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A B S T R A C T
In this work, the inﬂuence of a layer of glass ﬁber mat (GFM) inserted in a bi‐material bonded joint interface is
investigated as a toughening mechanism to improve the fracture performance of bonded structures. Composite‐
to‐metal bonded specimens were manufactured by hand lay‐up using two different consolidation processes: at
room pressure or using vacuum bagging. The fracture behavior was evaluated under quasi‐static loadings using
the mixed‐mode bending (MMB) test. Test results revealed an increase of the fracture toughness with the insertion of an adjacent layer of GFM. The toughening mechanism is associated with a more irregular fracture surface proﬁle. It was veriﬁed a relationship between the fracture surface roughness and the fracture toughness.
The toughening effect showed to be more evident in higher mode II fracture conditions. The insertion of a layer
of GFM and the use of vacuum pressure in the consolidation of the composite increase the fracture performance
of composite repairs in metal structures.

1. Introduction
The requirement of lightweight structures has encouraged the
introduction of composite materials in industrial applications [1]. First
applications of composite structures are found in aerospace industry
[2,3] and have been expanded to many other ﬁelds, such as automotive [4] and construction [5]. Adhesive bonding technology is generally the preferred joining method for composite structures as they
provide enhanced stress transfer mechanisms and design ﬂexibility
[6]. The selection of the manufacturing method usually depends on
the analysis of several parameters, such as substrates to be bonded, service conditions and area of application [1,7–9].
Recently, composite materials technology has been introduced to
the maintenance routine in offshore industry [10]. Oil and gas production platforms are projected to remain more than 20 years in operation. The ﬂoating vessels are subjected to harsh environment and a
large maintenance routine is necessary in order to ensure structural
integrity and continuous production. During the life cycle of a plant,
repairs on metallic structures are crucial as result of corrosion and fatigue degradation. The composite repair technology arises as a promising alternative for the rehabilitation of pipes [10,11], tanks [12] and
ship hull [13]. The technology has the advantage of avoiding hot

work, which is safer and does not require to stop the production. A
composite patch is bonded to a damaged metallic structure in order
to re‐establish the structural integrity. In the repair, a carbon ﬁber
composite patch is usually manufactured using hand lay‐up [14]. This
leads to new applications of adhesively bonded structures between
composite and metal adherends.
The fracture mechanics approach is widely applied to improve the
design and evaluate the performance of structures. In the cases of
delamination and debonding, cracks usually propagate along an interface. In real‐life applications, interfacial fracture often propagates in a
combination of opening (mode I) and shear (mode II) loadings. A variety of experimental procedures is available for mixed‐mode fracture
testing [15]. Among them, the mixed‐mode bending (MMB) test
[16,17] stands out for its easy implementation and capability of testing
a wide range of partitioning ratios with only one specimen geometry.
The MMB test method was originally developed for fracture propagation of unidirectional symmetric composites and was later extended to
multidirectional laminates [18,19], metal bonded joints [20,21], sandwich specimen face/core debonding [22] and bi‐material bonded
joints [23].
The crack propagation path in a bonded structure depends on the
fracture resistance of the adherends, the interface toughness and the
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friction material was applied in order to produce a pre‐cracked region.
Then, an epoxy adhesive (NVT201E, Novatec, Rio de Janeiro, Brazil)
with a glass transition temperature (Tg) of 80 °C was applied. One
layer of glass ﬁber chopped strand mat with a density of 300 g/m2
was inserted between the adherends on half of the plate. Bidirectional
carbon ﬁber fabrics (LTC450‐C10‐C, DEVOLD AMT, LangevÔg, Norway) with density of 430 g/m2 and epoxy lamination resin (PIPEFIX,
Polinova S.A., Rio de Janeiro, Brazil) with a Tg of 116 °C and working
life of 30 min. were selected for the composite adherend.
Two CFRP‐to‐steel plates were manufactured by hand lay‐up of carbon ﬁber fabrics on the treated steel surface. Hand rollers are used to
compact the composite layers. The ﬁrst plate is consolidated at room
pressure and has a total of 10 layers of 0/90 carbon ﬁbers. The second
plate was consolidated using vacuum bagging. In this case, 12 layers of
0/90 carbon ﬁbers were laminated in order to produce a similar composite thickness after curing. The layer of 0° carbon ﬁbers adjacent to
the adhesive interface was placed at the length direction and the cure
process took approximately 2 h at room temperature. Mechanical
properties of the are presented in Table 1.
Specimens were cut from the plates and measured with a digital
caliper from three different regions: 30 mm from the sides and at center of the specimens. The length was obtained with a ruler. Table 2
shows the average measurements of the different specimen conﬁgurations: manufactured at room pressure without glass ﬁber mat (RP) and
with glass ﬁber mat (RP/GFM); and manufactured using vacuum bagging without (VB) and with glass ﬁber mat (VB/GFM).

applied fracture mode ratio [24]. An interfacial crack in a composite
bonded structure may kink into the composite adherend. Crack migration is encouraged by a relatively low delamination fracture toughness
of the composite material compared to the interface and high shear
loadings at the crack tip. In these cases, the bonded interface does
not inﬂuence the fracture toughness. Instead, an interlaminar fracture
occurs and the adjacent composite layer to the bonded interface has an
important role in the fracture performance of the structure [25]. The
fracture performance of a composite laminate may be increased by
design optimization of the lay‐up sequence [26]. However, the development of composite toughening methods has a greater potential for
surpassing the limitations of the current material systems [27]. The
choice of a toughening method depends on the structural requirements, in‐service conditions and available manufacturing technology.
Kuwata and Hogg investigated the toughening effect of interleaved
ﬁber veils on a carbon ﬁber reinforced polymer (CFRP) under pure
mode I fracture [28]. They associated the toughening mechanism to
the effect of ﬁber‐bridging. The work of Hosseini et al. [29] revealed
a decrease in the pure mode I fracture toughness of a woven glass/
epoxy composite with an inserted glass ﬁber chopped strand mat at
the delamination interface. Regarding the pure mode II fracture,
toughening mechanisms are less dependent on ﬁber bridging and more
affected by additional factors beyond the material of the delamination
interface [30]. However, these studies address only the pure modes
and a limited combination of bonded materials. Additional studies
are required in order to understand the fracture toughening mechanisms and improve the performance of structures.
Boccaccini and Winkler [31] correlated the increase in the fracture
toughness of a composite with a crack deﬂection mechanism. An
experimental study in sandwich structures showed that the fracture
toughness can be increased by inserting a layer of mat with randomly
oriented ﬁbers between the adherends [32]. Karger‐Kocsis et al. [33]
obtained higher fracture stresses and enlarged damage zone in a
polypropylene composite with glass ﬁber mat compared with long
glass ﬁber reinforcement. Huang et al. [34] analyzed the interlaminar
toughening of carbon‐ﬁber/epoxy composite laminates with chopped
aramid ﬁbers. Kopp et al. [35] showed that the topography of the fracture surfaces has an intrinsic effect in the fracture characterization of
materials. Sun et al. [36] obtained higher fracture toughness in a
composite‐to‐metal bonded joint by interleaving short aramid ﬁbers
and altering surface treatments. These works suggest that the fracture
surfaces proﬁle of the delamination interface has an important role in
the performance of the structure.
Present literature does not fully address the toughening mechanisms
associated to the use of a mat in bonded joints, particularly under mixed‐
mode fracture conditions. A detailed analysis is required in order to
describe the toughening effect in new applications of bonded structures.
In this work, the inﬂuence of a layer of glass ﬁber mat (GFM) in the fracture performance of a bi‐material bonded joint is investigated.
Composite‐to‐metal bonded specimens are manufactured by hand lay‐
up with two different consolidation processes: at room pressure or using
vacuum bagging. The mixed‐mode fracture behavior is assessed under
quasi‐static loadings using the MMB test. The crack propagation mechanisms resulted from the insertion of a layer of GFM between the adherends are veriﬁed with a fracture surface analysis.

2.2. Experimental method
The mixed‐mode bending (MMB) test was chosen for the experimental mixed‐mode fracture analysis of the specimens. In the MMB
test, a loading is applied through a roller attached to a lever and
loaded just above the mid‐plane of the test specimen. The test loading
(P) is decomposed in opening (PI) and shear (PII) loadings in a constant
ratio determined by the lever length (c), as shown in Fig. 1. The mode I
fracture ratio increases with the lever length. The lever weight produces a load (Pg) on the specimen at the length of the lever center of
gravity (cg). The test half‐span (L) is set to 70 mm and the initial crack
length (a) is 30 mm.
Tests were conducted using a servo‐hydraulic testing machine
(MTS 831, MTS Systems Corporation, United States of America) coupled with a 10 kN load cell. The testing loads were applied with displacement control at the quasi‐static rate of 0.5 mm/min. Table 3
shows the test conﬁgurations. Specimens were tested in 75% and
40% mode II fracture ratio. The fracture partitioning ratio was
obtained from a ﬁnite element model created in a previous work
[23]. Load‐displacement points were obtained during the test and a
high‐resolution camera was positioned for crack length monitoring.
3. Results
Load‐displacement curves were obtained from the tests. Tests were
performed until the crack length reached 65 mm and the propagation
points were obtained in each 1 mm crack step. Some non‐linearity may
be noticed in the beginning of the test due to the initial load distribution on the testing apparatus. Results of specimens manufactured at
room pressure and tested under 75% mode II fracture are shown in
Fig. 2. A stepwise crack propagation is observed in the specimens with
an inserted layer of GFM. Regarding the specimens without GFM, a
more abrupt load drop occurred in three of the tests while only test
RP‐2 presented a stepwise propagation. Specimens with GFM presented slightly higher testing loadings compared with the specimens
without GFM.
Fig. 3 shows the results of specimens manufactured using vacuum
bagging and tested under 75% mode II fracture. All tests presented

2. Materials and methods
2.1. Specimen design and manufacture
Composite‐to‐metal bonded specimens were manufactured in order
to simulate the application of a composite repair to a metal structure in
offshore industry [14]. A carbon steel plate (ASTM A36) of 3.18 mm
thickness was selected for the metal adherend. The steel surface was
blasted with steel grit (G‐40) and degreased with acetone. An anti‐
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Table 1
Mechanical properties of the materials [37].
Material

E; E1 (GPa)

E2 (GPa)

G12 (GPa)

ν; ν12

Carbon steel
Adhesive
Carbon-epoxy ply

200
2.25
82

–
–
10

–
–
3.0

0.27
0.38
0.24

Table 2
Specimen measurements.
Specimens

Manufacture Process

Design

Thickness (mm)

RP
RP/GFM
VB
VB/GFM

room pressure
room pressure
vacuum bagging
vacuum bagging

without GFM
with GFM
without GFM
with GFM

9.49 ± 0.34
9.82 ± 0.45
9.95 ± 0.27
10.07 ± 0.36

Width (mm)
25.11
25.31
25.08
25.29

±
±
±
±

0.11
0.14
0.14
0.10

Length (mm)
180
180
180
180

±
±
±
±

1
1
1
1

Fig. 1. MMB test scheme.

Table 3
Test matrix.
Test

Specimen

Manufacture Process

Design

Lever length, c (mm)

GII/G

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

RP-1
RP-2
RP-3
RP-4
RP/GFM-1
RP/GFM-2
RP/GFM-3
RP/GFM-4
VB-1
VB-2
VB-3
VB/GFM-1
VB/GFM-2
VB/GFM-3
VB-4
VB-5
VB/GFM-4
VB/GFM-5

room pressure
room pressure
room pressure
room pressure
room pressure
room pressure
room pressure
room pressure
vacuum bagging
vacuum bagging
vacuum bagging
vacuum bagging
vacuum bagging
vacuum bagging
vacuum bagging
vacuum bagging
vacuum bagging
vacuum bagging

without GFM
without GFM
without GFM
without GFM
with GFM
with GFM
with GFM
with GFM
without GFM
without GFM
without GFM
with GFM
with GFM
with GFM
without GFM
without GFM
with GFM
with GFM

42
42
42
42
42
42
42
42
42
42
42
42
42
42
110
110
110
110

75%
75%
75%
75%
75%
75%
75%
75%
75%
75%
75%
75%
75%
75%
40%
40%
40%
40%

Fig. 4. In this condition, all tests presented a smooth variation of the
test load during crack propagation. Specimens with an inserted layer
of GFM presented slightly higher loadings in compared to the specimens without GFM. Overall, the insertion of a layer of GFM between

abrupt load drop during crack propagation. Specimens with an
inserted layer of GFM had signiﬁcant higher test loadings compared
to specimens without GFM. Tests were also performed under 40%
mode II ratio fracture conﬁguration and the results are shown in
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adherends increased the fracture loadings of the bonded joints
although in different degree depending on the manufacture process
and fracture mode ratio.
Images of the fracture propagation paths were obtained from an
optical microscope. Fig. 5 shows the typical fracture propagation paths
of the specimens without GFM and with a layer of GFM between
adherends. Crack migration was observed in all tests. This is attributed
to the higher stresses in the upper arm of the specimen caused by the
MMB loading conﬁguration. Consequently, crack propagated within
the interface between the adhesive layer and the ﬁrst layer of the composite adherend with ﬁbers at length direction, as observed in Fig. 5a.
The insertion of a layer of GFM between the adherends produced a
preferential layer for crack propagation with more irregular path, as
seen in Fig. 5b. This suggests an inﬂuence of the fracture surface proﬁle on the higher test loadings produced in specimens with GFM. The
test results support previous literature regarding the crucial role of the
adjacent layer to the adhesive in the fracture performance of the structure [25,26,32–34].
Fig. 2. Load-displacement curves of specimens manufactured at room pressure under 75% mode II fracture.

4. Discussion
4.1. Fracture toughness
Linear elastic fracture mechanics (LEFM) is valid as long as the
energy dissipated on the plastic zone developed around the crack tip
is in a small scale in relation to the macroscopic elastic response. In
this work, the tested specimens have relatively thick adherends which
increase the elastic response on a macroscopic scale. Moreover, the use
of a brittle epoxy adhesive contributes for a smaller plastic zone.
Therefore, the total fracture energy (G) can be calculated from the
crack propagation points using simple beam analysis. This approach
has been successfully applied in the characterization of composite
[19], metal [21] and bi‐material [23] bonded joints. The total fracture
energy is obtained from the following equation:
1 M 21
M2
ðM 1 þ M 2 Þ2
G¼
þ 2 
2B E1 I 1 E 2 I 2
EI

!
ð1Þ

Fig. 3. Load-displacement of specimens manufactured using vacuum bagging
under 75% mode II fracture.

where M1 and M2 are the bending moments on the section of the crack
tip in the upper and lower arms, respectively, and B is the specimen
width. E1, I1, E2, I2, E and I are the ﬂexural moduli and second moments

Fig. 4. Load-displacement of specimens manufactured using vacuum bagging
under 40% mode II fracture.

Fig. 5. Crack propagation paths of (a) specimens without GFM and (b)
specimens with GFM.
4
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of the area in the section of the crack tip of the upper arm, lower arm
and total specimen, respectively.
Fig. 6 shows the R‐curves of the specimens manufactured at room
pressure under 75% mode II fracture. Results were obtained from
crack lengths between 35 and 65 mm. The fracture energy increased
substantially with the crack length in specimens with GFM although
the fracture mode ratio remains constant during the test. This can be
explained by the crack deﬂection mechanism [31] resulted from the
more irregular crack path. Specimens with an inserted layer of GFM
presented higher fracture energy during propagation when compared
with the specimens without GFM. This reveals the toughening effect
caused by the insertion of a layer of GFM between the adherends. A
note is given to specimen RP‐2 which presented similar results to
the specimens with GFM. This will be discussed later in this work.
Fig. 7 shows the R‐curves obtained from specimens manufactured
using vacuum bagging and tested under 75% mode II fracture. Specimens with an inserted layer of GFM presented substantially higher
fracture energy compared with the specimens without GFM. The
toughening effect is shown to be more signiﬁcant in specimens manufactured using vacuum bagging. The R‐curves from tests under 40%
mode II fracture are shown in Fig. 8. In this conﬁguration, both specimens without and with GFM presented similar fracture energy.
These experimental results show that the increase in mode I fracture ratio reduced the toughening effect of the GFM. This shows that
the toughening mechanism is not only inﬂuenced by the specimen
design but also the loading conditions. The relationship between the
fracture mode ratio and the toughening effect agrees with literature
regarding mat‐interlayered composites under pure mode I [29] and
pure mode II [30] fracture. A more irregular crack propagation path
improves the toughening effect as the shear becomes the dominant
fracture mode.
A comparison between the average fracture energy (Gave) of the
tested specimens is given in Fig. 9. The insertion of a layer of GFM
between adherends is shown to increase the fracture energy in both
manufacturing processes under 75% mode II fracture. However, the
toughening effect is more substantial in specimens manufactured using
vacuum bagging when compared to room pressure. Regarding the fracture mode, the GFM produced greater improvement in the vacuum
bagging conﬁguration under high mode II condition. Both the manufacturing process and the fracture mode ratio showed to have signiﬁcant inﬂuence in the toughening effect. Moreover, specimens
without GFM presented similar fracture energy although it is slightly
higher in specimens manufactured using vacuum bagging tested under
high mode I fracture.

Fig. 7. Fracture toughness of specimens manufactured using vacuum bagging
under 75% mode II fracture.

Fig. 8. Fracture toughness of specimens manufactured using vacuum bagging
under 40% mode II fracture.

4.2. Surface proﬁle
An analysis of the fracture surface features was performed using a
3D wide‐area measuring optical microscope (Keyence VR‐3200,
Japan). Fracture surfaces and height proﬁles were analyzed. The
height proﬁles of the fracture surfaces were obtained from three different paths: center of the surfaces and near the edges on the left and
right sides. The aim is to evaluate the inﬂuence of the fracture surface
proﬁle on the toughening mechanism.
Fig. 10 shows representative images of the fracture surfaces of specimens manufactured at room pressure under 75% mode II fracture.
The specimen without GFM (RP‐4) presented a crack propagation
between the adhesive layer and the adjacent layer of carbon ﬁbers.
Otherwise, the specimen with GFM (RP/GFM‐2) showed a combination of fracture propagation within the GFM and interlaminar fracture
within the adjacent layer of carbon ﬁbers. Representative height proﬁles are shown in Fig. 11. It reveals a more irregular fracture surface
in the specimen with GFM. Crack propagation along irregular paths
are shown to require more energy to propagate [31]. This explains
the higher fracture toughness of the specimens with GFM.
Fig. 12 shows representative images of the fracture surfaces of specimens manufactured using vacuum bagging under 75% mode II frac-

Fig. 6. Fracture toughness of specimens manufactured at room pressure under
75% mode II fracture.
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Fig. 9. Average fracture energy.

Fig. 10. Representative fracture surfaces of specimens manufactured at room pressure under 75% mode II fracture.
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Fig. 11. Representative fracture height proﬁles of specimens manufactured at room pressure under 75% mode II fracture (a) without and (b) with GFM.

gation within the layer of GFM. Representative height proﬁles are
shown in Fig. 13. It reveals a more irregular fracture surface in the
specimen with GFM. These results are similar to the specimens manufactured at room pressure (see Fig. 11). Therefore, the manufacturing

ture. The specimen without GFM (VB‐2) presented a fracture between
the adhesive layer and the adjacent layer of carbon ﬁbers, similar to
the specimen manufactured at room pressure (see Fig. 10). However,
the specimen with GFM (VB/GFM‐3) revealed mostly fracture propa-

Fig. 12. Representative fracture surfaces of specimens manufactured using vacuum bagging under 75% mode II fracture.
7
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Fig. 13. Representative fracture height proﬁles of specimens manufactured using vacuum bagging under 75% mode II fracture (a) without and (b) with GFM.

to the previous cases of 75% mode II at room pressure (see Fig. 10)
or using vacuum bagging (see Fig. 12). Likewise, the specimen with
GFM (VB/GFM‐5) revealed a fracture propagation within the layer
of GFM. Representative height proﬁles are shown in Fig. 15. They
reveal a more irregular fracture surface in the specimen with GFM.

process had no notable effect in the height proﬁle of the fracture
surfaces.
Fig. 14 shows representative images of the fracture surfaces of specimens manufactured using vacuum bagging under 40% mode II fracture. The specimen without GFM (VB‐5) presented a fracture similar

Fig. 14. Representative fracture surfaces of specimens manufactured using vacuum bagging under 40% mode II fracture.
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Fig. 15. Representative fracture height proﬁles of specimens manufactured using vacuum bagging under 40% mode II fracture (a) without and (b) with GFM.

roughness in both sides of the crack. In general, cracks within the GFM
showed rougher fracture surfaces. It is observed that specimen RP‐2
presented a rougher surface compared with the others of the same
design and manufacture process. This can be related to the more stepwise propagation (see Fig. 2) and higher fracture energy (see Fig. 6)
obtained from this tested specimen.
The relationship between the surface roughness and the fracture
energy is presented in Fig. 16. The average surface roughness (Sqave),
showed in the x‐axis, is the average between the CFRP and steel fracture surfaces of the specimen. The data is clustered in three series: RP
(GII/G = 75%), VB (GII/G = 75%) and VB (GII/G = 40%). For each
of these three clustered series, it is observed a common trend of
increasing the fracture energy with surface roughness as a result of
inserting a layer of GFM. This can be observed by the positive slope
of the three linear ﬁts for all three clustered series. Specimens manufactured at room pressure and tested under 75% mode II fracture ‐
RP (GII/G = 75%) show an increase of 49% in the Sqave with the
presence of GFM, which resulted in 89% increase in the Gave. Specimens manufactured using vacuum bagging and tested under the same
ratio ‐ VB (GII/G = 75%) show an increase of 118% in the Sqave with
the presence of the GFM, which resulted in 170% increase in the
Gave. Therefore, specimens tested under the same fracture mode ratio,
the ones manufactured using vacuum bagging produced higher fracture surface roughness and consequently higher fracture energy.
Finally, in specimens manufactured with vacuum bagging and tested
under a lower fracture mode ratio of 40% mode II ‐ VB (GII/
G = 40%), the Sqave increased 93% with the insertion of the GFM
but the Gave increased only 27%. Although the surface roughness
increased in a similar extent for all specimens manufactured under
vacuum bagging, the toughening effect is more evident under higher
mode II fracture conditions.

These results are analogous to the previous cases (see Figs. 11 and 13).
Therefore, the fracture partitioning ratio had no notable effect in the
height proﬁle of the fracture surfaces.
The roughness of the fracture surfaces was measured from an area
of 10x10 mm at the center of the fracture surfaces. Table 4 presents the
root mean square height (Sq) obtained from the CFRP and steel sides
of the tested specimens. Results from every specimen revealed similar

Table 4
Roughness of the fracture surfaces.
Specimen

GII/G

Adherend side

Root mean square height, Sq (µm)

RP-1

75%

RP-2

75%

RP-3

75%

RP-4

75%

RP/GFM-1

75%

RP/GFM-2

75%

RP/GFM-3

75%

RP/GFM-4

75%

VB-1

75%

VB-2

75%

VB-3

75%

VB/GFM-1

75%

VB/GFM-2

75%

VB/GFM-3

75%

VB-4

40%

VB-5

40%

VB/GFM-4

40%

VB/GFM-5

40%

CFRP
steel
CFRP
steel
CFRP
steel
CFRP
steel
CFRP
steel
CFRP
steel
CFRP
steel
CFRP
steel
CFRP
steel
CFRP
steel
CFRP
steel
CFRP
steel
CFRP
steel
CFRP
steel
CFRP
steel
CFRP
steel
CFRP
steel
CFRP
steel

88.4
70.2
135.9
133.6
71.8
65.9
84.5
68.7
150.0
167.4
129.4
112.1
121.4
117.8
144.9
125.7
59.5
60.4
68.8
67.9
97.6
84.9
149.8
155.0
184.5
172.5
136.8
158.2
91.3
88.0
88.6
68.7
169.5
154.9
163.9
162.4

4.3. Fractography
In order to better understand the effect of the manufacturing process on the fracture surface features, a fractography analysis was performed using a ﬁeld emission scanning electron microscope (SEM)
(JEOL JSM‐7500F, Japan). Prior to examination, the samples were
coated with a thin layer of gold (Au) using a sputter coater (Quorum
Q300T D, United Kingdom). SEM images were obtained from the steel
side of the fracture in magniﬁcation of 500x.
Fig. 17 shows representative SEM images of the fracture surface of
the specimens without GFM. Specimens manufactured at room pressure and tested under 75% mode II presented a combination of cohe-
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fracture presented dominant cohesive failure, as observed in
Fig. 17c. These features explain the similar fracture energy of specimens without GFM from both manufacturing processes (RP and VB)
and the slightly higher performance under 40% mode II fracture ratio
(see Fig. 9). The increase in mode I fracture increases the cohesive failure mode within the adhesive layer. For mode II dominated fracture,
cracks tend to propagate in the inner layer of the laminate. This relationship between fracture mode ratio and crack propagation path is
also noticed in the literature [24].
Fig. 18 shows representative SEM images of the fracture surfaces of
the specimens with an inserted layer of GFM. The glass ﬁber/matrix
interactions are visible, showing the crack path inside the GFM. The
fracture surfaces are signiﬁcantly different from the ones without
GFM, in Fig. 17, where the crack developed at the CFRP/adhesive
interface. Fig. 18a shows the specimens manufactured at room pressure with GFM and tested with 75% mode II fracture. It is clearly displayed the presence of loose ﬁbers and bare ﬁbers. Specimens
manufactured using vacuum bagging and tested under the same fracture mode ratio, shown in Fig. 18b, exhibited higher compaction
and better ﬁber/matrix adhesion. This is a consequence of the vacuum
pressure applied for consolidation of the composite during manufacture. A higher compaction of the mat contributes to an increased fracture performance [31], and, consequently, the toughening effect is
more evident in specimens manufactured using vacuum bagging than
at room pressure (see Fig. 9). Moreover, good ﬁber/matrix compaction
is observed in Fig. 18c for a dominant mode I fracture, similar to the

Fig. 16. Relationship between surface roughness and fracture energy.

sive and interlaminar failure within the ﬁrst layer of carbon ﬁbers, as
shown in Fig. 17a. Similar failure modes are observed in Fig. 17b for
specimens manufactured using vacuum bagging and tested under the
same ratio. Nevertheless, the specimens tested under 40% mode II

Fig. 17. SEM images of the steel side of specimens without GFM: (a) RP-4 (GII/G = 75%), (b) VB-2 (GII/G = 75%) and (c) VB-5 (GII/G = 40%).
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Fig. 18. SEM images of the steel side of specimens with GFM: (a) RP/GFM-2 (GII/G = 75%), (b) VB/GFM-3 (GII/G = 75%) and (c) VB/GFM-5 (GII/G = 40%).

layer to the adhesive interface has an important role in the fracture
performance of the bonded joint since it affects the crack propagation
path.
The manufacturing process affected the performance of the specimens with GFM. The vacuum bagging technique produced a better
ﬁber/matrix compaction of the GFM and resulted in rougher fracture
surfaces when compared to room pressure. On the other hand, no
change was observed in the fracture surfaces of specimens without
GFM despite the manufacturing process. The relationship between
fracture surface roughness and fracture performance is observed in
both manufacturing processes although the toughening effect is more
evident in higher mode II fracture conditions.
The insertion of a layer of GFM is expected to increase the fracture
performance of composite repairs in metal structures. The use of vacuum pressure in the consolidation of the composite, when feasible, is
recommended for optimizing the fracture performance of the bonded
structure.
Even though the values measured for the fracture toughness appear
coherent, only the principles of LEFM have been considered for the
evaluation of the fracture performance. The non‐linearity effects of
the plastic zone developed around the crack tip has not been taken into
account and may be contemplated in future studies. The integration of
a non‐linear analysis may potentially improve the understanding over
the fracture behavior of composite‐to‐metal bonded joints.

case of high mode II fracture (Fig. 18b). Therefore, the inferior performance of specimens tested under 40% mode II regards only the loading conditions and not the failure mode.
5. Conclusion
The inﬂuence of a layer of glass ﬁber mat (GFM) inserted in a bi‐
material interface has been investigated as a toughening mechanism
to improve the fracture performance of bonded structures.
Composite‐to‐metal bonded specimens were manufactured by hand
lay‐up using two different consolidation processes: at room pressure
or using vacuum bagging. The mixed‐mode fracture behavior was evaluated under quasi‐static loadings using the MMB test. Fracture toughening mechanisms were investigated through the test results and
fractography analysis.
Crack tends to propagate in the interface between the adhesive
layer and the upper arm of the specimen due to the higher stresses
caused by the MMB loading conﬁguration. In the case of a CFRP adherend without GFM, cohesive failure within the adhesive layer is the
dominant failure mode under high mode I fracture while a combination of cohesive and interlaminar failure occurs in high mode II fracture conditions.
The insertion of a layer of GFM between adherends prevented the
crack migration to the CFRP adherend and introduced a preferential
crack propagation path within the GFM. The crack propagation within
the GFM produced more irregular fracture surface proﬁles when compared to the specimens without GFM. A more irregular crack path
resulted in higher fracture toughness due to the increase of the energy
required for the crack to propagate. Therefore, the adjacent composite
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