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Abstract

This work presents a hybrid manufacturing route combining material extrusion of porous AIN preforms with pressure-
assisted aluminum infiltration for the fabrication of architectured AIN/Al composites. Porous AIN preforms were
produced by Material Extrusion (MEX) Fused Granulate Fabrication (FGF), followed by debinding and sintering to
obtain an interconnected ceramic framework. The porous AIN line infill structures were subsequently infiltrated with
molten aluminum alloy under pressure, resulting in a dense interpenetrating ceramic—metal composite. Physical
parameters and the microstructural evolution throughout the processing route was investigated using scanning
electron microscopy (SEM), energy-dispersive spectroscopy (EDS), and X-ray computed tomography (XCT).
Microstructural observations confirmed homogeneous aluminum distribution and a well-defined AIN/Al interface
throughout the composite. Tomographic analysis revealing a final composite containing 75.4 vol.% AIN and 24.6 vol.%
Al. The overall porosity determined by X-ray tomography and microstructural analysis was approximately 0.68 vol.%.
Thermomechanical characterization showed stable behavior up to 500°C, with coefficients of thermal expansion
ranging from 11.6 to 12.9 x 10-¢ K- after thermal stabilization. Compression testing revealed moderate anisotropy
associated with the printed architecture, with average compressive strengths of 511 MPa and 567 MPa in the XY and
Z directions, respectively.

1. Introduction

The integration of additive manufacturing with liquid metal infiltration introduces innovative fabrication strategies for
ceramic—metal or metal-metal composites, enabling precise control over the macrostructure of the final composite.
Such control directly influences the physical properties of the material and allows extensive tailoring of mechanical
and thermophysical behavior. In recent years, additive manufacturing of porous preforms followed by liquid metal
infiltration has emerged as an effective route for producing interpenetrating composite architectures that are difficult
to achieve using conventional processing techniques [1, 2, 3, 4, 5]. Material extrusion (MEX) technologies—such as
filament-based fused deposition modeling (FDM), pellet-based extrusion, and direct ink writing (DIW)—are cost-
effective additive manufacturing routes capable of fabricating complex geometries. Highly filled polymers or inks
containing ceramic or metallic particles have therefore become a focal point of research across multiple scientific
disciplines [6, 7, 8, 9]. After printing, debinding and sintering steps are employed to obtain open porous ceramic and
metallic structures suitable for subsequent infiltration. Among the various material systems compatible with these
technologies, aluminum nitride (AIN)-reinforced aluminum (Al) composites are emerging as advanced
multifunctional materials that combine the advantageous properties of both constituents [10, 11, 12].

Aluminum nitride is characterized by high thermal conductivity, electrical insulation, low coefficient of thermal
expansion, and excellent thermal stability, while aluminum offers low density, good ductility, high specific strength,
and corrosion resistance [13, 14]. The combination of AIN and Al in a composite architecture is therefore particularly
attractive for aerospace, automotive, and electronic packaging applications, where simultaneous thermal
management and mechanical performance are required [15, 16, 17, 18, 19]. Despite this potential, studies focusing
specifically on AIN-Al composites fabricated via additive manufacturing routes remain limited, especially in
comparison to more extensively investigated oxide- or carbide-based systems [1, 2, 20, 21].

Previous research has demonstrated the feasibility of producing porous ceramic or metallic scaffolds by additive
manufacturing followed by metal infiltration. Zhu et al. [22] reported an Al/Al,O; aluminum matrix composite
fabricated using stereolithography (SLA) 3D printing combined with squeeze casting, achieving a 112.4% increase in
strength and a 54.8% improvement in elastic modulus compared to pure aluminum. Meng et al. [23] investigated
Al,O, scaffolds produced by direct ink writing and subsequently infiltrated with aluminum, revealing pronounced
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anisotropic mechanical behavior governed by layer orientation and zigzag printing patterns, which enabled tunable
flexural and compressive properties. Pressureless infiltration of molten metals into AIN ceramic preforms has been
previously demonstrated for magnesium-based matrix systems, resulting in improved mechanical and
thermophysical properties [24]. More recently, laser-based additive manufacturing approaches have been used to
fabricate Al-AIN architectures directly; however, such methods often involve high processing costs and limited
scalability [6]. In contrast, extrusion-based additive manufacturing of AIN ceramic preforms followed by aluminum
infiltration offers a flexible, scalable, and cost-effective alternative for producing complex AIN-Al composite
structures.

The novelty of the present work lies in combining pellet-based material extrusion of AIN preforms with pressure-
assisted aluminum infiltration and in the systematic investigation of the resulting composite. Particular emphasis is
placed on the microstructural evolution throughout all processing stages and on the thermomechanical properties of
the final composite. The insights gained from this work contribute to the development of advanced AIN-Al
composites with tailored architectures.

2. Experimental

The preparation route of the AIN—Al composite is schematically illustrated in Fig. 1. Porous ceramic preforms were
fabricated from granulated aluminum nitride (AIN) feedstock using material extrusion. Subsequently, an aluminum

alloy containing 1.3 wt.% Mg was prepared for pressure infiltration to enhance the wettability of the AIN framework.
Before infiltration, the alloy was melted and homogenized in an autoclave furnace.

The AIN porous preforms were fabricated using an EXAM Il extrusion-based 3D printing system (AIM3D GmbH). A
cylindrical model with dimensions of 20 mm x 7 mm was designed and sliced using CURA software. The slicing
strategy employed a 70% line infill pattern, without perimeters and without top or bottom solid layers, in order to
obtain an open porous structure suitable for metal infiltration. The main printing parameters were as follows: nozzle
diameter 0.4 mm, nozzle temperature 150°C, and build platform temperature 60°C. The printing orientation was
defined using a Cartesian coordinate system. The X and Y directions correspond to the printing plane, while the Z
direction represents the build direction, perpendicular to the deposited layers.

After printing, a two-step debinding process was applied. First, wet debinding was performed to dissolve
approximately 5 wt% of the binder by immersing the printed parts in isopropanol at 72°C for 48 h. The samples were
then dried in air. Subsequently, thermal debinding was carried out in an argon atmosphere up to 500°C in order to
remove the remaining organic binder components. Following debinding, the samples were sintered in a nitrogen (N,)
atmosphere at a temperature of 1650°C to consolidate the AIN ceramic framework.

For the infiltration process, the porous preforms were secured using molybdenum wires and attached to a graphite
immersion holder. The aluminum alloy was melted under an argon atmosphere, and the porous preforms were
immersed in the aluminum melt at the adjusted infiltration temperature. Subsequently, the infiltration pressure was
applied. The infiltration parameters were as follows: temperature 750°C, infiltration time 5 min, and pressure 3 MPa.
During cooling, the infiltrated samples were lifted out of the melt under the applied pressure and released after the
temperature decreased below the melting point of aluminum.

The microstructure analysis was performed with a Jeol JSM 6610 SEM equipped with SEI and BS detectors. Oxford
Instruments X-max (50 mm2) EDX detector was used for chemical analysis. The cross section samples were
prepared using standard metallography preparation: cutting, grinding (sand papers with 22 and 15 um grain size),
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polishing (polishing suspension with 9,6,3,1 um grain size). Micro-porosity was calculated from back scattered
micrographs using Image J software.

X-ray computed tomography (XCT) analysis was performed using an industrial CT system Nikon XT H 225ST
equipped with a reflection-type X-ray source and a tungsten target. The scanning was conducted at an acceleration
voltage of 210 kV and a power of 6.3 W, without the use of beam filtration. A total of 720 projections were acquired,
with four frames averaged per projection and an exposure time of 1 s per frame. The effective pixel size was 25 pm.
The reconstruction of volumetric data was carried out using XTEK CT PRO 3D, with beam hardening and noise
reduction corrections applied to improve image quality and reduce common CT artefacts. Subsequent data
processing and analysis were performed in VGStudio Max.

The thermal expansion behavior and dimensional stability of the fabricated AIN/Al composites were characterized
using a Linseis L75 vertical dilatometer. The measurements were performed in a pure argon atmosphere to prevent
oxidation. The samples were placed in a high-purity quartz (silica) sample holder. Size of the samples were 4mm x
4mm x 6mm. A total of three consecutive heating and cooling cycles were conducted for each specimen to evaluate
the reproducibility and thermal stabilization of the material. The temperature range was set from room temperature to
500°C, with a constant heating and cooling rate of 3°C/min. The initial sample length (L;) was recorded for each
measurement to calculate the relative elongation (AL/Lg). The experimental data were processed and evaluated using
the Linseis TA Software package, where the instantaneous coefficient of thermal expansion (CTE) was determined
from the heating curves.

The compressive mechanical properties of the AIN/Al composites were evaluated at room temperature using a
Zwick/Roell Z100 universal testing machine. Cylindrical specimens with a nominal diameter (d) of approximately 4
mm and a length (L) of 8.4 mm were prepared for testing. The determination of the compression modulus was
performed at a loading rate of 9 MPa/s. To capture the deformation behavior accurately, the speed until the crush
yield point was set at a strain rate of 0.00025 s=7, while the subsequent test speed was maintained at a constant
strain rate of 0.002 s='. The compressive strength (o) and the 0.2% offset yield strength (o, ,) were recorded for

each specimen. Average strength values were calculated from 4 samples for each printing directions X(Y) and Z.

3. Results

For the infiltration of porous AIN material 4 samples were 3D printed. The weight loss and size shrinkage results after
debinding and sintering are summarised in table 1. After liquid debinding the samples on average lost 5% of weight
and after thermal debinding additional 10%. After the debinding process the samples were carefully moved to the
sintering furnace. Sintering at 1650°C resulted in minimal weight loss indicating that the thermal debinding removed
most of the binding agents in the structure.
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Table 1
, Physical parameters of AIN preforms across processing stages

Sample As- printed Weight Weight Sintered Overall
after after weight
il Dlrieer Detindng  Dobnang [yfO" et plameter - G
FDM1912  3.72 6,83 20,5 3.55 3.18 3.17 6,6 19,5 14.78
FDM1913  3.88 6,85 20,8 3.68 3.29 3.28 6,6 19,3 15.46
FDM1914  3.75 6,84 20,6 3.59 3.19 3.17 6,6 19,4 15.47
FDM1915 3.79 6,81 20,7 3.61 3.23 3.23 6,5 19,3 14.78

The quality and surface morphology of the as-printed and sintered samples were examined in detail using electron
microscopy, as shown in Fig. 2. The macrostructure clearly reveals the line infill structure of the 3D-printed sample,
which remains consistent after the sintering process. The surface microstructure (Fig. 2b) of the as-printed sample
shows AIN particles homogeneously embedded in the binder system. Furthermore, Fig. 2c provides a more detailed
view of the binder structure in a fractured area at the edge of the sample. After sintering, the gray color of the as-
printed sample (Fig. 2a) changed to white color (Fig. 2e), indicating the removal of organic binders. Examination of
the sample surface (Fig. 2g) revealed the morphology and structure of the sintered AIN particles. Larger particles are
also visible on the surface (Fig. 2h), indicating a higher oxygen content as measured by EDS.

The final composite structure after Al-1.3 wt.% Mg melt infiltration is summarized in Fig. 3. The prepared sample
shown in Fig. 3a, after the infiltration process, was cleaned of residual Al melt and cut for SEM, dilatometric, and
compression test analyses. Macroscale cross-sections (Figs. 3a—3b) reveal a macroscopically defect-free, fully
dense structure across the predefined X, Y, and Z build axes. Micrographs viewed from the printing plane perspective
(Figs. 3c—3d) demonstrate that the liquid metal completely occupied the primary channels left by the 70% line infill
pattern, successfully wrapping around the oval-shaped AIN struts. Interconnection of several AIN line components is
shown on Fig. 3d. Figure 3e, together with EDS analysis, represents a section in the Z-direction perspective, showing a
distinct elemental separation of Al, N, and Mg on the interface.

A detailed investigation of the AIN ceramic microstructure and the AIN/Al interface is presented in Fig. 4. A well-
defined AIN/Al interface can be observed in Figs. 4a and 4d. The ceramic regions contain high-contrast particles and
exhibit isolated microporosity, while microporosity is also present within the aluminum matrix. Higher-magnification
imaging of the ceramic phase (Fig. 4b) reveals the detailed microstructure of the sintered AIN, including isolated
pores resulting from incomplete local densification. The microporosity of the aluminum alloy and the ceramic
component, determined from SEM micrographs, was 0.47% and 0.63%, respectively. Figure 4c shows the interface
between two adjacent 3D-printed AIN lines, demonstrating a homogeneous bond between the deposited layers. EDS
analysis of the interfacial region shown in Fig. 4d revealed clearly separated distributions of aluminum and nitrogen,
indicating limited interfacial reactions during infiltration. High-contrast particles observed in the ceramic phase by
SEM are attributed to yttrium-rich oxide phases. Higher-magnification imaging of the interface (Fig. 4e), supported by
EDS analysis, revealed larger yttrium-rich oxide clusters. These features are consistent with the surface particles
previously observed on the AIN preforms after sintering (Fig. 2h).

To resolve the spatial distribution of the constituent phases and evaluate the infiltration quality, X-ray micro-computed
tomography was performed over an analyzed volume of 38.18 mm?3 (Fig. 5). Phase segmentation revealed a
volumetric composition of 75.4 vol.% AIN and 24.6 vol.% Al, confirming successful infiltration of the additively
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manufactured ceramic framework. The computed residual macroporosity within the aluminum phase was limited to
0.36%, indicating the absence of significant infiltration defects or large structural voids. Owing to the voxel resolution
of 25 uym, X-ray tomography is sensitive only to macroscopic pores, whereas finer microporosity remains below its
detection limit. No macroporosity was detected within the AIN ceramic phase by X-ray micro-computed tomography,
indicating that the ceramic framework was free of macroscopic defects above the 25 pm detection limit. By
combining the CT and SEM analyses, the overall porosity of the composite was estimated to be approximately 0.68
vol.%.

The thermomechanical response of the interpenetrating composites over three consecutive thermal cycles from
100°C to 500°C is plotted in Fig. 6. The relative elongation results (Fig. 6a) indicate a small distinction between the
printing plane (XY) and the build direction (Z). In the XY plane, the composite demonstrates high dimensional stability
and reversibility across all cycles. However, the Z-axis exhibits a notable phenomenon during the first cycle: a residual
shrinkage of approximately 0.22% was measured upon cooling to room temperature. In the subsequent second and
third cycles, the Z-axis expansion became reproducible and stabilized. The instantaneous CTE values, evaluated from
100°C to 500°C (Fig. 5b), further support these findings. In the first cycle, the Z-axis CTE shows a decreasing trend,
starting from higher values and stabilizing at a lower plateau (approx. 7.3—-11.4 x 10-¢ K-"). This behavior is
characteristic of internal stress relief. From the second cycle onwards, the CTE profiles for both directions become
stable and consistent, with mean values ranging between 11.6 and 12.9 x 10-¢ K.

Uniaxial compression testing confirmed that the macroscale directional printing path dictates the final mechanical
breakdown behavior. The composite exhibits moderate mechanical anisotropy, developing an average compressive
strength of 511 MPa parallel to the horizontal printing plane (XY direction), compared to 567 MPa parallel to the
vertical build direction (Z direction). This variation highlights how the stacked, interconnected 2D line-infill struts
redistribute mechanical loads differently depending on the orientation of the applied stress vector relative to the
internal ceramic framework layers.

Table 2
Compression test measurement

Sample Compressive strength (MPa) Average compressive strength (MPa)
Test1 Test2 Test3 Test4

AIN/AILXY 539 466 515 523 511

AIN/AI_Z 594 494 592 588 567

4. Discussion

The present study demonstrates that extrusion-based additive manufacturing combined with liquid metal infiltration
is an effective route for producing architectured AIN/Al composites with controlled internal geometry and low
residual porosity. Unlike conventional composite processing methods, the material extrusion approach enables direct
control of the pore architecture prior to infiltration, allowing the final composite structure to be designed at the
printing stage. The preservation of the line-infill architecture throughout debinding, sintering, and infiltration highlights
the suitability of the selected processing route for manufacturing complex ceramic—metal composites.

The structural integrity of the printed AIN preforms is a key factor governing the success of the subsequent infiltration
process. The relatively small and uniform shrinkage observed after sintering indicates homogeneous densification of
the ceramic framework while maintaining the interconnected pore network generated by the 70% line-infill strategy.
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Similar observations have been reported for additively manufactured ceramic preforms used for metal infiltration,
where preservation of pore connectivity is essential for achieving complete metal penetration and minimizing residual
defects [1,22-24]. The selected 70% line infill represented a compromise between maintaining sufficient
interconnected porosity for complete infiltration and ensuring structural integrity and dimensional stability throughout
all processing stages.

Microstructural characterization confirmed that the printed architecture directly influenced infiltration efficiency. The
interconnected channels created during the material extrusion process enabled effective penetration of the Al-1.3
wt.% Mg alloy throughout the ceramic framework. No large uninfiltrated regions or macroscopic defects were
observed in the investigated cross-sections. Furthermore, X-ray tomography revealed a residual macroporosity of only
0.36%, demonstrating that the designed pore architecture provided favorable pathways for molten metal flow. The
resulting phase fractions of 75.4 vol.% AIN and 24.6 vol.% Al indicate the successful formation of a ceramic-rich
interpenetrating composite structure. These results demonstrate that the architecture generated by additive
manufacturing not only defines the final geometry but also governs infiltration quality and the resulting composite
density. Furthermore, SEM micrographs revealed microporosities of 0.47% and 0.63% in the aluminum alloy and AIN
ceramic phases, respectively. Taking the phase fractions into account, the overall porosity of the composite was
calculated to be approximately 0.68 vol.%. At the microscale, SEM and EDS analyses revealed a distinct AIN/AI
interface with clearly separated elemental distributions of aluminum and nitrogen, indicating limited interfacial
reactions during infiltration at 750°C. High-magnification observations further revealed isolated microporosity within
the ceramic struts and yttrium-rich oxide particles distributed throughout the AIN phase. These particles originate
from the Y,0, sintering additive present in the commercial AIN feedstock and are associated with the liquid-phase
sintering mechanism commonly employed for densification of AIN ceramics. The absence of extensive reaction
products at the ceramic—metal interface suggests that the selected infiltration conditions were sufficient to ensure
bonding without promoting excessive interfacial reactions that could deteriorate composite performance. The
yttrium-rich oxide particles observed at the AIN/Al interface originated during the sintering of the AIN ceramic and
were also identified on the surface of the porous preforms by SEM analysis.

The influence of the additively manufactured architecture becomes particularly evident in the thermomechanical
behavior of the composite. Following thermal stabilization, the coefficient of thermal expansion ranged from 11.6 to
12.9 x 10-¢ K-, significantly lower than that of pure aluminum and consistent with previously reported AIN-reinforced
aluminum composites [17, 18]. However, the most notable feature was the anisotropic response observed between
the printing plane and build direction. The residual shrinkage of approximately 0.22% measured in the Z direction
during the first thermal cycle suggests the presence of residual stresses generated during infiltration and
solidification within the layered architecture. The first heating cycle effectively acted as a stress-relief treatment,
resulting in stable elongation and CTE behavior during subsequent cycles.

The anisotropic thermal expansion behavior can be directly linked to the layer-by-layer deposition strategy. In the XY
plane, the aluminum matrix can expand relatively freely along the continuous paths of the printed tracks. In contrast,
the interfaces between successive deposited layers constrain deformation in the build direction, leading to slightly
lower thermal expansion values. Similar architecture-dependent anisotropy has been reported for additively
manufactured ceramic scaffolds and infiltrated composite structures, where layer orientation governs both thermal
and mechanical responses [23, 24].

A similar trend was observed during compression testing. Average compressive strengths of 511 MPa and 567 MPa
were measured in the XY and Z directions, respectively. The approximately 11% increase in strength in the build
direction indicates that the load-bearing capability of the interconnected ceramic skeleton depends on the orientation
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of the printed architecture. The ceramic framework effectively transfers load from the ductile aluminum matrix,
resulting in strengths substantially higher than those of conventional aluminum alloys. The relatively modest
difference between the two testing directions further demonstrates that the infiltration process successfully
produced a mechanically continuous structure while preserving the beneficial architectural features introduced during
printing.

Overall, the results establish a direct relationship between the architecture generated by additive manufacturing,
infiltration efficiency, and the resulting thermomechanical performance. The ability to design the ceramic framework
prior to infiltration offers significant opportunities for tailoring the properties of AIN/Al composites for lightweight
structural and thermal management applications. Furthermore, the proposed hybrid manufacturing approach enables
the fabrication of multimaterial composites by combining different additively manufactured ceramic preforms that
can be printed separately and subsequently infiltrated in a single processing step, thereby creating components with
spatially tailored properties. Therefore, future work should focus on the fabrication and characterization of
multimaterial ceramic—metal composites with locally optimized architectures, as well as on the evaluation of their
thermal conductivity, elastic modulus, and long-term performance under thermal cycling.

Conclusion

An AIN/AI composite was successfully fabricated by combining pellet-based material extrusion of porous AIN
preforms with pressure-assisted liquid aluminum infiltration. The debinding and sintering processes preserved the
designed porous architecture, enabling efficient infiltration and the formation of a dense interpenetrating ceramic—
metal structure. Microstructural analysis confirmed homogeneous aluminum distribution throughout the AIN
framework and the formation of a well-defined AIN/Al interface. X-ray micro-computed tomography revealed a
residual macroporosity of only 0.36%, while the overall porosity, determined by combining tomography and SEM
analyses, was estimated to be approximately 0.68 vol.%. The final material consisted of 75.4 vol.% AIN and 24.6 vol.%
Al. After thermal stabilization, the composite exhibited coefficients of thermal expansion of 11.6—12.9 x 10-® K-' and
compressive strengths of 511 MPa and 567 MPa in the XY and Z directions, respectively, indicating only a minor
influence of the printed architecture on the mechanical response. Overall, the results demonstrate that combining
material extrusion with pressure-assisted liquid metal infiltration provides an effective route for producing
architectured AIN/Al composites with low porosity and tailored thermomechanical properties, while establishing a
clear processing—structure—property relationship for future design and optimization of ceramic—metal composites.
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Schematic of the preparation route of the AIN/Al composite

Figure 2

Macro and microstructure of the 3D printed preform surface: (a) as-printed sample; (b) line infill macrostructure; (c)
surface microstructure of the as-printed AIN; (d) detail of the AIN particles with the visible bonding material on a
fractured area; (e) sample after sintering; (f) line infill macrostructure after sintering; (g) surface structure showing
AIN sintered particles; (h) spherical particles on the surface including oxygen EDS map.

Figure 3
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AIN/Al composite: (a) after the infiltration process; (b) cut and ground sample showing the X, Y, and Z build directions
of the AIN structure; (c) microstructure perpendicular to the Y direction, showing the shape and size of individual
ceramic lines; (d) microstructure perpendicular to the Y direction, showing the cross-sections of the Y- and X-oriented
ceramic lines with infiltrated Al; (¢) microstructure perpendicular to the Z direction with EDS elemental maps of Al, N,
and Mg.

Figure 4

Microstructural investigation of the AIN/Al interface and the AIN ceramic phase showing: (a) the AIN/Al interface,
with arrows indicating microporosity and circles highlighting high-contrast particles in the ceramic region; (b) the AIN
ceramic microstructure showing microporosity; (c) the interface between two adjacent 3D-printed AIN lines; (d) a
representative AIN/Al interface with corresponding EDS elemental maps; and (e) a higher-magnification view of the
interface containing yttrium-rich oxide particles with corresponding EDS elemental maps.

Page 12/13



Figure 5

Volume fractions of the constituent phases (a) determined by microtomography and porosity measurements (b) of
the aluminum alloy component
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Figure 6

Thermomechanical analysis of the AIN/Al composite: (A) Temperature dependence of relative elongation for three
heating-cooling cycles, showing structural stabilization and shrinkage in the Z-axis. (B) Instantaneous CTE values
from 100 °C to 500 °C. Solid lines represent the XY plane (printing plane), and dashed lines represent the Z-axis (build
direction). Colors indicate the sequence of cycles: Cycle 1 (blue), Cycle 2 (green), and Cycle 3 (red).
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