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Abstract

Metal-composite hybrid joining with protrusion reinforcement is considered an effective way to improve the
joint efficiency of aeronautical structures. Based on the failure process of hybrid joints obtained from previous
research, this study investigated the influence of protrusion arrangement on joint performance by altering the
protrusion height. A series of single lap joints with variable-height protrusions were designed and modeled
using the finite element method. Numerical investigation was conducted to analyze the stress distribution and
failure behavior of these hybrid joints. The results showed that the stress concentration region of joints was
located in different positions, and the reinforcing efficiency of metal protrusions varied across the metal—
composite interface. Protrusions near the metal and composite ends have a greater impact on loading capacity
than protrusions in the middle of overlapping area. It is suggested that a hybrid joint with high metal protrusions
at the edge and low protrusions in the center can suppress delamination failure without losing strength. These
findings provide guidance for optimal protrusion array design to achieve better hybrid joining performance.
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1. Introduction

With the widely application of advanced composite materials in the aerospace industry, connection
between the composite and metal structures gradually becomes an inevitably issue. Considering the
severe stress concentration of mechanical fastening and relatively weak load capacity of adhesive
bonding [1], various innovative hybrid joining methods were developed in recent years, including
through-the-thickness reinforced metal-composite joining. Integrated the advantages of mechanical
fastening and adhesive bonding, hybrid joint with protrusion reinforced is proved to have higher
structural strength and damage tolerance [2, 3].

The configuration of metal protrusions has a significant impact on the ultimate strength and failure
behavior of hybrid joint, such as shape, dimension and density [4-7]. However, very few research
were conducted on the influence of protrusion arrangement [8]. Due to the stiffness mismatch
between metal and composite adherends, experiments designed by Graham et al [9] showed that
the failure of composite occurred much earlier than expected and therefore used less protrusions
around the edge. Xiong et al [6] indicated that the efficiency of the protrusions was different at the
metal and composite ends of the overlapping area, the stress concentration of the composite end is
greater than that of the metal end, and the residual protrusion heights after joint failure varied along
the bond line. Based on our previous work and experimental observations [10], stress concentration
can be clearly observed around the top of protrusions, and crack extended quickly between the
composite layer when delamination first occurred. This enlighten us that a variable-height protrusion
design may be able to suppress the interaction between stress fields around protrusion tip and slow
down the delamination crack propagation.

In this work, eight hybrid joint models with various protrusion height distributions were designed and
established in ABAQUS™. To fully understand the load-bearing and damage mechanisms of
variable-height pin-reinforced joints, the constitutive relationship of each material component,
including failure criteria and damage evolution, were defined separately. The effectiveness of the
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finite element model we built is verified by previous experimental data. Numerical analysis was then
applied to investigate the stress distribution and failure behavior of these variable-height joints.

2. Methodology
2.1 Modeling methods

The structure of a representative pin-reinforced metal—-composite single lap joint was illustrated in
Figure 1. Typical trapezoidal configuration of single protrusion was applied for manufacturing
convenience, and a staggered distribution of protrusion arrays was chosen to weaken the connection
effect of stress fields between adjacent protrusions.

Three material components of hybrid joint, including metal, composite and interface, were built
separately and then assembled together in ABAQUS™. The metal and composite panel were
modeled by 8-node linear brick elements (C3D8), while the interface component representing
adhesive bonding was modeled by 8-node three-dimensional cohesive elements (COH3D8) with
zero thickness. Cohesive elements were also inserted in composite layers to describe the
delamination behavior of laminates. The lower and upper surface of interface elements were tied
with metal and composite, respectively. During the loading procedure, the metal end was fixed in all
direction, while a tensile displacement was exerted on the composite end. As a strong nonlinearity
existed in this structural model, the Explicit solver was used to prevent convergence issue.

Interface
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Figure 1 — Sketch of pin-reinforced metal-composite lap joint model.
To study the whole failure process of hybrid joints, the metal panel was defined as elastic-plastic
material with ductile damage, and Hashin failure criteria were adopted to characterize the failure
modes of composite. Bilinear softening law was used to describe the traction-separation behavior of
cohesive zone model [11]. The constitutive relationships of composite and cohesive elements were
introduced by user-defined material subroutine. For composite material, the Hashin failure criteria
were given by [12]

(a) Fiber tensile failure:
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where Xi, X;, Y:, and Y. are the longitudinal and transverse strength of laminates, respectively, and
S12, S13, S23 are the shear strength on different composite plane.

Due to the complex failure modes of composite material, five damage variables were defined
individually to express the extent of composite and cohesive failure. Characteristic length of element
was applied in the calculation to reduce the mesh sensitivity of finite element model [13]. Considering
the commonly used aeronautical structure materials, in our work, titanium alloy Ti-6Al-4V and carbon
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fiber reinforced polymer T300/BA9916 were chosen for metal and composite materials. Mechanical
properties of each component were adopted from previous research.

2.2 Design of variable-height protrusions

Based on our earlier investigation, the number of metal protrusions had great impact on loading
capacity and fracture mode of pin-reinforced metal-composite joint. Hybrid joint with low protrusion
density is hard to provide sufficient reinforcement for the metal-composite interface, while too many
metal protrusions will cause excessive damage to composite panel and increase the structural
weight. Therefore, in the current work, a medium protrusion number of hybrid joint was chosen to
conduct further research. The protrusion array consists of 18 columns which was divided as odd and
even column, respectively, as shown in Figure 2.
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Figure 2 — Definition of (a) odd column and (b) even column of protrusions.
As the protrusion number and planar arrangement determined, the projection feature of variable-
height hybrid joints was hold constant. In addition, the area of top and bottom surface of protrusions
were all consistent, except for the shortest protrusion to avoid an excessive sharp angle. The only
variable of eight joint models built in this work is the protrusion height in each column, and the sketch
were drawn in Figure 3. To ensure that the influence of these inserted protrusions to laminate
performance are similar, the total volume of metal protrusions was also carefully controlled.

First, three joint models with monotonically increasing, decreasing, and decrease-increasing
protrusion height were established. In our model, the total thickness of composite panel in
overlapping area is 3.92 mm, therefore, the intermediate value 1.96 mm was chosen as the base
line of height. In these models, the highest protrusion is 3.64 mm, and the lowest protrusion is 0.28
mm. An additional joint model with constant height 1.96 mm was also constructed as reference, and
its protrusion volume ratio is same with the other three models.

Then, inspired by the “wavy” configuration of single lap joint [14, 15], hybrid joints with sine and
cosine height distribution were built to see the difference. Considering the single layer thickness of
composite prepregs and taking integral multiples, the protrusion heights of these two variable-height
joint models were approximately defined as

H = 1.68+1.4cos (0.369(N-1)) (1)

H =1.68+1.4sin (0.369(N+11.8)) (2)
where H is the protrusion height, N is the column of protrusion array in overlapping area, ranged
from 1 to 18.

Finally, left-eccentric and right-eccentric height distribution joint models were designed to investigate
the influence of internal eccentric distribution. Due to the observations on previous model showed
that an excessively low protrusion is of little use to joining performance, the lowest protrusion of
these two eccentric joints was adjusted from 0.28 to 0.84 mm.
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Reference Decrease
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Figure 3 — Diagram of eight variable-height joint models.

3. Validation of numerical models

Combining the Selective Laser Melting technique of titanium alloy and co-curing method, different
kinds of pin-reinforced metal-composite hybrid joint specimens were fabricated. Tensile tests were
then conducted to calibrate the material properties applied in the numerical model [8]. The
comparison on load—displacement curves and fracture morphology of joint models were given in
Figure 4 and 5. The predicted strength and damage characteristic of all models showed good
agreements with the experimental results. Although some deviation existed in the model with high
protrusion density, which might be resulted from the manufacturing defects introduced by inserted
protrusions, the failure process and damage mechanism were all rightly simulated. Therefore, the
finite element modeling method built in our work can be used to conduct a quantitative analysis on
the failure analysis of hybrid joint.

30 30 30

""""" Test (Low density) - Test (Medium density) B -------- Test (High density)
25 L — Simulation 55 L — Simulation i 55| — Simulation o
S 70
20 20 24l z 20 //,/
z P z v i
2 3 < 3 d
E 5}t 77N R / & 15 Z
e s Y e =]
- w4 - Vi -1
10 0k Z 0t
/ / j
st / sl 4 sl /
/ H
0 " " " b 0 L " " b F 0 " L L i
0.0 0.2 0.4 0.6 08 1.0 0.0 02 0.4 0.6 0.8 1.0 0.0 02 0.4 0.6 0.8 1.0
Displacement/mm Displacement/mm Displacement/mm

Figure 4 — Comparison on load—displacement curves of different models.



VARIABLE-HEIGHT PROTRUSION ARRANGEMENT OF METAL-COMPOSITE HYBRID JOINTS

Low (Protrusion shear) Medium (Composite fracture) High (Composite fracture)

Test ‘ g_ —

Simulation Simulation

Simulation

Figure 5 — Comparison on failure behavior of different models.

4. Results and discussion
4.1 Tensile performance of hybrid joints with variable-height protrusions

Figure 6 summarized the ultimate tensile load and displacement of different variable-height joint
models. In the first group of joints, the single monotonically height design showed disadvantages in
structural strength, especially for the decreasing height joint. This is because the reduced protrusion
height weakens the loading capacity of edge. As the overlapping area nearing to composite ends is
much critical than the metal ends, protrusions located in this region should be strengthened for better
joint performance.

The maximum displacement in Figure 1 was defined as the tensile displacement when the joint
structure reached its ultimate strength. It can be seen that the distribution of protrusion height has
little effect on the maximum displacement. For example, although the ultimate strength of cosine joint
model is 5.7% higher than that of the sine joint, the peak value occurred at the same tensile
displacement, and the cosine height distribution resulted in higher structural stiffness. However,
owing to the suppression of instantaneous delamination failure, joints with variable-height
protrusions often exhibited better ductility after strength reached its maximum value.

For the two eccentric distributed joints studied in this work, their mechanical behavior is nearly
consistent. This suggested that it is the peripheral protrusions controlled the ultimate strength, thus
changing the internal protrusion height distribution had little effect on structural performance. The
strength of left-eccentric joint model is slightly higher than that of the right-eccentric joint, which is
supposed to be resulted from the varying efficiency of protrusion columns. Detailed discussion will
be presented in the Section 4.3.
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Figure 6 — Ultimate strength and displacement of joints.




VARIABLE-HEIGHT PROTRUSION ARRANGEMENT OF METAL-COMPOSITE HYBRID JOINTS

4.2 Stress distribution

The Mises stress distribution of different joints under 0.2/0.4/0.6/0.8 mm tensile displacement are
illustrated in Figure 7-9. Since the image is drawn on a vertical section, only 9 protrusion columns
can be seen. For all of the hybrid joints, the load transferring inside the overlapping area had a similar
mode, but the transmission speed and path differed due to the influence of metal protrusions. With
the tensile load gradually increasing, the maximum stress point of structure gradually moved from
the metal protrusion in left to the composite layer in right.

As shown in Figure 7, although the structural weight is constant, the load-bearing process of these
four joints exhibited clearly differences. Losing the obstruction of metal protrusions, stress in the
decreasing protrusion height joint directly transferred into the internal area, the protrusions near to
the composite end can hardly attached to composite panel, the interface debonding crack extended
quickly along the bond line. As a result, the right overlapping area separated early at 0.6 mm tensile
displacement, and the entire tensile load were carried by only 2/3 of overlap length, leads to the
weakest structural performance of joints. Similar situation was observed in the increasing protrusion
height joint, the overlapping area in left exhibited a larger debonding region at 0.8 mm displacement,
but the stress had already concentrated in the composite end under this situation, thus had less
effect on the joint strength.

Reference Decrease

Increase

Figure 7 — Stress distribution of monotonically joint models at different tensile displacement.
Figure 8 showed the comparison of variable-height hybrid joints with sine and cosine distribution.
Apparently, the location of stress concentration area differed in these two models. For the joint with
a cosine distribution, the stress mainly concentrated on the composite end, while the stress
concentration of joint with sine distribution occurred in a more intermediate position. The tensile load
inside the cosine joint was allocated in a dispersed mode. On the contrary, for the sine distributed
joint, protrusion columns in the center undertake most of the tensile load, resulted in the movement
of stress concentration area. The rotation angle of lap joint became more serious, and the structural
stiffness reduced.
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Sine Cosine

Figure 8 — Stress distribution of sine and cosine joint models at different tensile displacement.

As discussed in the former section, the tensile response of two eccentric joints had little difference.
This can also be seen from Figure 9, the stress distribution in these two joint models were nearly the
same, only the concentration area slightly moved.

L-eccentric R-eccentric

Figure 9 — Stress distribution of eccentric joint models at different tensile displacement.

4.3 Deformation of metal protrusions

In order to quantify the loading efficiency of protrusions along bond line, the initiation of plastic strain
in each protrusion column was chosen to describe the load-bearing and deformation behavior of
metal component. As shown in Figure 2(a) and (b), considering the staggered distribution leads to
different numbers of each column and therefore had an effect on the load allocation, metal
protrusions located in the odd and even columns are drawn separately. In general, the odd protrusion
columns undertake higher stress than the even columns.

Corresponding to the stress transferring process, plastic deformation first occurred in the edge of
overlapping area, and then gradually spread into the internal protrusion columns. For the “de-
increase” and “cosine” joints, some protrusion columns in the middle area had no plastic deformation
until the end of loading procedure. This is because a 0.28 mm protrusion is too weak for load bearing,
which can be proved by the stress distribution of each column in Figure 7 and 8. Since the lowest
protrusion of 0.84 mm is much stronger to undertake shear stress, these situations did not occur in
the eccentric joints. This also explained the prominent points at small X-coordinate, that the plastic
deformation in the left column of “increase” and “Sine” joints appeared later than its right side.

The black vertical dashed line in Figure 8-11 represents the central axis of whole overlapping area.
It can be clearly seen that the highest point offset from the center, and all of the curves is not
symmetrical, especially for the deformation curve of “reference” joint with constant protrusion height.
This observation proved that the stress distribution of hybrid lap joint across the X axis is nonuniform,
and protrusions in the left side suffered larger plastic deformation than the right side. The
phenomenon is supposed to be resulted from the eccentric loading of single lap joint [16] due to its
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asymmetric structure.
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Figure 8 — Initiation of plastic deformation in protrusions of monotonically joints (odd column).
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Figure 9 — Initiation of plastic deformation in protrusions of monotonically joints (even column).
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Figure 11 — Initiation of plastic deformation in protrusions of sine/cosine and eccentric joints (even).
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Figure 12 — Delamination damage of overlapping area in monotonically joints at ultimate strength.

4.4 Damage of composite panel

As described in Section 2.1, damage variable of the interlayer cohesive elements was used to
describe the delamination characteristics of these metal-composite joints. Considering the similar
behavior of some joint models and to simplify this paper, only the first group of joints were presented
as a representative illustration. For better visual recognition, the images of overlapping area were
slightly rotated to be horizontal, as shown in Figure 12. The main region where delamination occurred
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in the overlapping area were highlighted by yellow wireframe.

For the reference joint with constant protrusion height, delamination occurred between the layers
adjacent to the top of protrusion, and quickly propagated through interlayer when the crack initiated.
When the joint structure eventually failed, all of the composite layers underneath the protrusion tip
will be separated from the original panel, as shown in Figure 5. Different with the constant height
hybrid joint, the application of variable-height protrusion design hindered the propagation of
delamination crack. The initial cracks were obstructed by the adjacent column of protrusions with
different height. The crack propagation path had to jump to the other layers for further extending,
thus can hardly penetrated across the entire plane.

For the joints with monotonically decreasing and increasing protrusion height, the composite
delamination only occurred in a limited area with low protrusions reinforced. Compared with the other
three models, delamination failure of “de-increase” joint can be hardly detected, and the damaged
elements dispersed in more than one layer. These results proved that a rational variable-height
protrusion design of hybrid joint can eliminate the risk of delamination.

Despite the suppression of delamination failure inside joint structure, failure analysis conducted on
other failure modes of composite (fiber tensile/compression, matrix tensile/compression) showed
that the critical failure mode of these joints was all the same. A hybrid joint with medium protrusion
numbers always failed after fiber tensile fracture occurred in the composite end. Since the composite
fiber is much stronger than the interlaminar elements, the structural strength of hybrid joint is mainly
controlled by the fiber tensile strength rather than the interlaminar strength. Therefore, the
improvement on ultimate strength was limited by simply altering the distribution of protrusion height.
Hopefully, combining the variable-height design with the optimization strategy of other structural
parameters can achieve better performance of pin-reinforced hybrid joints.

5. Conclusions

This paper developed a series of metal-composite hybrid joints with variable-height protrusions in
ABAQUS™. Based on the finite element method, the loading mechanism and failure behavior of
different joints were analyzed. Several conclusions can be drawn from the numerical results:

(1) The distribution of protrusion height had little effect on the maximum displacement corresponding
to ultimate strength, but the structural stiffness changed. The stiffness of hybrid joints with low
protrusions at the edges degraded due to the separation of components and the rotation effect.

(2) Stress distribution in different variable-height joints showed significant differences. The maximum
stress point always moved from the metal protrusion to the composite layer, but the load transmission
speed varied with the obstruction of protrusion columns. The loading efficiency of protrusion columns
near both ends is much higher than that of protrusions in the middle area.

(3) The plastic strain of each protrusion column was uneven, the ductile damage of metal protrusions
on the left side was more severe than on the right side. Plastic deformation of the protrusions located
in the 2/3 of overlap length appeared later than in other columns. Protrusions with an excessively
low height can hardly bear the structural load.

(4) Although the variable-height hybrid joints successfully prevented the structure from instantaneous
delamination, the ultimate strength of these joints exhibited limited improvement due to the critical
failure mode. For joints with low protrusions at the edge of the overlapping area, the load capacity
decreased compared with other joints with equal protrusion volume.

In general, a metal-composite joint with high protrusions near the two ends and low protrusions in
the middle of the overlapping area exhibits the best joining efficiency. To achieve better mechanical
performance and damage tolerance, the design of protrusion height distribution should be combined
with other optimized structural parameters, and the non-uniform characteristics of single lap joint can
be utilized.
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