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Ïðåäëîæåí ïðèêëàäíîé ìåòîä, êîòîðûé ìîæåò áûòü èñïîëüçîâàí äëÿ ïîâûøåíèÿ ïðî÷íîñòè ìåòàëëîêîìïî-
çèòíûõ ñîåäèíåíèé.

Â òàêîì âèäå ñîåäèíåíèé áóäåò îïðåäåëåííîå êîëè÷åñòâî òîíêèõ øòèôòîâ, ïðîõîäÿùèõ ÷åðåç ïîäëîæêè â
îáëàñòè ïåðåêðûòèÿ ìåòàëëîêîìïîçèòíûõ êëååâûõ ñîåäèíåíèé. Íà ïîâåðõíîñòè øòèôòîâ èìååòñÿ êëåé, è òàêèì
îáðàçîì øòèôòû ñîåäèíÿþòñÿ ñ ïîäëîæêàìè.

Øòèôòû, ïðîõîäÿùèå ÷åðåç ñîåäèíèòåëüíûå ïëàñòèíû, íå òîëüêî óñòðàíÿþò òðåùèíû â àäãåçèâíîì ñëîå
ñâÿçàííûõ ñîåäèíåíèé, íî è âîñïðèíèìàþò íåêîòîðóþ íàãðóçêó ìåæäó ìåòàëëè÷åñêèìè è êîìïîçèòíûìè êîì-
ïîíåíòàìè.

Ðåçóëüòàòû èñïûòàíèé ïîêàçûâàþò, ÷òî ïðåäëîæåííûé ìåòîä ìîæåò óâåëè÷èòü ïðî÷íîñòü è óñòîé÷èâîñòü ê
ðàçðóøåíèþ ìåòàëëîêîìïîçèòíûõ ñîåäèíåíèé ïî ñðàâíåíèþ ñ òðàäèöèîííûìè êëååâûìè ñîåäèíåíèÿìè.

Âëèÿíèå êîëè÷åñòâà è ðàñïîëîæåíèÿ øòèôòîâ íà ìåõàíè÷åñêèå õàðàêòåðèñòèêè ñîåäèíåíèÿ ïðîàíàëèçèðî-
âàíî â ñîîòâåòñòâèè ñ ðåçóëüòàòàìè èñïûòàíèé.

È íàêîíåö, ïîëó÷åí ìåòîä îïòèìèçàöèè, ïðèìåíåíèå êîòîðîãî ïîçâîëèò óëó÷øèòü ïîêàçàòåëè ïî íàãðóçî÷-
íîé  ñïîñîáíîñòè è èçëîìîñòîéêîñòè ñîåäèíåíèé.

Êëþ÷åâûå ñëîâà: ìåòàëëîêîìïîçèòíîå ñîåäèíåíèå, êîìïîçèöèîííûå ìàòåðèàëû, êîíå÷íî-ýëåìåíòíàÿ ìîäåëü,
ìåõàíè÷åñêèå õàðàêòåðèñòèêè, ìåòàëëè÷åñêèé øòèôò.
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A METAL-COMPOSITE JOINT AND ITS MECHANICAL PERFORMANCE

Liu Longquan, Shi Jianhang, Bao Haisheng

School of Aeronautics and Astronautics, Shanghai Jiao Tong University,
Shanghai, China

A jointing technique, which can be employed in metal-composite joints and may enhance the ability to non-admission
of joints disbond, is proposed in this article. This type of joints will contain a certain number of thin pins running though
the substrates in the overlap region of the metal-composite adhesive bonded joints. There is adhesive on the surface of
the pins and thus, the pins are bonded together with the substrates. And thus, the pins running through the joint plates
not only arrest the cracks in the adhesive layer of the bonded joints, also transfer some load between the metallic and
composite components. Comparative test results show that the proposed joint method can increase the strength, the failure
strain of the metal-composite joints comparing with the traditional adhesive joints, moreover, the joint method can decrease
the suddenness of the joint significantly and therefore, improve the damage tolerance performance of the bonded joints.
Secondly, the effects of the number and arrangement of the pins on the mechanical performance of the joint will be analyzed
in accordance to the test results also. And finally, an optimized method which can improve the load capacity and fracture
toughness of the joints will be obtained.

Keywords: metal-composite joint, composite materials, finite element models, mechanical performance, metallic pins

1. Introduction

Composite materials are increasingly utilized in
aviation structures due to their comparatively high
specific strength and stiffness and the potentiality of
reducing energy consumption [1, 2]. Although the
application of composite materials increases the
integrity of aircraft structures, many composite
components still need be connected together with
metallic components to optimize the strength, weight
and durability of structures by combining traditional
metals with composite materials. For instance,
composites are structurally more efficient than metals,
but metals have better damage tolerance and failure
predictability than composites and are unaffected by
solvents and temperature which tend to degrade
polymers [3]. Therefore, in order to optimize the
benefits provided by both types of materials, multi-
material joints between metals and composite materials
are increasingly being developed. Traditionally, there
are two common used methods to connect the
composite and metallic components: mechanical
fastening and adhesive bonding. Among these
methods, fastening joint is relatively more reliable to
transfer higher loads, easier to assemble and
disassemble, more tolerant to environmental damages,
and helpful in preventing interlamination [4—5].
However, the enhanced stress concentration around
the fastener hole often decreases the load carrying
capacity of the composite structures [6].

Adhesive bonding has higher load transfer
efficiency comparing with fastening joints.
Nevertheless, the failure of adhesively bonded joints

often fails tragically without any signs due to the brittle
nature of the adhesive layer and  the high stress
concentration at the ends of adhesive joints [7]. This
makes the adhesive bonding is difficult to meet the
damage tolerance requirements of transport category
airplanes (FAR 25.571) and cannot used in the
primary loading structures of the aircrafts up to now.
Despite a rigorous manufacturing quality management,
one of the following methods has to be established to
attain certification [8, 9]: 1) Disbond greater than a
pre-defined maximum must be prevented by design
features. The allowed disbond maximum must be
determined by analysis, test, or both.; 2) Proof testing
has to be executed for every production article to
ensure that the joint can withstand the desired design
loads; 3) The load-bearing capability of each joint
must be determined by repeatable and reliable non-
destructive inspection (NDI) methods.

To improve the damage tolerance performance of
the adhesive joints, many disbond-stopping (crack-
arresting) technologies were developed or under
investigation to limit the maximum disbond size in
adhesively bonded joints as a mean of comply to
airworthiness requirements, such as bonded-bolted
[10—12], soft inclusions [13], surface and geometry
modification [14], rivetless nut plates [15], Comeld
[16], hybrid Adhesive bondline architecture [2], etc.
However, most of those technologies are not suitable
to be applied to the metal-composite hybrid joints due
to the differences of the manufacturing process and
physical properties between metallic and composite
materials.
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specimens were clamped in the grips of the testing
machine and outer 25 mm of each end were in contact
with the jaws. Pads with the same thickness of the
joined plates were attached at both ends of the samples
to make the longitude axis of the test samples to be
coincided with the direction of applied load. The load
was displacement-controlled with a free crosshead
velocity of 0.2 mm/min. The load and displacement
were recorded using the embedded transducers with
a sampling frequency of 5 Hz.

A typical experimental results is shown in Fig. 3.
The load vs displacement curves demonstrate that
proposed joints have a significantly greater load
carrying capability and failure strain than adhesive
joints. The area under the load–displacement curves
represents the energy absorbed during failure of the
specimens. For both types of joints, the energy

Fig. 1. Metal-composite single lap joints

Fig. 2. Tensile test setup

Fig. 3.  Load-displacement curves of the metal-composite
joints
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In this paper, a joint method, which can be used
in metal-composite joints and can increase the
disbond-stopping abilities of the joints, will be
developed and its structural performance discussed in
detail.

2. Metal-composite joint specimens

In accordance with this design concept, some
metal-composite joints are design and manufactured,
as shown in Fig. 1. The dimensions of the specimens
were reference to the American Society for Testing and
Materials ASTM D 1002. Dimensions of the both
plates are 100 mm ×  25 mm ×  2 mm in length, width
and thickness. The length of the bonding zone is
12.7 mm and the thickness is about 0.1 mm. There are
15 pins (3 rows and 5 columns) running through the
joint plates in the faying zong. The row distance is
3 mm and column distance is 5 mm. The diameter of
the pins is 0.8 mm.

The composite plate is made of carbon fiber/epoxy
composite laminate with 0.188 mm nominal ply
thickness and the laminate’s stacking sequence is
[±45/0/90]2s. The materials of the metallic plate and
pins are both 45# steel (similar to AISI 1045). The
adhesive used to bond the metallic pin with the joint
plates is HY-914 and that between the two adherents
is Hysol EA9696. Their mechanical properties are
listed in Table 2 and Table 3, respectively.

Three specimens with the same geometry features
but without the pin were also manufactured for
comparison.

3. Experimental studies

Both the two different types of the specimens were
tensile tested on a universal testing machine of type
MTS CMT 5105 in accordance with ASTM D 1002-10
standard [16]. The test setup is shown in Fig. 2. The
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absorbed by proposed joint is more than four times that
absorbed by the traditional adhesive joint. Moreover,
adhesive joint fails at the bond line very suddenly and
dramatically, as indicated by the sharp change in slope
of the corresponding curves.

The two types of joints have different failure mode,
as shown in Fig. 4. Adhesive joint is damaged under
the action of the shearing force and adhesion between
the metal plate and the composite plate takes place
cohesive destruction. There was very little damage to
the metal or composite parts. As for adhesive-multi pin
joint, adhesion did not fail at low loads, the composite
material occurred damage when loads reached its
failure strength. Damage was visible before failure
caused by matrix cracking, whereas adhesive occurred
failure abruptly. The composite material is destroyed
in the direction of 45° layer. It also can be seen that

the angle of some metal pins change significantly
before and after joint breaking. Some metal pins
occurred plastic deformation and evenly occurred
fracture failure. The adhesive-multi pin joint
eventually failed due to fracture failure of metal pins
and shear failure of the composite, which contributed
to different mechanical behaviors. Therefore, it can be
considered that the improvement of mechanical
behaviors between the composite part and the metal
part mainly because pin not only inhibits the peeling
of the adhesive layer, but also pass the load between
the connected parts together with the adhesive layer.

4.Numerical simulation

4.1. Meshes and boundary conditions

Finite element models of the joints under tensile
loading were developed using Abaqus software, as
schematically illustrated in Fig. 5. The finite element
model of the joint includes solid models of metallic
and composite plates (modelled as C3D8R element in
ABAQUS). Composite laminate is modelled with four
elements in thickness direction, and each element
represents four laminate plies. The adhesive layer on
the faying surface of the joint plates was modeled as
8-node cohesive elements (COH3D8) with a 0.1 mm
thickness.

The symmetric surfaces of the two joint plates are
constrained in translational direction Uy. The left end
of steel plate is fixed in all three translational directions
(Ux, Uy and Uz ). The right end of the laminate plate
is declared as a rigid body and has tie relationship with
a reference node. Thus, the motion of the right end
surface is governed by the motion of the reference
node, which is fixed in two translational directions (Uy
and Uz ) and three rotational directions (Rx, Ry and
Rz ), while a pull load is applied along the Ux direction.

4.2. Failure criteria of the cohesive elements

Cohesive elements were used to model the
debonding crack along the bondline. A bilinear
traction-separation law was used to define theFig. 4. Failure modes of the joints: (a) Traditional adhesive

bonded joints; (b) Proposed joints

(à)

(b)

Fig. 5. Finite element model of the proposed joint
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constitutive response of cohesive elements. In
ABAQUS, the damage factor D (SDEG: Scalar

stiffness degradation, 0 ≤ D ≤ 1) is introduced to
characterize the degree of damage for the cohesive
element. The stiffness coeffcient K in damage
evolution is expressed by

( ) 01K D K= -                          (1)

where K0 is the stiffness of complete material. When
D equals to 0, it means that the material does not yield
or has just begun to yield; when D equals to 1, it means
the material has been damaged and the load carrying
capacity is lost.

Damage is assumed to initiate when the maximum
nominal stress ratio (as defined in the expression
below) reaches a value of one. This criterion can be
presented as:
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The dependence of the fracture energy on the
mixed mode can be defined based on a power law
fracture criterion. This criterion states that the failure
under mixed mode is governed by an interaction law
of the energies which cause failure in the single
(normal and two shear) mode. It is given by:

1I II III

IC IIC IIIC

G G G

G G G
+ + =               (4)

where GIC , GIIC and GIIIC indicate the critical fracture
energies required to cause failure in the normal, the

first and the second shear directions, respectively. The

displacement at failure ( fδ ) is determined by the

critical fracture energies GC, which is corresponding
to the area under the traction–separation curve.

5. Comparison of the test and simulation results

The comparison of the simulated and experimental
load-displacement curve of the joint without pins was
shown in Fig. 6(a). It is observed from Fig. 6(a) that
simulated results of FE model show good agreement
with the experimental data, which validates the
cohesive finite model for the adhesive joint. The FE
model provides an accurate prediction for the joint
strength (error < 2.5%). The load-displacement curve
remains linear elastic until the yield stress of the
metallic plate is reached. The load of adhesive joint
increases linearly with the displacement at the
beginning, then goes nonlinear with the displacement
until reaches its peak.

The numerical and experimental results of load-
displacement of the adhesive-multi pin joint are shown

Fig. 6. Comparison between numerical and experimental
load and displacement curves: (a) Without pins; (b) With
pins

(a)

(b)
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in Fig. 6(b). The load increases linearly in the
beginning and when it accesses its peak, the adhesive
layer begins to break. From this point of view, the load
is completely carried by the pin bridging force. The
numerical results are in good agreement with the
experimental data in whole process. With the increase
of displacement, the metallic pin is gradually cut off
or pulled out and the carrying capacity of the joint is
gradually reduced to zero.

6. Damage tolerance
of the composite-metal joint

The strength of the adhesive bonded joint will
decrease greatly due to the existence of manufacturing
defect and damage in survive. The effect the pins on
the adhesive joint with different area of disbonding was
also studied by test. The specimens with different area
of disbonding are diagrammatically shown in Fig. 7,
in which, the L is the length of debonding of joint.
L = 0 mm (complete adhesive), L = 3 mm, 6 mm,
9 mm and 12 mm (complete disbonding), respectively
were compared.

The results are shown in Fig. 8. From Fig. 8, it can
be seen that the load-carrying capacity and energy

Fig. 7. Adhesive joint with different length of debonding

Fig. 8. Load-displacement curves under different debonding
length of joint
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absorption of the novel joining structures show a trend
of decreasing with the increase of disbonding length.
Even though the interface layer was completely
destroyed, the connection structures still have quite
high load carrying capacity. The changes of energy
absorption capacity and load carrying capacity were
small. When the disbonding length is shorter

(L ≤ 3 mm), the performance of the joint basically does
not apparently change.

7. Conclusion

1) The proposed joint method can increase the
strength, the failure strain of the metal-composite
joints comparing with the traditional adhesive joints,
moreover, the joint method can decrease the
suddenness of the joint sigficantly and therefore,
improve the damage tolerance performance of the
bonded joints.

2) The pins running through the joint plates not
only arrest the cracks in the adhesive layer of the
bonded joints, also transfer some load.

3) The proposed joint has good damage tolerance
performance.
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