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Study of the Effect of Process Parameters and Heat
Treatment on the Formation and Evolution of Directed
Energy Deposition of IN718-CuCrZr Interface

Hamidreza Javidrad and Bahattin Koc*

Joining dissimilar materials as coatings or multimaterial compounds remains
challenging due to mismatches in atomic orientation, microstructure, and
thermal properties. The laser powder directed energy deposition (LP-DED)
process is an additive manufacturing (AM) technique capable of producing
bimetallic or functionally graded materials for coatings or heavy-duty applica-
tions. However, understanding interface characteristics in response to process
parameters and heat treatment is critical for evaluating structural integrity. This
study investigates the Inconel 718 /CuCrZr interface and examines the effects
of process parameters and heat treatment on microstructural evolution. The
optimized bimetallic sample is free of cracks and excessive porosity, indicating a
successful deposition. The results show that Inconel 718 acts as a thermal barrier
during CuCrZr deposition due to its low thermal conductivity, significantly
influencing grain structure and hardness. To achieve a homogeneous interface,
four heat treatment strategies are used, and their effects on microstructure and
hardness are analyzed. These strategies induce major changes in joint properties,
demonstrating that an appropriate heat treatment improves hardness, interface
characteristics, and microstructural uniformity. The findings confirm that achieving
the desired interface properties for coatings or multimaterial production is possible

methods. AM processes are based on
layer-by-layer production of a complex
geometry directly from a CAD model;
thus, near-net shape products can be pro-
duced through this technology.! AM of
metals has already been recognized as a
reliable method for producing high-value
and heavy-duty mechanical components
such as combustion chambers, conformal
cooling channels, and turbine blades.”
Each metal AM technique presents unique
characteristics that can significantly boost
production by minimizing tooling, post-proc-
essing, and eliminating material waste.”
Among the metal AM processes, laser pow-
der directed energy deposition (LP-DED) has
a unique position due to its higher build rate,
high degree of freedom, less sensibility to the
powder feedstock, and built-in capability of
producing multimaterial components. The
LP-DED uses a nozzle to deliver powder flow
to the build plate, where a laser beam depos-

through optimized process parameters and heat treatment.

1. Introduction

Additive manufacturing (AM) is an emerging technology that
provides several advantages over conventional manufacturing
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its the powder on the surface. Due to the use
of a powder flow as the delivery system, it is
feasible to combine different types of pow-
ders with exact ratios to obtain specific prop-
erties at desired locations. This unique capability combined with an
unconstrained deposition strategy can be used in various industries
to optimize two or more contradicting properties and boost perfor-
mance and efficiency at the same time. Thus, the location-depen-
dent material composition aids in better performance and lower
price, especially for high-temperature applications.
Manufacturing of multimaterial components brings higher
efficiency and performance by carefully designing the material
composition at each specific location.”) However, due to the dis-
similarity of alloys in coefficient of thermal expansion (CTE) and
crystal structure, specific considerations should be taken to suc-
cessfully join two or more alloys together.!®! This issue requires
close control of processing parameters, the composition of alloys
at every location, and the knowledge of phase formation based on
the composition and temperature. However, the lack of knowl-
edge about the effect of process parameters and heat treatment
on the formation and evolution of the interface is the main obsta-
cle in the production of reliable multimaterial components.
Granting a perfect bonding between two materials has been an
issue since industry associates started to weld two dissimilar
materials to each other.” Several challenges including process
control, material compatibility, complex thermodynamics within
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the interface, intermetallic formation, and cracking need to be
tackled in order to achieve a successful production. Since a wide
range of alloys are now available and compositionally tailored to
be used as powder feedstock for the LP-DED process, many
researchers have tried different combinations of these alloys
to understand the phenomena behind a successful joining.®
Cu-based alloys gained significance due to their superior thermal
conductivity and oxidation resistivity,”'?! especially in heat
exchangers and cooling channels; however, their low mechanical
properties intensify the desire to reinforce it with high-strength
alloys, especially Inconel series, to obtain a component that can
withstand very high temperatures, as well as dissipate heat
faster.'"1? 'To highlight the positive impact of copper on the per-
formance of heavy-duty components, Onuike et al.™*! achieved
~250% and ~2300% increase in thermal diffusivity and thermal
conductivity, respectively, by producing 50-50 gradient GRCop-
84 /Inconel 718 in comparison to pure Inconel 718. Note that the
printability of Cu-based alloys has other issues including high
reflectivity and low absorptivity, which require close control of
process parameters.!'*

Inconel 718 (IN718) is a nickel-based solid-solution alloy with
a wide range of applications in high-temperature environments.
The strengthening phase in IN718 is y’ + y” mainly consisting
of Ni3(Nb, Ti, Al), along with Laves, 8, and MC carbides.™ This
alloy is known for its excellent high-temperature performance in
terms of strength, oxidation, corrosion, and creep resistance.!1
On the other hand, CuCrZr is a precipitation-hardened copper-
based alloy with improved strength and high thermal conductiv-
ity, which has gained many applications in the production of heat
exchangers, combustion chamber parts, and cooling channels.!"”!
The role of Cr in this alloy is to add heat absorptivity and mechan-
ical strength to copper, while the Zr element is to enhance pow-
der flowability and strength."®*?! The combination of these two
alloys can significantly increase the mechanical and thermal per-
formance of heavy-duty components in critical applications.
Therefore, it is highly desirable to investigate the mechanics
of fusion between these alloys in order to tailor the microstruc-
tural, mechanical, and thermal properties of such multimaterial
components.

Characterization of the Inconel-copper interface has a consid-
erable history; however, the effect of processing and post-
processing parameters on the formation of the interface is still
under investigation. Anderson et al.?% deposited Inconel 625 on
C18150 via the LP-DED process and observed a large interfacial
region resulting from the high diffusion rate during this process.
Zhang et al.”") studied the feasibility of the utilization of CuCr
alloy as substrate in LP-DED of 07Cr15Ni5 steel. It was revealed
that the required energy for a successful deposition is excessively
high for this particular case. The reason was reported to be
the high thermal conductivity of copper alloy, which causes rapid
cooling and insufficient melt pool. Further, Liu et al.*? and Mao
et all”’! also observed vertical cracks within the interface of
deposited C18400 and CuCrZr alloys on 316L stainless steel
due to the excessive applied energy and crystallographic incom-
patibility, which led to micro residual stress and separation.
Chen et al.**2% reported cracks within the interface of
CuSn10 (bronze) and 316L stainless steel bimetallic samples pro-
duced using the laser powder bed fusion (L-PBF) process. A dif-
fusion layer is a common observation in the Cu-Fe interface.*”!
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It was also shown that insufficient energy caused cracking and
delamination in the horizontal direction, while excessive energy
generated vertical cracks, which may resulted from the difference
in thermal expansion of the two materials.””) Recently, Yang
et al””! achieved a crack-free interface while depositing
CuCrZr on AlSi7Mg through the use of a coaxial infrared-blue
hybrid laser with a low-power infrared laser. However, this type
of system is expensive and not widely available. Mishra et al.*®!
investigated the interface characteristics of wire and arc
additively manufactured (WAAM) Inconel 718 and Ti-6Al-4V
with CuSi as the interfacial bonding alloy. Cu,Ti;, Cu;Tiy,
Cu,Ti, CuTi,, and TisSi; were phases that formed within
the Cu-Ti interface, whereas CuNi and NiCr, phases at the
Ni—Cu interface. Zhang et al.l used Inconel 718 as the bonding
alloy between 316L stainless steel and pure copper. The results
showed a better defect-free bonding can be achieved through the
use of IN718 as the interlayer alloy. Pan et al.”®! produced a
defect-free bimetallic part composed of Inconel 625 and pure
copper and studied the interface properties. Cabibbo et al.*%
investigated the feasibility of producing CuCrZr-Tungsten
FGM for intense working environments. Even though the effort
turned out to be successful, the induced residual stress within
the interface was not negligible. Thus, apart from the defect-free
bonding, it is important to evaluate the state of residual stress to
avoid unpredictable failure.

Heat treatment is a common solution to fix the microstruc-
tural and mechanical heterogeneity of metal AM products, as
well as to relieve excessive residual stress.*!) In the case of pure
materials, standard heat treatment strategies are available accord-
ing to the required properties for each application. This also
gains significance due to the wide variation in the characteristics
of additively joined materials. The growing desire for the utiliza-
tion of multimaterial components requires an understanding of
the effect of heat treatment on the interfacial region of the two
materials. However, there are only a few examples in the litera-
ture dealing with the effect of heat treatment on the microstruc-
tural and mechanical evolution of bimetallic components,
especially in the vicinity of the interface. Liu et al.?? demon-
strated the effect of heat treatment on the microstructure and
properties of bronze-steel bimetallic structures. It was found that
the used heat treatment led to grain reorientation and micro-
structure homogenization. On the other hand, heat treatment
resulted in lower residual stress and dislocation density leading
to a lower mechanical strength. Li et al.** studied the effect of
heat treatment on the microstructure and fracture behavior of
LP-DED SS316L/IN718 bimetallic samples. It was shown that
the length of the diffusion zone increased after the heat treat-
ment and revealed a gradual elemental change in the deposition
direction. Severe recrystallization occurred on the SS316L side
of the interface while the microstructure of the IN718 side
remained unchanged. Further, the mechanical properties of
the bimetallic samples enhanced upon applying heat treatment.

In this article, the effect of process parameters and heat treat-
ment on the LP-DED bimetallic IN718-CuCrZr interface forma-
tion and evolution were investigated for the first time. To this
goal, process parameter optimization was carried out specifically
for the mentioned structure to obtain a flawless and strong inter-
face. The common heat treatment strategies for IN718 and
CuCrZr were used to design a unique heat treatment for the
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bimetallic structure. Detailed investigation including microstruc-
tural and mechanical analyses were carried out to identify
the effect of each heat treatment on the interface, as well as
the individual IN718 and CuCrZr. Suitability of the optimum
heat treatment strategy was evaluated based on the microstruc-
tural homogeneity, phase analysis, and hardness improvement
for both involved materials.

2. Experimental Section

2.1. Powder Feedstocks

For the present study, gas atomized CuCrZr powder with a particle
size of 45-106 ym and Inconel 718 (IN718) with a particle diame-
ter of 70-120 pm was supplied from SENTES BIR (Turkey) and
Oerlikon (USA), respectively. Figure 1a,b show the SEM images
of the raw powders. Powder size distribution was calculated from
low-magnification SEM images and represented in Figure 1c,d.
Three frames from each material were analyzed to ensure over
100 particle measurements. Table 1 reflects the composition of
the two raw materials adapted from the data sheets.

2.2. LP-DED Machine

A DMG Mori LASERTEC 65 hybrid machine was used for the
production of the bimetallic samples. The available machine
was equipped with a 2.5kW continuous fiber laser with a

EHT = 10.00 kV.
WD = 19.4 mm

Signal A= SE2
Photo No. = 119231

Date :31 Jul 2023
Time :19:57:26

www.aem-journal.com

Table 1. The powder composition of two materials (wt%).

Material Ni Fe Cr Zr Ti Al Nb Mo Cu
Inconel 718 Bal. 18 19 - 1 0.5 5 6 -
CuCrZr - - 0.87 0.06 - - - - Bal.

wavelength of 1064 nm and a spot diameter of 1.6 mm. Two hop-
pers were integrated into the machine to deliver powders to the
base material through a coaxial nozzle known as the COAX14
manufactured by Fraunhofer, Germany. Argon was used as
the shielding and carrier gas in order to protect the melt pool
from oxidation. The substrate for this study was made from
C45 steel with a thickness of 10 mm. No substrate pre-heating
was applied prior to the deposition.

2.3. Sample Preparation

The design of samples and process planning was carried out in
the Rhino 3D software with a developed process planning algo-
rithm in Grasshopper to be able to modify process parameters
where necessary. The overall dimension of samples was 15 x 15
x 20 mm’, which were divided into two sections, as shown in
Figure 2a. A 3 x 3 full factorial design of experiment was used
to study the effect of laser power and scan speed on the mechan-
ics of the interface by producing nine samples from the

& A0 a2
Signal A= SE2

Date :5 Oct 2023
Photo No. = 122312 Time :10:40:14

100 ym EHT=10.00 kV
WD = 27.8 mm
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Figure 1. SEM images of the supplied powders and the respective particle size distribution analysis: a,c) CuCrZr and b,d) IN718.
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(a)

CuCrZr

Figure 2. a) Schematic of the bimetallic sample and b) the produced
samples.

mentioned process parameters listed in Table 2. The laser power
should be modified layer by layer in order to avoid overheat
although it can be kept constant after the 8th layer for IN718
and 10th layer for CuCrZr since the overall thermal condition
of the part reaches a steady state. The scan pattern for both mate-
rials was zigzag with 0° and 90° rotation followed by a contour
scan. Prior to the deposition of the second material, the as-built
surface of IN718 was machined to specifically investigate the
effect of process parameter selection on the waviness of the inter-
face after the deposition of the second material. Figure 2b shows
the produced samples for the interface optimization. In the sub-
sequent step, four samples were produced using the optimum
process parameters for further experiments and investigations.

In order to investigate the effect of heat treatment on the inter-
face evolution, microstructural, and mechanical properties, four
heat treatment strategies were used as demonstrated in Table 3,

Table 2. Process parameters for material deposition.

Material Inconel 718 CuCrZr

Start from 1067 and
decreased 50 W per layer

600/700/800 for three
layers, then increase

Laser power [W]

until 8th layer 100 W per layer until

10th layer

Scan speed [mm min '] 1000 500/750/900
Powder feed rate [gmin~] 9 4.5
Carrier gas flow [Lmin~] 3.1 2
Shield gas [Lmin~"] 5 10
Layer thickness [mm] 1.12 0.85
Overlap ratio [%)] 50 60
Dwell time [s] 9 9

Table 3. Heat treatment strategies and their applications.

www.aem-journal.com

and the results were compared to the as-built condition. The heat
treatment strategies were selected according to the recom-
mended procedures for each material.>*?3%]

Heat treatments were conducted in a vacuum furnace in order
to avoid oxidation, especially for CuCrZr alloy. Since two materi-
als are involved in this study, it is impossible to perform the stan-
dard heat treatment strategy for both of them, simultaneously.
Therefore, four combinations of the standard heat treatments
for each material were selected to study the microstructural
and mechanical evolution of the bimetallic samples. At first, a
typical strategy for IN718 was used, which requires higher tem-
peratures. Then, a low-temperature heat treatment was applied to
satisfy the CuCrZr requirements. Air cooling (AC) and furnace
cooling (FC) were used at 250 and 50 °C h™!, respectively. FC was
applied in most of the cases in order to ensure effective precipi-
tation of Cr within the copper alloy.*! Table 3 shows the heat
treatment strategies used in this study.

After the production, the samples were prepared for micro-
structural analyses. Due to the large difference between the hard-
ness of the two materials, grinding and polishing of the
interfacial area were carefully carried out in multiple steps.
Electrochemical etching was used for IN718 in order to reveal
the microstructure using a solution (i.e., Kalling’s No. 2) com-
posed of 100 mL HCI, 100 mL ethanol, and 5 g CuCl, with a volt-
age of 5V for 5s. For the CuCrZr section, regular chemical
etching with a solvent consisting of 100 mL ethanol, 25mL
HCI, and 5 gr ferric II chloride was used. Nevertheless, it
is not possible to properly etch the inter-fusion zone due to
the low corrosion resistivity of the copper alloy to the high-
concentration acid used for the IN718.

2.4. Characterization

An ordinary optical microscope (OM) was used for general
inspection of the polished surfaces of the samples. A Zeiss
Gemini field emission scanning electron microscope (FESEM)
equipped with an EDAX X-ray electron-dispersive spectroscopy
(EDS) detector and an electron backscatter diffraction (EBSD)
camera were used for an in-detail study of the interface. Prior
to the EBSD analysis, the samples were polished using a
DLyte ion polishing machine in order to remove the surface
stress caused by the mechanical polishing.

Vickers microhardness (HV1) test was carried out along the
build direction on +6 mm in the vicinity of the interface with
0.5 mm intervals. Prior to the test, the subjective surface was care-
fully polished and cleaned. The used machine was a multipurpose
hardness tester with automated testing and measurement

Title Description

Purpose

Direct aging (HT1) 480°C x 2 h/FC
Solution annealing + aging (HT2)
Solution annealing (HT3)

Solution annealing + triple aging (HT4)

980 °C x 2 h/FC + 480 °C x 2 h/FC
1080°C x 1h/FC

1080°C x 1h/AC + 760 °C x 10 h/FC 4 650 °C
x 8 h/FC + 480 °C x 2 h/AC

Solid-solution precipitation of CuCrZr
Recrystallization and homogenization for IN718 and CuCrZr
Solution annealing and recrystallization for IN718

Standard heat treatment for IN718 to increase strength and
direct aging for CuCrZr

Adv. Eng. Mater. 2025, 27, 2500773 2500773 (4 of 15)
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capability; however, manual evaluation of the measurements was
also carried out for the validation of the results.

3. Results and Discussions
3.1. OM Analysis

Figure 3 shows the schematic of the formation mechanism of the
interface along with the actual interface between the IN718 and
CuCrZr. The overall analysis revealed that only a few defects
existed in the vicinity of the interface, especially within the
IN718 section. No sign of cracking was observed within the inter-
face, which is a promising indication of a successful bonding.
Since a high input energy was used to overcome the low laser
absorptivity of CuCrZr alloy, it caused the IN718 to be extensively
remelted during the deposition of the initial CuCrZr layers. Due
to the lower mass density of IN718 and the Marangoni convec-
tion effect, the molten material migrated to the upper level and
solidified within the CuCrZr matrix. Since the solidification
point of IN718 is higher, there is not enough time for the spher-
ical morphologies to coalesce and form larger clusters. Also note
that decreasing the input heat leads to fewer disruptions and
smaller islands. The same phenomenon was previously observed
when depositing CuCrZr on stainless steel 316L or IN718 via the
L-PBF process.”?**”) Furthermore, Dang et al.*®' elaborated that
this phenomenon can be engineered to improve the bonding
within the interface for dissimilar materials through formation
of fish scale morphologies.

3.2. Effect of Laser Power and Scan Speed

The formation of an effective fusion interface is directly affected
by the selection of process parameters. Since the laser power and
scan speed have significant impacts on the input heat, these
parameters are the key factors that play a major role in the for-
mation of the interface. Zhang et al.*” reported that an increase
in laser power leads to an increase in the depth of the Marangoni
flow, which causes more transportation of molten material from
the base material to the upper levels. Mao et al.**! also confirmed
this statement for the L-PBF of 316L/CuCrZr interface.

(@)

Nozzle assembly

CuCrZr layer —1

Laser direction
-

Inconel 718

Figure 3. Formation of IN718/CuCrZr interface: a) schematic and
b,c) optical micrographs.
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Furthermore, it was found that increasing the scan speed tends
to yield less disruption until a specific point above which the
interface starts to get wavy again due to the lack of proper adhe-
sion. Note that the optimum stepover should also be selected in
order to avoid excessive input heat. Chen et al.**! observed that
the width of the interfacial region is significantly affected by the
scan speed rather than laser power. Koukolikova et al.*! showed
that higher laser power increases the interface width by providing
higher input heat for mass transport. However, the interface wav-
iness decreased by increasing the laser power.

Figure 4 shows the SEM images from the interface of the pro-
duced samples using different combinations of laser power and
scan speed. As shown, all the samples revealed a crack-free inter-
face, while the porosity content varied according to the process
parameter variations. Changing the laser power and scan speed
led to two distinct effects on the formation of the interface. The
first effect is the interface disturbance or waviness and the sec-
ond effect is the mass transport due to the difference in the mass
density of the materials. Increasing the laser power with constant
scan speed causes an increase in the depth of the Marangoni flow
and higher interface disruption. The only solution for this is to
increase the scan speed to compensate for the effect of high
energy density, as depicted in case #6. From the scan speed per-
spective, higher scan speed tends to generate a shallow melt pool
and less heat penetration; therefore, the obtained interface was
smoother; unless the laser power was high enough to cause dis-
ruption on a larger scale, as seen in case #9. Increasing scan
speed with the same level of laser power leads to less fish scale
effect and more spherical mass transport due to the formation of
a shallow melt pool. Interface waviness resulting from the
intense heat penetration can cause gas entrapment and porosity
formation, as occurred in some cases (i.e., #3, 5, and 9). The fish
scale effect is challenging to control and causes inconsistent
properties along the interface; however, it provides better bond-
ing between the two materials. Therefore, a tradeoff between the
spherical and fish scale fusion zones with the least interface wav-
iness is preferred. According to the obtained results, specimen
#6 showed a controlled formation of fish scales and spherical par-
ticles, along with low waviness, which is considered as the opti-
mum case. Note that the obtained process parameters are only
valid for the production of the interface and the laser power
should be increased for CuCrZr after the deposition of a few
layers to overcome the low wettability and high reflectivity of cop-
per. In the produced samples, the laser power increased with a
100 W increment after the third layer; therefore, the samples can
be produced without affecting the interface condition.

3.3. SEM Analysis

Detailed SEM analysis was carried out for the optimum sample
(i.e., Sample #6) in the as-built and heat-treated conditions.
Figure 5 shows the microstructure of the optimum as-built
sample at different locations. In the CuCrZr side (shown in
Figure 5a—c), solid-solution Cr elements with a diameter ranging
from 0.4 to 1 pm were precipitated due to the low cooling rate
during the deposition. This microstructure is specific to the
LP-DED process while no or slight Cr precipitation was observed
during the L-PBF of this alloy.*"!
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Figure 4. The SEM micrographs from the interface of IN718 and CuCrZr produced using different process parameters.

Figure 5d—f show the interface between CuCrZr and IN718.
As observed in the previous section, the interface revealed an
uneven fusion line caused by the Marangoni convection of
IN718 to the CuCrZr side. Figure 5e shows the Cr element
was precipitated within the grain boundaries of CuCrZr, which
resulted from prolonged heating of this region. The morphology
of IN718 within the fusion zone consists of dendritic trees and
spherical regions at a wide range of dimensions shown in
Figure 5f. The dendritic trees were usually connected to the base
IN718 material and elongated throughout the heat dissipation
direction. Nevertheless, excessive thermal stress can cause free
dendrite formation, as shown in Figure 5f. The origin of these
structures is mainly the difference between the cooling rates and
the solidification temperature of the two materials.l*? This usu-
ally happens when the cooling rate is higher than 10* K s™* caus-
ing undercooling of the melted material before nucleation.**!
Lower solidification temperature for CuCrZr (ie., 1065-
1080 °C) allowed IN718 to grow within the liquid copper matrix
and form the dendritic trees.

Figure 5g—i show the SEM micrographs from the IN718 region
of the bimetallic sample. The microstructure of IN718 revealed the
formation of a dense interdendritic region, with the existence of
solid-solution MC carbides and the Laves phase. A low cooling rate
during the deposition of CuCrZr provided more time for the pri-
mary dendritic arms to extend almost triple the size (i.e., 3 pm)
compared to the single material deposition.*"! The MC carbides
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can be found all over the surface and their composition is mainly
Ti, Ta, and Nb.* The Laves phase was formed within the inter-
dendritic region and mainly contained Nb, Cr, and Mo elements.
The width of the Laves precipitates was 1 pm on average. This
phase is generally formed due to the high content of Nb segregated
during the solidification phase of the LP-DED process.*’!
Comparing to the pure IN718 specimen produced using the same
processing condition,**! the Lave phase showed a reduction in
aspect ratio; therefore, the prolonged deposition of CuCrZr pro-
vided a favorable condition for the evolution of this phase from
elongated into blocky Laves. The same effect was observed by
Sreekanth et al.l*") after solution treatment of LP-DED IN718 at
954°C for 1h followed by air-cooling process. Note that there
was no sign of the gamma prime (y’) phase because of the low
content of Al and Ti, while the gamma double prime (y”) phase
was detected at a submicron level in Figure 5i. Since the formation
of the y” phase depends on the time and temperature,*”! it was
also expected to find signs of this phase after the deposition of
CuCrZr on the IN718 sample.

Figure 6a—c show the microstructural evolution of the bime-
tallic sample after the HT1 heat treatment. It can be seen in
Figure 6a that the direct aging caused precipitate coarsening
for CuCrZr alloy. The direct aging in HT1 increased the popula-
tion and size of the precipitation hardening phase up to 2 pm,
which contains a large amount of Cr. Wang et al.**! found that
solution annealing causes recrystallization and a decrease in the
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Figure 5. SEM images of the side surface of the bimetallic sample: a—c) CuCrZr region, d—f) interface region, and g—i) IN718 region.

mechanical properties of CuCrZr, while solution aging or direct
aging for a short duration improves mechanical properties.
Further, the majority of Cr elements were precipitated within
the grain boundaries providing more grain boundary reinforce-
ment. Therefore, an increase in the strength of this part is
expected.l*”) The interface had also gone through morphological
changes. It is observed that the interface in Figure 6b gained
more uniformity after the heat treatment and the dendrites dis-
solved into smaller morphologies. IN718 also showed partial dis-
solution of interdendritic regions into the Ni matrix and formed
islands containing MC carbides and Laves phase. Thus, the over-
grown interdendrites during the production were eliminated, as
seen in Figure 6c. It is worth noting that the direct aging at 480 °C
for 2h did not significantly change the size of the MC carbides
and Laves in IN718.

The HT?2 consists of a solution annealing and an aging stage
resulted in sever grain coarsening for both of the materials. The
solid-solution Cr-rich particles were dissolved into the copper
matrix during the solution annealing stage and formed a super-
saturated uniform microstructure. Afterwards, the Cr precipi-
tated into the grain boundaries during the aging stage and
formed a grain boundary reinforced microstructure. It is also
obvious that the subsequent aging heat treatment did not cause
dispersed Cr precipitation as observed in HT1 although the tem-
perature and duration were similar. On the other hand, the Cr
elements were precipitated within the grain boundaries, as
shown in Figure 6d. Diao et al.’” also reported that 1 h solution
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annealing followed by 2 h aging yields a similar supersaturated
microstructure. The segregation of Cr elements within the grain
boundaries affected by temperature and duration of the solution
annealing post treatment, as discussed by Kuai et al.*! The inter-
face in Figure 6e shows changes in the morphology of the IN718
islands. As observed, there are two main types of islands namely,
spherical and dendritic. It seems that the dendritic islands
tended to grow toward the CuCrZr side and further decomposed
into the spherical islands and coalescence to form larger parts.
The IN718 side in Figure 6f also shows a dramatic change as
the solution annealing stage was intense enough to completely
dissolve the interdendritic region. Moreover, clusters of needle-
like and bright particles were observed on the surface of the
IN718 side. These particles are believed to be the 8 phase, which
was also predictable from the time-temperature-transformation
(TTT) diagram of this material.**! The & phase contains a large
amount of Nb and Mo, as previously highlighted in other stud-
ies.*! The +45° orientation of the & phase brings high tensile
strength due to its capability to hold dislocations from propaga-
tion.*? The clusters of § were accompanied by 1-1.5 pm MC car-
bides that also promote the mechanical properties of this alloy.
Although it is known that the precipitation of y’+vy” phase
occurred during the aging at a minimum of 620 °C,*! the partial
precipitation of these phases is also observable after 480 °C aging
in Figure 6f.

High-temperature solution annealing (i.e., HT3), led to the
formation of large solid-solution particles within the Cu matrix
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Figure 6. SEM micrographs from different locations of heat-treated samples: a—c) HT1, d—f) HT2, g—i) HT3, and j-I) HT4.

(see Figure 6g), which requires the EDS analysis for the compo-
sition determination. The interface in Figure 6h demonstrates a
transition step from the decomposition of dendritic trees into
amorphous IN718 islands. The high temperature put the copper
alloy into a semi-melted condition, which provided IN718 more
mobility and freedom to penetrate into the copper side. The base
material penetrated into the interface region through elongated
dendritic trees, which were further decomposed to independent
fine particles. The IN718 material in Figure 6i revealed the dis-
solution of the interdendritic region at high temperatures, as also
observed after HT2; however, the formation of dense 8 clusters
was promoted. It can be seen in Figure 6i that the population of
MC carbides decreased and no sign of the precipitation-hardening
v'/y" phase exists within the Ni matrix, as previously demon-
strated by Li et al.>¥

Adv. Eng. Mater. 2025, 27, 2500773 2500773 (8 of 15)

Upon performing triple aging post-treatment after a high-
temperature annealing stage (i.e., HT4), major changes occurred
on the CuCrZr side. Figure 6j shows the precipitation of large
particles within the copper matrix; however, these particles are
much larger than the previously observed Cr precipitates.
Therefore, the EDS analysis is required to identify the composi-
tion of these precipitates. The interface in Figure 6k seems to
experience full dendrite decomposition into fine island morphol-
ogies that are detached from the IN718 side. Afterward, high-
temperature solution annealing almost melted the copper alloy,
which gave freedom to the isolated IN718 islands to coalesce and
form larger morphologies. This condition also provided favorable
circumstances for the interface to extend further. On the other
hand, IN718 microstructure showed considerable changes, as
there was no sign of a coarse needle-like 8 phase. Instead, coarse
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v, and y” phases with an average length of 250 nm can be
observed, as shown in Figure 6l. Although the precipitation of
MC carbides is expected, the formation of precipitates within
the grain boundaries requires further investigation, as discussed
in Section 3.4. The overall microstructure resembles y and y”
with partial formation of the needle-like & phase. Therefore, it
is expected to observe a considerable increase in the hardness
of this sample. Nonetheless, the obtained phases in addition
to v were needle-like 3, blocky Laves, y’, and y” as for the single-
alloy heat treatment with similar steps.”*

3.4. EDS and EBSD Analyses

Figure 7a—e show the EDS map from a random region in the
vicinity of the interface area of the as-built and heat-treated con-
ditions. As shown, the top region in all samples contains a large
amount of Cu, which is an indication of CuCrZr, while the bot-
tom region is abundant with Ni. The Cr content varied through-
out the interface and is common in both alloys. It is obvious that
the width and uniformity of the fusion zone increased after each
stage of heat treatment. After the HT1, further diffusion of IN718
and CuCrZr occurred and formed a thicker and more uniform
interfacial region. The same phenomenon was observed by Liu
et al.®? for the interface of steel and aluminum bronze alloy. The
HT?2 caused nucleation and progression of fish scales due to the
applied high temperature. During the high-temperature heat
treatment (i.e., HT3), the fish scales within the interface gained
enough mobility to expand and decompose to spherical morphol-
ogies, which also gained density during prolonged exposure to

www.aem-journal.com

heat. During the aging stages in the HT4, the interface gained
more density of IN718 as observed in the HT1. Therefore, the
solution annealing led to the interface expansion while the aging
post-process caused more uniformity.

Figure 8a was taken from the copper side of the bimetallic sam-
ple after the HT1. It can be seen that the Cr and Zr were concen-
trated in large solid-solution particles that also contain oxygen.
Figure 8b shows the precipitation of Cr within the grain boundaries,
which formed a uniform distribution after the HT2. Wang et al.*®
previously showed that the same temperature with half of the dura-
tion leads to discrete Cr precipitation. Therefore, longer exposure to
heat provided more uniformity in Cr precipitation within the grain
boundaries. The copper alloy showed enlarged precipitates after the
HT3 and HT4 that were not likely to be just Cr; therefore, the EDS
analysis was carried out to identify the composition of these precip-
itates. Figure 8c shows the obtained EDS map from the interface
region of the HT3 sample. As found, the precipitates contained Cr,
Fe, Mo, Zr, Nb, and a few Ni. The reason for this phenomenon is
the convection of relatively low-density elements from IN718
toward the CuCrZr during the high-temperature solution annealing
and the formation of concentrated precipitates within the copper
matrix. This effect is due to the closeness of the annealing temper-
ature to the melting point of copper, which provides enough mobil-
ity for the low-density elements to move freely within the matrix.
The EDS data from the CuCrZr side of the HT4 sample in
Figure 8d shows the same solid-solution elements far from the
interface. The presence of oxygen in the precipitates is related to
the production took place in an open environment, which resulted
in an accelerated reaction of oxygen with chromium.

Figure 7. The EDS map from the CuCrZr/IN718 interface at different conditions: a) as-built, b) HT1, ¢) HT2, d) HT3, and e) HT4.

Adv. Eng. Mater. 2025, 27, 2500773 2500773 (9 of 15)
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Figure 8. EDS map from the copper section: a) HT1, b) HT2, ¢) HT3, and d) HT4; spot EDS from IN718 side: e) as-built and f) HT4.

Figure 8e,f show the EDS point analysis of the precipitated
carbides of IN718 in the as-built and HT4 conditions, respec-
tively. It can be seen that the as-built carbide mainly contained
Nb and Al, which are indications of the MC-type carbide.l
The MC carbides are generally formed within the interden-
dritic region and remain consistent during annealing; there-
fore, it can be predicted that the majority of the carbides
within the heat-treated samples are MC carbides. On the other
hand, the M,3Cq carbide can be formed within the grain
boundaries during prolonged heat treatment at moderate tem-
perature (e.g., aging),*® which was not the case in HT1 to
HT3. The HT4 showed traces of Cr/Fe-rich precipitates within

Adv. Eng. Mater. 2025, 27, 2500773 2500773 (10 of 15)

the grain boundaries in Figure 8f, which revealed the presence
of M,;C¢ carbide as well.l””

Figure 9a—e show the inverse pole figure (IPF) orientation, pole
figure (PF), and kernel average misorientation (KAM) maps along
with the grain boundary misorientation distribution taken from the
interface of the as-built and heat-treated samples. In the as-built
condition shown in Figure 10a, the majority of the grains tend
to elongate in the Z direction, which is the preferred heat dissipa-
tion direction. The PF map also confirmed the domination of (001)
direction with a maximum multiple of random distribution (MRD)
of 3.904. However, signs of moderate grain orientation along the
(111) and (101) directions suggest occasional randomness of the
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Figure 9. The IPF, PF, KAM, and the grain misorientation angle distribution from the vertical cross-section of the interface at different conditions:

a) as-built, b) HTT, ¢) HT2, d) HT3, and e) HT4.

grain growth due to the complex and rapid formation of the inter-
face. Fine and small-angle grains with an average size of 5 ym were
found in the vicinity of the interface; however, larger grains up to
150 pm were observed as getting far from the interface. Since the
thermal conductivity of IN718 is far lower in comparison to the
copper alloy, alower cooling rate was observed during the depo-
sition of CuCrZr on IN718. Therefore, coarser grains were
formed as going further from the interface toward the top
region. A distinguishable border can be observed between
the CuCrZr and IN718, as previously observed by other

Adv. Eng. Mater. 2025, 27, 2500773 2500773 (11 of 15)

researchers.[*”] The reason for grain refinement in the interface
region is the formation of IN718 particles that act as the grain
nucleation sites for CuCrZr alloy.”!

Figure 9b shows the obtained map from the HT1 sample. It
can be seen that grain coarsening and reorientation from (001) to
(101) occurred in the interface region after direct aging at 480 °C.
Since the major composition of the interface was copper, this
effect was predictable. Wang et al.”® showed that the grain coars-
ening occurred after direct aging of CuCrZr, and the crystal ori-
entation shifted from (101) to (111). However, the IN718 side
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Figure 10. Microhardness test results with selected indentation micro-
graphs from the as-build and heat-treated conditions.

showed no significant changes since the temperature was rela-
tively lower than the recrystallization temperature for IN718.
The PF data revealed that the reduction of the MRD to 3.282,
which indicates an overall recrystallization after the HT1. The
heat treatment seems to have partially annealed the structure,
reducing the strong (001) orientation seen previously. Broader
intensity distributions in all PFs and the weakened (001) orien-
tation along with a more dispersed pattern in the (111) direction
implied a slight increase in the randomness of the grains.
After the solution annealing at 980 °C and aging at 480 °C (i.e.,
HT?2) in Figure 9c¢, the grains in the IN718 side went through
major recrystallization and formed an equiaxed structure. It
can be observed that the grain growth occurred throughout
the interface and shaped a uniform microstructure. The overall
IPF pattern suggested a balanced orientation of grains as expected
from annealing heat treatment. After the high-temperature recrys-
tallization of IN718 during the first stage, the grains were inacti-
vated during the second stage (i.e., aging). On the other hand, the
copper alloy continued to evolve even during the second stage,
which caused grain refinement in the top region of the interface.
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The regions with very fine grains formed due to the randomization
of growth orientation and presence of a super-cooled and rigid
IN718 contact, which promoted new grain formation at these
regions. It is worth noting that the fish scales stood out with a very
fine grain structure due to the mismatch in the cooling rate during
the cooldown stage of the heat treatment. The PF data showed fur-
ther reduction in the maximum MRD to 2.580 and a broader dis-
tribution in the (001) direction, which indicate more texture
weakening in this direction. By considering the texture weakening
in the other two direction and reduction in the intensity, a more
isotropic structure was obtained.

Further, in Figure 9d, the HT3 with only a high-temperature
annealing stage showed major grain growth throughout the
interface and significant reorientation. The IPF plot indicates less
textured grain structure and more dispersed growth direction.
The PF maps reveal a lower maximum MRD of 1.694, which
indicates less intensity for the specific planes and higher orien-
tation randomness. The red region in the (001) direction became
less concentrated and more diffuse compared to the previous
cases. The observed very fine grains in the upper side of the inter-
face after the HT2 had not been formed in this case due to the
less time for individual recrystallization of the fish scales.

Lastly, the HT4 with a high-temperature annealing stage and
triple aging sequence resulted in grain refinement in the IN718
side with a slight reorientation effect, as shown in Figure 9e. It
can be concluded that the grains tended to reform along the (111)
and (101) directions based on the FCC lattice structure. The
annealing stage in HT4 caused major interface expansion while
the subsequent aging decomposed the fish scales to separated
islands. Very fine grains were formed within the thin fish scales,
which acted as a grain nucleation point for the surrounding
CuCrZr. By comparing the obtained results with the previously
reported data after similar heat treatment temperatures with less
duration,*® it can be interpreted that the aging stage after solu-
tion annealing did not have a significant impact on the grain ori-
entation of CuCrZr; however, the grain size was considerably
coarser in the present study due to the prior annealing stage.
Nevertheless, the grain refinement in the vicinity of IN718 fish
scales was observed similar to the HT2 case but with higher
severity due to the used triple aging heat treatment. In the PF
maps the symmetric and diffused regions surrounding by the
red regions reported a weak (001) alignment. The MRD was
slightly increased to 1.883 resulted from the aging post-process,
which still indicated a random grain growth.

The KAM map and misorientation angle histogram revealed
high misorientation existed in the as-built interface due to the
excessive residual stress generated during the deposition. Note
that the difference in the thermal expansion behavior and high
cooling rate were the main reasons for high residual stress in the
vicinity of interface. It can be seen that the majority of grains
possessed low angles of less than 15° caused by the formation
of subgrains within the interface region. After heat treatment,
the overall residual stress was relaxed and the misorientation
density decreased on the IN718 side by increasing the heat treat-
ment temperature or duration in HT1 and HT2. The HT2
revealed the least low-angle grains population since the anneal-
ing temperature was not too high to provide excessive mobility
for IN718 to spread and also not too low to leave IN718 unaf-
fected. However, the interface evolution during the heat
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treatment caused local misorientation occurrence due to the
growth of interfusion between IN718 and CuCrZr within the
interface. This caused local stress induction during the solidifi-
cation stage of heat treatment, as was also observed in the IPF
maps. Unlike what was observed in heat-treated bronze-steel
bimetallic structures,®” the misorientation density increased
by increasing the heat treatment stages. The reason for this find-
ing is the thermal mismatch-induced stresses produced during
various heat treatment stages and the inherent lattice mismatch,
which causes subgrain formation. The difference between the
thermal expansion coefficient caused significant thermal stress
during the cooling stages. Therefore, the misorientation density
increased in the interface by increasing the temperature and
duration of heat treatment. Additionally, the phase transforma-
tion of IN718 in the vicinity of the interface along with the expan-
sion of interface generated significant stress. Apart from the
interface, the misorientation angle tends to move toward higher
angles by increasing the annealing temperature, which acts sim-
ilar to the pure materials.>”’

3.5. Microhardness Analysis

Figure 10 shows the Vicker’s microhardness in the vicinity of the
interface along the Z direction for the optimized interface in the
as-built and heat-treated conditions. The maximum hardness
value for the as-built sample was measured at 325 HV in the
IN718 region, which was lower than the previously reported
value for the same material.[*”! Coarse grains and low dislocation
density are the main reasons for this finding. For the bimetallic
L-PBF IN718/CuCrZr, Zhang et al.””! reported higher hardness
for the IN718 due to the finer grain structure while the CuCrZr is
almost at the same hardness range. As the indenter aimed
toward the interface from the IN718, the hardness value first
dropped to 260 HV and then increased just before entering
the interfacial region. Grandhi et al.'®!! observed an increase in
the hardness of IN718 before the fusion zone with CuSn10.
Since smaller grains were formed in the vicinity of the interface
in the as-built condition, a higher hardness value was measured for
the IN718 prior to the interface region. The as-built interface
showed almost the average hardness value between the IN718
and CrCrZr, which was 220 HV. Above the fusion zone, there
was a gradient grain size throughout the sample height, which
was also revealed by the hardness variations. Depending on the
size of the CuCrZr grains, the hardness varied from 105 to 80
HV. Since the grains were finer in the vicinity of the interface,
higher hardness values were generally obtained.

After the HT1 heat treatment, a smoother hardness transition
occurred due to the grain refinement within the interface. Grain
growth led to a decrease in the hardness of IN718 while improving
the hardness of CuCrZr to an average of 100 HV. Note that the
aging strategy decreased the hardness of the interface to 165 result-
ing from the grain refinement. Despite the grain growth, the HT2
improved hardness to the average of 363 HV on the IN718 side
due to the precipitation of solid-solution phases such as y”, v/,
and §. The sharp changes in the hardness values of HT2 IN718
resulted from the clash of the indenter with hard precipitates like
the Laves and 8. For CuCrZr, solution annealing at temperatures
higher than 550 °C can significantly decrease hardness value.[*”
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Although solution annealing can decrease the hardness down to
70 HV, direct aging or post-annealing aging can recover hardness
up to 200 HV.2*3% [n the CuCrZr region, a more uniform hard-
ness was observed (i.e., ~85 HV), which was generally higher than
the as-built condition. Precipitation of the Cr element within
the grain boundaries was the main reason behind the slight
increase in the hardness of the CrCrZr alloy after the HT2.
Homogenization heat treatment causes grain growth and dissolu-
tion of solid-solution phases; therefore, the hardness of IN718 is
generally decreased.!®” Thus, the HT3 heat treatment showed a
slight decrease in the hardness of the IN718 compared to the
as-built condition. The excessive grain growth to an average of
60 pm during the heat treatment caused a reduction in the hard-
ness of CuCrZr to less than 70 HV, which is lower than the as-
deposited condition. Through the HT4, a proper aging process
leads to a uniform precipitation of the y” and y’ phases, which
significantly enhance the hardness of IN718."l Therefore, the
IN718 side experienced superior hardness up to 461 HV after
the HT4. However, this strategy did not affect the interface prop-
erties as expected and a similar hardness to the HT3 specimen was
observed in the CuCrZr part.

4. Discussion

The interface between IN718 and CuCrZr showed a broad inter-
fusion due to the high input heat. The key processing parame-
ters, namely laser power and scan speed, have a significant
impact on the formation of the interface. It was concluded that
the increase of laser power increases the depth of melt pool pen-
etration and adds more disturbance, which results in the forma-
tion of fish scales and spherical particles migrating from the base
IN718 to the upper layers. At the same time, increasing the scan
speed provides less time for the IN718 particles to adjust and
join; therefore, smaller particles tend to form. In general, the for-
mation of fish scales assists in stronger bonding between the two
materials; however, it causes fluctuations in the mechanical
properties of the interface. The dimensions of fish scales can also
be engineered based on the application and materials by chang-
ing the laser power and scan speed.

Heat treatment is generally required for both IN718 and
CuCrZr in order to improve their mechanical properties for spe-
cific applications. However, due to the misalignment between the
standard heat treatment strategies for the two materials, a tradeoff
point should be determined in order to achieve acceptable proper-
ties for both of the participants. It was shown that the HT2, which
consists of a solution annealing and an aging stage can result in
mechanical properties improvement for both of the materials. It
was also observed that the mentioned heat treatment causes den-
drite growth within the IN718 side of the fusion zone, which pro-
vides better bonding between the two materials. The EBSD
analysis showed that the HT2 provided enough time and temper-
ature for grain growth and interface uniformity. The optimum
sample after the HT2 revealed an average microhardness of 363
and 85 HV in the IN718 and CuCrZr sides, respectively.

A closer look at the interface after the over-etching of the cop-
per alloy provides a deeper understanding of the formation and
evolution of the interface. Figure 11 shows the evolution of
the interface from the IN718 perspective in the as-built and
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Figure 11. Closer look at the IN718/CuCrZr interface: a) as-built, b,c) HT2, d) HT3, and e,f) HT4.

heat-treated conditions. It can be seen in Figure 11a that the pop-
ulation of the Laves phase is higher in the vicinity of the interface,
which also justifies the sudden jump in the hardness value prior
to the interface region. Furthermore, the dendrite sprouts can be
observed within the interface boundary, which results from the
relatively high local cooling rate. After the heat treatment, the
interface started to evolve and the dendrites grew toward the cop-
per part. Upon applying HT2 in Figure 11b,c, which provided
higher mobility dendrites growth was accelerated and released
fine spherical particles through decomposition. It was observed
that the fish scale structures broke down into dendritic trees and
later departed as islands at higher temperatures during the HT3,
as shown in Figure 11d. The higher temperatures close to the
melting point of copper showed near-complete decomposition
of fish scales and the formation of elongated dendritic trees,
as well as a high density of islands. This phenomenon continued
by increasing the duration of heat treatment via triple aging in
the HT4 (Figure 11e,f). This heat treatment strategy also caused
the progressive decomposition of fish scales toward the root
inside the IN718 base. This means that the base IN718 decom-
posed into dendrites and formed fine arms, which were sur-
rounded by liquid copper during the high-temperature exposure.

5. Conclusions

This work delivered a comprehensive investigation of the produc-
tion of IN718/CuCrZr bimetallic structures via the LP-DED
method. The effect of process parameters and post-processing
treatments on the formation and evolution of the interface was
demonstrated. Microstructural and mechanical characterization
indicated the sensitivity of the interface to the manufacturing
parameters and the applied heat treatment. It was shown that
the optimum process parameters lead to mixed spherical and fish

Adv. Eng. Mater. 2025, 27, 2500773 2500773 (14 of 15)

scale morphologies within the interface while applying heat treat-
ment expands the interface through mass transport. The mechan-
ical properties of the interface decreased after the heat treatments
due to the grain coarsening and reorientation effect. The hardness
of IN718 can be significantly improved by solution annealing and
aging; however, the hardness of CuCrZr cannot be extensively
improved. Overall, the HT2 led to an improved microstructure
and hardness for both materials; thus, it is recommended prior
to the implementation of such coating or bimetallic components.
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