep and fatigue resistance, rupture
strength, and oxidation resistance at temperatures approaching 1000 °C [5]. Nevertheless,
their relatively low thermal conductivity limits their effectiveness as conductive liners. The
performance of monolithic structures, in turn, is largely governed by material selection,
and it is often constrained by the intrinsic trade-off between thermal and mechanical prop-
erties. A promising approach to overcome these limitations involves the development of
multi-material structures, which enable different regions of a component to fulfill distinct
functions, thereby surpassing the capabilities of single-material designs. AM has made
this approach particularly feasible [6], with successful demonstrations involving various
combinations of metals, including stainless steels and Inconel-based composites [7-9],
which have shown overall enhancements in mechanical and thermal performance, high-
lighting AM as a key enabler of innovative engineering solutions. The strong interest in
these technologies is demonstrated by the fact that in 2020, NASA launched a follow-up
project called Rapid Analysis and Manufacturing Propulsion Technology (RAMPT) [10] to
further expand large-scale multi-alloy thrust chambers. The main aim of the project was to
advance blown powder Directed Energy Deposition (DED) to fabricate integral-channel
large-scale nozzles and develop bimetallic and multi-metallic additively manufactured
radial and axial joints to optimize material performance. As a result of this project, NASA is
currently producing multi-metal components where Cu-based alloy is used for the internal
cooling structure, providing the necessary thermal properties, while a Ni-based super alloy,
deposited as an external structural jacket, offers high-temperature strength and prevents
oxidation [11,12].

The most considered alloys for multi-material trust chambers are GrCop-42, GrCop-84,
and Inconel 625 [10,13]. The Cu-Ni binary phase diagram indicates complete solubility
without the formation of intermetallic [14], which supports their metallurgical compatibility.
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Nevertheless, the significant mismatch in properties can induce residual stresses, often
causing cracking or delamination at the interface, especially using additive manufacturing
processes [15,16]. Therefore, techniques to ensure strong bonding while minimizing such
defects are essential. When Inconel alloys are joined with copper-based alloys through AM
techniques such as DED, interfacial Marangoni-driven flow promotes mixing of the two
materials, resulting in the formation of a new composition at the interface. This mixing,
however, can trigger interfacial cracking through mechanisms such as the precipitation of
brittle phases or solidification-induced cracking [17]. Previous studies by Gradl et al. [10,11],
Preis et al. [18], Iams et al. [19], and Anderson et al. [20] demonstrated that Inconel-GRCop
joints produced via additive manufacturing were free from cracking. Conversely, work by
Gradl et al. [13] and Hales et al. [21] documented crack formation along the GRCop-Inconel
boundary, which raises concerns regarding the structural reliability and load-bearing
performance of the joints. These investigations are focused on In625, whose widespread
adoption in the aerospace sector stems from its exceptional corrosion resistance and high-
temperature mechanical stability that, however, comes at the expense of its extremely
high cost. In this context, In718, whose strengthening mechanisms and microstructural
evolution differ substantially from those of In625, emerges as a promising candidate for
bimetallic structures produced via DED. Additive manufacturing, in fact, can further
enhance the intrinsic properties of In718, offering improved ductility and creep resistance
compared with In625 [22], thereby extending the potential for more economically viable
production routes. To date, only Onuike et al. [23] have provided a preliminary overview
of the metallurgical compatibility of In718-GrCop84 joints, in research where the deposited
material was the copper alloy, without delivering an in-depth microstructural analysis,
thus leaving a significant gap in the literature.

Therefore, the purpose of this study was to systematically investigate the interfacial
microstructure and mechanical behavior of DED-fabricated In718-Cu bimetallic structures,
and to elucidate the fundamental metallurgical mechanisms governing their bonding and
performance. To address this, advanced microstructural characterization and extensive
nanoscale mechanical testing were employed to establish the relationships between interfa-
cial features, phase transformations, and mechanical response, providing critical insights
into structure—property correlations.

To further clarify the fundamental metallurgical mechanisms, a simplified model
system of pure Cu joined with DED-In718 was explored, enabling a more direct eval-
uation of precipitation behavior and interfacial transformations under the most critical
processing conditions. Collectively, these findings advance the understanding of addi-
tively manufactured bimetals and contribute to the design of optimized, high-performance
multi-material components.

2. Materials and Methods

Pre-alloyed, gas atomized In718 powder (particle size range 45-106 pm), supplied
by Mimete (Mimete s.r.l., Biassono, Italy), served as the feedstock for all specimens; the
powder’s certified chemical composition conforms to ASTM and is listed in Table 1.

Table 1. Chemical composition of Mimete Venus 7184 powder conforms to In718 standards.

Element wt.%

C

Cr Ni Fe Mo Nb + Ta Co Al Si Ti

Result

0.07

19.2 53.72 Bal. 3.22 4.98 0.1 0.49 0.06 0.87

Build trials were performed on a Prima Additive Laserdyne 795 (Prima Additive
S.p.A., Pianezza, Italy) consisting of a 5-axis motion system equipped with the REAL_DED?
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coaxial deposition head (Figure 1) and an IPG YLS-3000 Ytterbium-doped fiber laser (IPG
Photonics, Marlborough, MA, USA) with a maximum power of 3 kW with a Gaussian
distribution in the central wavelength of 1070 nm. A working distance of 7 mm was used,
corresponding to the point where the lasers converge, forming a single spot with a diameter
(d) of 2 mm.

Figure 1. Prima Additive Laserdyne 795 with the REAL_DED? coaxial deposition head featuring a
laser spot of 2 mm in a 7 mm working distance.

The process development was carried out in two steps. First, the optimal processing
window for the Ni-superalloy was defined using a steel substrate. Next, the joining
procedure was developed using a substrate made of extruded pure copper bars whose
optical behavior was first evaluated with a Cary 500S UV-Vis-NIR spectrophotometer
(Agilent Technologies, Santa Clara, CA, USA) equipped with an integrating sphere in
reflectivity mode.

For the first experimental step, cubic-shaped samples having an edge length of 25 mm
were built, whose quality was evaluated by means of densification assessment determined
by buoyancy according to ASTM B311 [24], and by imaging on representative cross-sections
along the build direction after metallographic preparation following standard procedures.
All the micrographs were acquired with an optical microscope (OM) LEICA DMI 5000 M
(Leica Microsystems GmbH, Wetzlar, Germany). Data extraction was carried out using
statistical methods, selecting 30 images from different regions of the examined section.
Image] 1.54g software was used to evaluate the porosity distribution within each sample.
Once the process was established, the metallurgical transformations occurring in the joint
were analyzed with various techniques.

Chemical etching was performed with two etchant solutions: a mixture of 1.5 g FeCl;
and 10 mL HCI for the Cu side, and Kalling’s No. 2 for the In718 side. Microstructural
morphology was then investigated at multiple magnifications using a TESCAN S9000G
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field emission scanning electron microscope (FESEM), (TESCAN Group, a.s., Brno, Czech
Republic), that was equipped with electron backscatter diffraction (EBSD), and a Thermo-
Fisher Phenom XL G2 benchtop SEM (Thermo Fisher Scientific, Waltham, MA, USA) with
an energy-dispersive X-ray spectroscopy (EDS) option. EBSD analysis was conducted at
20 keV, 10 nA, with a step size of 0.55 um.

Phase transformations at the interface were investigated by X-ray micro-diffraction
using a Bruker D8 Advance (Bruker Co., Billerica, MA, USA) micro diffractometer with
Cu Ka radiation, operated at 40 kV and 40 mA. Diffraction patterns were collected with
a step size of 0.01° over a 26 range of 30-100°. Phase identification was carried out with
Bruker DIFFRAC.EVA V6 software. To ensure representative results, multiple regions were
examined within a spot window of 500 um?.

Joint quality was evaluated through mechanical testing at different scales to assess the
effect of newly formed intermetallic compounds on the mechanical stability of the alloy.

First, Vickers microhardness was performed with a Leica VMHT apparatus (Leica
Microsystems GmbH, Wetzlar, Germany) with a 100 gf load applied for 15 s, following
the guidelines outlined in ASTM E384 [25] on both materials, starting from the immediate
proximity of the joint to evaluate the joining effect on the global mechanical properties.
Then, nanoindentation measurements were performed according to ISO 14557 [26] directly
on interfacial regions where liquid-state reactions occurred. The nanohardness, elastic
modulus, and indentation creep of the interface were conducted at ambient temperature
with a Bruker TI 950 (Bruker Nano Surfaces, Minneapolis, MN, USA) fitted with a Berkovich
diamond tip and operated in the load control mode. For the hardness and elastic modulus
evaluation, each indentation was applied with a maximum load of 1 mN, with a loading
and unloading rate of 200 pN/s, held for 5 s at peak load. A total of 256 indents were
performed in a 16 x 16 grid pattern with 5 um spacing to prevent overlapping plastic zones.

Resulting load-displacement curves were processed with dedicated software to extract
nanohardness values, enabling reproducible characterization of the localized mechanical
response in the reaction zone and heat-affected areas. Moreover, for indentation creep
testing, a load of 8 mN was applied with a loading ramp of 800 uN/s. The load was then
held constant for 200 s to monitor the evolution of creep depth over time, followed by
unloading at the same rate. The Oliver—Pharr method [27] was employed to determine
nanohardness and the elastic modulus, expressed as:

Pmux
H = 1
Ac 1)

where Py is the maximum load and Ac is the projected contact area, calculated as:
Ac = 25.4-hc? (2)
For a Berkovich indenter, the contact depth (iic) can be evaluated using;:
he = hax — (0.75-P/S) 3)

Here, hyqy is the maximum penetration depth, P is the applied load, and S is the
stiffness, defined as the slope of the unloading curve [28]:

S = dpP/dh (4)
The unloading curve can be described by the power law relationship:

P = B-(h—hf)" ©)
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where B and m are fitting constants, and /f is the final unloading depth. Based on elastic
contact mechanics, the reduced elastic modulus (E;) is obtained from:

1 S
EE=(—]|—= 6
' <\/E> (,B'\/AC) ©
with B being a correction factor that depends on indenter geometry (8 = 1.034 for a

Berkovich indenter).
Feng and Ngan [29] modeled the creep depth as a function of time (t), expressed as:

W) = b + a(t — )2 + bo(t — )4+ o(t — 1)/8 o

where h; and t; represent the initial depth and time, and 4, b, and c are the best-
fitting parameters.
According to Mayo and Nix [30], the creep strain rate (€) can be determined from:

. 1 dh
= — . _ 8
= (i) (&) ©
where ‘;—IZ is the time derivative of the creep depth obtained from Equation (7). The creep
strain rate was used to estimate the stress exponent (n) for different bonding zones by

applying the constitutive relation:
€ = K-o" )

where K is a material constant and ¢ is the applied stress.

Finally, the overall mechanical performance of the system was tested on tensile spec-
imens prepared according to ASTM E8M [31] (geometry shown in Figure 2) and were
tested at room temperature using a Zwick—Roell Z050 (Zwick-Roell GmbH & Co., KG,
Baden-Wiirttemberg, Germany) servo hydraulic testing machine, equipped with a 50 kN
load cell, at 1073 s~1. These specimens were machined from a bulk deposition with a
parallelepiped shape measuring 12 x 12 x 600 mm?® on a substrate of equal thickness. The
objective of this test campaign was to assess the consistency of fracture behavior across the
specimens, identify the preferential failure location, and gain insight into the strengthening
mechanisms operating at the joint region.

10mm

31.8 w 8.71 £ 0.03
572+ 0.03
25.4 + 0.08 [
Rrad r ]
89.64 + 0.03 3.56 to 6.35
Pressing Area = 645 mm?
Dimensions, mm
W—Width at end of reduced parallel section 5.97 £ 0.03
R—Radius of fillet 25.4
(©)

(b)

Figure 2. (a) Schematic representation of the massive deposition used to extract tensile samples;
(b) tensile sample size selected for the test according to the ASTM E8M; (c) photo of the real tensile
sample prior to testing.
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3. Results and Discussion
3.1. DED Processing of In718 on Copper

The optimization of the DED parameters for depositing In718 was carried out using
a design-of-experiments approach, with the powder feed rate (f) fixed at 8 g/min based
on prior experience on the system. The optimization focused on four variables as follows:
laser power (P), scan speed (v), layer-to-layer z-increment (Az), and the overlap percentage
between adjacent tracks (Ov.).

The selection of the initial parameter ranges was based on a literature review on DED
processing of In718, with particular attention given to the energy density (ED) [32,33],

Iculated as:
calculated as p

ED:deXOVXAZ

(10)

Based on this review, the initial experimental window was defined according to the
energy density range commonly reported for stable deposition of In718, typically between
125 and 170 J/mm?3.

After optimization, the parameter set yielding defect-free In718 depositions was
identified, as reported in Table 2.

Table 2. Optimal processing parameters for stable In718 depositions.

P[W] v [mm/min] Az [mm] f [g/min] Ov. [%] Rel. Density
850 660 0.5 7.7 50% 99.78%

Upon changing the substrate, the initial fabrication trials of the bimetallic structure
demonstrated markedly limited diffusion of In718 into Cu, as evidenced in Figure 3. The
occurrence of metal agglomeration and balling phenomena, depicted in Figure 3a, resulted
in poor surface quality, which hindered the deposition of subsequent layers. Therefore,
bonding between layers was inadequate, with metallurgical adhesion occurring only in
localized regions, as shown in Figure 3b.

T

U vy < as

Figure 3. Unsuccessful preliminary joining trials: (a) Complete lack of adhesion caused by balling
phenomena in the first layer; (b) progressive delamination occurring during deposition.

A first preliminary optical characterization of the copper substrate was performed to
understand the causes of poor bonding. Figure 4 shows the absorptivity of the substrate,
measured in reflection mode over the 400-1200 nm wavelength range, after rendering
the solid surface opaque with deep grinding. This surface preparation was carried out
because surface roughness strongly influences scattering phenomena [34]. Moreover, it
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ensures that the substrate roughness is comparable to that of additively manufactured
components, maintaining consistency with the reference framework of the present study.
A pronounced decrease in absorptivity is observed upon entering the infrared region,
with a measured value of 27% at the wavelength of 1070 nm, corresponding to the laser
used in processing. This clearly indicates a substantial reduction in melting efficiency,
necessitating a higher overall energy input. Moreover, Cu offers an extremely high thermal
conductivity of about 300 W/m x K [35], which causes the substrate to behave as a heat
sink, further reducing the melting capabilities and inducing considerable residual tension
during deposition, ultimately leading to cracking failures. In fact, subsequent tests showed
that the increase in the energy input tends to promote solidification cracking rather than
mitigating these issues.

100
90
80
70}
60 |

50|

Absorbance (%)

40}

30

27%
20}

10 : . L - L : L - . : .
200 300 400 500 600 700 800 900 1000 1100 1200 1300
Wavelenght (nm)

Figure 4. Optical absorptivity plot of the copper surface after superficial grinding with
abrasive papers.

Further, Cu is known to lose a significant fraction of its mechanical properties at
elevated temperatures; Crosby et al. [36] reported a tensile strength reduction of up to
80% at 500 °C for extruded OFHC Cu bars. Consequently, overheating of the substrate
compromises its ability to sustain the residual stresses generated during deposition.

These outcomes suggested the need to develop a peculiar deposition strategy: the
approach integrates preheating and interlayer cooling stages, designed both to locally
increase absorptivity and to allow recovery of sufficient mechanical strength to withstand
thermomechanical stresses. A schematic of the process steps and corresponding parameters
is reported in Figure 5. The bonding process was implemented as a multistage deposition
strategy. In the initial preheating phase, a small amount of powder was also spread onto
the substrate surface, forming a less reflective layer that improved laser absorption and
ensured stable melting. The first layer was then deposited with highly energetic parameters
to overcome the heat sink effect of copper. A controlled cooling interval of 10 min followed,
a value determined through iterative testing (from 2 to 10 min in 1-min increments) to
ensure complete recovery of the joint integrity before the deposition of the second layer.
This second layer was processed using optimized deposition parameters, after which a
longer cooling stage of twice the duration of the first was applied. This 20-min interval
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40 % ov.

2550 W 2 g/min
660 mm/min .

resulted from the same incremental optimization procedure and was necessary to fully
stabilize the joint. Once this stage was completed, the deposition region was sufficiently
distant from the substrate interface, and the process was continued under standard In718
deposition conditions outlined in Table 2.

50 % ov. 50 % ov. 50 % ov.

&

2500 W 6.3 g/min 850 W 7.7 g/min 850 W 7.7 g/min

660 mm/min 660 mm/min o 660 mm/min o

* -
. ; X X

\ Y )\ Y ) o\ ) \ Y J \ J \ ¥ J
Pre-heating Inter-layer time 1st Layer 1stInter-layer 2° Layer 2" |nter-layer Stable deposition
for powder cooling stage cooling stage
adhesion J

Figure 5. Schematic representation of the multistage deposition strategy and corresponding process-
ing parameters used for bonding In718 onto copper, enabling the production of crack-free samples.

At this stage, the produced junctions appeared visually free of delamination and
exhibited good metallurgical bonding and adhesion. This approach also limited high
energetic input only to the first deposition layers, helping to prevent excessive melt-pool
temperatures and subsequent material vaporization. The more detailed microstructural
analysis presented in the following section further confirms the absence of defects.

3.2. Microstructural Analysis and Phase Transformation

Figure 6 shows OM imaging of the entire deposited cross-section, revealing nearly
defect-free bonding. The only exceptions observed were a few small lack-of-fusion defects
(indicated by arrows). The first deposited layer also appears free of inherent porosity,
whereas the porosity detected in the second layer could be attributed to the large variation
in energetic input.

After etching, higher magnification imaging reveals bonding without evidence of
mixing-induced brittle phases. However, a pronounced morphological difference is evident
between the two material sides.

To better understand the morphologies within the fusion zones, an EBSD analysis,
shown in Figure 7, was also performed. The results confirmed the absence of epitaxial
grain growth in both joints. On the Cu substrate side, directly beneath the interface, large
equiaxed grains were observed, which are a typical feature of the extrusion process. A
slight elongation along the build direction, however, was also detected, indicating that
preheating effectively limited heat dissipation into the copper and suggesting that grain
growth was locally stimulated by the higher energy density applied during the deposition
of In718.
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Lack of fusion

\

Figure 6. OM cross-section of the investigated cubic deposition, reporting the absence of cracks and
defects along the entire cross-section analyzed.

IPF Coloring || X1
Copper
Ni-superalloy

001

o1 M
Grain Boundaries
——2.10° 34.3%
>10° 65.7%

Figure 7. EBSD crystal orientation maps of In718 deposited on a Cu substrate. The dashed lines
indicate the bead cross-section outlines and mark the position of the interface. In the inset, the
peculiar equiaxed morphology of the diffusion zone is highlighted.

Immediately above the interface, the deposited In718 displayed fine equiaxed grains,
as highlighted in the inset of Figure 7, while, at greater distances from the interface,
columnar grains aligned with the build direction were found with average dimensions of
42.7 um, a value consistent with conventional In718 DED processing. These findings indi-
cate that the thermal influence of the copper substrate vanishes just after the first deposited
layer, further demonstrating the effectiveness of the multistage process in reducing the
undercooling degree.

In order to characterize the phase transformation behavior that occurred, at first, EDS
analysis was performed (Figure 8), allowing us to distinguish which elements were the
main elements involved in the diffusion bonding.
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Figure 8. EDS mapping of the diffusion-bonded interface showing the primary elements involved in
interdiffusion, as well as regions of local enrichment indicative of intermetallic compound formation.

An analysis of the Cu maps reveals a local depletion of copper immediately beyond
the interface, confirming that a liquid-state reaction occurred between the two materials.
This reaction reached a penetration depth of more than 30 um and allows the identification
of four distinct zones based on morphological and compositional analyses: the interface,
the diffusion-affected zone (DAZ), and the two base materials. At a broader scale, as
expected, Ni exhibited the highest diffusion due to its well-known metallurgical affinity
with Cu, followed by Nb, Cr, and Fe, each reaching penetration depths of approximately
20 um (Figure 8, white squares). In addition, Nb, Cr, and Mo displayed a pronounced
enrichment both directly along the interface (Figure 8, red circle) and within the diffusion
zone, where they formed circular submicron-sized islands (Figure 8, red arrows), suggesting
the formation of intermetallic compounds. In contrast, Ti and Al were barely detected,
indicating their minimal participation in the bonding process.

The nature of the newly formed phases was investigated by microdiffraction, as shown
in Figure 9. In addition to the characteristic peaks of Cu and Ni, which exhibit the highest
intensity, minor phases were also detected within the 26 range of 30-70°. Most of these
minor peaks are consistent with the presence of FCC C15 Cr,Nb and C;MoNDb carbides.
The formation of these complex carbides can be attributed to the severe thermal conditions
experienced during the initial deposition stages. In718 is known to generate MC-type
carbides during solidification, particularly along grain boundaries, through the dissolution
of metastable Laves phases within a temperature range of 1265-1280 °C [37,38]. This
temperature window aligns with the high-power input required to overcome the reflection
issues discussed in Section 3.1. Regarding the C15 FCC Cr,Nb phase, it represents the
stable intermetallic form of this compound and is well known for its strengthening effect in
a copper matrix. Similar compounds have also been reported by Preis et al. in comparable
bimetallic systems [39].
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Intensity (a.u.)

Intensity (a.u.)

L 2 * Cu
* In-718
® C,MoNb
Cf,Nb

==

g

Figure 9. Microdiffraction analysis of a representative area of 500 mm? along the diffusion-affected
zone. The main intensity peak of the base materials is present, as well as minor peaks of C15 Cr,Nb
Laves formation and (Mo, Nb)-C complex carbides.

3.3. Hardness Profile and Creep Behavior

To investigate the effect of bonding on the mechanical properties of the material, an
initial Vickers microhardness test was performed in the region closest to the interface. The
results confirmed that diffusion into the substrate influenced the mechanical response,
producing a distinct hardness gradient from the substrate toward the In718 deposition.
Specifically, the hardness increased from 55.5 + 2.4 HV in the substrate to 120.6 &= 7.2 HV
in the DAZ, and further to 235.3 HV on the Inconel side.

If the measured hardness is in line with literature results for extruded Cu-based ma-
terial [40], for the DED-In718 side, further consideration is required. Reported hardness
values for DED-In718, in the as-built state, vary a lot depending on processing conditions,
with maxima approaching 400 HV [41,42]. However, Muller et al. [43], in a hybrid manu-
facturing process involving deep rolling, obtained hardness values very similar to those
of the present study, attributing the slight reduction in hardness to the microstructural
heterogeneity, particularly to the variations in grain size. This explanation is consistent with
the local refinement observed along the junction (Figure 7) because of the severe thermal
history experienced during processing. Moreover, the increased scatter in hardness values
in this region further supports this interpretation.
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The role of the newly formed interfacial phases and the effects of diffusion were further
examined using nanoindentation on the same regions shown in Figure 8. Nanoindentation

provided not only hardness measurements but also the local average stiffness, enabling

insights into the nature of the intermetallic and carbide phases formed. The typical tri-
angular indentations produced by the test are clearly visible in Figure 10a, whose size is

progressively reduced moving to the In718 side. This aspect is even more evident in the

load—-displacement curves seen in Figure 10c. The penetration depth was found to vary

between 80 and 200 nm, showing the huge difference in the elastic recovery of the two

studied materials. Cu, in fact, demonstrated the lowest elastic recovery, which consequently

corresponded to the lowest elastic modulus. Interpolating the results, the map of Figure 10b

is extracted. The transition of mechanical properties exactly follows the elemental diffusion

highlighted by the EDS mapping, confirming that the diffusion zone effectively bridges

the properties of the constituent base material. Moreover, it enabled the precise definition
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of the DAZ and interface dimensions, thereby allowing the evaluation of their averaged
properties reported in Figure 10d.
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On average, both the elastic modulus and nanohardness at the bonding interface
were found to be approximately 10% higher than those of the IN718 base material and
about 50% higher than those of the Cu substrate. The newly formed phases in this region,
whose possible stoichiometries were proposed in the previous section, are brittle and can
significantly influence the hardness response, especially considering their sizes of some
tens of microns. In contrast, the DAZ exhibited hardness values only about 22% higher than
those of the Cu base material. In this zone, in fact, as revealed by the elemental mapping, the
precipitate distribution is much finer and more homogeneous. Regarding the mechanical
data, the large discrepancy in strength between IN718 and Cu required the use of relatively
low applied loads. On the IN718 side, this condition induced indentation size effects
(ISE) due to the local interaction with dislocation, as widely reported in the literature [44].
By relating each extracted property to the indentation depth, a stable hardness value
was reached only for penetrations deeper than 100 nm. Consequently, indentations with
shallower depths were excluded from the averages. Even with this filtering, the obtained
results remain consistent with similar studies carried out on IN718 [45-47].

To investigate the creep behavior of the system and extract the constitutive relation,
nanoindentations were made with a focus on the holding stage. The fitting of the experimen-
tal results obtained during ambient temperature was performed according to Equation (7)
with nonlinear least squares fitting (“fit” function in MATLAB R2023b) and is reported in
Figure 11, where the red line denotes the fitted curves. In all cases, the indentation depth
increases monotonically with time, reflecting time-dependent deformation under constant
load, characteristic of creep. The curves exhibit a typical primary-to-secondary creep tran-
sition, with a rapid initial increase in depth followed by a gradual reduction in the creep
rate as the material approaches a near-steady state. For each material, the fitted curves
overlap closely with the experimental data, indicating that the proposed model captures
the creep kinetics. The agreement is particularly good in the early stage (t < 50 s), where
the indentation depth shows the strongest time dependence. The model also successfully
reproduces the more gradual depth evolution at longer holding times with only minimal
deviations between experiment and fit, demonstrating both the robustness of the creep
formulation and the stability of the fitting procedure. Comparing the four regions, the
magnitude of the creep depth varies systematically. The DAZ and Cu substrates exhibit
the largest total depth increase, reflecting their lower creep resistance under the applied
conditions. In contrast, the In718 and interface zones show comparatively smaller creep
depths, consistent with the higher strength and creep resistance expected from Ni-based
superalloys and metallurgically bonded interface regions.

A detailed comparison of the creep behavior of the different zones of the bonding is
proposed in Figure 12. Focusing on Figure 12a for all the various bonding zones, a very
sharp decrease in the creep strain rate (CSR) can be observed, confirming the occurrence of
strain hardening phenomena after the plastic deformation. Moreover, the CSR gradually
decreases and rapidly reaches a plateau, marking the onset of steady-state creep. This stage
results from the combined effects of strain hardening and recovery occurring in the various
zones. By examining the slope of the linear fitting curve that relates stress to CSR, the
creep stress exponent (CSE) can be determined. Figure 12b compares the CSE values in the
different zones.

Different creep mechanisms can be identified by their characteristic CSE ranges: dif-
fusion creep (CSE ~ 1-2), grain boundary creep (CSE =~ 2-3), viscous dislocation motion
(CSE =~ 3-4), and dislocation climb (CSE > 4) [48]. Variations in CSE reflect the differences
in creep resistance, with larger exponents signifying stronger resistance to deformation.
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A significantly higher CSE, coherent with the dislocation climb mode, is observed on
the In718 side, with a peak value at the bonding interface. This enhanced creep resistance,
likely linked to the formation of intermetallic compounds, which act as rigid obstacles that
hinder dislocation glide and promote dislocation climb, is also supported by the smaller
grain sizes characteristic of the first layers of the deposition [49]. On the copper side,
instead, grain boundary creep is the dominant mechanism. The larger Cu grains facilitate
grain sliding, while the compositional gradients typical of the DAZ increase vacancy
concentration and accelerate grain boundary diffusion. In this region, stress gradients
generate chemical potential differences across the grain boundaries, activating also a Coble
creep mode [50]. These combined factors explain the slightly lower CSE measured in the
DAZ, where strong diffusion contributes to grain boundary creep.

3.4. Tensile Behavior

The tensile behavior of the deposited samples was finally investigated and reported in
Figure 13. From these experiments, the representative stress—strain curve was extracted,
allowing for to measure of the yield strength, the ultimate tensile strength, and both the
uniform and total elongation. The difference between these two elongations reflects the
strain contribution that arises from localized necking.
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Figure 13. Tensile properties of the In718/Cu diffusion bonding: (a) Representative engineering stress—
strain curve of the bimaterial system; (b) tensile strength, including YS and UTS, and strain summary.

All the tested samples were machined along the building direction, and as expected,
the fracture was predominantly observed on the Cu side, confirming the strong interfacial
bonding. In total, four samples were tested: three fractured within the copper region, while
only one exhibited failure directly at the interface.

Consequently, for the as-deposited bimaterial, the mechanical properties were mea-
sured as follows: a yield strength (YS) of 204 £ 11 MPa, an ultimate tensile strength
(UTS) of 221 4 7 MPa, a uniform elongation of 5.8 & 1.7%, and a maximum elongation of
13.4 £ 1.3%.

Although tensile strength values for DED In718 in the as-built condition can reach ap-
proximately 600 MPa [32], the relatively low strengths observed in this study are expected,
as fracture occurred in the copper region; consequently, the measured properties primarily
reflect the mechanical response of the copper-dominated portion of the sample rather than
the DED In718. When compared with the literature values for extruded copper, the results
are in excellent agreement [51,52].
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Visual inspection of the tested tensile specimens at a stereoscope magnification degree
was first made on the gage section, focusing on the necking region (Figure 14a). The
significant reduction in lateral cross-sectional area with the presence of void sheets and
shear lip zones (Figure 14b) confirmed localized necking prior to fracture on the Cu side,
suggesting that the interfacial bonding strength exceeded the intrinsic strength of Cu.
Fractographic analysis of the tensile specimens was conducted using SEM. As shown in
Figure 14c, the fracture surface exhibits well-defined dimple structures, characteristic of a
ductile failure mode. Step-like features were also observed, indicating crack propagation
with 90° directional shifts. These shifts are typically associated with fracture path deviations
across heterogeneous microstructural regions, where variations in mechanical resistance
deflect the crack front. Not by chance, the examined area corresponds to the region near the
interface, where the diffusion positive strengthening gradient was amply demonstrated.

Figure 14. Post-test inspection of the tensile specimen: (a) Stereomicroscope image of the gauge
length, highlighting pronounced necking and the characteristic ductile ‘cup-and-cone’ fracture;
(b) stereomicroscope image of the reduced cross-sectional area, showing consistent shear lip zones;
(c) SEM fracture surface images revealing void sheets and step-like features, indicative of a 90°
directional shift across the layer boundary; (d) high-magnification SEM image of crack surface
occurring on DAZ, showing circular voids and residual inclusions.

For specimens that exhibited necking close to the junction, on the Cu side, a higher
magnification analysis (Figure 14d) also provided further insight into the strengthening
mechanisms activated by elemental diffusion. In this region, spherical precipitates often
surrounded by circular voids were identified, which is consistent with the Orowan bowing
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mechanism. Thereby, dislocations are forced to bypass the stable, non-shearable precipitates
by bending around them. This bypassing process increases the dislocation line tension
and creates additional stress fields, raising the critical resolved shear stress required for
plastic deformation and contributing significantly to the observed strengthening in the
interfacial region.

4. Conclusions

This study systematically investigates the microstructure and mechanical performance
of an additively manufactured bimetallic IN718/Cu produced by DED. The advanced
characterization techniques used, including SEM microdiffraction and nanoindentation,
provided valuable insights into the structure—property relationships of the bimetallic mate-
rial. The main conclusion can be summarized as follows:

e A tailored process enables the formation of a defect-free joint between the two materi-
als. In particular, the preheating and interlayer cooling stages are critical for preserving
the mechanical properties of the Cu substrate and overcoming challenges associated
with the intrinsic characteristics of the material.

e Elemental distribution and microdiffraction analyses indicate that liquid-state reac-
tions and solid-state diffusion can penetrate to depths exceeding 30 um, promoting
the formation of metastable C15-CryNb and Mo-Cr-Nb intermetallic phases, as well as
complex carbides.

e  The influence of the reaction zone on joint brittleness was assessed by nanoindentation,
revealing a positive gradient of mechanical properties from the substrate to the In718
deposition. The peak hardness was recorded precisely at the interface, where inter-
metallic compounds reached their largest size (tens of microns). In contrast, the DAZ
exhibited a more controlled and uniform hardening response, with secondary phases
more homogeneously distributed. This highlights the strong correlation between
precipitate size and hardening behavior.

e  Thecreep behavior was investigated by nanoindentation creep, focusing on the holding
stage, revealing the highest creep resistance at the bonding interface and the greatest
creep susceptibility within DAZ. Two distinct creep mechanisms were identified on
opposite sides of the joint: dislocation climb on the In718 side and grain boundary
creep on the copper side. To further validate these interpretations, future work should
include high-temperature nanoindentation and complementary uniaxial creep tests to
more directly probe the operative deformation mechanisms.

e  Tensile tests confirmed that the interfacial bonding strength exceeds the intrinsic
strength of the Cu substrate, as fractures occurred exclusively on the Cu side and were
accompanied by consistent necking phenomena. Fractographic analysis provided in-
sights into the underlying strengthening mechanism, which is consistent with Orowan
bowing, as supported by the significant hardness contrast with the matrix.

Future research should also focus on optimizing processing parameters with the in-
volvement of structural Cu-Cr alloys like the GrCop family and exploring post-processing
treatments to further enhance the mechanical properties of the bimetallic functional compo-
nent. Moreover, a complete thermal characterization is required to evaluate the impact of
the diffusion bonding on the thermal properties.
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