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Modeling and Experimental
Validation of CFRP—Metal
Joints Utilizing 3D Additively
Manufactured Anchors

The joining techniques between carbon fiber reinforced polymer (CFRP) and metal are of
great importance in many areas of structural mechanics where the optimization of weight,
rigidity, and strength is a necessity (such as aeronautics, vehicles, energy generation, and
biomechanics). As a result, several types of metal-composite joints have been manufactured
using different methods, with the 3D metal anchor solution attracting significant attention.
This study evaluates different anchor geometries applied to single lap joints through prelim-
inary finite element method (FEM) simulations and experimental validation on joints
between CFRP and Inconel 625 produced via a laser beam powder bed fusion (LB-PBF)
additive process. The models proposed increase in complexity. The homogenization
process is employed to determine the equivalent properties of the joint region that is occu-
pied by metal anchors and CFRP. The model also supports topology parametrization to
assess the impact of anchor geometry on structural properties. The study provides experi-
mental validation of joint strength under tensile load for various anchoring surface
topologies. [DOI: 10.1115/1.4063110]

Keywords: additive manufacturing, advanced materials and processing, assembly, design

for manufacturing, laser processes, modeling and simulation

1 Introduction

Over the past few decades, composite structures have become
widespread across many industries. Consequently, the need to join
metallic components with composites has become a significant
concern for designers. In Ref. [1], a comprehensive collection of
the most critical jointing techniques is provided. Adhesive
bonding can be used for composite—metal joints, but it is more com-
monly utilized for composite—composite joints, producing either
co-bonded (cured laminate with wet laminate) or co-cured (wet lam-
inate with wet laminate) joints [2]. In the case of thin composite
panels, some solutions have been proposed that involve embedding
thin metallic inserts into the laminate, providing efficient load trans-
fer to the fibers [3]. The ultrasonic additive manufacturing (AM)
process for creating an interlocking joining system between carbon
fiber reinforced polymer (CFRP) and metal has been explored in
Ref. [4]. Innovation based on unconventional methods can also be
found in Ref. [5], where ultrasonic spot welding is utilized to join
CFRP and aluminum alloy. Riveting and bolting are widely used
in the aerospace industry, where titanium rivets are often employed
to join the two different materials. This approach enables material
recycling after service and achieves high mechanical properties.
However, fatigue-related failure issues can occur, particularly in
regards to fiber damage. Hybrid strategies that utilize metal
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protrusions and rivets or bolts have also been explored in the litera-
ture [6,7]. The so-called “through-the-thickness reinforcement”
strategies for composite—composite and composite—metal joints
have been reviewed in Ref. [8], where different techniques for the
application and insertion of metallic pins are presented. Furthermore
[9], showcases interesting designs and techniques related to z-pins
exclusively. In the lightweight aviation industry, a novel hybrid
joining technique for CFRP has been presented in Ref. [10]. The
technique involves welding metallic pins onto the metallic surface
and embedding dry carbon fibers in the resulting space. The joints
are then subjected to resin infiltration and curing processes, followed
by tensile load testing. A similar approach can be seen in Ref. [11],
where CFRP-CFRP parts are joined using z-pins made of steel and
titanium, which are placed on a plate using the cold metal transfer
welding process. These joints are then tested for fatigue failure.
The concept is further explored in Ref. [12], where the influence
of different pin geometries is investigated in a CFRP-titanium
joint. There have been numerous investigations from Refs. [13—
20] focused on pinned joints, examining their mechanical properties
such as strength, damage tolerance, and failure mechanisms, as well
as the effects of fibers undulation or pin topologies. z-pins are not
limited to single or double lap joints, as seen in Ref. [21], where
they are also used for hat joints. There is also a significant interest
in modeling and optimizing metal pins, as seen in Refs. [22,23],
where the effects of geometry, load, and supports on their mechani-
cal properties and fatigue failure modes are explored. As previously
stated, riveting is utilized as an alternative to pinning. In Ref. [24],
the mechanical performance of a single rivet joint is studied, and
the effects of combining riveting and pinning on fatigue performance
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are discussed in Ref. [7]. A completely different configuration can be
found in Ref. [25], where no form of reinforcement or pin is used. In
this technique, resin hardens within drilled holes in the metal speci-
men, allowing it to be attached to a CFRP end through a double lap
joint. Various studies have investigated CFRP-CFRP bonding tech-
niques based on metal plates with spikes that penetrate the composite
plates [26-30]. The focus of these studies includes fatigue behavior,
damage processes, failure modes, and other experimental targets.
Additionally, CFRP-metal joints can also be designed using anchor-
ing elements other than pins. In Ref. [31], the authors present a
design for a Ti6Al4V-CFRP double lap joint based on electron
beam surface processes to create the anchors. A similar design is pre-
sented in Ref. [32], where AM methods are used to construct alumi-
num anchors. In Ref. [33], the authors provide geometrical
optimization of the anchors in terms of height and angular orienta-
tion. Another notable design is proposed in Ref. [34]: steel lattice
structures are generated on a steel plate using selective laser
melting, and then stacks of fibers with different orientations are
pressed onto the lattice and infiltrated. The accuracy of the building
process and mechanical strength are analyzed. The design in
Ref. [35] is based on interlocking structures constructed through
AM, linked to a composite end through resin hardening in the
voids created by the metallic part. The design process focuses on
failure mechanisms. The manufacturing of such joints, based on
interlocking anchors or protrusions, is greatly benefited by AM, as
can be seen from the aforementioned papers. Their concept design
can also be related to lattices, as they are repetitive structures with
a predefined relative density [36—43].

The authors have already conducted research on the CFRP-
metal joint with the objective of optimizing the 3D anchoring
strategy. In Refs. [44-46], the shape of this joint has been

40,00

described using two finite element modeling (FEM) approaches.
The first model defines the anchor’s geometry accurately, while
the second model employs a mixing rule to calculate equivalent
properties of a medium material in the region where the two mate-
rials intersect and the metal anchors penetrate the CFRP. This
paper presents a more precise and trustworthy joint model,
backed by experimental validation. By applying the homogeniza-
tion process to the representative volume element (RVE), equiva-
lent material properties are calculated to predict the joint’s overall
behavior. The RVE consists of a single metal anchor and the sur-
rounding CFRP volume. The simulation results are compared, for
different anchor geometries, to the predictions of the simplified
models and experimental measurements. The joints are manufac-
tured by laminating the CFRP and co-curing metal inserts,
which were previously fabricated with In625 through the laser-
based powder bed fusion process. The joint’s overall mechanical
properties are determined by comparing results and discussing
observed failure modes.

2 Joint Samples and Numerical Modeling

The CFRP-metal joint was designed based on the sample config-
uration specified in the ISO 22841 standard [47], which is used for
conducting tensile tests to evaluate the tensile lap-shear joint.

2.1 Joint Samples Design. The single lap joint sample has
dimensions of 110 x 20 x 6 mm> , while the two original metal and
CFRP parts have dimensions of 70x20x3 mm>. The joint area
measures 30 x 20 mm>. The overall sample dimensions are illus-
trated in Fig. 1.

40,00

3,00

Fig. 1 Overall dimensions (in millimeters) of the joint sample (with block anchors configuration); the
uniform width is 20 mm, materials are Inconel 625 and CFRP

(a) (b)

2,00

(c)

1,50
Q
2,00
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Fig. 2 Anchors geometries and dimensions (in millimeters): (a) block, (b) pyramid, (c) pyramid
trunk, (d) up/down-oriented spiked block, and (e) up/down-oriented spiked elliptical cylinder
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Seven different anchor geometries were analyzed, including
block, pyramid, pyramid trunk, up/down-oriented spiked block,
and up/down-oriented spiked elliptical cylinder (modeled with a
certain number of prismatic faces). The anchors shaped with
spiked block and spiked elliptical cylinder are oriented at
+45 deg (up/down) relative to the plane of load direction. The
dimensions of all the anchors are shown in Fig. 2. In all joint con-
figurations, 12x8 anchors are placed with uniform distribution
along the overlapped area. The initial three anchor geometries,
namely, blocks, pyramids, and trunks, are selected to examine
how the shape of the anchors can influence the performance of
the joints and their failure mode. The remaining four anchor

(a)

(b)

Fig. 3 Previous models geometrical configurations: (a) 2
volumes model and (b) 3 volumes mixed model; in both pictures,
left part is made of In625, right part is made of CFRP, and inter-
mediate part is the medium material

(a) (b)

Table 1 Material properties used for Inconel 625 and CFRP in
the simulations

Inconel 625 CFRP

E (MPa) 180,000 E.=E, (MPa) 35,000
E, (MPa) 3000

G (MPa) 69,230 G,.=G,; (MPa) 1154
G,y (MPa) 1154

v 0.3 Vyy = Uy, =Vy, 0.3

geometries, including up/down-oriented spiked blocks and elliptical
cylinders, are of interest for investigating how the orientation of the
anchor relative to the load direction affects the obtained results.

2.2 Numerical Modeling. The static structural behavior of the
joint is simulated using three different models, each with a varying
level of complexity. The authors, in Ref. [44], have introduced two
models: the “2-volumes model” and the “3-volumes mixed model.”
The “3-volumes homogenized model” is described in this section.
All the models are valid in the elastic regime, which is limited to
the initial part of the force—displacement curve of the joint. Based
on further experimental tests, the linear region of the samples exam-
ined is identified before the transition to the nonlinearity.

The “2-volumes model” replicates the nominal geometry of the
two materials being joined, including the 3D anchors. Two
volumes are utilized to simulate the two materials (In625 and
CFRP), as shown in Fig. 3(a). The “3-volumes mixed model” uti-
lizes the mixture rule to define a third material, which represents
the mechanical properties of the intermediate region where the
anchors are embedded into the CFRP (Fig. 3(b)). This model
does not replicate the actual shape of the anchors, resulting in a sim-
plified joint geometry and fewer degrees-of-freedom, thus reducing
computational time.

The “3-volumes homogenized model” is based on the homogeni-
zation process, which is commonly used in the numerical analysis
of micromechanics of composites and lattice structures [48,49].
The model is defined by identifying the RVE, which, in this case,
is associated with the single metal anchor and the surrounding com-
posite. The metal part is defined with isotropic properties, while the

(o)

Fig. 4 Finite element discretization of the RVEs for the different anchor geometries (section view):
(a) block, (b) pyramid, (c) trunk, (d) up/down-oriented spiked block, and (e) up/down-oriented spiked
elliptical cylinder. External volume is for Inconel 625 and internal volume is for CFRP.

Journal of Manufacturing Science and Engineering
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Fig. 5 Joint model configuration: lower elements represent the In625, the upper ones represent the CFRP, and intemediate
elements represent the homogenized material (the height varies according to the RVE size along z-direction)

composite material is defined with the orthotropic properties of the
fiber—matrix composition.

Periodic boundary conditions are applied to the RVE to deter-
mine the averaged loadings that are used to evaluate the equivalent
stiffness matrix. Finally, the equivalent mechanical properties in
terms of elastic and shear moduli and Poisson’s ratios are extracted
for the orthotropic medium. ANsYS ApPDL macros are used for select-
ing and grouping the RVE nodes, applying boundary conditions,
and analyzing the results to obtain equivalent properties.

This process is applied to every anchor geometry, with the
homogenization process applied only once to the up- and down-
oriented blocks and cylinders, as the model is insensitive to
anchor orientation. The main advantage of this model over the
“3-volumes mixed model” based on material properties weighting
is that anchor shape and type also contribute to defining the equiv-
alent material, in addition to the anchor volume. On the other hand,
the homogenized model requires far less computational effort than
the “2-volumes model” for joint simulation.

The meshing associated with the RVE used in the homogeniza-
tion process is shown in Fig. 4. Regular SOLID 186 hexahedral ele-
ments are used for simpler block and trunk geometries, whereas
SOLID 187 tetrahedral elements are used for pyramid and up/down-
oriented blocks. The element size ranges between 0.12 and
0.15 mm, and element distortion is controlled, particularly for
up/down-oriented anchors, which require dividing the RVE into
eight parts. The isotropic properties of In625 and the orthotropic
properties of CFRP are listed in Table 1. The same properties are
used for both the homogenization process on the RVE and the
overall joint simulation with the equivalent medium material.

The equivalent properties of the medium material that represents
the joining region are obtained and reported in Sec. 4. Then, the
simulation of the tensile loading of the entire joint is conducted
using SOLID 186 hexahedral elements with an average dimension
of 1.5 mm. The metal end of the joint is fully constrained, while the

Table2 Process parameters applied to the RenAM 500M system
for the fabrication of the In625 joint parts

Layer Hatch Border

Numbers of border: 1

Power: 190 W

Point distance: 90 ym
Exposure time: 100 us

Layer thickness: 40 um  Power: 190 W
Hatch distance: 110 ym
Point distance: 90 ym
Exposure time: 100 us
Hatch offset: —20 pym

CFRP end is loaded with a force of 125 N along the axial direction.
To prevent bending loads on the sample, the translational degrees-
of-freedom in the width and depth directions at the loaded end of the
joint are blocked. However, bending effects typical of single lap
joints are taken into account in the joining section for high deforma-
tions. The model constraints are defined to accurately replicate the
experimental setup, as described in the next section. The configura-
tion of the model is illustrated in Fig. 5. The axial elongation of the
sample along the load direction is calculated, as well as the linear
force—displacement curve representing the joint behavior. The
same calculation is performed with the two simplified models
described earlier. Comparing the simulation results with the exper-
imental results reported in the next sections enables an assessment
of the accuracy of the three models.

3 Experimental Validation

3.1 Sample Fabrication. The sample manufacturing process
composes of two stages. First, the metal part is produced using
the laser beam powder bed fusion process. Second, the metal part
is manually integrated into the CFRP during the forming process,
using the interlocking technique of the carbon fibers with the
metal anchors. The CFRP component of the joint is manufactured
by utilizing a manual process of applying epoxy resin to a dry
twill carbon fiber weave.

The Renishaw AM 500M machine with Inconel 625 is utilized to
fabricate the metal parts. With the exception of the block and trunk
geometries, all anchors are self-supporting during the part growth,
and hence do not require supporting structures. The process param-
eters are listed in Table 2, and the as-built configuration of the
samples is shown in Figs. 6 and 7. Subsequently, the samples are
mechanically released from the platform by wire cutting, and tem-
porary supports are removed by sandblasting. All sample surfaces
are subjected to sandblasting to improve finishing. In total, six
samples have been produced per geometry.

The second phase of the joint manufacturing process involves the
creation of the CFRP side. The forming process entails the simulta-
neous co-curing of CFRP with the metal joining volume. Twill
carbon fiber is utilized in conjunction with bi-component epoxy
resin. The lamination process necessitates the initial fabrication of
a flat mold (Fig. 8(a)) that allows for the proper stacking of plies
and guides the resin flow to the required areas. Polyvinyl alcohol
release agent is applied to exposed surfaces to facilitate the
removal of the sample from the mold. The first forming operation
involves the positioning of the carbon fibers among the anchors
with mutual engagement (Fig. 8(b)). Then, twill fiber sheets are

Fig. 6 As-built block (right) and trunk (left) anchors applied to joint sample surfaces with their temporary supporting

structures
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Fig. 7 As-build samples with down-oriented spiked cylinder
anchors. No supports are provided in this case since anchors
orientation is sufficient to guarantee self-supporting. The same
condition occurs for pyramids and other oriented spiked
anchors.

piled and impregnated with epoxy resin until a 3 mm-thick CFRP
laminate is achieved (i.e., the same thickness as the metal part of
the joint). The resin polymerization process takes 24 h at ambient
temperature and pressure. The final joint is shown in Fig. 8(c).
When the CFRP curing process is completed, the sample contours
are refined using a band saw to attain the nominal dimensions.
Figure 9 depicts a sample for each anchor geometry, and the
sample numbers are listed in Table 3.

3.2 Experimental Setup. Experimental tests were conducted
to evaluate the force—displacement static response of the joint and
to correlate this property to the specific 3D anchor type. Addition-
ally, the force—displacement curves were utilized to validate model
predictions. Finally, the joint damage observed during the tests was
used to investigate the failure mode associated with the anchor
types.

Tensile tests were performed on manufactured samples using a
servohydraulic machine, specifically the Instron 8801, with a
maximum load capacity of 100 kN. The joint underwent shear
loading when subject to a tensile load. To prevent sample
bending caused by the misalignment between the two anchoring
points, a spacer was used to restore nominal alignment. The tests
were performed in displacement control mode at a velocity of
1 mm/min, while the tensile force was recorded. Figure 8(d)
depicts the test setup.

(c)

Fig.8 Metal-CFRP joint fabrication process: (a) the In625 part is inserted into the mold for lamination, (b) the carbon
fibers are engaged among the metal anchors, (c) the joint sample is released after the resin curing, and (d) the sample

is installed on the tensile testing machine

Fig. 9 Metal-CFRP samples at the end of the fabrication process: (a) block,
(b) pyramid, (c) pyramid trunk, (d) down-oriented spiked block, (e) up-oriented
spiked block, (f) down-oriented spiked elliptical cylinder, and (g) up-oriented

spiked elliptical cylinder

Journal of Manufacturing Science and Engineering
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Table 3 Samples numbering with reference to the anchors geometry

Anchor Down-oriented spiked Up-oriented spiked ~ Down-oriented spiked elliptical ~ Up-oriented spiked
geometry Block Pyramid  Trunk block block cylinder elliptical cylinder
Sample 1-6 7-12 13-18 19-24 25-30 31-36 3742
number

4 Results and Discussions

The static force—displacement curves associated with different
metal anchors are illustrated in Fig. 10. The stiffness values

calculated from the different models are presented in Table 4. The
experimental stiffness was averaged among the curves interpolated
with the least-square method applied to the experimental data. The
linear region of validity of the FEM models is limited to 0.3 mm for

(a)
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1000

(b)
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1000

Force - Displacement diagrams for block anchor joints

1,50

3 volumes mixed model

2 volumes model

Displacement [mm]

0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8
Displacement [mm)]
Force - Displacement diagram for pyramid anchor joints
I
o 8
0
il 10
i |
L 2,50 N
12
9
3 volumes mixed model
2 volumes model
0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8

Fig. 10 Force—displacement diagrams from experimental tests and simulations for different
anchor joint types: (a) block, (b) pyramid, (c) trunk, (d) down-oriented spiked block, (e) up-oriented
spiked block, (f) down-oriented spiked elliptical cylinder, and (g) up-oriented spiked elliptical

cylinder
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(C) Force - Displacement diagram trunk anchor joints
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Fig. 10 Continued

all the samples, based on the experimental results. The percentage
errors of the measured and calculated forces were estimated into
the range of linear displacement for every model as

Frem — Fexp

E(%) = x 100

EXP

The diagrams in Fig. 11 display the error estimation averaged
over ten measurements for every model and anchor geometry.

The proposed models are capable of predicting the behavior of
joints with varying levels of accuracy; furthermore, each model pre-
sents its own advantages and disadvantages. As a general consider-
ation, the 2-volumes model, with the exception of oriented block
anchors, is always the stiffer option. On the other hand, the
3-volumes mixed model is always the least stiff, except for the ori-
ented block anchor, where the 2-volumes model is the least stiff.

Journal of Manufacturing Science and Engineering

The 3-volumes homogenized model tends to fall within the spec-
trum defined by the other two, although the medium material prop-
erties can be modulated with high accuracy by means of simulation
parameters.

The comparison of stiffness values reported in Table 4 shows
that, for the first three anchor geometries considered (block,
pyramid, and trunk), both the 2-volumes and 3-volumes mixed
models provide the best agreement with experimental data
(expressed through the least-square method). The 3-volumes
homogenized model provides the optimal fit for both pyramid and
trunk anchors, as well as a satisfactory fit for block. However, the
trends for oriented anchors are distinct. It is worth noting that the
outcomes obtained from oriented blocks and cylinders are compara-
ble for the 3-volumes homogenized model, which indicates the con-
sistency of the model. The same conclusion can also be made for the
3-volumes mixed model. These models consider the existence of a

NOVEMBER 2023, Vol. 145 / 111004-7
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Table 4 Stiffness values calculated with the three numerical models and from experimental results by means of the least-square

method for every anchor geometry and percent error with experimental results

k (N/mm) Percent error (%)
3-volumes 3-volumes
2-volumes 3-volumes homogenized  Experimental  2-volumes 3-volumes homogenized
Anchor geometry model mixed model model (least-square) model mixed model model
Block 15,654.35 15,006.00 17,512.89 16,803.27 -2.82 —6.84 8.72
Pyramid 14,473.87 15,073.86 16,384.85 16,872.46 —7.08 -3.23 5.18
Trunk 15,713.39 15,021.33 17,329.58 15,868.58 —4.01 —8.24 5.86
Down-oriented spiked block 13,061.65 15,041.21 18,791.06 16,819.16 -16.90 —4.31 19.55
Up-oriented spiked block 13,988.65 15,730.29 —6.86 0.15 25.12
Down-oriented spiked elliptical cylinder ~ 15,339.78 14,833.61 17,953.32 15,470.19 -2.27 -5.49 14.38
Up-oriented spiked elliptical cylinder 16,428.45 16,825.60 3.55 —6.50 13.16
(a) Averaged relative error for block anchor joints
40%
)
30% 8
20% 1
L 150
10%
g M—
5 0% g
& 0,05 0,1 0,15 Q.2 23 0|3
-10% w’-“""'
-20%
=2 volumes model
-30% =3 volumes homogenized model
3 volumes mixed model
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Displacement [mm]
(b) Averaged relative error for pyramid anchor joints
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3 volumes mixed model
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Displacement [mm]
Fig. 11 Percent error of instant force between experiments and “2-volumes model” (black),

“3-volumes mixed model” (light gray), and “3-volumes homogenized model” (dark gray) for
samples with different anchor joint types: (a) block, (b) pyramid, (c) trunk, (d) down-oriented
spiked block, (e) up-oriented spiked block, (f) down-oriented spiked elliptical cylinder, and

(g) up-oriented spiked elliptical cylinder
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(C) Averaged relative error for trunk anchor joints
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Fig. 11 Continued
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second phase (metal) within a primary phase (CFRP), and the
equivalent material properties are determined based on this
assumption. Nonetheless, the limitation of these models is that the
orientation of the anchors cannot be taken into account. The only
feasible enhancement that can be made is to use homogenization
rather than the mixture rule, which involves the consideration of
the RVE stiffness instead of volume when determining the
medium properties.

The stiffness results obtained from the 2-volumes model exhibit
high variability, especially for the oriented block anchors. This var-
iability can be attributed to the need to build an accurate 3D model
of the joint, which introduces mesh irregularities and element dis-
tortion. These issues are more pronounced in the 2-volumes
model and are further exacerbated by the intricate geometry of
the anchors, with oriented anchors being particularly problematic.
Another factor contributing to the error in stiffness results is the
nonlinearity of experimental curves even in the range considered
(0-0.3 mm). The least-squares fitting used to determine the slopes
takes into account the weak non-linear effects of the samples
tested, which are visible in the force—displacement diagrams pre-
sented in Fig. 10. Therefore, force—displacement diagrams obtained
from experimental data are not linear, resulting in lower experimen-
tal averaged fit slopes.

Journal of Manufacturing Science and Engineering

Continued

Henceforth, the comparison between the force errors simulated
and measured, as shown in Fig. 11, provides additional information.
In the linear displacement range of 0-0.3 mm, the 2-volumes model
yields an error range of —7.0% to +3.5% (except down-oriented
spike blocks anchors), the 3-volumes mixed model from —6.8%
to +8.2%, and the 3-volumes homogenized model from +5.1%
to +25.1%.

The results of the experimental tests are presented in Fig. 12,
showing the maximum load achieved during the tests, which cor-
responds to the failure initiation or joint sample failure. Among the
different types of joints tested, block anchors exhibit the highest
ultimate load (9327.32 N), despite not having the highest experi-
mental stiffness (see Table 4). The behavior of trunk anchor
joints is quite similar to that of block anchors, with minor differ-
ences in terms of the maximum load and stiffness obtained. The
failure modes for these joints are identical: the fibers break at
the CFRP-metal interface, leaving the anchors intact. Some
instances of local delamination (cohesive failure) between plies
are observed in the joint area. Adhesive and cohesive failure
modes of the joints are shown in Figs. 13(a) and 13(b),
respectively.

Pyramid anchor joints exhibit the lowest maximum load
(679436 N), but at the same time, the highest experimental
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Fig. 13 Examples of adhesive and cohesive failure modes of the
joints (sample number reported). (a) CFRP-metal interface adhe-
sive failure with block and trunk anchors joint, (b) cohesive dela-
mination failure with block and trunk anchor joints, (c) adhesive
failure with complete detachment of the CFRP with pyramid
anchors joint, and (d) partial adhesive failure with oriented
anchors joint with exposed carbon fibers.

averaged stiffness due to their failure mode, which consists of com-
plete adhesive detachment of the CFRP from the metal surface
(Fig. 13(c)). By adjusting the parameters defining the pyramid’s
geometry, such as increasing the height of the anchors and provid-
ing more space to accommodate the fibers between the anchors,
better results can be achieved. The failure mode associated with
pyramid anchors is not related to progressive interface deterioration
and happens abruptly.

There are no significant differences between up/down-oriented
anchors, especially in terms of maximum load (ranging from
8000 to 9000 N). Their failure mode is quite similar to that of
block and trunk joints, i.e., partial adhesive failure (as shown in
Fig. 13(d)), without any exceptions among the samples.
The fibers present in the space between the anchors tend to
remain adhered to the metal, while the CFRP fails under the
applied load.

5 Conclusion

This paper presents simulation methods and models for predict-
ing the force—displacement characteristics of metal-CFRP joints
based on 3D anchors. The proposed models vary in complexity,
resulting in different levels of accuracy and detail. The comparison
of experimental results on joint samples with different anchor
geometries allows us to validate the model predictions and evaluate
the performance of each interface geometry. Our results show that
block and trunk anchors provide the best performance, with
similar ultimate strength and structural stiffness. Cohesive failure
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samples that is achieved with each anchor

or partial adhesive failure with carbon fibers exposure demonstrates
the effective engagement of the carbon fibers with the metal surface.
The orientation of the anchors aligned or against the load direction
does not significantly affect the final performance of the joint. The
pyramid anchor shape exhibits the lowest strength and complete
adhesive failure of the joint, preventing the full loading of fibers
before material separation.
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