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Abstract
The fabrication of co-cured metal/CFRP joints offers some relevant advantages
as the elimination of adhesives and the simplification of building process. The
additive manufacturing (AM) of metal parts may expand the potentialities of
co-cured AM metal/CFRP joints. This paper presents a methodology to
fabricate the joint, based on matrix patterns of 3D features on the metal
surface, which is able to improve the polymer matrix adhesion and to provide
carbon fibers engagement.
Description of the AM metal/CFRP joints
The metal part of the joint is made with Inconel 625 (IN625), a nickel-based
superalloy fabricated with the additive process called PBF-LB/M (powder bed
fusion – laser beam/metal). The composite part of the joint is made with
carbon-fiber composites based on epoxy matrix and carbon fabrics with
orthogonal orientation.
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Numerical modeling
Two-materials model. The joint is modeled with the full constraining of the
nodes at the materials interface. The orthotropic Young’s moduli of the
composite material are ECX = ECY = 37387 MPa, ECZ = 3000 MPa, obtained from
the material characterization tests. The isotropic Young’s module of the IN625 is
EIN625 = 180000 MPa. The Poisson’s coefficient is  = 0.3 for both materials.
Three-materials model. An intermediate layer with averaged structural
properties is added to the model to represent the stress/strain transition across
the 3D patterned surface with engaged fibers. This strategy reduces the
geometrical complexity and increases the solution velocity. The structural
properties of the intermediate layer are obtained from the weighted average of
metal and composite properties provided by their volume ratios.
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Joint creation process including (a) AM fabrication and post-processing of metal
inserts with IN625, (b) engagement of carbon fibers, stacking of carbon fiber
layers and impregnation with resin, (c) resin polymerization at ambient
temperature, and (d) composite cutting for joint tensile samples finalization.
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Joints FEM models based on “2-materials” (a) and “3-materials” (b) strategies.
Directly on the metal surface, the fibers are inserted into the meanders before
applying the liquid epoxy resin. The composite laminate is obtained by
superimposing twelve layers of carbon fiber layers, followed by resin wetting.
The joint polymerization is then performed at ambient temperature and 1
kg/cm2 pressure. The joint area is 30x20 mm2, the joint tensile sample is
composed by 70x20x3 mm3 metal part and by 90x20x2.8 mm3 composite part.
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Experimental characterization
The servo-hydraulic testing system Instron 8801 (100 kN) is used. All the tests
are conducted at controlled displacement with 1 mm/min imposed velocity. Six
CFRP tensile samples with the same lamination characteristics are preliminary
characterized (90x20x1.8 mm3). Then, six AM metal/CFRP joint samples for each
patterned geometry are characterized.
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Shape variants of repetitive feature on patterned metal surface: (a) cubic, (b)
upward parallelepiped, (c) downward parallelepiped, (d) upward cylinder, (e)
downward cylinder, (f) pyramid, (g) truncated pyramid, (h) double pyramid
large, (i) double pyramid small, (j) two-hooks, (k) four-hooks, (l) spiral.
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Experimental validation of six CFRP laminated samples (a) and, as an example,
of six joint samples with cubic pattern shape (b) with linear interpolation.
Experimental setup for AM metal/CFRP joint samples characterization (c).

Results and conclusions
The numerical simulation results and the experimental characterization are compared. Several geometries show similar tensile stiffness, around 23 GPa. However,
the maximum force before failure is the highest for the cubic features (9327 N), followed by truncated pyramid (9205 N). The failure mode (e.g. adhesive for
pyramids and cohesive for cubes) strongly influences the maximum force. In conclusion, from the described analysis, the cubic features pattern has the highest
potential for structural applications among the variants considered.
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