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A B S T R A C T

The integration of copper alloys with high-strength steels through laser powder bed fusion (LPBF) offers a 
promising pathway toward multifunctional components combining superior thermal conductivity and me
chanical performance. However, conventional bimetallic steel/Cu architectures fabricated by sequential depo
sition often suffer from interfacial defects arising from the large mismatch in thermophysical properties and the 
intrinsic immiscibility of the Cu–Fe system. In this work, a Cu/17-4 PH multi material system was developed via 
mechanical powder mixing and processed by LPBF to promote a more homogeneous distribution of phases and 
mitigate sharp compositional gradients at the interface. Exploiting the rapid solidification conditions inherent to 
LPBF, the study investigates the extent of partial alloying, solute trapping, and microstructural refinement 
occurring within this pseudo-alloy. A comprehensive microstructural investigation, together with a deep me
chanical characterization at the nanoscale, was performed to elucidate phase distribution, interfacial 
morphology, and diffusion-driven interactions between the Cu-rich matrix and the Fe-rich reinforcing phase. 
Nanoscale mechanical testing and thermal characterization, including evaluation of the thermal conductivity, 
were conducted to establish correlations between processing parameters, microstructure, and functional prop
erties. The results demonstrated the potential of the powder mixing approach to engineer novel high thermal 
conductivity systems offering an improved trade-off between functional and mechanical performance for 
advanced thermal management and high-temperature applications.

1. Introduction

Within the continuous evolution of aerospace manufacturing,
increasing the service life of critical components remains a central 
objective. Spacecraft typically rely on liquid-propellant rocket engines 
which, despite their high performance, are inherently limited by a 
relatively low number of firing cycles. Among the various elements of 
these complex assemblies, particular emphasis must be placed on the 
thrust chamber, due to its critical structural and thermal loading con
ditions. Within this component the propellant mixture ignites and burns, 
generating high-velocity exhaust gases that create thrust to propel the 
rocket. The thrust chamber operates under extremely harsh operating 
conditions, among the most demanding in engineering applications, as it 
is subjected to pressures easily exceeding 100 bar and temperatures 

greater than 3000 K [1].
To withstand these extreme operating environments, modern liquid 

rocket engines commonly employ double-walled thrust chambers with 
regenerative cooling [2]. In this configuration (Fig. 1), one of the pro
pellants, typically the fuel, is routed through a large array of narrow 
cooling passages, often featuring a rectangular shape. Traditionally, 
these channels are machined along the profile of a comparatively thick 
chamber wall, forming an inner liner that separates the circulating 
coolant from the high-temperature combustion gases, as well as radial 
ribs that divide adjacent channels. An external jacket is then attached to 
the ribs using joining techniques such as brazing or electroforming. It is 
important to note that the materials used for the inner liner and the 
outer jacket are usually not the same [2].

For this reason, design strategies that integrate multiple metals 
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within a single component make it possible to combine properties that 
would otherwise be physically incompatible. In fact, by selectively 
placing different materials, components can be engineered to exhibit 
location-specific characteristics such as enhanced wear resistance, 
improved corrosion protection, or superior thermal conductivity [3], 
[4], [5], [6], [7]. As early as the 1970s, NASA implemented multi-metal 
concepts in the Main Combustion Chamber of the RS-25 engine 
(formerly known as Space Shuttle Main Engine), where a copper-alloy 
liner featuring conformal cooling passages was paired with a nickel 
outer shell, resulting in a highly integrated composite structure, where 
the copper based material effectively limits the temperature of the wall 
exposed to the hot gases, enhancing heat transfer away from the com
bustion region [8]. However, producing such hybrid structures using 
traditional manufacturing methods presents significant technical ob
stacles and high production costs [9].

In recent years, advanced additive manufacturing (AM) techniques 
have provided solutions to these limitations. In particular, laser-based 
powder bed fusion (LPBF) enables the fabrication of complex three- 
dimensional metallic components composed of multiple materials, 
with spatially controlled material placement in all three dimensions 
[10]. Moreover, it is worth noting that efficient multi-material archi
tectures can also be achieved by combining different AM techniques. For 
instance, in applications such as additively manufactured rocket thrust 
chambers, LPBF is used for the fabrication of the inner copper alloy 
components, while directed energy deposition (DED) processes are 
typically employed for the deposition of outer structural features [11]. 
LPBF and DED belong to the class of rapid solidification processes, 
characterized by extremely high cooling rates (on the order of 105-106 

K/s for LPBF), which promote non-equilibrium solidification phenom
ena and enable enhanced solute trapping, metastable phase formation, 
and localized alloying effects [12]. As a result, designers gain unprece
dented flexibility in both material selection and structural configuration.

Within this framework, the past decade has seen the exploration of 
several multi-metal architectures, with particular emphasis on copper- 
based systems. NASA, for instance, is currently manufacturing with 
AM technologies multi-material components that combine CuCrZr or 
various grades of GRCop alloys with nickel-based superalloys [13], [14].

In parallel, increasing attention over the last five years has been 
directed toward the integration of copper and its alloys with steels. 
Among the investigated material pairings, 316L-CuCrZr [15], [16], [17] 
is the most widely studied, followed by M300-CuCrZr [18], [19] 
and316L-CuSn10 [20], [21] systems. Additional, though less extensive, 
studies have examined combinations such as H13–Cu [22] and M300-Cu 
[23]. This kind of coupling is of particular interest since the miscibility 
gap in the solid state existing between Cu and Fe [24] allows to classify 
the Cu–Fe systems as pseudo alloys [25], where the Fe-rich phase is 
embedded within a continuous Cu matrix. This microstructural config
uration enables the combination of complementary properties, such as 
the high thermal and electrical conductivity of copper and the 

mechanical strength of steel, within a single material system [26], [27], 
[28].

Most of the studies on these multi material assemblies, are based on 
the coupling between the two dissimilar materials where a copper alloy 
part is fabricated on top of a formerly LPBF-produced steel part, then a 
second steel part was built on top of the copper alloy part to investigate 
the bimetallic interfacial properties. The bimetallic steel/Cu joint, in 
general, revealed numerous defects, including cracks due to a significant 
difference between the thermo-physical properties of the two materials 
such as coefficient of thermal expansion, melting temperatures, heat 
capacities, and thermal conductivity [29].

To mitigate these issues, recent studies have investigated the possi
bility of using additive manufacturing with mixed powder of copper and 
steels, obtained through mechanical blending or ball milling of 
elemental powders to obtain a more isotropic distribution of properties 
[30], [31], [32].

Building on these considerations, the present work explores the 
development of a Cu/17-4 PH multi-material obtained by additive 
manufacturing of mechanically mixed powders, evaluating the effects of 
the rapid solidification characteristic of the LPBF processing on inter
facial architecture, solute partitioning and microstructural features. The 
underlying rationale is to exploit the non-equilibrium solidification 
conditions to enable complementary precipitation-driven strengthening 
in both the immiscible phases and to achieve a compatible thermal and 
microstructural evolution during aging, analogous to the behavior of 
high-performance Cu-based alloys designed for harsh environments.

Although mechanical performance is often the primary focus for 
additively manufactured metallic multi-materials, their thermal char
acteristics are equally critical, particularly in applications involving heat 
transfer and thermal management systems. A fundamental parameter 
that characterizes heat conduction in multiphase or heterogeneous 
materials is the effective thermal conductivity (ETC). This property is 
strongly influenced by the material's overall composition, the nature and 
distribution of its constituent phases, and its microstructural features. In 
multi-material systems, the ETC is governed by several factors, including 
the intrinsic thermal conductivity of each phase, their spatial arrange
ment, particle or phase size, and their respective volume fractions [33]. 
The presence of porosity further reduces thermal performance, as both 
the amount and morphology of pores adversely impact heat conduction. 
When heat passes across the interface between different phases, a tem
perature discontinuity can occur. This phenomenon, known as interfa
cial thermal resistance, originates from imperfect interfacial contact as 
well as differences in the thermophysical properties of the adjoining 
materials, such as coefficients of thermal expansion and bonding char
acteristics [34]. A specific form of interfacial resistance, termed thermal 
boundary resistance or Kapitza resistance, arises from mismatches in the 
vibrational and electronic structures of the two materials. At the inter
face, heat carriers, whether electrons or phonons, undergo scattering, 
and their likelihood of transmission depends strongly on the compati
bility of energy states across the boundary [35].

For this class of multi-materials, the available literature about the 
functional properties remains scarce. Moreover, for both base materials 
considered in the proposed system, the functional properties are 
strongly affected by the thermal history experienced during processing. 
For instance, additively manufactured 17-4 PH stainless steel exhibits a 
different temperature dependence of thermal conductivity compared 
with its wrought counterpart, as a result of the AM process-induced 
microstructure [36], [37]. A comparable trend is observed in pure 
copper, where deviations from conventionally produced material are 
primarily associated with the characteristic microstructural refinement 
induced by the LPBF process [38].

On these bases, unlike most previous studies on steel/Cu multi- 
materials, which have mainly focused on sequentially deposited bime
tallic joints or on mechanically mixed Cu–Fe systems primarily assessed 
in terms of processability and bulk response, the present study in
vestigates the material implications associated with the development of 

Fig. 1. Schematic cross-sectional view of a regeneratively cooled double-walled 
thrust chamber [1].
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high thermal conductivity multi-material systems produced through the 
powder mixing approach and fabricated through LPBF.

Specifically, it provides a systematic analysis of the resulting inter
facial microstructure and mechanical behavior, with particular 
emphasis on elucidating the metallurgical mechanisms governing 
diffusion bonding and the interactions between the constituent phases.

To this end, detailed microstructural characterization was carried 
out to correlate interfacial morphology and phase evolution with the 
resulting mechanical and functional properties, thereby establishing 
robust process microstructure and property relationships.

The novelty of the study lies in correlating LPBF induced rapid so
lidification and thermally activated microstructural evolution with the 
ETC and mechanical response of the material. This approach enables the 
thermal behavior to be directly linked to the evolution of the Cu/steel 
interfacial architecture, providing new insight into the design of Cu/ 
precipitation-hardening stainless steels multi materials for thermal 
management and high temperature applications.

2. Materials and methods

2.1. Materials

The investigated material is a muti-material, obtained from a powder 
blend composed of 80 wt% copper and 20 wt% 17-4 PH stainless steel. 

The copper powder (reported purity: 99.95%) was supplied by Legor 
Powmet (LEGOR GROUP s.p.a., Bressanvido, VI, Italy), while the 17-4 
PH stainless steel powder was provided by Carpenter Additive (Car
penter Technology Corporation, Philadelphia, PA, USA).

The initial powders were blended using a POWMIX mixer from 
Sòphia High Tech (SÒPHIA HIGH TECH s.r.l., Somma Vesuviana, NA, 
Italy) using a process that combines pressurized gas flow with an 
acoustic pressure field, enabling the preservation of uniform density 
throughout the mixing stage. Prior to the LPBF process, both the indi
vidual powders and the resultant mixture were characterized to define 
particle size distribution (PSD) and morphology (Fig. 2). For this pur
pose, a Mastersizer 3000 particle size analyzer (Malvern Panalytical 
Ltd., Malvern, UK) was used for the PSD, while morphology was assessed 
by scanning electron microscopy (SEM) observations performed using a 
Phenom XL benchtop SEM (Thermo Fisher Scientific Inc., Waltham, MA, 
USA).

As evidenced in Fig. 2d, the starting powders exhibited a consistent 
difference in PSD. Copper showed D10,3 = 5.9 μm, D50,3 = 12.6 μm, and 
D90,3 = 18.4 μm, whereas the steel powder presented D10,3 = 19.9 μm, 
D50,3 = 33.4 μm, and D90,3 = 49.7 μm. This difference was intentionally 
selected to compensate for the density mismatch between the two ma
terials, thereby improving mixing homogeneity. From a morphological 
perspective, both powders exhibited a high degree of sphericity (Fig. 2a- 
b). However, the steel powder showed a greater presence of satellites 

Fig. 2. Morphological SEM observation of a) 17-4 PH steel; b) Cu powder; c) blended composition 80 wt% Cu- 20 wt% 17-4 PH; d) particle size distribution 
comparison of the constituent powders and the resultant mixture prior to the LPBF process.
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and elongated particles. Despite these morphological differences, no 
significant effect on flowability was observed, as assessed using the Carr 
method [39]. Indeed, both powders were classified as exhibiting 
excellent flowability, with Carr Index (CI) values of 8.79% for the steel 
powder and 10.78% for the copper powder. Moreover, the morphology 
of the mixed powder (Fig. 2c) indicates that the mixing procedure did 
not alter the particle shape or induce noticeable morphological changes.

Finally, the true density of each constituent powder was calculated 
by means of pycnometry using an AntonPaar Ultrapyc 5000 (Table 1), 
and the optical behavior of the resultant mixture was evaluated by 
means of a Shimadzu UV-2600 UV-VIS spectrophotometer (Shimadzu 
Corporation, Kyoto, Japan) fitted with the ISR2600Plus integration 
sphere which measured an average optical absorption of 40.03% at 
1070 nm confirming the processability with infrared (IR) AM setups.

2.2. Experimental

All the specimens were fabricated using a Concept Laser M2 powder 
bed fusion system, featuring a standard IR laser source and a cubic build 
envelope of 250 mm in each spatial direction. The machine operates 
under a controlled nitrogen atmosphere with a filtered gas recirculation 
system and employs a silicon blade recoating mechanism for powder 
deposition. The processing parameters adopted in this study, selected on 
the basis of prior investigations [40], are summarized in Table 2, 
together with the volumetric energy density (VED), calculated as: 

VED=
P

ss*Hd*t
Eq. (1) 

where P, ss, Hd, and t represent the laser power, scanning speed, 
hatching distance, and layer thickness, respectively.

A segmented “island” scanning approach, proprietary to Concept 
Laser systems, was implemented during fabrication. This strategy di
vides each layer into smaller sections that are selectively melted in a 

non-sequential pattern, promoting a more uniform thermal distribution 
thanks to the stochastic exposure of these islands.

To evaluate the stability of the composition along the three spatial 
directions (with Z corresponding to the building direction) while 
maintaining constant processing parameters, two potential effects were 
considered: powder sedimentation within the hopper during processing 
and possible compositional variations induced by the recoater move
ment along the X direction.

For this purpose, twenty-two identical A-type samples were pro
duced. As illustrated in Fig. 3a, each sample was extracted from a 
parallelepiped-shaped deposition with a square base of 15 × 15 mm2 

and a height of 70 mm. The samples were positioned in two rows along 
the X direction at the peripheral regions of the building platform, 
following the recoater movement. Each row contained eleven samples 
and, to distinguish between the two rows, the samples were labeled as 
Internal Side (IS) and Window Side (WS), as indicated in Fig. 3a.

To further investigate possible compositional variations along the 
build direction (Z), each parallelepiped sample was sectioned into four 
distinct levels along its height, as schematically shown in Fig. 3b. These 
levels allowed the evaluation of potential compositional discretization 
occurring during the layer-by-layer deposition process.

As a first step in the verification of compositional stability, the 
densification of the samples was evaluated following ASTM B311-22
[22], applying the Archimedes method. Mass determinations were car
ried out using a KERN ABS 80-4 N (KERN & SOHN GmbH, Germany) 
having a resolution of 0.10 mg, equipped with the density measurement 
setup KERN YDB-03. To ensure the reliability of the density results, and 
distinguish variations imputable to inherent porosity, a complementary 
statistical assessment was conducted through quantitative image anal
ysis of selected cross-sections. Specimens were cut along orientations 
both transverse and longitudinal to the build direction and prepared 
using conventional metallographic techniques. For each condition, 
thirty micrographs were acquired at 50× magnification with a Leica 
DMI 5000 M optical microscope (Leica Microsystems GmbH, Germany). 
The collected images were subsequently processed and evaluated using 
ImageJ software.

The phase identification was further validated by means of X-ray 
diffraction (XRD) measurements on sections perpendicular to the build 
direction using an Empyrean diffractometer (Malvern Panalytical Ltd., 
UK) equipped with Cu Kα radiation. The instrument was operated at an 
accelerating voltage of 40 kV and a current of 40 mA. Diffraction pat
terns were collected over a 2θ range of 30-140◦ using a step size of 
0.013◦. The obtained diffractograms were subsequently processed for 
phase identification using X'Pert High Score.

To investigate precipitation phenomena and microstructural evolu
tion, the specimens were subjected to direct aging heat treatments 
(DAHT) at temperatures of 600, 650 and 700 ◦C for durations of 1, and 5 
h.

The selection of the appropriate thermal cycle for post-processing 
was supported by Differential Scanning Calorimetry (DSC) analysis 
performed using a Mettler Toledo STARe System 3+ TGA/DSC instru
ment (Mettler-Toledo International Inc., Greifensee, Switzerland). 
Measurements were conducted from ambient temperature up to 1200 ◦C 
at a heating rate of 10 K min− 1 under an argon atmosphere. In addition, 
the specific heat capacity (Cp) was determined by Sinusoidal Modulated 
Temperature Differential Scanning Calorimetry (SMT-DSC) using a 
Hitachi Nexta DSC 600 instrument (Hitachi Ltd., Tokyo, Japan), with the 
same heating rate up to 700 ◦C following the ASTM E2716 standard 
[41].

The thermal conductivity of the as-built samples (λ) was determined 
by means of the Laser Flash Method using a Micro Flash 457 apparatus 
(NETZSCH Group AG, Germany) on samples with dimensions of 10.0 ×
10.0 × 2.0 mm3. This technique provides the thermal diffusivity (α) of 
the material. The ETC was subsequently calculated according to the 
relation derived from Fourier's law : 

Table 1 
Constituent powders pycnometer density.

True Density [g/cm3] Std. Dev.

Cu 8,96 0,0367
17-4 PH 7,78 0,0196

Table 2 
LPBF process parameters utilized in this work.

P [W] ss [mm/s] Hd [mm] t [mm] VED [J/mm3]

250 900 0.105 0.03 88.18

Fig. 3. (a) CAD representation of the building platform showing the arrange
ment of the samples and the recoater movement direction. Samples are labeled 
according to the X, Y, and Z reference axes. (b) Schematic representation of the 
sampling levels along the build direction (Z).
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λ= α⋅ρ⋅Cp Eq. (2) 

where ρ is the bulk density and Cp is the specific heat capacity.
For microstructural characterization, both as-built (AB) and heat- 

treated specimens required chemical etching to clearly reveal struc
tural features. Grain morphology was exposed using an aqueous solution 
composed of 1.5 g FeCl3, 10 ml HCl, and 30 ml ethanol, for time between 
2 and 5 s.

Further investigation of precipitate morphology and overall micro
structural features was carried out using scanning electron microscopy 
(SEM). Analyses were performed with a TESCAN S9000G system (Tes
can Group a.s., Czech Republic) fitted with electron backscatter 
diffraction (EBSD) capabilities. EBSD measurements enabled the deter
mination of mean grain size and median misorientation angle. The ac
quired datasets were processed using Aztec Crystal software (Oxford 
Instruments plc., UK). Grain boundaries were identified as interfaces 
exhibiting misorientation angles exceeding 15◦, whereas boundaries 
with lower angular deviation were classified as sub-grain boundaries.

Finally, on the same samples, the overall mechanical response of the 
material was investigated at multiple length scales in order to evaluate 
the influence of diffusion phenomena on the mechanical stability of the 
MMC. Vickers hardness measurements were first performed using an 
INNOVATEST NEMESIS 9000 hardness tester (INNOVATEST Europe BV, 
Maastricht, The Netherlands) equipped with the Impressions XTTM 
control system. The tests were conducted on the same specimens pre
pared for microstructural observations with a load of 1 kg within a dwell 
time of 15 s. Hardness measurements were carried out on both planes 
parallel and perpendicular to the building direction of each sample, with 
ten independent indentations performed on each surface. To avoid in
teractions between adjacent plastic deformation fields, the spacing be
tween indentations was maintained at a minimum of three times the 
diagonal length of the imprint.

Then, nanoindentation tests were conducted to probe the local me
chanical properties of the interfacial regions where liquid-phase re
actions occurred. These measurements were performed in accordance 
with ISO 14557 [42] using a Bruker TI 950 nano indenter (Bruker Nano 
Surfaces, Minneapolis, MN, USA) equipped with a Berkovich diamond 
tip and operated in load-control mode at room temperature. For 

hardness and modulus determination, the indenter was loaded up to a 
maximum load of 3 mN with loading and unloading rates of 300 μN/s, 
followed by a holding time of 5 s at peak load. A total of 256 in
dentations were performed following a 16 × 16 grid arrangement with a 
spacing of 5 μm to prevent overlap of the plastically deformed regions. 
The resulting load displacement curves were analyzed using a dedicated 
software.

3. Results and discussion

3.1. Compositional stability and densification behavior

Despite the challenges associated with the processing of Cu with IR 
laser sources the samples exhibited a remarkable densification degree as 
confirmed by the densification calculation both via buoyancy methods 
and imaging. Fig. 4 reports the density calculated in the three directions 
extracted using Archimede's method.

Taking as a reference the theoretical density of 8.77 g/cm3, calcu
lated from the rule of mixtures using pycnometer-measured powder 
densities (Table 1), all the samples exhibit a slight lower measured 
density, indicating the presence of residual porosity typical of LPBF- 
processed materials.

From Fig. 4a-c, a general decreasing trend in density along the build 
direction (Z) can be observed for most samples. The density drops from 
Level 1 (≈8.60 - 8.65 g/cm3) to Level 3 (≈8.37 - 8.40 g/cm3), followed 
by a slight stabilization at Level 4.

Considering that 17-4 PH steel has a lower density than copper, this 
trend reflects a progressive enrichment in steel content with increasing 
build height. A behavior that is consistent with the powder segregation 
within the hopper, where the denser Cu particles tend to sediment to
ward the bottom, while the relatively lighter steel particles become 
enriched in the upper regions of the powder bed over time. As the build 
progresses layer by layer, this leads to a time-dependent compositional 
drift, with later deposited layers containing a higher fraction of steel and 
thus exhibiting lower density. This effect is most pronounced between 
Level 1 and Level 3, where the maximum compositional deviation, 
corresponds to a density difference of approximately 0.30 g/cm3 

(≈3.6% relative to the theoretical value).

Fig. 4. Archimede's density distribution of IS and WS samples as a function of build height (Z) and position along the recoater direction (X): a), c) Variation along the 
build direction; b), d) Spatial distribution along the recoater direction at each level.
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Focusing instead on Fig. 4b and d, which describe the spatial varia
tion along the recoater direction (X), at each level, density values are not 
completely uniform, with slightly higher densities observed in central 
samples (e.g. S5IS and S6IS), and lower values toward the edges. This 
suggests that the recoater movement may induce a minor lateral redis
tribution of the powder blend, possibly due to differences in spreading 
dynamics or particle mobility.

In contrast, no significant compositional variation is observed along 
the transverse (Y) direction. The samples produced under both IS 
(Fig. 4aandb) and WS conditions (Fig. 4candd) display very similar 
density trends, indicating that any potential compositional gradient 
along Y is negligible compared to the variations observed in the other 
directions.

To support the interpretation of density variations as primarily 

Fig. 5. Imaging defectiveness evolution along the build direction (Z) for IS (a) and WS(b) batches, evaluated on representative samples (S1, S6, S11) supporting the 
compositional origin of the observed density variations.

Fig. 6. Optical micrographs of samples 1IS, 6IS, and 11IS, selected as representative locations along the recoater direction, acquired at different magnifications 
before etching (a–c) and after etching, illustrating the phase distribution and defect morphology.
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Fig. 7. EBSD mapping of the 6IS sample showing microstructural morphology at different magnifications: (a) inverse pole figure (IPF) map of a keyhole melt pool; (b) 
higher-magnification IPF map along the melt pool boundary, highlighting the columnar-to-equiaxed transition (CET); (c) phase distribution corresponding to the area 
shown in (b); (d) grain orientation spread (GOS) map of the same region; and (e) kernel average misorientation (KAM) map of the same region.

S. Felicioni et al.                                                                                                                                                                                                                                Journal of Materials Research and Technology 43 (2026) 357–372 

363 



compositional rather than defect-related, the defectiveness level was 
quantitatively evaluated via image analysis for both sample batches (IS 
and WS). Since the recoater motion was found to have a limited influ
ence on density variation, three representative samples along the X di
rection (S1, S6, and S11) were selected for each batch and analyzed 
across all build levels.

The results, reported in Fig. 5, indicate that defectiveness remains 
essentially constant along the build direction (Z) for all the investigated 
samples, with only a marginally higher densification degree observed 
during the initial deposition stages. Furthermore, sample S6 consistently 
exhibited a lower degree of defectiveness than S1 and S11 in both 
batches, which helps explain the comparatively higher density values 
registered in the central samples of Fig. 4b–d. Therefore, while recoater- 
induced effects appear to have a limited impact on composition, they 
may still contribute to localized variations in defect formation, with 
central regions benefiting from more stable powder spreading 
conditions.

To better understand the nature of the defectiveness and enable a 
direct assessment of the spatial distribution of the Cu-steel phases, Fig. 6
presents representative cross-sectional micrographs of samples S1IS, 
S6IS, and S11IS, taken as characteristic positions along the recoater di
rection, both before (Fig. 6a–c) and after etching (Fig. 6d–i). The etching 
clearly revealed both the grain morphology of the Cu matrix and the 
melt pool geometry.

At the macroscopic scale, all samples exhibit a continuous Cu-rich 
matrix embedding large steel-rich islands, together with darker re
gions associated with deeper melt pools, or frequently located at the 
intersections between adjacent scan tracks. The spatial distribution of 
these features, however, is not uniform across the build platform. In 
particular, the sample S6IS is characterized by a predominance of the 
darker morphology systematically showing deeper melt pools reflecting 
a different melting regime compared to the outer regions.

This spatial heterogeneity can be rationalized by considering the 
interaction between the laser beam delivery system and absorption 
behavior of the material. In galvanometer based LPBF systems 
employing f-theta optics, the laser beam is nominally focused across the 
entire scan field, however, the angle of incidence varies with position 
[43]. Near the center of the build platform, the beam is nearly normal to 
the surface, whereas toward the edges it becomes increasingly inclined. 
As demonstrated by Fathi-Hafshejani et al. [44], this variation causes a 
variation in the beam shape which leads to a decrease in the effective 
power density and coupling efficiency of the laser radiation into the 
material. Moreover, more recent studies demonstrated also a minor ef
fect of the incidence angle on the absorptivity, that has been observed 
slightly higher under shallow irradiation conditions [45].

This last effect is expected to be especially pronounced in the present 
system due to the high reflectivity of copper at IR wavelengths. 
Accordingly, even small variations in incidence angle or local intensity 
can lead to significant differences in absorbed energy. The observed 
transition in melt pool morphology, in fact, is consistent with this 
interpretation. The predominance of darker regions in the central area 
suggests the establishment of a keyhole melting regime, characterized 
by deeper and narrower melt pools (Fig. 6e; Fig. 6h), whereas, the outer 
regions appear to remain predominantly in a conduction mode regime. 
The transition between these regimes is highly sensitive to peak power 
density, and therefore small spatial variations in absorbed energy can 
result in a marked difference in melt pool behavior [46].

The onset of keyhole conditions in the central region also provides a 
plausible explanation for the observed microstructural refinement 
(Fig. 6h). Keyhole melting is usually associated with enhanced recoil 
pressure and vigorous fluid flow within the molten pool, thereby pro
moting increased turbulence and strong Marangoni convection, driven 
by surface-tension gradients along the melt pool surface.

Given the extremely steep thermal gradients typical of LPBF, this 
mechanism induces strong outward flow from the hot center of the melt 
pool toward the cooler peripheral regions. In the Cu-steel system under 

examination, this effect is further amplified by the significant differ
ences in thermophysical properties between the two constituents. 
Notably, copper exhibits lower melting temperature, and a surface 
tension with a strong temperature dependency, that is two third that of 
the iron-rich phases [47], exacerbating Marangoni stresses and driving 
marked interfacial flow.

These combined effects promote more efficient mixing between the 
immiscible Cu and steel phases, resulting in a significantly finer 
dispersion of steel. Conversely, under conduction mode conditions, at 
the edges of the build platform, the reduced melt pool depth and weaker 
convective flow limit the redistribution of the steel phase, leading to the 
formation of larger, and more distinct steel-rich islands.

Furthermore, the preferential localization of the darker regions at 
track overlaps can be attributed to local energy accumulation due to 
remelting. These regions are more likely to exceed the threshold for 
keyhole formation, particularly in areas where the baseline energy input 
is already elevated, such as the center of the build platform.

Concerning defect formation, three main types of defects can be 
identified in the selected micrographs: sporadic lack-of-fusion defects, 
keyhole-induced porosity, and solidification cracking. Their occurrence, 
however, is function of the melting regime: the S6 condition, repre
sentative of deposition in the central region of the build platform, is 
mainly characterized by fine spherical porosity, which can be associated 
with keyhole-related gas entrapment. Conversely, solidification 
cracking represents the predominant defect in the peripheral builds (S1 
and S11), where it is mainly observed in the lower regions of the melt 
pools, as highlighted in Fig. 6g and i.

This preferential localization can be interpreted considering the 
previously described phase segregation and thermal conditions. As so
lidification progresses, the steel phase, characterized by a higher melting 
temperature, solidifies earlier and acts as a local heat sink for the sur
rounding liquid copper, leading to the development of steep thermal 
gradients and localized shrinkage stresses within the remaining liquid, 
which promote crack initiation and propagation. The size and 
morphology of the defects are therefore strongly dependent on their 
nature. The spherical pores observed in S6 are the smallest defects, with 
an average equivalent circle diameter of 3.2 ± 1.2 μm. By contrast, so
lidification cracks and lack-of-fusion defects, being mainly interfacial 
defects, feature a size that is closely related to the extent of the segre
gated domains. In the analyzed micrographs, however, their length 
generally remains below 100 μm.

3.2. As built microstructural morphology

The effects of the described solidification dynamics on the micro
structural evolution are corroborated by Fig. 7, which presents EBSD 
mapping acquired at different magnifications of sample S6IS. In this 
region, the refined distribution of steel phases plays a critical role in 
governing grain nucleation and growth. In particular, the finely 
dispersed steel particles can potentially act as preferential heteroge
neous nucleation sites for the solidifying Cu matrix. This effect arises 
from the reduction in the critical nucleation energy barrier at the 
interface between dissimilar phases, which promotes the formation of 
new grains during solidification [48].

Previous studies on Fe/Cu, have shown favorable crystallographic 
and interfacial characteristics at Fe/Cu interfaces. For instance, Wang 
et al. reported, through density functional theory calculations, that γ-Fe/ 
Cu interfaces can exhibit favorable interfacial stability and adhesion, 
supporting the potential role of Fe-rich phases as heterogeneous nucle
ation substrates for Cu [49]. Moreover, experimental studies on Cu–Fe 
systems have reported coherent or semi-coherent Fe-rich/Cu interfaces, 
including cube on cube orientation relationships between FCC-Fe par
ticles and the Cu matrix, further suggesting crystallographic compati
bility between the two phases [50], [51].

Consequently, regions characterized by a finer dispersion of steel 
may exhibit a significantly higher nucleation density, leading to a 
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refined grain structure compared to areas where steel is present as 
coarse islands. This behavior is particularly evident near the melt pool 
boundaries, as shown in the phase map of Fig. 7b, where steep thermal 
gradients and high solidification rates promote this phenomenon. Under 
these conditions, the combined effect of heterogeneous nucleation and 

rapid solidification alters the classical columnar to equiaxed transition 
(CET) typically observed in LPBF processed materials, which would 
otherwise favour the formation of columnar grains [52]. The presence of 
a high density of steel particles, in fact, locally disrupts epitaxial grain 
growth across melt pool boundaries, inhibiting the competitive growth 

Fig. 8. DSC plot of the as-built samples up to melting.

Fig. 9. XRD pattern of sample S6IS in the as-built condition, revealing a fully separated Cu–αFe phase system and the absence of intermetallic compounds, confirming 
limited mutual solubility and interaction between the two phases.
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of favorably oriented grains, promoting instead grain fragmentation and 
re-nucleation, contributing to the overall grain refinement with an 
equiaxed morphology tendency.

Additional EBSD-derived parameters such as kernel average misori
entation (KAM) and grain orientation spread (GOS), whose maps are 
reported in Fig. 7d and e, can be considered to enforce the proposed 
interpretation. While these metrics do not directly relate to the nucle
ation dynamics, they provide useful information on local lattice distor
tion and intragranular orientation heterogeneity, respectively.

As visible in Fig. 7d, the finer regions are characterized by lower 
GOS, indicating reduced intragranular misorientation, a conclusion 
consistent with a solidification regime dominated by nucleation, where 
the formation of numerous small grains limits the accumulation of lat
tice distortion within individual grains. In contrast, coarser regions 
exhibit higher GOS values, reflecting extended grain growth and 
increased intragranular strain development. Furthermore, local misori
entation (as evidenced by KAM map, Fig. 7e) displayed higher values 
near the interfaces because of the stronger thermal gradients developed 
between the two materials, and local constraint effects. This last aspect 
suggests also the establishment of possible stress induced re- 
crystallization phenomena, definitely contributing to the overall 
observed microstructural refinement as demonstrated by Xu et al. [53], 
[54], [55] on Cu–Ni alloys.

3.3. Thermal evolution

To investigate the thermal evolution of the material and evaluate 
potential precipitation kinetics in the as-built (AB) condition, differen
tial scanning calorimetry (DSC) was carried out to define suitable pa
rameters for post-build heat treatment. The DSC curve (Fig. 8) shows a 
nearly flat thermal evolution up to approximately 600 ◦C, with only a 
weak exothermic phenomenon (peak I) at around 400 ◦C; above this 
temperature, however, two more pronounced endothermic events 
(peaks II-III) can be distinguished.

Due to the attenuated thermal response and the partial overlap be
tween the different contributions, the identification of the thermal 
events was supported by the analysis of the first derivative of the DSC 
heat-flow signal. This approach allowed subtle slope variations in the 
DSC curve to be resolved more clearly and was used to determine the 
temperature ranges associated with the individual thermal events. 
Accordingly, the baseline intervals for peak separation were defined by 
considering the derivative-defined onset and end points of each contri
bution, enabling a more reliable distinction between the low- 
temperature exothermic event and the subsequent high-temperature 

endothermic phenomena.
The observed thermal evolution agrees well with that reported for 

additively manufactured 17-4 PH steel and can be interpreted consid
ering the composite nature of the material. Two primary factors govern 
this behaviour. First, the 17-4 PH phase retains a supersaturated 
martensitic structure because of the extremely high undercooling degree 
inherent to the LPBF process. Second, the negligible mutual solubility 
and limited interdiffusion between Cu and Fe promote pronounced 
phase separation, such that the Cu-rich matrix and the steel phase evolve 
largely independently during both solidification and subsequent thermal 
exposure.

The independent phase evolution is reflected in the fully resolved 
XRD pattern of Fig. 9 representative of sample S6IS in AB condition. The 
diffraction data indicate a fully binary phase constitution, consisting 
exclusively of Cu and α-Fe, with no evidence of intermetallic phase 
formation, thereby confirming the absence of any chemical interaction 
between the two constituents.

Going back to the DSC, in the low-temperature range (≈400 ◦C), 
peak I can be identified and attributed to the precipitation of Cu-rich 
phases within the supersaturated martensitic regions of the 17-4 PH 
phase [56], [57]. This process involves the formation of coherent Cu 
clusters, which progressively evolve into metastable ε-Cu precipitates, 
and constitutes the primary strengthening mechanism of 17-4 PH steel. 
The pronounced broadening of this peak may also reflect an additional 
exothermic contribution associated with precipitate growth and coars
ening, and the possible formation of Nb-rich secondary phases. How
ever, owing to the relatively low fraction of 17-4 PH in the system and 
the predominance of the Cu matrix, these transformations appear 
significantly attenuated in the DSC thermogram.

With respect to the clear endothermic event from 600 to 900 ◦C (peak 
II), which may be attributed to the reversion of martensite (α′) into 
austenite (γ) [56], [58], this transformation, typically occurring at lower 
temperatures in conventional steels [59], appears shifted to higher 
temperatures due to the local Ni depletion within the steel matrix. 
Nickel is well known as a strong austenite stabilizer; therefore, its 
reduced concentration decreases γ-phase stability and consequently 
raises the temperature required for the α′ → γ transformation. For the 
considered case, this effect is compounded by the presence of copper. 
Given the complete mutual solubility between Ni and Cu [60], nickel 
tends to preferentially partition into Cu-rich regions during solidifica
tion and subsequent thermal cycles inherent to the AM process.

This behavior is evidenced by the EDS elemental mapping of Fig. 10, 
conducted within a representative molten pool, that reports a relatively 
homogeneous spatial distribution of Ni across the analyzed area.

Fig. 10. SEM observation of the nanoindentation mapping across two melt pool interfaces of samples 6ws in as-built condition: a) Indentation shape and hardness 
response within the different microstructural features; b-e) EDS elemental mapping of the same area.
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Finally, the last endothermic event can be attributed to the dissolu
tion of the coherent ε-Cu precipitation [56], [57] before the melting of 
the Cu matrix. Under these considerations, the identified thermal evo
lution suggests that a direct aging heat treatment (DAHT) within the 
600-700 ◦C range can be effectively employed, avoiding the need for a 
prior solutioning step typically required in conventional processing 
routes. This approach, that is enabled by the AB microstructural state 
produced by LPBF, should results in a precipitation-driven strengthening 
mechanisms of the steel phases crucial in determining the mechanical 
response.

3.4. Hardness response and aging behavior

Concerning the hardness response, the AB samples exhibit an 
average microhardness of 130 ± 12 HV, calculated by considering both 
the IS and WS batches, which were previously demonstrated to be sta
tistically comparable.

Peak hardness values are observed for samples located in the central 
region of the build platform along the (X) direction. Table 3 reports the 
average hardness measured at the characteristic positions 1, 6, and 11, 
showing that the central position (position 6) exhibits not only higher 
hardness but also a reduced scatter in the measurements. Such trend, can 
be easily attributed to the combination of the lower defect density and 
the more homogeneous microstructure evidenced in Figs. 5 and 6.

Focusing on these samples, the nanoindentation mapping in AB 
condition, offers further insights, revealing a pronounced spatial het
erogeneity in hardness, which is consistent with the microstructural 
variability observed across the melt pools (Fig. 6), particularly in terms 
of phase distribution and characteristic size.

A representative example is shown in Fig. 10, where hardness 
mapping is reported for a melt pool boundary region together with the 
corresponding elemental distribution of the same area (Fig. 10b–e). The 

strong spatial correlation between hardness and composition highlights 
the role of local phase distribution in governing the mechanical 
response.

This behavior can be rationalized considering both the intrinsic 
mechanical contrast between the Cu-rich matrix and the steel phase, as 
well as the strong dependence of hardness on grain size. In similar Cu- 
steel pseudo alloy systems, it has been shown that the mechanical 
response is governed by the combined effect of phase fraction and 
microstructural refinement, with grain size playing a key role through 
Hall-Petch strengthening [32].

Table 3 
Average microhardness of as-built samples at positions 1, 6, and 11 along 
the recoater direction (X), averaged over IS and WS batches, highlighting 
higher hardness at the central position.

HV1 Std. Dev.

S1 127 12
S6 139 5
S11 125 8

Fig. 11. Average microhardness of the different heat-treatment conditions tested, illustrating the influence of temperature and time on material strengthening.

Fig. 12. SEM micrograph of the peak-aged condition of S6WS at 600 ◦C, 
showing a steel-rich island surrounded by a dispersion of fine spherical parti
cles. The decoration of the island boundaries highlights diffusion-driven 
coarsening and solute migration toward larger features, consistent with an 
Ostwald ripening mechanism.
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In the present system, the heterogeneity in hardness arises from the 
interplay between local phase distribution and solidification-driven 
refinement. Regions with a fine steel dispersion (Fig. 10d), which 
involve in refined grains morphology, exhibit higher hardness due to 
increased nucleation density and restricted grain growth. The limited 
grain growth, combined with the high density of phase boundaries, 
promotes the development of local lattice distortion, as confirmed by 
local increased KAM values (Fig. 7e), which also reflects enhanced local 
dislocation content, definitely contributing to dislocation strengthening.

Within the selected temperature range, the aging behaviour of the S6 
samples observed after 1 h and 5 h of heat treatment is consistent with 
that typically reported for precipitation-hardening (PH) materials 
(Fig. 11). For all the investigated temperatures, hardness increases after 
1 h of aging and decreases after longer thermal exposure (5h), reflecting 
the onset of an overaging-like behaviour, in which the reinforcing fea
tures lose their ability to effectively hinder dislocation motion and grain 
growth.

The most pronounced hardening effect is observed at 600 ◦C, while 
at higher temperatures, the hardening response progressively decreases, 
suggesting an acceleration of microstructural evolution and ripening 
phenomena.

Focusing on the 600 ◦C condition, the microstructure undergoes 
significant changes with increasing aging time. As visible in Fig. 12, 
corresponding to the peak-aged condition, the initially fine steel 
dispersion progressively transforms into larger steel-rich islands through 
a mechanism consistent with Ostwald ripening in close analogy to what 
is typically observed for precipitates in conventional PH alloys, hence 
suggesting active diffusion-driven microstructural rearrangement.

From a quantitative perspective, optical image segmentation anal
ysis, the results of which are presented in Fig. 13, help reveal the pro
gressive increase in size of the steel regions with increasing thermal 
exposure.

The average area of the coarser domains increases from 

approximately 12 μm2 in the as-built condition to nearly 49 μm2 after 
the most severe thermal treatment. At the same time, the area fraction 
associated with the finer steel dispersion progressively decreases with 
aging time, halving after 1 h relative to the as-built condition and 
halving again after 5 h relative to the 1 h condition. As shown by the 
spatial distribution in the insets A, B, and C of Fig. 13, these residual fine 
features remain mainly confined to the surroundings of the larger 
islands.

Furthermore, the EBSD analysis of Fig. 14 remark this interpretation 
showing the effect on the grain growth. As the treatment time increases, 
the ultrafine-grained regions progressively disappear, giving way to a 
more homogeneous structure that resembles the surrounding columnar 
copper morphology. Solid-state diffusion, in fact, enhances phase sep
aration and reduces the constraint effects that initially limited grain 
growth in the AB condition.

3.5. Thermal conductivity

Finally, thermal diffusivity was evaluated for the as-built S6IS, S1IS 
and S11IS samples using the laser flash technique from ambient tem
perature up to 700 ◦C. Subsequently, ETC values were derived, following 
the procedure described in Section 2 (Fig. 15).

For all the studied samples, the ETC displayed overall comparable 
values, and a consistent enhancement with temperature, reaching on 
average a plateau of approximately 170 W/mK at 500 ◦C. This value is 
comparable to those reported for LPBF-produced structural copper al
loys such as CuCrZr and CuCrNb in the as-built condition over a similar 
temperature range [61], [62].

The slightly higher ETC values observed for the edge-region samples 
at lower temperatures can be related to the coarser steel dispersion 
characteristic of these regions. According to effective medium theories 
incorporating interfacial thermal resistance, such as the Maxwell- 
Eucken or Hasselman-Johnson/Nan models [63], a coarser 

Fig. 13. Average steel-rich island area for the different aging conditions of the S6 samples, quantified by optical image segmentation. Representative segmented 
micrographs for the 600 ◦C condition are shown in the insets: (A) as-built, (B) 600 ◦C for 1 h, and (C) 600 ◦C for 5 h.
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Fig. 14. IPF maps at different magnifications for the 600 ◦C condition, showing microstructural evolution after thermal exposure, showing the progressive dis
appearing of the initial bimodal microstructure toward a fully columnar morphology.

Fig. 15. Effective thermal conductivity (ETC) evolution of the S1IS, S6IS, and S11IS as-built samples up to 700 ◦C.
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second-phase dispersion reduces the overall Cu/steel interfacial area 
and therefore lowers the contribution of Kapitza resistance.

As the temperature increases, the ETC values tend to converge, 
consistently with the thermally activated coalescence and ripening 
phenomena of the steel phase. These diffusion-driven processes, quan
titatively evidenced by the segmentation analysis reported in Fig. 13, 
promote the growth and consolidation of the dispersed steel phase, 
further reducing the Cu/steel interfacial area and the associated inter
facial thermal resistance.

The only exception to this trend is represented by the S1IS sample, 
which exhibited an approximately 20% lower ETC at high temperature. 
This deviation can be attributed to the higher inherent defectiveness of 
this sample, as already pointed out in the previous sections (Fig. 5). 
Although the ETC measurements reported here were performed only on 
the as-built samples, additional evidence supporting the proposed 
mechanism are provided by the EDS elemental mapping of the most 
severely thermally treated condition (600 ◦C for 5 h), shown in Fig. 16. 
The EDS maps complement the segmentation analysis reported in Fig. 13
by providing higher-magnification chemical evidence of the steel phase 
distribution, including the finer steel dispersion that cannot be reliably 
resolved by optical image analysis.

The thermal transport, in this system, is dominated by the Cu matrix, 
whose conductivity is highly sensitive to electron scattering. During 
aging, diffusion-driven homogenization reduces residual solute atoms 
and lattice defects, while concurrent grain growth decreases the density 
of grain boundaries thereby increasing the electron mean free path. In 
accordance with Matthiessen rule, which states that the total scattering 
rate is the sum of contributions from phonons, impurities, and defects, 
and grain boundaries [64], this reduction enhances charge transport, 
directly involving in an increase of the ETC of the material. However, as 
coarsening progresses, a progressive strain field develops, accompanied 
by chemical discontinuities, ultimately leading to the slight reversion of 
the trend observed in ETC at high temperature.

4. Conclusions

A comprehensive investigation into the microstructural evolution, 
aging behavior, as well as the thermal and mechanical response of a 
novel Cu/17-4 PH multi-material system produced by LPBF through 
powder blending is presented in this study. The powder blending 
approach proved effective in enhancing the processability of copper, 
enabling the achievement of a high degree of densification (residual 
porosity below 1%). Moreover, the resulting material properties are 
highly promising for the intended application, suggesting that powder 
mixing can serve as an effective strategy for tailoring microstructures in 
LPBF based aerospace manufacturing. The key findings are summarized 
as follows: 

• Despite identical processing parameters, a pronounced position- 
dependent behavior was observed across the build platform. This 
was attributed to spatial variations in the effective energy input 
arising from the optical system. The central regions experienced 
higher absorbed energy, favoring a transition to the keyhole regime. 
This condition enhanced Marangoni-driven convection and melt 
pool turbulence, resulting in a finer dispersion of the steel phase 
within the Cu-rich matrix. In contrast, the outer regions, dominated 
by conduction-mode melting, exhibited coarser phase segregation 
with larger steel domains.

• The spatial heterogeneity in phase distribution strongly influenced 
solidification behavior. Regions characterized by a fine steel 
dispersion exhibited a high density of interfaces, which promoted 
heterogeneous nucleation. This disrupted epitaxial grain growth and 
led to a refined, predominantly equiaxed microstructure.

• The mechanical response, evaluated through microhardness and 
nanoindentation mapping, mirrored this microstructural variability. 
A clear spatial gradient in hardness was observed, with higher values 
and lower scatter in the central regions of the build platform. This 
behavior can be ascribed to the combined effects of grain refinement 

Fig. 16. EDS elemental map of sample 6WS after 5h aging at 600 ◦C showing the coarsening of the steel phase with the consequent huge reduction of interfacial areas 
between the two materials.
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(Hall-Petch strengthening), increased interface density, and local
ized dislocation strengthening.

• The thermal evolution of the material is strongly influenced by the 
complex thermal history inherent to LPBF processing. The initially 
fine steel dispersion acts as a population of dispersoids that, upon 
thermal aging, coarsen via an Ostwald ripening mechanism, leading 
to pronounced phase separation.

• The evolution of effective thermal conductivity (ETC) can be ratio
nalized using effective medium models that incorporate interfacial 
thermal resistance (e.g., Maxwell-Eucken or Hasselman-Johnson/ 
Nan approaches). Heat treatment promotes diffusion-driven coales
cence and growth of the steel phase, reducing the Cu/steel interfacial 
area and, consequently, the associated Kapitza resistance.
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