Final Draft
of the original manuscript:

Goushegir, S.M.; dos Santos, J.F.; Amancio-Filho, S.T.:

Failure and fracture micro-mechanisms in metal-composite single
lap joints produced by welding-based joining techniques
In: Composites / A (2015) Elsevier
DOI: 10.1016/j.compositesa.2015.11.001

Failure and fracture micro-mechanisms in metal-composite single lap joints
produced by welding-based joining techniques
S.M. Goushegira, J.F. dos Santosa, S.T. Amancio-Filhoa,b,*
a

Helmholtz-Zentrum Geesthacht, Centre for Materials and Coastal Research, Institute

of Materials Research, Materials Mechanics, Solid State Joining Processes, MaxPlanck-Str. 1, 21502, Geesthacht, Germany
b

Hamburg University of Technology, Institute of Polymer Composites, Denicke Str. 15,

21073, Hamburg, Germany
*

Corresponding author: Email: sergio.amancio@hzg.de Tel./Fax - +49 4152 87-2066 / -

2033
Abstract
Welding-based joining technologies have been recently developed for metal-composite
lightweight structures. In this work, the welding-based joining technology, friction spot
joining, was selected to study the failure and fracture micro-mechanisms of an
aluminum-composite single lap joint. Failure analysis suggested that the radial cracks
nucleate at the periphery of the bonding area and propagate rapidly until failure of the
so-called adhesion zone. Upon further loading the cracks propagate into the transition
and plastically deformed zones leading to a reduction of the stiffness of the joint. The
final stage of failure occurs rapidly in a catastrophic manner. The findings of the
fractography using scanning electron microscopy demonstrated a mixed brittle-ductile
fracture. Three zones were identified on the fracture surfaces: a smooth and featureless
area known as the mirror zone demonstrating brittle fracture, a quasi-smooth area
representing a mixture of ductile and brittle fractures and finally a zone with a highly
rough surface implying ductile fracture of the composite part. Further, fiber pull-out and
breakage were identified as additional fracture micro-mechanisms. All in all, metal1

composite joints produced by welding-based techniques demonstrate a mixed brittleductile fracture.
Keywords: A. Polymer-matrix composites (PMCs), B. Fracture, D. Fractography, E.
Joints/joining
1. Introduction
Development of advanced materials with a diverse range of physical, chemical and
mechanical properties such as lightweight metal alloys and fiber-reinforced polymer
composites help designers to use the right combination of materials in the structures [1].
Various joining techniques are available for metal-polymer composite structures such as
adhesive bonding [2, 3], different mechanical fastening processes [4-6], hybrid joining
techniques [7-9] and recently welding-based joining methods. Among different
technologies, welding-based metal-composite joining processes such as laser welding
and direct joining [10, 11], induction welding [12], ultrasonic welding [13], and friction
spot joining (FSpJ) [14] have been recently gaining more attention from transport
industries. That is because of the advantages offered by these technologies over
traditional adhesive bonding and mechanical fastening processes. Some of the main
advantages include: very short joining cycles in the range of a few seconds, no essential
need of using additional material (such as a fasteners) leading to weight saving, reduced
stress concentration and susceptibility to cracking and delamination of the composite
related to pre-drilling of a through-hole.
The feasibility and principles of the laser welding [10, 15] and laser direct joining [11,
16], induction welding [12] and ultrasonic welding [13, 17, 18], for different metal –
thermoplastic composites were recently examined. The feasibility of the FSpJ was
investigated for various combinations of metal – thermoplastic composites and the
principles of the process described in terms of bonding mechanisms, microstructure and
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mechanical performance of the joints [19-22]. Furthermore, the influence of process
parameters on the mechanical performance and bonding area was addressed into details
in [19, 23].
The influence of surface pre-treatments on the mechanical performance of the metalcomposite joints [21, 24-26], their durability [27, 28] and fatigue performance [29] were
also briefly reported in the literature. Despite the current knowledge on the physics of
the processes and fundamental properties of welding-based metal-composite joints,
there is still a lack of available information in the literature compared to the mature
joining techniques such as adhesive bonding. This is in fact due to the earlier stage of
development of the welding-based joining processes. The understanding of failure and
fracture mechanisms is among the unexplored scientific subjects in welding-based
joining technologies.
Single lap shear (SLS) geometry is widely used in the literature, due to its simplicity to
evaluate mechanical performance and failure of the joints as well as to allow a direct
comparison with state-of-the-art adhesive bonding and mechanical fastening. Although
SLS geometry is simple to produce and test a joint it leads to a complex, mixed-mode
loading scenario in the specimens [30]. Shear loading (Mode II) in combination with
out-of-plane, normal forces (Mode I), as a result of the well-known secondary bending
effect [30, 31], are the main loading types during SLS testing [30]. Due to the presence
of load eccentricity in the SLS joint, a bending moment and a transverse load is
generated as a result of the secondary bending to reduce the eccentricity [32, 33]. The
bending of the joining parts and generation of transverse load leads to the formation of
out-of-plane, normal stresses known as peeling stress [32]. Peeling stresses increase the
stress concentration, especially at the ends (free edges) of the overlapped area, which
reduces the mechanical performance of the joint. The influence of secondary bending
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and the resultant peeling stresses have been widely studied for SLS adhesively bonded
[30, 32, 34, 35] and mechanically fastened joints [31, 36]. In addition, Scanning
electron microscopy (SEM) is frequently employed to investigate the fracture micromechanisms of bonded joints [37] as well as composite materials [38-41].
The initial attempts to investigate the fracture mechanisms of welding-based metalcomposite joints showed a predominant mixed adhesive-cohesive fracture [12, 13, 19,
21, 22]. However there were no detailed analyses investigate failure and fracture micromechanisms. Therefore, in this work failure analysis and detailed SEM fractography of
a metal-composite SLS joint produced by FSpJ process was performed. This weldingbased technique was selected in this work for the production the SLS joints due to its
increasing relevance for the academic and industrial communities [42-44]. Nevertheless,
because of the shared similarities in bonding, failure and fracture mechanisms between
FSpJ and other available welding-based joining processes, the findings of this work can
be extended to other metal – thermoplastic composites joints.
2. Principles of the FSpJ process
The principles of the FSpJ process were thoroughly described in our previous
publications [19, 21-23]. Briefly, the process is suitable for overlap configurations,
whereby a metal sheet is placed on top of a polymer composite. A non-consumable tool
consisting of three parts (a pin, a sleeve and a clamping ring (Figure 1a)) approaches the
metal sheet while pin and sleeve rotate at the same direction. First, the rotating sleeve
plunges to a pre-defined position without reaching the composite beneath the metal
(Figure 1b-1) while pin retracts upward. As a result of the frictional heat generated
between the metal and sleeve as well as axial forces exerted by the plunging motion of
the sleeve, a volume of the metal around the tool is plasticized and flows in the cavity
left behind by the retraction of the pin. Next, the pin pushes the plasticized metal to its
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original position (Figure 1b-2). This leads to the deformation of the metal sheet at the
interface with the composite in the form of an undercut known as a metallic “nub”. As a
result of the axial forces the nub is slightly inserted into the composite leading to macromechanical interlocking between the joining parts. Simultaneously, the frictional heat is
transferred from the metal to the composite via conduction. This leads to the local
increase of the temperature, exceeding the melting temperature of the composite’s
matrix, thereby a thin layer of the molten or softened polymer forms in the spot area. A
part of this molten layer is squeezed out and flows laterally throughout the overlap
region as a result of the axial pressure exerted by the tool. The molten layer is then
consolidated under pressure, whereby it induces adhesion forces between the metal and
composite. Finally, the tool retracts (Figure 1b-3) and the spot join consolidates.

Figure 1 (a) FSpJ tool consisting of three parts (dimensions are in mm) and (b) process
steps including: (1) the sleeve plunging softens the metal, (2) spot refilling, and (3) joint
consolidation (adapted from[22]).
Figure 2a demonstrates a sound, consolidated metal-composite joint. A cross-section of
the joint obtained from the middle of the spot is shown in Figure 2b, where the metallic
nub is indicated.
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Figure 2 (a) Top view of a sound FSp join after consolidation and (b) a typical crosssection of a metal-composite FSp joint indicating the metallic nub.
In a previous work [21] we introduced a simple model to distinguish different bonding
zones in an FSp joint. Figure 3 illustrates a typical fracture surface of an FSp joint
divided into three bonding zones: an Adhesion Zone (AZ) related to the consolidated
molten polymer, a Transition Zone (TZ) and a Plastically Deformed Zone (PDZ). PDZ
was claimed to be the strongest part of the joint since different bonding mechanisms
(i.e., mechanical interlocking and adhesion forces) act to hold the parts together.
However, AZ and TZ are believed to be much weaker than PDZ due to the reduced
adhesion forces and mechanical interlocking.

Figure 3 A typical fracture surface of an FSp joint illustrating different bonding zones.
3. Materials and methods
Aluminum alloy AA2024-T3 with a thickness of 2 mm (Constellium, France) was used
as the metallic part. The nominal composition (wt%) of the alloy was 0.1 Si, 0.17 Fe,
4.55 Cu, 0.45 Mn, 1.49 Mg, <0.01 Cr, 0.16 Zn, 0.021 Ti and Al balance. Carbon-fiberreinforced poly(phenylene sulfide) (CF-PPS) with a 2.17 mm nominal thickness
consisting of 5 harness-woven quasi-isotropic laminates (TenCate, the Netherlands)
with 50 vol% fibers was used as the composite partner. The composite consists of 7
plies of carbon fibers in the following sequence: [(0,90)/(±45)]3/(0,90). AA2024-T3 and
CF-PPS were selected because of their applications in aircraft industry.
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Both the aluminum and composite sheets were cut into 100 x 25.4 mm2 coupon
specimens for the joining process. The surface of the aluminum samples (in contact with
the composite) was sandblasted prior to the joining process to increase surface
roughness. The sandblasting was performed according to our previous work [21].
Moreover, both specimens were cleaned by acetone to remove surface contaminations
prior to joining.
FSpJ was used to join the parts together. The process was optimized by means of design
of experiments and analysis of variance for the selected joining materials and reported
in [23]. The set of optimized joining parameters used in this work were: tool rotational
speed of 2500 rpm, tool plunge depth of 0.8 mm, total joining time of 4 s and joining
pressure of 3 bar.
SLS joints were produced with an overlap area of 25.4 x 25.4 mm2. The produced FSp
joints were then loaded, under lap shear tensile loading until failure, according to the
ASTM D3163-01 [45] standard using universal testing machine (Zwick Roell model
1478) with a load capacity of 100 kN. The traverse test speed was 1.27 mm/min and the
test was performed at room temperature. The obtained load-displacement curves were
analyzed to understand the failure of the SLS joints. Additionally, both the aluminum
and composite sides of the fractured joints were observed by SEM (QuantaTM FEG 650
equipment) to investigate the fracture micro-mechanisms. For SEM analysis a voltage
of 5 kV with a spot size of 3was used. The working distance was set approximately to
15 mm.
4. Results and discussion
4.1.Failure analysis
Figure 4 illustrates the fracture surface of a joint after SLS testing that is typical for
FSpJ. It is clear from the figure that the FSp joints fail in shear mode through a mixed
7

adhesive-cohesive failure, which was also observed in other combinations of joining
parts [19, 22] as well as other welding-based joining techniques [12, 13]. Further, it was
explained [21] that in FSpJ radial cracks initiate at the periphery of the Adhesion Zone
(AZ) and rapidly propagate until Transition Zone (TZ) under shear loading. Upon
further loading the cracks start to propagate inside the first ply of the composite in the
Plastically Deformed Zone (PDZ) [21]. Two primary cracking zones can be delineated
during failure of an FSp joint as illustrated in Figure 4: crack initiation and propagation
zones. The cracking zones can be correlated to the bonding zones as follows: crack
initiation zone covers the AZ, whereas crack propagation zone can be divided into two
regions. The first crack propagation zone takes place in the TZ and the second zone
involves crack propagation in the PDZ. Such crack initiation and propagation behavior
lead to a pure adhesive failure in the AZ, also known as interfacial failure [46].
However, cohesive failure was observed in the PDZ, in which a large amount of
polymer matrix and carbon fibers remain attached to the aluminum surface (Figure 4).
TZ shows a mixed adhesive-cohesive failure with the adhesive failure being more
pronounced (Figure 4).
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Figure 4 Fracture surface of an AA2024-T3 / CF-PPS FSp joint showing the initiation
of radial cracks in the external periphery of the AZ. The white arrow indicates the
influence of secondary bending on the tearing fracture of the PPS in the AZ.
It is also possible to observe in Figure 4 that a part of the AZ (indicated by a white
arrow) has failed by tearing perpendicular to the loading plane. This might be an
indication of the influence of secondary bending taking place close to the edge of the
bonding area, which indeed reduces the lap shear strength of the joints.
To further evaluate the mechanical behavior of the joints, based on the failure
mechanisms, one can analyze the load-displacement curve obtained from SLS testing of
a joint. Figure 5 depicts a typical load-displacement curve for an FSp joint. It is obvious
from the figure that FSp joints show a linear elastic behavior with limited failure
displacement. The load-displacement curve can be divided into four zones. Zone 1
shows a linear elastic behavior with a high stiffness. This zone is relatively short and
finishes when the radial cracks start to nucleate at the periphery of the AZ. Zone 2
corresponds to the propagation of the radial cracks until they reach the TZ, and the AZ
has completely failed. This zone shows a reduced stiffness compared with Zone 1 as a
result of crack propagation and loss of the AZ. Zone 3 illustrates a return to a quasilinear elastic behavior with a slightly reduced stiffness compared to Zone 2 (see graph
inset depicted in Figure 5). The beginning of the crack propagation in the TZ is the start
of the third zone. The crack propagation in the TZ, PDZ and finally the area under the
nub forms the third zone. The behavior of the joint in this zone is influenced by the
secondary bending phenomenon. Similar behavior is reported by Olmedo et al. [31],
where the stiffness of a bolted composite-composite single lap joint is highly influenced
by the secondary bending phenomenon in different failure zones. The third zone ends
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when the load reaches the ultimate lap shear strength of the joint. Finally, Zone 4
corresponds to the final catastrophic failure of the joint in a short fraction of a second.

Figure 5 An example of the typical load (force) - displacement curve in FSpJ under
shear loading divided into four regions. The graph inset shows a section of the curve
related to the beginning of the crack propagation.
In order to further understand the characteristics of the FSp joint under lap shear
loading, the behavior of the joint was simulated [47] by finite element analysis in
Abaqus software. A snapshot of the simulation result is presented in Figure 6. This
figure presents a cross-section of the joint to enable evaluation inside the overlap. As
can be seen in the figure, the simulation result confirmed the occurrence of secondary
bending at the ends of the joint, where both the aluminum and the composite are
deflected to reduce load eccentricity. Deformation in the aluminum is expected to be
higher due to its lower elastic modulus compared to CF-PPS, which leads to the
formation of higher stress concentrations as can be seen in the simulation result. Large
stresses form between the nub and the inner periphery of the AZ inside the overlap area.
Premature failure of the joint may happen as a result of such stress concentration in a
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region near to the metallic nub. Further simulation studies are in progress to better
understand the behavior of SLS joints which will be published later.

Figure 6 A cross-section snapshot of the AA2024-T3 / CF-PPS FSp joint simulated by
finite elements analysis (traverse speed: 1.27 mm/min at room temperature). A region of
high stress concentration inside the overlap area between the nub and the edge of the
joint is visible. Adapted from [47].
4.2.Fractography
In this part, the involved fracture micro-mechanisms in each zone are discussed and
related to three fracture zones based on roughness features explained by Kytopoulos et
al. [48]: a very smooth area known as the mirror zone, a quasi-smooth (mist) zone, and
a rough zone.
Figure 7 illustrates an overview of the AZ-TZ boundary both on the aluminum and
composite surfaces. As can be observed from Figure 7a the AZ (on the aluminum
surface) illustrates a very smooth, featureless area known as the mirror zone [48]. The
AZ fails and detaches from the TZ by tearing, as shown by the arrows in the figure.
Such a tearing failure is similar to those reported in [49] for ductile failure of
thermoplastics. The tearing failure is characterized by a smooth area close to the failure
site without any noticeable deformed structure (such as fibrils). The AZ on the
composite side is depicted in Figure 7b where the crack initiation sites are indicated by
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arrows. The cracks propagate between the consolidated molten PPS layer and the
composite, thus no traces of the consolidated layer can be detected on the composite.
Note that the color difference in Figure 7b between AZ and the CF-PPS surface is due
to a manual contrast change, to enable the distinguishing of the AZ.
Stochastic crack propagation can be seen in the TZ where some of the PPS matrix
remains attached to the aluminum in the form of individual islands (indicated by arrows
in Figure 7c). The fracture analysis of the TZ on the composite side (Figure 7d)
illustrates two primary features: elongated fibrous-like features as in [49] (indicated by
the white arrow), and a vein-type feature (indicated by the black arrow), very similar to
those reported by Tanniru et al. [50]. Figure 7e shows a higher magnification of the
elongated fibrils (from the elongated fibrous-like region in Figure 7d) that indicates a
ductile fracture. However, a high magnification of the vein-type features is given in
Figure 7f and as is apparent in this figure, within the large vein-type features the surface
is very smooth, which resembles a brittle fracture. Furthermore, on the edges of both
features, tearing of the PPS is clearly visible. Very sharp and approximately flat edges,
without any plastic deformation are the signs of a brittle tear fracture. Therefore, the TZ
shows a quasi-smooth (mist) area [48] with a mixed brittle-ductile fracture.
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Figure 7 SEM fracture surface examination of the AA2024-T3 / CF-PPS FSp joint. (a)
AZ on the aluminum, (b) AZ on the composite, (c) AZ-TZ boundary on the aluminum
showing parts of the PPS remained attached as individual islands inside TZ, (d) AZ-TZ
boundary on the composite showing fibrous-like (indicated by the white arrow) and
vein-type (indicated by the black arrow) features in the TZ, (e) magnified image of the
fibrous-like features implying a ductile fracture, and (f) magnified image of the veintype features with a smooth area inside features implying a brittle fracture.
Turning now to the fracture mechanisms in the PDZ as the main crack propagation
zone, Figure 8 displays the main features on the aluminum side. The SEM image of the
nub area (as indicated by the circle in Figure 8a) is depicted in Figure 8b. It is visible
from this figure that most of the surface of the aluminum is covered completely by the
PPS. A fraction of the carbon fibers is also apparent, especially on the center of the spot.
This is a clear indication that the cracks propagate inside the first ply of the CF-PPS.
Fiber pull-out is another fracture micro-mechanism that was observed in the FSp joint.
Figure 8c shows carbon fibers (indicated by the black arrows) that were pulled-out from
the composite and remain attached to the aluminum surface. These fibers come from the
warp direction in the composite, which were probably entrapped by the aluminum at the
interface. Fiber-pull out is a well-known fracture mechanism in composites, which
dissipates energy through fiber breakage and friction between the extracted fiber and
matrix [51]. Fiber pull-out as a result of micro-mechanical interlocking was also
reported by Balle et al. [13] in the ultrasonic welding of aluminum-carbon-fiberreinforced plastic (CFRP). In addition to the pulled-out fibers, some of the PPS matrix
was also detected on the aluminum. Figure 8d magnifies a part of the PPS matrix that
remained on the aluminum as indicated by the rectangle in Figure 8c. Tearing of the
PPS is one of the primary fracture micro-mechanisms apparent in the figure (indicated
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by the black arrows). However, as indicated by the white arrow, a feature that resembles
a drawing of the fibrils can also be seen, suggesting plastic deformation of the PPS. It
seems that the PPS matrix is plastically deformed under complex combined shear and
peeling stresses. As soon as the generated stresses exceed the local strength of the PPS,
it fails through tearing. In addition to the warp fibers, fibers in the weft direction also
contribute in the failure mechanisms. Figure 8e displays pieces of the weft fibers that
are broken and remain attached to the aluminum. Since the weft fibers are perpendicular
to the loading direction, when the local stresses exceed the transverse strength of the
carbon fibers, fracture of the fibers occurs, leading to detachment of the fibers from the
PPS matrix. Finally, as shown in Figure 8f areas with a very smooth, brittle fracture
with micro-voids in the attached PPS material can be seen, especially inside the nub
(Region 4). Since the micro-voids may act as stress concentration sites, micro-flaws
originate from such voids. In areas where the density of the voids is high, coalescence
of such micro-flaws leads to a very fast fracture in a brittle manner with a smooth
appearance. The voids in this figure are believed to be formed during the FSpJ process
as a result of air entrapment in the low viscosity PPS molten layer. We reported
previously that the range of process temperature lies between 370°C and 474°C [23],
being 437°C for the optimized joining condition used in this work. Because the
achieved temperature is far below the onset of decomposition temperature for PPS
(starting above 500°C as reported in [52, 53]), the observed defects (voids) are not
related to the thermal decomposition. The absence of thermal decomposition during
FSpJ was also confirmed through thermal analysis, however that results will be
published in a separate document.
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Figure 8 SEM fracture surface examination on the aluminum side from four regions
indicated in (a), (b) general overview in the center of the spot showing PPS matrix and
carbon fibers remained attached to the aluminum, (c) Pulled-out warp carbon fibers and
parts of the PPS matrix attached on the aluminum, (d) high magnification image of the
PPS matrix from (c) illustrating plastic deformation of the PPS (indicated by the white
arrow) and tearing (indicated by black arrows), (e) Parts of the weft carbon fibers
remained attached to the aluminum, while most of the fibers are partially covered by the
PPS matrix, and (f) high magnification of a region with high concentration of voids
showing very smooth, brittle fracture in the vicinity of the voids. Vertical arrows in (c),
(d) and (e) show the direction of the applied load.
The main features of the composite fracture surface in the PDZ were examined in five
regions as indicated in Figure 9a. Figure 9b reveals an overview of the spot area in
which parts of the carbon fibers are shown to be slightly distorted, as indicated by
arrows. Distortion of the fibers probably occurs during the joining process, due to the
fact that the viscosity of the PPS is largely reduced and the molten PPS squeezed out of
the region. As one of the roles of the matrix in composites is to tightly hold the fibers
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together, an outward flow of molten PPS results in less matrix material around the
carbon fibers, which can lead to slight distortion and rearrangement of the fibers.
The zone containing warp fibers (Figure 9c) shows a very rough surface involving large
PPS fibrils elongated in the loading direction. The lengths of the fibrils were measured
and they demonstrated a range between tens of microns to approximately 100 µm. In
polymer composites a fibrous fracture with fibrils more than 10 µm in length implies
ductile fracture [49]. Therefore, ductile fracture is the main feature mechanism in this
area. In addition, tearing is shown to be the primary fracture micro-mechanism in this
zone, which follows after the occurrence of a large plastic deformation of the PPS
matrix. Tearing at the end of the fibril plastic deformation is shown in the high
magnification image in Figure 9d. As discussed earlier, fiber pull-out is another fracture
mechanism detected in the FSpJ as some of the warp fibers remain attached to the
aluminum after the joint failure. The fiber pull-out mechanism can also be seen on the
composite side as illustrated in Figure 9e. The white arrow in the figure shows a region
(valley) were a fiber was pulled-out from the PPS matrix.
However, the area of the composite containing weft fibers shows mainly fractured fibers
(Figure 9f). The weft fibers, which are aligned perpendicular to the loading direction,
break when the local stress exceeds their transverse strength. A high magnification
image of the broken weft fibers is depicted in Figure 9g. Some pieces of the fibers are
bent in the direction of the applied load prior to their failure. The broken fibers remain
attached to the aluminum as displayed in Figure 8e. Details of the fracture mechanism
that takes place in the weft fibers are shown in Figure 9h. As indicated by the black
arrows in this figure, micro-voids are generated at the fiber-matrix interface. Such
micro-voids act as the origin of micro-cracks. The coalescence of such micro-cracks
forms a larger crack that will propagate either along the fiber-matrix interface or into the
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fiber. In cases of strong adhesion between carbon fibers and the PPS matrix, the
transverse strength of the fibers is overcome as a result of high local stresses and so the
crack propagates into the fiber, resulting in fiber fracture as shown in Figure 9g.
However, if fiber-matrix adhesion is reduced (for instance by process-induced softening
of the PPS matrix because of the high temperatures involved), the crack propagates at
the fiber-matrix interface, leading to debonding and PPS matrix fracture by final tearing,
as illustrated in Figure 9h. The crack propagation path is clearly apparent in the figure,
as also indicated by the smaller white arrows (top of the figure). One can also see large
plastic deformation of the PPS matrix and the tearing fracture along the fiber-matrix
interface. The latter is indicated by larger white arrows (at the bottom) in the figure.

Figure 9 SEM fracture surface examination on the composite side from the regions
indicated in (a), (b) general overview in the center of the spot where slight distortion of
the fibers are indicated by the arrows, (c) elongated fibrils in an area containing warp
fibers resembling a ductile fracture, (d) high magnification of the fibrils, where tearing
fracture at the ends of the fibrils is apparent, (e) broken weft fibers, (f) high
magnification of the broken weft fibers where slight rotation of the fibers in the
direction of the applied load is visible. Direction of the applied load is indicated by the
arrows in (c) and (f). (g) High magnification image of the warp fibers region in which
the white arrow indicates an impression of a pulled-out fiber, and (h) high magnification
17

image of the fiber-matrix debonding in a weft fiber as a result of weakened fiber-matrix
adhesion. Black arrows indicate some micro-voids acting as crack initiation, small white
arrows show crack propagation path, and large white arrows illustrate tearing fracture
along the fiber-matrix interface.
All in all, the SEM images reveal a three-dimensional rough surface in the PDZ on the
composite side that resembles the rough area in the crack propagation zone as discussed
by Kytopoulos et al. [48].
5. Conclusions
Failure analysis of the SLS metal-composite joint showed that radial cracks initiate at
the outer periphery of the Adhesion Zone (AZ) followed by propagation into Transition
Zone (TZ) and Plastically Deformed Zone (PDZ). The stiffness of the joint was reduced
in two steps: firstly, when the radial cracks reach the TZ and the AZ is completely lost;
secondly, when the cracks start to propagate into the TZ and PDZ. Most of the life of
the joint corresponds to the crack propagation inside the PDZ. Generally, the SLS joint
demonstrated a quasi-linear behavior with a final catastrophic failure with a limited
elongation.
Detailed fractography by SEM revealed that the AZ is characterized by a very smooth,
featureless area known as a mirror zone. The composite matrix did not show any
deformation in the AZ, which resembles a brittle fracture. The TZ showed a mixture of
an elongated fibrous-like region and a smooth veined-type area. Therefore, TZ is
characterized by a quasi-smooth (mist) area and a mixture of ductile and brittle
fractures. Finally, the PDZ showed a mixture of various fracture micro-mechanisms.
Some of the warp fibers from CF-PPS were broken and pulled-out of the matrix. In
addition, pieces of the weft fibers were broken and remained attached to the aluminum.
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The composite matrix showed elongated fibrils in the direction of the applied load. The
fibrils had a length of between tens of microns to approximately 100 microns, implying
a ductile fracture. Fiber-matrix debonding was also detected in this zone. All in all, the
failure micro-mechanisms in a metal-composite FSp joint demonstrated a mixture of
ductile and brittle fracture, however the global failure behavior is governed more by the
brittle fracture. Considering the similarities of the FSp joints with available weldingbased joining process, the results of the present work may be extended to other weldingbased technologies, contributing to the understanding of the failure and fracture
mechanisms of metal-composite hybrid structures.
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