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This paper aims to examine fiber type and fiber orientation’s effects on the interface bonding between steel and
fiber‐reinforced composites. To this end, fracture loads for modes I and II were experimentally determined.
Three different composites were used: glass fibers/epoxy (GFRP), carbon fibers/epoxy (CFRP), and Kevlar
fibers/epoxy (KFRP). Seven different fabric orientations were examined: 0°, 15°, 30°, 45°, 60°, 75°, and 90°.
End‐notched flexure (ENF) and Double cantilever beam (DCB) tests were utilized to determine modes I and
II fracture toughness, respectively. Results showed that fiber orientations and fiber types have significantly
affected the interface bonding between the steel and fiber‐reinforced composite. For both modes I and II tests,
the CFRP/steel interface exhibited the highest toughness when comparing the different tested fabric types.
However, when comparing the different tested fabric orientations for GFRP/Steel, the 0° GFRP/Steel interface
had the maximum toughness for modes I and II tests. All steel‐composite specimens tested have shown matrix,
debonding, fiber breakage, delamination, and fiber kinking using the scanning electron microscopic technique.
1. Introduction

Metal pipelines are the most effective pipes for oil and gas trans-
portation. However, they are susceptible to corrosion in the harsh
working environment [1–3]. Thus, many researchers have been moti-
vated to find effective and safe alternatives for traditional steel pipes,
which are light, cost‐effective, and have corrosion resistance. Previous
works have shown that metal‐polymer hybrids pipes are the best alter-
natives for steel pipes [4]. The use of metal‐polymer hybrids (MPHs)
represents a viable solution for weight reduction, especially in the
automotive industry, where emissions and fuel consumption in trans-
ports will be limited. Researchers have attributed using MPHs in the
automotive industry to their optimum weight, high load‐carrying
capacity, and durability.

Hybrid systems using advanced alloys and composite materials
fiber‐reinforced polymer (Steel/FRP) fascinated substantial attention
since they have a low material cost and great load‐bearing capacity.
This hybridization can deliver better design freedom and different
potentials for efficient integration [5]. However, the fabrication pro-
cess of MPHs is not an easy subject since both materials have different
physical and chemical properties. These differences end up with some
fabricating difficulties, for example, the imperfect bonding between
conventional materials and composite materials [6]. Farahani et al.
classified traditional fabricating metal‐polymer hybrid components
into two essential procedures [7]. The main benefits of MPHs are their
exceptional lifetime, impact resistance, tolerance of damage, and flame
resistance compared to conventional materials and fiber‐reinforced
plastics [7,8]. MPHs cope with most of the metal and polymer materi-
als limitations. Accordingly, aluminum alloys’ low thermal properties
and the brittle nature of composite materials can be either glass fiber,
Kevlar fibers, or graphite fibers [9,10].

Davidson et al. investigated the consequence of sequencing on the
release rate of energy in composite materials. Researchers in this field
have examined the energy release rates and deflections for multidirec-
tional and unidirectional specimens using three‐dimensional finite ele-
ment analyses and classical laminated plate theory‐based methods.
They have shown that the classical plate theory‐based methods could
accurately calculate both the average mode ratio and the total energy
release rate [11]. De Baere et al. experimentally studied modes I and II
of a carbon fabric reinforced polyphenylene sulfide using the DCB
setup and End Notch Flexure (ENF) test, respectively. They have real-
ized an unstable crack‐growth for carbon fabric reinforced polypheny-
lene sulfide. Hence, Linear Elastic Fracture Mechanics was used to
determine the toughness during the crack initiation stage. The
Compliance‐Based Beam Method was employed to predict the tough-
ness during the propagation stages [12]. Mildner [13] conducted a
comprehensive study of hybrid materials. Aluminum and steel speci-
mens were bonded to the GFRP and CFRP laminated composites to
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examine the effect of fiber layup. The fabricated specimens were sub-
jected to tensile and flexural tests. The stress–strain curve for the
tested specimens similarly exhibited a nonlinear behavior. Specimens
with 0° fiber orientations outpaced all‐steel specimens and scored the
highest strength. Zhang et al. studied the failure behavior and the
mechanical properties of steel/PA66 composite hybrids fabricated
using injection molding technique. They subjected the prepared spec-
imens were to tensile, bending loading to characterize their modes I
and II fracture loads. Interface properties among steel and composite
were tested using end notched flexure tests and a double cantilever
beam. They stated that the multiple cracks start at the midplane sur-
face between the steel and PA66 and lead to the complete failure [6].

Liu et al. studied the mode‐I fracture toughness of interlaminar
interfaces with different fiber orientation angles for T800/epoxy com-
posite specimens using experimental technique and finite element
analysis. They used the data reduction scheme established on the mod-
ified beam theory to determine the mode‐I fracture toughness. They
demonstrated that curved laminated composite had higher mode‐I
fracture toughness than straight laminated composites [14]. Delamina-
tion or interlaminar failure is a critical failure mechanism and one of
the most common damages in laminated composite materials
[15,16]. Overall, delamination may happen under three modes. These
consist of the opening mode (mode I), the sliding shear mode (mode
II), and the scissoring shear mode (mode III) [17]. Many researchers
had already studied the interlaminar failure in fiber‐reinforced
composites.

Nevertheless, it is still an active research topic since new polymers
with improved mechanical properties are established daily for fiber‐
reinforced composites. The materials’ bonding properties depend on
surface roughness and surface treatment. Many processes can be
employed, including; plasma exposure, mechanical abrasion, and
chemical etching [10,18]. However, within this study, the effect of
these processes on the interlaminar fracture toughness will not be con-
sidered, and the steel sheets and FRP layers will be bonded together
with adhesive only without any pre‐treatments other than using the
sandpaper. These research results will be considered for pipeline appli-
cations. Based on the author’s knowledge, most of the work in metal
fiber laminates is focused on aerospace applications, and very few
papers are considering the pipeline application. This paper investi-
gates the effect of fiber type and fiber orientation on the mode I and
mode II inter‐laminar fracture toughness of Steel/FRP laminates, and
results are presented from an experimental investigation.

2. Materials and methods

2.1. Material

EN10130 steel sheet with a 1.5 mm thickness was used. For fiber
types’ effect on the interface between steel and FRP composites, three
different types of (0°/90°) woven fabrics were utilized, namely woven
glass, carbon, and Kevlar fabric, as shown in Fig. 1. The EL2 epoxy
resin and AT30 Slow‐Hardener with a density of 1.14 g/cm3 were used
(a) (b)

Fig. 1. (a) Woven E-Glass fabric, (b) Woven

2

as the polymeric matrix. Table 1 lists the elastic constants of the
employed composites.

2.2. Fabrication process

In this study, the hybrid material systems consist of sheet metal and
glass, Kevlar, or carbon fiber‐reinforced polymer. The steel sheets and
FRP are bonded to each other. According to the ASTM D5528 stan-
dard, laminates need to have an even number of plies and shall be uni-
directional, with delamination growth happening in the 0° direction.
Therefore, the number of layers used in the FRP phase was 14 layers
for the case of CFRP and 10 and 8 layers for GFRP and KFRP, respec-
tively, so all the FRP layers will have a total thickness of 1.5 mm. For
the effect of fiber orientation on the interface between steel and FRP,
seven different woven glass fabric orientations were examined as fol-
lows: 0°, 15°, 30°, 45°, 60°, 75°, and 90°. The steel sheets were cut into
20 mm× 150 mm panels, and the same specimen dimensions were
used for both DCB and ENF tests, as shown in Fig. 2. According to
ASTM D5528 and ASTMD7905 standards, a non‐adhesive insert shall
be introduced at the mid‐plane of the steel/FRP hybrid laminate dur-
ing layup to form an initiation site for the delamination, and a thin film
made of polytetrafluoroethylene (PTFE) is recommended. Steel/FRP
hybrid laminates with different fabric types and orientations tested
for mode I and II were fabricated utilizing a vacuum‐assisted resin
transfer molding machine (Fig. 3), where this technique produces parts
with almost no cavities and air bubbles. In this process, the vacuum
bag assists the continuous flow of low‐pressure infused resin from
one side to the other. It also offers the benefit of not requiring an
expensive autoclave. When the epoxy resin was infused into the fabric,
the steel/FRP parts were allowed to cure at room temperature. Fig. 4
shows a PTFE Teflon sheet of a 0.01 mm thick layer was inserted in
the middle of the polymer‐metal interface to simulate the pre‐crack.
A pair of piano hinge tabs were bonded to the end of each specimen
that will be tested for mode I to connect them to the loading arm dur-
ing the test, as shown in Figs. 4 and 5.

2.3. Laminate stiffness

The interface bonding of composite materials is highly dependent
on the laminate stiffness. Therefore, the classical lamination theory
is utilized to define the relationship between resultant forces, resultant
moments, mid‐surface strains, and curvature as follows:

N
M

� �
¼ A B

B D

� �
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k
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ð1Þ
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(c)

Kevlar fabric, (c) Woven carbon fabric.



Table 1
Elastic constants properties for GFRP, KFRP, and CFRP composites.

E11 (GPa) E22 (GPa) G12 (GPa) G23 (GPa) G13 (GPa) v12 v23 v13

E-Glass/Epoxy 24.5 23.8 4.7 3.6 0.11 0.20 0.15 2.6
Carbon/Epoxy 77 75 6.5 4.1 0.06 0.37 0.50 5.1
Kevlar/Epoxy 29 29 18 1.8 0.05 0.11 0.05 2.2
Steel 217 82 0.28

3 mm

(b)

(a)

150 mm

20 mm

FRP

60mm pre-crack

Fig. 2. Dimension of the DCB and ENF test specimens, a-top view, b- side
view.

Fig. 3. (a) Vacuum-assisted resin transfer molding.

GFRP KFRP CFRP

Fig. 4. GFRP, KFRP, and CFRP
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Dij ¼ 1
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Qij
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3Þ ð4Þ

where [A] is the extensional‐stiffness matrix, [B] is the extension‐
bending coupling matrix, [D] is the bending‐stiffness matrix, i and j
are the matrix notation, zk is the distance from the mid surface to the
top of layerk; Nf g is the resultant laminate forces, Mf g is the resultant
moment{ε0} is the mid‐surface strains, {k} is the curvature, and [Q] is
the stiffness matrix.

Table 2 gives the values [A], [B], and [D] matrices. At the begin-
ning of the mode I test, the in‐plane extension‐stiffness matrix plays
a significant role until reaching the critical force. Then, out of plane
extension‐stiffness matrix takes over the propagation period, and it
can be calculated using the following relations.

Qx
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where i, j = 4,5, γxz and γyz are out of plane shear strains, Qx and Qy are
the out of plane shear forces, c is the shear correction factor, and for a
rectangular section, c = 6/5 (1.2), and the total laminate thickness (h)
is 3 mm [23]. The out of plane extension‐stiffness matrix A44, A55 and
A45 values for each of the prepared specimens are recorded in Table 3.
They were calculated using the following relations.

Q44 ¼ G23;Q44 ¼ Q44m2 þ Q55n2 ð7Þ
Q55 ¼ G13;Q55 ¼ Q55m2 þ Q44n2 ð8Þ

and

Q45 ¼ ðQ55 � Q44Þmn ð9Þ

where: m = cosθ; and n = sinθ, and θis the orientation angle.
Specimens with PTFE Teflon sheet and hinges

specimens for mode I test.



Fig. 5. Specimens with different fiber orientation angles for mode I test.

Table 2
Longitudinal stiffness matrix [A] for each prepared specimen.

Specimens In-plane longitudinal stiffness matrix [A] × 108 (N/m) Extension-bending coupling matrix [B] × 104 (N) Bending-stiffness matrix [D] × 101 (N.m)

CFRP 0°/Steel 4:744 1:136 0:000
1:136 4:713 0:000
0:000e 0:000 1:348

2
4

3
5 18:20 7:674 0:000

7:674 18:44 0:000
0:000 0:000 8:838

2
4

3
5 37:51 8:978 0:000

8:978 37:26 0:000
0:000 0:000 10:66

2
4

3
5

KFRP 0°/Steel 3:950 1:074 0:000
1:074 3:950 0:000
0:000 0:000 1:505

2
4

3
5 23:30 7:830 0:000

7:830 23:30 0:000
0:000 0:000 7:281

2
4

3
5 30:42 8:274 0:000

8:274 30:42 0:000
0:000 0:000 11:59

2
4

3
5

GFRP 0°/Steel 3:833 1:078 0:000
1:078 3:823 0:000
0:000 0:000 1:286

2
4

3
5 23:17 7:490 0:000

7:490 23:25 0:000
0:000 0:000 8:587

2
4

3
5 28:75 8:086 0:000

8:086 28:67 0:000
0:000 0:000 9:645

2
4

3
5

GFRP 15
�
/Steel 3:810 1:100 0:03988

1:100 3:801 �0:03721
0:03988 �0:03721 1:308

2
4

3
5 23:36 7:30 �0:3245

7:30 23:43 0:3045
�0:3245 0:3045 8:406

2
4

3
5 28:58 8:253 2:991

8:253 28:51 �2:791
2:991 �2:791 9:812

2
4

3
5

GFRP 30
�
/Steel 3:764 1:145 0:04085

1:145 3:759 �0:03623
0:04085 �0:03623 1:353

2
4

3
5 23:74 6:946 �0:3318

6:946 23:78 0:2971
�0:3318 0:2971 8:042

2
4

3
5 28:23 8:587 3:064

8:587 28:19 �2:717
3:064 �2:717 10:15

2
4

3
5

GFRP 45
�
/Steel 3:739 1:167 0:002668

1:167 3:739 0:002668
0:002668 0:002668 1:375

2
4

3
5 23:94 6:764 �0:02001

6:764 23:94 �0:02001
�0:02001 �0:02001 7:861

2
4

3
5 28:04 8:754 2:001

8:754 28:04 2:001
2:001 2:001 10:31

2
4

3
5

GFRP 60
�
/Steel 3:759 1:145 �0:03623

1:145 3:764 0:04085
�0:03623 0:04085 1:353

2
4

3
5 23:78 6:946 0:2971

6:946 23:74 �0:3318
0:2971 �0:3318 8:042

2
4

3
5 28:19 8:587 �2:717

8:587 28:23 3:064
�2:717 3:064 10:15

2
4

3
5

GFRP 75
�
/Steel 3:801 1:100 �0:03721

1:100 3:810 0:03988
�0:03721 0:03988 1:308

2
4

3
5 23:43 7:309 0:3045

7:309 23:36 �0:3245
0:3045 �0:3245 8:406

2
4

3
5 28:51 8:253 �2:791

8:253 28:58 2:991
�2:791 2:991 9:812

2
4

3
5

GFRP 90
�
/Steel 3:823 1:078 0:000

1:078 3:833 0:000
0:000 0:000 1:286

2
4

3
5 23:25 7:490 0:000

7:490 23:17 0:000
0:000 0:000 8:587

2
4

3
5 28:67 8:086 0:000

8:086 28:75 0:000
0:000 0:000 9:645

2
4

3
5

Table 3
A44;A55 and A45 values for each of the prepared specimens.

Specimens A44 × 106 (N/m) A55 × 106 (N/m) A45 × 106 (N/m)

Fiber type
CFRP 0°/Steel 7.57 9.42 0
KFRP 0°/Steel 3.69 4.51 0
GFRP 0°/Steel 6.47 4.67 0
Fiber Orientation
GFRP 0°/Steel 6.47 4.67 0
GFRP 15

�
/Steel 6.35 4.80 −0.40

GFRP 30
�
/Steel 6.02 5.12 −0.40

GFRP 45
�
/Steel 5.57 5.57 0

GFRP 60
�
/Steel 5.12 6.02 0.40

GFRP 75
�
/Steel 4.80 6.35 0.40

GFRP 90
�
/Steel 4.67 0
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2.4. Testing procedures

Effects of fiber orientation and fiber type on the interface bonding
between steel and fiber‐reinforced composite were examined, and the
fracture loads for modes I and II were computed. Double cantilever
beam (DBC) and end‐notched flexure (ENF) tests were applied to char-
acterize mode I and mode II interlaminar fracture toughness, respec-
4

tively. The unidirectional woven fabric laminates consist of 10 and 8
layers for GFRP and KFRP, respectively, and 14 layers for carbon fiber.

2.4.1. Double cantilever beam (DCB) test
A double cantilever beam (DCB) test was applied to characterize

mode I, the crack‐opening mode, in which the delamination faces open
away from each other. Fig. 6 shows a schematic illustration of the DCB
sample of steel/composite hybrids. During the test, the crack progress
and the initiated forces leading to delamination are measured.

Three identical specimens were tested from each fiber type and
fiber orientation to assure that the results are reliable. The load was
subjected vertically to the crack plane utilizing an INSTRON universal
materials testing machine. The crosshead was moving at a speed of
2.5 mm/min. Cracks initiated in a stable mode, followed by some fluc-
tuations and cracking in the matrix. The optical crack length measure-
ment method was applied during the test, where high‐quality videos
were recorded for the entire test to assist the optical crack length mea-
surement. The strain energy release rate (GC) is the energy lost in the
test specimens per unit of sample width for a tiny increase in delami-
nation length for delamination growing self‐similarly under a stable
displacement. It is the best material property that represents the resis-
tance to delamination. Fig. 7 shows the DCB sample, including the
application of force and the crack opening progress.



F

3 mm FRP

  Steel

60mm pre-crack

F

Fig. 6. Schematic illustration of the DCB sample of steel/composite hybrids.

Fig. 7. Crack opening progress for the DCB test.
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The rate of GIC can be determined using the Modified beam theory
based on ASTM D5528, as shown in the following equation.

GIC ¼ 3Fδ
2ba

ð10Þ

where: a is the crack progress length [m], b is the sample width [m], F
is the critical load at [N], δ is the corresponding displacement [m].

2.4.2. End notched flexure (ENF) test
The FRP/steel specimens were loaded by shear forces in the crack

initiation zone to define the energy release rate GIIC under the load
according to mode II. The specimens were exposed to a 3‐point bend-
ing load condition until crack propagation. The ENF test enables the
shear loading of the pre‐cracked specimen by compressing the mid‐
span of the assembly, where the shear stress is always maximum at
the mid‐plane, which the location of the pre‐crack in the tested speci-
mens. Fig. 8 shows a schematic illustration of the ENF set of steel/com-
posite hybrids.

The load was applied to the specimens at a constant crosshead rate
of 1.5 mm/min, where the applied displacement generated shear
mode loading at the crack front. The crack length was measured sim-
ilarly as in DCB tests using the optical measurement method. Fig. 9
shows the ENF sample, including force and the Bending progress.
According to ASTMD7905, one can determine the energy release rate
GIIC using Eq. (11).
Support span 2L=100mm

3 mm
FRP

Steel

60 mm pre-crack

Fig. 8. Schematic illustration of the ENF set of steel/composite hybrids.

Fig. 9. Bending progre

5

GIIC ¼ 9Fδa2

2bð2L3 þ 3a3Þ ð11Þ
where: 2L is the span length.
ss for the ENF test.

Fig. 10. Force-displacement curves of the DCB specimens with different fabric
types.

Table 4
Mode I interlaminar fracture toughness GIC for different fabric types.

Fabric type GIC initial value [J/m2] GIC propagation value [J/m2]

CFRP 395.35 ± 1.44% 7875.56 ± 1.67%
KFRP 369.45 ± 1.11% 5625.42 ± 1.24%
GFRP 177.75 ± 1.98% 4856.25 ± 1.85%
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According to ASTMD7905, the cylindrical loading surface must
have a radius, r1, in the range of 4.7–9.6 mm. A steel cylinder with a
radius of 8 mm was used for loading. The cylindrical supporting sur-
faces shall have the same radius, r2, which shall be in the range of
3.0–6.4 mm. So, steel cylinders with a radius of 5 mm were used as
the supports. The loading surface shall be centered between the two
supporting surfaces.

3. Results and discussion

3.1. Interface properties

3.1.1. Double cantilever beam (DCB) test (Mode I)
The DCB fracture test’s load‐extension curves for the FRP/steel

specimens with different fabric types are presented in Fig. 10, where
the average of each three identical specimens is plotted in the graph.
0

1000

2000

3000

4000

5000

6000

7000

8000

9000

10000
GIC ini�al

GIC propaga�on

Fr
ac

tu
re

 T
ou

gh
ne

ss
 [J

/m
2 ]

  

CFRP/Steel          KFRP/Steel               GFRP/Steel             

Fig. 11. Mode I’s initial and propagation fracture toughness for specimens
with different fabric types.
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Fig. 12. Force-displacement curves of DCB specimens with different fabric
orientation.

Table 5
Mode I interlaminar fracture toughness GIC for different fabric orientation.

Orientation angle GIC initial value [J/m2] GIC propagation value [J/m2]

0° 177.75 ± 1.98% 4856.25 ± 1.85%
15

� 139.62 ± 2.31% 3562.53 ± 2.24%

30
� 54.10 ± 5.35% 2137.52 ± 4.89%

45
� 8.67 ± 4.19% 1050.43 ± 3.68%

60
� 50.35 ± 1.94% 2043.75 ± 1.73%

75
� 129.75 ± 2.20% 3112.51 ± 2.51%

90
� 172.28 ± 1.24% 4537.50 ± 1.36%

Fig. 13. Mode I’s initial and propagation fracture toughness for specimens
with different fabric types.
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Fig. 14. force–displacement curves of the ENF specimens with different fabric
types.

Table 6
Mode II interlaminar fracture toughness GIIC for different fabric types.

Fabric type GIIC initial value [J/m2] GIIC propagation value [J/m2]

CFRP 294.80 ± 2.41% 20189.03 ± 2.89%
KFRP 254.46 ± 3.55% 18544.23 ± 3.12%
GFRP 239.48 ± 2.25% 14125.87 ± 2.47%
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Fig. 15. Comparison of the mode II initial and propagation fracture toughness
for specimens with different fabric types.
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Fig. 16. Load-displacement curves of the ENF specimens with different fabric
orientation.

Table 7
Mode II interlaminar fracture toughness GIIC for different fabric orientation.

Orientation angle GIIC initial value [J/m2] GIIC propagation value [J/m2]

0° 239.48 ± 2.25% 14125.87 ± 2.47%
15

� 224.94 ± 2.40% 9868.75 ± 3.45%

30
� 194.11 ± 3.84% 6434.04 ± 2.16%

45
� 81.23 ± 2.02% 1806.04 ± 1.89%

60
� 161.39 ± 1.60% 3773.34 ± 2.76%

75
� 198.79 ± 3.84% 9578.49 ± 1.57%

90
� 229.98 ± 2.27% 12593.95 ± 1.48%
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Fig. 17. Comparison of the mode II initial and propagation fracture toughness
for specimens with different fabric orientations.

Fig. 18. Illustration of typical macroscopic post-failure mod
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It could be observed that all the specimens have almost the same
behavior. The curves show that the specimens have a linear behavior
until the critical force values were reached. Those force values were
used to determine the initial interlaminar fracture toughness using
Eq. (10). After which, the curves showed a stable behavior with min-
imal fluctuations. These fluctuations are caused by fracture resistance
and are associated with decreased strength. CFRP part handled the
highest force value, by around 420 N, followed by KFRP parts and
the GFRP parts.

Table 4 shows the effect of using different fabric types on mode I
interlaminar fracture toughnessGIC. The average values for different
fabric types were presented with the coefficient of variation (CoV),
which is the standard deviation ratio to the mean. Three identical
specimens were tested for each fabric orientation, and the recorded
GIC values for each group indicated that the test results are reliable
where the force–displacement curves of the identical specimens were
overlapping each other well. It was shown that the specimens made
of Steel‐CFRP were the specimens that had the highest fracture tough-
ness, where GIC initial and propagation values reached more than 395
and 7800 J/m2 respectively. This finding is due to the high bonding
strength in Steel‐CFRP specimens where it was proved from the calcu-
lations in Table 2 that the Steel‐CFRP specimens have the highest A11

values, followed by the Kevlar and then glass fibers, which supports
the experimental results. Fig. 11 shows a comparison between the ini-
tial and propagation fracture toughness for specimens with different
fabric types.

Fig. 12 shows the DCB fracture test’s load‐extension curves for the
GFRP/steel specimens with different fabric orientations. It can be seen
from the graph that before the onset of delamination growth, the load
increases linearly with applied displacement. Upon reaching the criti-
cal force point, which differs from one specimen to another, the load
rises slowly as the crack progresses, demonstrating that long path
crack propagation occurs. Specimens with 0° fiber orientation reached
the highest forces values (around 270 N).

Table 5 demonstrates the effect of using different fabric orientation
angles on mode I interlaminar fracture toughness GIC of the mode I
fracture specimens. Mode I interlaminar fracture toughness GIC aver-
age values for different fabric orientation angles were computed and
presented with CoV. Three identical specimens were tested for each
fabric orientation, and the recorded GIC values for each group indi-
cated that the test results are reliable. It shows that the specimens with
0

�
fabric orientation were the specimens that had the highest fracture

toughness where the initial and propagation fracture toughness values
reached more than 177 and 4850 J/m2, respectively. This finding
shows that using a 0

�
fabric orientation results in high bond strength

of Steel/GFRP specimens. Fig. 13 shows a comparison between the
mode I initial and propagation fracture toughness for specimens with
different fabric orientations.
e for the KFRP composites with fiber orientation of 90°.



Table 8
Apparent Engineering constants and engineering elastic constants for each specimen.

Specimens Ex (GPa) Ey (GPa) Gxy (GPa) υxy υyx a11 (GPa) a22 (GPa) a12 (GPa) a66 (GPa)

CFRP 0°/Steel 121.2 119.3 19.97 0.161 0.158 0.0083 0.0084 −0.00132 0.0501
KFRP 0°/Steel 68.95 68.95 34.47 0.168 0.168 0.0145 0.0145 −0.00244 0.0290
GFRP 0°/Steel 62.70 61.79 17.38 0.205 0.202 0.0159 0.0162 −0.00327 0.0575
GFRP 15

�
/Steel 58.33 57.64 18.93 0.26 0.256 0.0171 0.0173 −0.00444 0.0528

GFRP 30
�
/Steel 51.16 50.86 23.05 0.348 0.346 0.0195 0.0197 −0.00680 0.0434

GFRP 45
�
/Steel 48.12 48.12 25.86 0.384 0.384 0.0208 0.0208 −0.00798 0.0387

GFRP 60
�
/Steel 50.86 51.16 23.05 0.346 0.348 0.0197 0.0195 −0.00680 0.0434

GFRP 75
�
/Steel 57.64 58.33 18.93 0.256 0.26 0.0173 0.0171 −0.00446 0.0528

GFRP 90
�
/Steel 61.79 62.70 17.38 0.202 0.205 0.0162 0.0159 −0.00327 0.0575

Table 9
Stress intensity factors, Modes I and II, effective moduli.

Specimens EI (GPa) EII (GPa) GI initial GII initial KI (MPa)
ffiffiffiffi
m

p
KII (MPa)

ffiffiffiffi
m

p

Effect of fiber types
CFRP 0°/Steel 169.00 171.0 395.35 294.8 8.18 7.09
KFRP 0°/Steel 97.50 97.5 369.45 254.46 6.00 4.98
GFRP 0°/Steel 87.70 88.3 177.75 239.48 3.95 4.59
Effect of fiber orientation
GFRP 0°/Steel 87.70 88.30 177.75 239.48 3.95 4.59
GFRP 15

�
/Steel 81.80 82.20 139.62 224.94 3.38 4.30

GFRP 30
�
/Steel 72.00 72.20 54.10 194.11 1.97 3.74

GFRP 45
�
/Steel 68.10 68.10 8.67 81.23 0.77 2.35

GFRP 60
�
/Steel 72.20 72.00 50.35 161.39 1.91 3.40

GFRP 75
�
/Steel 82.20 81.80 129.75 198.79 3.27 4.03

GFRP 90
�
/Steel 88.30 87.70 172.28 229.98 3.90 4.49

Fig. 19. SEM images for mode I test specimens with different fabric types.
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The above experimental data of the DCB fracture test matches the
classical lamination theory results in Section 2.3. Based on the classical
lamination theory, extensional stiffness affects the composite materi-
als’ response to the applied load. One can conclude that the CFRP/steel
laminate will have a minimal mid‐plane strain for a given resultant
force since the elements of its [A] matrix were the highest when com-
pared to other laminate matrices. Terms A16 and A26 couple shear and
normal responses of the laminate. It could be noticed from Table 2 that
all GFRP/steel laminates with an orientation other than 0

�
have non-

zero values for A16 and A26. Therefore, a resultant extensional force
on those laminates will generate extensional strain and shear strain.
Second, when the Extension‐bending coupling matrices are analyzed,
Fig. 20. SEM images for mode I test specimens with different orientation angl
progressive fiber debonding, and fiber breakage.

9

it could be noted that all [B] matrices are nonzero since all the lami-
nates are not symmetric, knowing that this matrix couples extensional
response to the bending response of the laminate. The nonzero [B]
matrix means that all the above laminates will experience extension
and shear deformations and bending–twisting curvatures in mode‐I
when subjected to the normal force.

3.1.2. ENF test
Fig. 14 shows the force–displacement curves of the ENF specimens

with different fabric types. As can be seen, the FRP/steel specimens
with different fabric types show an overall linear response in the first
portion of the graph until reaching the critical force’s values, where
es. The domination failure mode is associated with multiple matrix cracks,
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those values were used to determine the initial interlaminar fracture
toughness using Eq. (11). Then the curves continued rising until the
peak loads were recorded. CFRP parts reached the higher forces values
by around 2000 N. Then, a clear and sudden load drop was observed.
This is expected behavior since the mid‐plane surfaces slide over each
other, leading to fast crack growth and sudden load drop when sub-
jected to an in‐plane shear loading. KFRP and GFRP parts behavior
were slightly different where the load values kept fluctuating and
decreasing gradually until failure, which indicates that they exhibited
much slower crack growth with more stable loading responses during
the test.

Table 6 demonstrates the effect of using different fabric types on
the total energy absorbed during testing mode II interlaminar fracture
specimens. The force–displacement curves of the identical specimens
overlapped each other well, which proves that the results are reliable.
It was shown that the specimens made of steel‐CFRP were the speci-
mens that had the highest fracture toughness, where GIIC initial and
propagation values reached more than 290 and 20000 J/m2 respec-
tively. This fact reveals that Steel‐CFRP specimens have good interface
properties. Fig. 15 shows a Comparison between the mode II initial
and propagation fracture toughness for specimens with different fabric
types.

The mode II loading behavior of the FRP/steel specimens with dif-
ferent fabric orientation is plotted in Fig. 16. All the ENF specimens
display similar and consistent responses, as shown in their load–dis-
Fig. 21. Post failure images for mode II test specimens, a

Fig. 22. SEM images for mode II test specimens with different fabric types. The fa
fiber breakage for CFRP. For KFRP, the failure mode is dominated by multiple m
multiple matrix cracks, progressive fiber debonding, delamination, and progressiv

10
placement curves. The specimens reveal an early linear behavior fol-
lowed by a nonlinear curve up to the peak load. A slow load
decrease can be noticed until the test end, where the gradual decrease
in force is associated with a decrease in strength. When a decrease in
the load rate is noticed, the specimen’s stiffness decreases. Specimens
with 0° fiber orientation reached the highest forces values (around
1200 N).

Table 7 demonstrates the effect of using different fabric orientation
angles on the overall energy absorbed throughout mode II inter‐
laminar fracturing. GIIC average values for different fabric types were
computed and presented with CoV. It was shown that the specimens
with 0

�
fabric orientation had the highest fracture toughness in which

the GIIC initial and propagation values reached more than 230 and
14,000 J/m2 respectively. This finding shows that using 0

�
fabric ori-

entation results in high bond strength of Steel/GFRP specimens.
Fig. 17 shows a comparison between the mode II initial and propaga-
tion fracture toughness for specimens with different fabric
orientations.

The above experimental data of the ENF fracture test matches the
classical lamination theory results in Section 2.3. All the extension‐
bending coupling matrices for all specimens in Table 2 are nonzero
since no laminates are symmetric. This means that all the laminates
will create bending and twisting curvatures and extension‐shear defor-
mations in mode II when subjected to bending moment. Furthermore,
looking at the bending‐stiffness matrices in Table 2, this matrix influ-
- different orientation angles, b- different fabric type.

ilure mode is dominated by matrix cracks, fiber debonding, delamination, and
atrix cracks and fiber kinking. For GFRP, the failure mode is dominated by
e fiber breakage.
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ences a laminate’s bending response. It could be concluded that the
CFRP/steel laminate will generate less curvature when subjected to
bending moment since it has the most considerable magnitude of
[D] matrix. Terms D16 and D26 coupled bending and twisting responses
of the laminate. It is observed that all GFRP/steel laminates with an
orientation other than 0

�
have nonzero values for D16 and D26. Thus,

the pure bending moment will generate bending curvature and twist
curvature in all of the previously mentioned laminates. Likewise, by
analyzing the data in Table 3, it could be observed that CFRP/steel
laminate has the highest A44 andA55 values, which predicts that when
subjected to shear forces, minimal out of plane shear strains will be
generated while KFRP/steel laminates will have the highest plane
shear strain values. Based on experimental data, the results indicate
that when the laminates are subjected to loading, it fails earlier in
Mode‐I load compared to Mode‐II loading.

3.2. Stress intensity factor

Prediction of composite materials’ delamination is one of the main
challenges to promote the interface between composite and other
Fig. 23. SEM images for mode II test specimens with different orientation angles
debonding, delamination, and progressive fiber breakage.

11
materials. One useful technique to examine the interlaminar cracks
in composite materials is the linear elastic fracture mechanics (LEFM)
[19]. The FRP specimens are assumed to be made of an orthotropic
material. Therefore, the strain–stress relation is defined using the gen-
eralized Hooke’s law as follows:
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ɛz
γyz
γxz
γxy

8>>>>>>>><
>>>>>>>>:
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>>>>>>>>;
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0
0
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>>>>>>>>:
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>>>>>>>>;
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In which one can write the engineering elastic constants as follows:

a11 ¼ 1
Ex
; a12 ¼ � #yx

Ey
; a13 ¼ � #zx

Ez

a21 ¼ � #xy
Ex

; a22 ¼ 1
Ey
; a23 ¼ � #zy

Ez

a31 ¼ � #xz
Ex
; a32 ¼ � #yz

Ey
; a33 ¼ 1

Ez

a44 ¼ 1
Gyz

; a55 ¼ 1
Gxz

; a66 ¼ 1
Gxy

ð13Þ
. The failure mode is dominated by multiple matrix cracks, progressive fiber
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1
Ex

¼ m4

E1
þ 1

G12
� 2#12

E1

	 

m2n2 þ n4

E2
ð14Þ

and,

1
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¼ n4

E1
þ 1

G12
� 2#12

E1

	 

m2n2 þm4

E2
ð15Þ

1
Gxy

¼ 2m2n2
2
E1

þ 2
E2

þ 4#12

E1
� 1
G12

	 

þ ðn4 þm4Þ

G12
ð16Þ

where xyz is the global directions, 123 are the principal material direc-
tions, m = cosθ; and n = sinθ. The values for E1, E2, G12 and υ12 were
listed in Table 1. The calculated engineering elastic constants are listed
in Table 8.

The relationships for an orthotropic material’s energy release rates
will be utilized to define the stress intensity factors for mode I and
mode II of each specimen [19]. The stress intensity factor depends
on specimen geometry, the crack’s size and location, and the magni-
tude and distribution of loads on the material [20].

GI ¼ K2
I

EI
;GII ¼ K2

II

EII
ð17Þ

where, EI and EII are the effective moduli for modes I and II. One can
calculate the effective moduli as follows:

EI ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi

2
a11a22

r
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

a22
a11

q
þ 2a12þa66

2a11

r ; EII ¼
ffiffiffi
2

p

a11
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

a22
a11

q
þ 2a12þa66

2a11

r ð18Þ

KI and KII are stress intensity for modes I and II, respectively [21,22].
GI and GII are the fracture toughness for modes I and II,

respectively.
Table 9 lists the calculated effective moduli and stress intensity fac-

tors using Eqs. (17) and (18). So as KI and KII values increase, the resis-
tance to fracture will also increase. One can notice that CFRP/Steel
specimens have the highest resistance to fracture than the other tested
fabric types. While for the different orientation angles in GFRP/Steel,
the specimens with 0° and 90

�
orientation angles have the highest

resistance to modes I and II, respectively.

3.3. Failure surfaces of mode I and mode II interlaminar fracture

All modes of failure and the interlaminar fracture surfaces were
identified using the SEM. All the failure modes of the modes I and II
interlaminar fracture specimens were classified and presented in
Figs. 19, 20, 22, and 23, respectively, with three different scales
(1400 µm, 700 µm, and 180 µm) using the microscopic investigations
via scanning electron microscopy. The fractured surfaces were coated
with Gold palladium/platinum coating in the fine auto coater to make
the polymer surface conductive.

3.3.1. Mode-I interlaminar failure surfaces
Fig. 18 shows post‐failure images for the specimens that were

tested for mode I; some specimens experienced full separation between
the steel and composite layer without any breakage, while other spec-
imens experienced full separation in the area of the Teflon layer. The
composite layer then starts to break completely in the area where the
adhesion between layers is vital, as shown in the following images.

For mode‐I fracture, the SEM specimens were taken from the crack
initiation area beyond the pre‐crack insert film. The fractography of all
the steel‐composite specimens tested for mode I reveal that they have
established some cracking, fiber–matrix debonding, and peeling off for
the resin matrix layer in some sheet areas; some fiber failure and
breakage of the applied tensile loads were detected using SEM. The
SEM images of fractured surfaces of GFRP specimens with different
fabric orientations were observed; each fracture type was labeled in
the figures. The surface shows the broken fibers, pull‐out, and matrix
12
peeling caused by Mode‐I loading. Usually, throughout delamination,
matrix shear yielding happens in resin‐rich areas by stretching the
neighboring fibers causing a higher energy absorption [23]. This fail-
ure mechanism was detected in many specimens.

3.3.2. Mode-II interlaminar failure surfaces
Fig. 21 shows post‐failure images for the specimens tested for mode

II. All steel‐composite specimens tested for mode II have caused multi-
ple matrix cracks and debonding between the fiber and the matrix,
accompanied by fiber fracture attributed to the flexural loads, which
was also examined using SEM. One can observe that the fiber breakage
region was located near the point flexural load, as shown in Figs. 22
and 23.

Scanning electron microscopy images of the fracture area near the
mode‐II GFRP specimen’s crack tip with different fabric orientation are
shown in Fig. 23. All over the specimens’ fracture surface, broken
fibers were observed following the fiber–matrix debonding in the
vicinity of the series of matrix cracks. It is also interesting to note that
progressive debonding between fiber and matrix failures are in areas
of the matrix deformation among adjacent fibers that are elevated par-
allel to one another and tend to incline in the same direction over the
whole surface. Similar failure modes are identified by other research-
ers [24,25].

4. Conclusion

The present study investigates the fiber type and fiber orientation’s
effects on the interface bonding between steel and fiber‐reinforced
composites. The fracture loads for modes I and II were computed using
DCB and ENF tests. The outcomes of this study are listed below:

1. The interface bonding between the steel and fiber‐reinforced com-
posite and the modes I and II fracture toughness had been signifi-
cantly affected by fiber orientation and fiber types.

2. For both modes I and II tests, the CFRP/steel interface exhibited the
highest toughness when comparing the different tested fabric
types. However, when comparing the effect of fiber orientations,
the 0° GFRP/Steel interface had the maximum toughnesses for
mode I and mode II tests.

3. It is well observed that all specimens’ delamination response
strongly depends on the loading condition. The shearing‐mode
(mode II) fracture toughness is larger than the opening‐mode
(mode I) fracture toughness in all the tested specimens, proving
that the interface between FRP and steel layer is stronger in mode
II than in mode I due to the compaction process during the bending
loading. While in mode I, the loading process is opening.

4. All steel‐composite specimens tested for mode I have established
some cracking and peeling off for the resin matrix layer in some
sheet areas, followed by some fiber failure and breakage.

5. All steel‐composite specimens tested for mode II have experienced
matrix cracks and fiber–matrix debonding, followed by fiber failure
and breakage due to the applied bending loads.
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