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Abstract: Nowadays, laminated composites are widely used in the aerospace sector. All laminates
have interply/interlaminar interfaces even if they are made using automated processes. The interfaces
act as the areas of weaknesses and the potential crack initiation regions. Hence, any enhancement in
the crack initiation and propagation resistance is always sought after. Usage of polymeric thin films
is one of the promising and viable ways to achieve this. It is also easy to incorporate micro-thin films
into any automation process. In the present study, different customized thin films that are compatible
with Glass/BMI composites are fabricated. Fracture toughness tests in Mode I (opening mode),
Mode II (sliding mode) and Mixed Mode I/II are conducted respectively using Double Cantilever
Beam (DCB), End Notch Flexure (ENF) and Mixed Mode Bending (MMB) test specimens. This paper
discusses the manufacturing of compatible micro-thin films. The various challenges faced during
the manufacturing and incorporation of thin films are presented. The results of the various fracture
toughness tests are examined. Mechanisms through which the different films help in resisting the
crack initiation and propagation are deliberated and discussed. The incorporation of this technique
in Automated Fiber Placement (AFP) is also discussed.

Keywords: thermoplastic film; fracture toughness; interleaving

1. Introduction

Fiber-reinforced composites are now receiving greater attention in both the research
and industrial communities. Industrial applications have been successful in various
fields including aerospace, construction, automobile, sporting goods, marine and power
plants [1]. Most of the composites used currently are laminated, consisting of many num-
bers of plies stacked one over the other in any desired configuration and proper load
transfer between these plies is of utmost importance. The region between two neighboring
plies, known as the interlaminar region plays a major role in this load transfer. There is a
high chance of fracture occurring in this region owing to crack propagation, which may
lead to delamination. The interfaces so developed act as areas of weaknesses and potential
crack initiation regions. Hence, strengthening the interfaces is of paramount importance to
fully exploit the potential of composites [2–5].

The layer to layer architecture of the laminates has a direct influence on their impact
resistance. Various studies have acknowledged that Compression After Impact (CAI)
properties could be vastly improved upon interleaving with a film having a much higher
intrinsic toughness than the matrix [6–8]. The presence of a toughened interlaminar layer
suppresses or delays interlaminar damage, and the resistance to delamination of the lami-
nates under impact loading is significantly improved [1,9]. It is also shown to reduce the
level of damage induced by a given impact energy. Also, damaged interleaved compos-
ites exhibited higher load bearing capability when compared with the non-interleaved
equivalent [10]. This method, known as the ex-situ concept, has been proved successful in
epoxy-based laminates [11].
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The present research used glass/Bismaleimide (BMI) prepreg and thin in-house manu-
factured thermoplastic films. The glass/BMI prepreg (HTM556/GF0301) used in this study
was procured from Argosy International Inc. The films were made from ELVAX 3185, a
copolymer of Ethylene Vinyl Acetate (EVA) pellets procured from DuPont, USA. EVA was
chosen because of the easy availability, low cost and more importantly, the compatibility
with the prepreg used. The performance of the thin film interleaved laminated composites
was investigated in this work.

2. Background

Bismaleimides (BMIs) are structural resins with high performance, exemplary chemi-
cal and corrosion resistance, heat resistance, “hot-wet” properties and excellent mechanical
property retention at elevated temperatures when compared with epoxy systems. How-
ever, the use of composites based on BMI in the primary structures of aircraft has been
limited mostly by poor damage resistance and degradation in the compression strength
after impact (CAI).

One of the acknowledged methods to improve the toughness is by incorporating a
suitable thermoplastic component into the BMI matrix system to form a toughened two-
phase microstructure [11]. However, this method cannot be adopted universally, especially
to a commonly used BMI based prepreg system. Interleaving of thermoplastic films in
between BMI-based prepreg plies to improve the fracture toughness of the laminate is
certainly a viable option in such cases [10].

Therefore, the procured thermoplastic pellets were separately converted into custom-
made thin films for easy interleaving. This offered many advantages over ready-made films,
procuring directly from companies. Films could be made to any desired thicknesses, any
sort of contamination could be avoided, and there were no unknowns. The custom-made
thin films were then carefully interleaved between the BMI prepreg layers during laying
up and subsequently co-cured in an autoclave.

The effectiveness of the interleaved film and the role of the film thickness were studied
in Mode I, Mode II, as well Mixed Mode cases according to ASTM D5528, ASTM D7905
and ASTM D6671 standards respectively [12–14]. A mixed-mode test was important, as in
reality, the different modes of failure mostly occur simultaneously and in a coupled manner.
Among the many available test specimens, Double Cantilever Beam (DCB), End Notch
Flexure (ENF) and Mixed Mode Bending (MMB) specimens were used for these studies.

3. Materials and Methods
3.1. Thermoplastic Films Fabrication

To begin with, finding a suitable thermoplastic material that was compatible with
Glass/BMI prepregs was of vital importance. The main criterion to be satisfied was that
the film’s curing temperature should be around the curing temperature of the glass/BMI
prepreg. The chosen thermoplastic should also infuse and bond well with the prepreg. The
glass/BMI prepreg had its maximum curing temperature at 190 ◦C, so ideally a film that
cures along with the prepreg was required.

To identify a compatible thermoplastic material, an extensive literature survey was
carried out (e.g., [1,7,10,15–34]). A few materials were selected initially and their character-
istics after melting as well as during the cool down process were studied. This was carried
out by heating a small quantity of the material to a temperature higher than its melting
point and then subsequently cooling it. The flowability and plasticity of the material were
examined, and the best material found was EVA. It was selected for incorporation during
the further stages of the research.

The thermoplastic films used in this study were fabricated from EVA pellets using
a hot press. The schematic of the thermoplastic film fabrication is shown in Figure 1. In
the first step, thermoplastic pellets were spread evenly on a non-porous sheet placed over
an aluminum backing plate free of surface defects. It transmitted normal pressure and
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temperature and provided a smooth surface on the finished thermoplastic film. Another
non-sticky ply and a plate was placed over the evenly spread pellets.
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Figure 1. Thermoplastic film manufacturing schematic.

Both platens of the hot press were moved together, such that they just contacted the
evenly spread pellets without applying considerable pressure. The temperature of the hot
press was set at 170 ◦C. Upon reaching the set temperature, adequate pressure was applied
depending upon the thickness of the film required. The hot press was run for an hour
before allowing it to cool down to room temperature to take out the film. Figure 2 depicts
the fabrication of the film from the pellets. Thermoplastic films with average thicknesses of
50 µm, 150 µm and 220 µm were fabricated using this technique by varying the quantity of
the pellets used as well as the pressure applied.
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The film fabrication parameters used are tabulated in Table 1. After the fabrication,
thickness measurement was carried out at 16 points within each film area to ensure thick-
ness control. The coefficients of variation obtained for 50 µm, 150 µm and 220 µm films
were 4.3%, 4.6% and 5.3%, respectively. Handling these thin films was also difficult. They
were stored in between the non-porous peel plies and carefully placed between the prepregs
during incorporation without any wrinkles.

Table 1. Thermoplastic film fabrication parameters.

Thickness of
Thermoplastic Film (µm)

Weight of
Pellets (g)

Aerial Weight
(g/m2) 1

Applied Platen
Pressure (MPa)

Applied Platen
Temperature (◦C)

50 10.5 48 13.5 170
150 10 144 2.125 170
220 10 211.2 0.425 170

1 Based on a density of 960 kg/m3.

3.2. Sample Preparation

In total, 12 batches (five specimens in each batch) of GFRP laminates were produced;
four for each of the Mode I, Mode II and Mixed-Mode I/II tests. The specimen nomenclature
of the fabricated specimens is tabulated in Table 2.

Table 2. Specimen nomenclature based on the interleaf film thickness.

Sr. No. Interleaf Film
Thickness (µm)

Number of Specimens
Total

Mode I Mode II Mixed Mode I/II

1 0 5 (DCB000) 5 (ENF000) 5 (MMB000) 15
2 50 5 (DCB050) 5 (ENF050) 5 (MMB050) 15
3 150 5 (DCB150) 5 (ENF150) 5 (MMB150) 15
4 220 5 (DCB220) 5 (ENF220) 5 (MMB220) 15

60

For batch one (without any interleaf), prepreg plies of Glass/BMI measuring (210× 130) mm
were cut from the roll and stacked together to form an initial lay-up of 44 layers. The layup
was performed by hand with the help of a metallic roller which aided in removing the
trapped air bubbles as well as prevented the formation of wrinkles. A non-adhesive insert
of 10 µm thickness was placed at the midplane of the laminate to initiate delamination.

The layups of the other three batches having the same number of plies and ply
dimensions, but with one type of thermoplastic film placed at the midplane were also
made. All the laminates for each batch were cured together in an autoclave as per the
manufacturer’s specified cure cycle. The composite laminates were then cut to form test
specimens of dimensions (190 × 21 × 3.5) mm, conforming to the respective standards
(ASTM D5528, ASTM D7905 and ASTM D6671), using a diamond-tipped circular saw. The
laminate manufacturing schematic is shown in Figure 3.

In each fracture mode, interleaves of three different thicknesses were tested and
compared with samples having no interleaf material.

3.3. Test Methods

Mode I and Mode II interlaminar fracture toughness (GI and GII) tests were performed
using a Universal Testing Machine (UTM), INSTRON 5569 comprising of a 50 kN load cell
while the Mixed-Mode I/II interlaminar fracture toughness (G) tests were performed using
a SHIMADZU UTM with a 10 kN load cell.
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Figure 3. GFRP laminate manufacturing schematic.

Mode I interlaminar fracture toughness, GI, of all the batches of composites were
determined using DCB specimens. The DCB specimen is a rectangular, uniformly thick
GFRP specimen with a non-adhesive insert present on the midplane which acts as a
delamination initiator. Piano hinges bonded to one end of the specimen were used to
apply opening forces perpendicular to the specimen face avoiding any moment at the
point of loading. The schematic of the DCB specimen is shown in Figure 4. For better
adhesion, both the base of the piano hinge as well as the specimen ends were scrubbed
with sandpaper. Acetone was used to clean the scrubbed surfaces before bonding was
carried out using a cyanoacrylate-based adhesive. Special care was taken during bonding
so that the excess adhesive did not flow towards the non-adhesive insert placed at the
midplane of the laminate.
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Figure 4. Schematic of DCB specimen.

The crosshead movement of the UTM was used to control the opening of the ends of
the specimen. A uniform displacement rate of 2 mm/min was set for all the specimens so
that steady crack propagation ensued. Figure 5 shows the DCB specimen under Mode I
test. A record of applied load and the corresponding crosshead displacement was stored
digitally and post-processed. The crack growth was monitored closely by noting the load and
displacement values at pre-set crack lengths, with the aid of a hand-held magnifying glass.

ENF specimens were used to find out the Mode II interlaminar fracture toughness,
GII, of all the batches of laminates. The ENF specimen is like the DCB specimen in shape,
with a non-adhesive insert kept at the midplane. Figure 6 shows the schematic of the
ENF specimen.
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Unlike the Mode I test, which was basically a tensile test, Mode II is a flexural test
(3-point bending). The test was performed conforming to ASTM D7905. A uniform
displacement rate of 2 mm/min was set for all the specimens to ensure steady crack
propagation. Figure 7 shows the ENF specimen under the Mode II test.
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Mixed-Mode I/II interlaminar fracture toughness, Gc, of all the batches of composites
was determined using MMB specimens. In this test, both opening, as well as sliding of
both the top and bottom surfaces of the specimens, occur. It is a combination of both the
DCB and ENF tests.

A non-adhesive insert was placed on the midplane to act as a delamination initiator.
Piano hinges bonded to one end of the specimen were used to apply opening forces
perpendicular to the specimen face avoiding any moment at the point of loading. A
uniform displacement rate of 1 mm/min was set for all the specimens so that steady
crack propagation was ensured. The MMB specimen under test and the schematic of the
specimen are shown in Figures 8 and 9 respectively.
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Numerous techniques for calculating the interlaminar fracture toughness are currently
available. In the present study, a compliance calibration methodology involving linear
elastic fracture mechanics is adopted for this purpose [35].

G =
P2

2b
dC
dao

(1)
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C = δ/P (2)

where,

G: Interlaminar fracture toughness
P: Load
b: Width of test specimen
C: Compliance
dC
dao

: Slope of compliance-crack length plot
δ: Deflection

The interlaminar fracture toughness is calculated using Equation (1) mentioned above.
The slope of the compliance-crack length plot as well as the compliance, obtained using
Equation (2), are involved in the calculation, hence the name.

4. Results and Discussions

As mentioned previously, three types of tests were conducted in the current research
work viz Mode I, Mode II and Mixed-Mode I/II interlaminar fracture toughness tests. The
corresponding test results are presented and discussed in the following sections.

4.1. Mode I Interlaminar Fracture Toughness

The interlaminar fracture toughness of composites plays a key role in hindering
delamination, especially in the laminated type. The Mode I fracture toughness test of
the baseline and interleaved samples was conducted experimentally using the DCB test
specimens. A compliance method was used to determine the Mode I interlaminar fracture
toughness of all the DCB samples.

4.1.1. Fracture Surface

The fracture surfaces (midplane of the laminate) of the DCB test specimen observed
under an optical microscope are shown in Figure 10. The direction of the crack propagation
is from left to right as indicated by the arrows. The adhesive was evident on both the top
as well as bottom surface and hence the mode of failure endured was cohesive in nature
in the adhesive. This assured that the bonding between both the surfaces was proper
and the used interleaving film had been distributed throughout the surface of adjacent
bonded substrates. It can also be inferred that the limiting factor for the bond strength was
the characteristics of the used interleaving film and not any improper bonding technique.
Hence the results of the conducted DCB tests are reliable and valid.

J. Compos. Sci. 2021, 5, 49 9 of 20 
 

 

top as well as bottom surface and hence the mode of failure endured was cohesive in na-
ture in the adhesive. This assured that the bonding between both the surfaces was proper 
and the used interleaving film had been distributed throughout the surface of adjacent 
bonded substrates. It can also be inferred that the limiting factor for the bond strength was 
the characteristics of the used interleaving film and not any improper bonding technique. 
Hence the results of the conducted DCB tests are reliable and valid. 

 
(a) (b) 

Figure 10. Optical microscopic images of Mode I specimen (a) Bottom surface; (b) Top surface. 

4.1.2. Force-Displacement Curve 
A graph of the applied load versus crosshead displacement for all the batches of 

GFRP tested in Mode I is plotted in Figure 11. The curves depict an average of all the 
specimens tested in each batch. The plots are a combination of smooth curves and regions 
with slight falls. The smooth curves prove that the observed crack growth for a displace-
ment rate of 2 mm/min was stable. In the regions of fall, visible crack propagation as well 
as drop in the load was observed. Deviation from the initial linear curve indicates the 
onset of crack growth. Also, it is evident from the plot that the applied load value for all 
the cases increases almost linearly till it reaches the maximum, as the crack growth is ar-
rested in this region. This maximum value coincides with the point when the crack starts 
to propagate. After crossing the maximum value, the load value decreases almost linearly 
as the crack continues to grow. In short, initially, there is an ascending region after which 
a plateau is present. This type of curve coincides with the well-known stick-slip behavior 
where the “stick” portion corresponds to the initial region of load increase and the “slip” 
corresponds to the region where the drop-in load occurs. During slip, some sounds were 
audible which corresponded to the matrix/adhesive cracking and in some cases, fiber pull-
out. 

 

Figure 10. Optical microscopic images of Mode I specimen (a) Bottom surface; (b) Top surface.



J. Compos. Sci. 2021, 5, 49 9 of 19

4.1.2. Force-Displacement Curve

A graph of the applied load versus crosshead displacement for all the batches of GFRP
tested in Mode I is plotted in Figure 11. The curves depict an average of all the specimens
tested in each batch. The plots are a combination of smooth curves and regions with slight
falls. The smooth curves prove that the observed crack growth for a displacement rate
of 2 mm/min was stable. In the regions of fall, visible crack propagation as well as drop
in the load was observed. Deviation from the initial linear curve indicates the onset of
crack growth. Also, it is evident from the plot that the applied load value for all the cases
increases almost linearly till it reaches the maximum, as the crack growth is arrested in this
region. This maximum value coincides with the point when the crack starts to propagate.
After crossing the maximum value, the load value decreases almost linearly as the crack
continues to grow. In short, initially, there is an ascending region after which a plateau is
present. This type of curve coincides with the well-known stick-slip behavior where the
“stick” portion corresponds to the initial region of load increase and the “slip” corresponds
to the region where the drop-in load occurs. During slip, some sounds were audible which
corresponded to the matrix/adhesive cracking and in some cases, fiber pull-out.
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The load-displacement curve gets shifted upwards with increasing film thickness as
evident from Figure 11. This implies that as the film thickness increased, the resistance
to delamination also increased. This increase can be attributed to the crack bridging
phenomenon caused by the adhesive interface as illustrated in Figure 12. The applied
interleaving film layer provides extra bonding between the two adjacent plies and hinders
the crack propagation, thereby increasing the delamination resistance, shifting the load-
displacement curve upwards.
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Due to the presence of slip, it was very difficult to track the crack growth in this region
as the crack would cross the marking in a haste. Hence some modifications were made to
the ASTM standard regarding the intervals at which the crack propagation is tracked. For
this Mode I test, crack propagation data was recorded at every 5 mm interval from 0 to
50 mm.

4.1.3. Fracture Energy Comparison

A comparison between the fracture energies of all the batches of GFRP tested in
Mode I is depicted in Figure 13. Error bars are also included wherever deemed necessary.
It can be inferred clearly from the plot that the batches with thermoplastic film interleave
exhibit higher delamination resistance than the batch without any film. The fracture energy
for the first batch is only 392 J/m2 whereas it is 693 J/m2 for the last batch with 220 µm
interleaving film. This equates to a significant increase of 77% in the fracture energy
in Mode I. The effect of interleaving film thickness on the fracture energy in Mode I is
tabulated in Table 3.
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Table 3. Effect of interleaving film thickness on the fracture energy in Mode I.

Adhesive Thickness
(µm)

Fracture Energy,
GIc (J/m2)

Change in Fracture
Energy (%)

Coefficient of
Variation (%)

0 392 ± 26 - 6.6
50 610 ± 44 55.6 (+) 7.2

150 658 ± 59 67.8 (+) 8.9
220 693 ± 79 76.7 (+) 11.4

The steady increase in fracture energy observed in Figure 13 may be explained by
the bridging action performed by the interleaved thermoplastic film, clearly depicted in
Figure 11. The interleaved film bridges both the top and bottom surfaces of the DCB
specimen, thereby delaying the crack growth. This increases the delamination resistance
and transpires as the increased interlaminar fracture toughness. However, from Figure 14,
it may be observed that the initiation fracture energy does not follow this trend. The
interleaved film initially helped in resisting the crack initiation. Therefore, the fracture
energy value increased till the 150-micron film thickness. The resistance to crack initiation
decreased as the thickness was increased further. The thicker film acted as a separation
layer and did not conform to the fiber architecture as desired, leading to the lower initiation
fracture energy value.
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4.2. Mode II Interlaminar Fracture Toughness

Fracture toughness tests of the baseline and interleaved samples in sliding mode or
Mode II were conducted experimentally using ENF test specimens. A compliance method
was used to determine the Mode II interlaminar fracture toughness of all the ENF samples.
The various findings pertaining to ENF tests are elaborated on in the following subsections.

4.2.1. Fracture Surface

Figure 15 shows the fracture surfaces of the tested ENF specimen observed under an
optical microscope. The direction of the crack propagation, as well as the adhesive residues,
are clearly indicated in the same. The fracture surface is like that of the DCB samples
with the presence of an adhesive layer on both the surfaces and failure of cohesion in the
adhesive is observed. The used interleaving film exhibited good bonding characteristics
with the GFRP/BMI laminate. Hence the results of the ENF tests are reliable and the effect
of interleaving film on the fracture toughness may be inferred from these results.
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4.2.2. Force-Displacement Curve

Figure 16 depicts a plot of applied load versus crosshead displacement for all the
batches of GFRP tested in Mode II. Like the load-displacement curve of samples tested in
Mode I, these plots show an average of all the specimens tested in each batch and are a
combination of smooth curves and regions with falls. The crack growth could be tracked
effectively using a displacement rate of 2 mm/min. Regions of fall coincided with load
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drop as well as slightly faster crack growth. This is because as the resistance to crack
growth decreased, the load also decreased as indicated by the fall in the graph.

J. Compos. Sci. 2021, 5, 49 13 of 20 
 

 

 
Figure 16. Force-Displacement comparison of different batches of GFRP in Mode II. 

The initial linear increase owing to the resistance to crack growth, observed for the 
Mode I case is also present here. Once the crack starts growing, the load value decreases 
correspondingly. This type of curve coincides with the well-known stick-slip behavior 
where the “stick” portion corresponds to the initial region of load increase and the “slip” 
corresponds to the region where the drop-in load occurs. In the regions of slip, it is diffi-
cult to track the crack propagation as it would grow faster. When compared with the 
Mode I test, crack tracking is much more difficult as there are more regions of undulations 
in the load-displacement plot. Hence some modifications were made to the ASTM stand-
ard regarding the intervals at which the crack growth is tracked. For this mode II test, 
crack propagation data was also recorded at every 5 mm interval from 0 to 50 mm, like 
Mode I tests. 

4.2.3. Fracture Energy Comparison 

Figure 17 compares the fracture energies of all the batches of GFRP tested in Mode 
II. It can be deduced clearly from the plot that the batch without any thermoplastic film 
interleave exhibits higher delamination resistance than the batches with interleaving 
films. The fracture energy for the first batch is 4502 J/m2 whereas it is only 2058 J/m2 for 
the fourth batch with 220 μm interleaving film. This equates to a significant decrease of 
54% in the fracture energy in Mode II as the film thickness is increased to 220 μm. The 
crack-bridging phenomenon present in the Mode I case was not a significant factor here. 
The resistance to both crack initiation and propagation decreased as the film thickness 
was increased. This is reflected in the reduced fracture energy values. In this mode, the 
interleaved film acted as a separation layer. Table 4 shows the effect of interleaving film 
thickness on the fracture energy in Mode II. 
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The initial linear increase owing to the resistance to crack growth, observed for the
Mode I case is also present here. Once the crack starts growing, the load value decreases
correspondingly. This type of curve coincides with the well-known stick-slip behavior
where the “stick” portion corresponds to the initial region of load increase and the “slip”
corresponds to the region where the drop-in load occurs. In the regions of slip, it is difficult
to track the crack propagation as it would grow faster. When compared with the Mode I test,
crack tracking is much more difficult as there are more regions of undulations in the load-
displacement plot. Hence some modifications were made to the ASTM standard regarding
the intervals at which the crack growth is tracked. For this mode II test, crack propagation
data was also recorded at every 5 mm interval from 0 to 50 mm, like Mode I tests.

4.2.3. Fracture Energy Comparison

Figure 17 compares the fracture energies of all the batches of GFRP tested in Mode
II. It can be deduced clearly from the plot that the batch without any thermoplastic film
interleave exhibits higher delamination resistance than the batches with interleaving films.
The fracture energy for the first batch is 4502 J/m2 whereas it is only 2058 J/m2 for the
fourth batch with 220 µm interleaving film. This equates to a significant decrease of
54% in the fracture energy in Mode II as the film thickness is increased to 220 µm. The
crack-bridging phenomenon present in the Mode I case was not a significant factor here.
The resistance to both crack initiation and propagation decreased as the film thickness
was increased. This is reflected in the reduced fracture energy values. In this mode, the
interleaved film acted as a separation layer. Table 4 shows the effect of interleaving film
thickness on the fracture energy in Mode II.
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Table 4. Effect of interleaving film thickness on the fracture energy in Mode II.

Adhesive Thickness
(µm)

Fracture Energy,
GIIc (J/m2)

Change in Fracture
Energy (%)

Coefficient of
Variation (%)

0 4502 ± 353 - 7.8
50 3663 ± 277 18.6 (−) 7.6

150 2973 ± 131 33.9 (−) 4.4
220 2058 ± 77 54.3 (−) 3.7

As evident from Figure 18, both the initiation and the propagation fracture energies
decreased with the increase in interleaf thickness.
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4.3. Mixed Mode Interlaminar Fracture Toughness

Fracture toughness tests of the non-interleaved and interleaved samples in Mixed-
Mode I/II were conducted using MMB test specimens. The corresponding results are
explained in this section.



J. Compos. Sci. 2021, 5, 49 14 of 19

4.3.1. Fracture Surface

The fracture surfaces of the MMB test specimen observed under an optical microscope
are shown in Figure 19. The direction of the crack propagation and the adhesive layer is
clearly marked on the same. Like the DCB and ENF specimens, the MMB samples had also
experienced failure in cohesion in the adhesive. The bonding between both the surfaces was
found to be proper and the used interleaving film was compatible with the glass/BMI. This
failure mode is generally preferred as it ensures complete bonding between the adherends.
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Figure 19. Optical microscopic images of Mixed-Mode I/II specimen (a) Bottom surface; (b) Top surface.

4.3.2. Force-Displacement Curve

A graph of the applied load versus crosshead displacement for all the batches of
GFRP in Mixed-Mode I/II is plotted in Figure 20. The curves are an average of all the
specimens tested in each batch. The plots are smoother than the corresponding Mode II
curves but with much more undulations than the Mode I plots. Since the crack tracking
with a displacement rate of 2 mm/min was not successful, 1 mm/min was used for all the
MMB tests. This rate resulted in stable crack growth which could be easily tracked. Two of
the curves, with no interleaving film and with 220 µm interleaving film follow the same
trend as the previous two tests. The load value for these two cases increases almost linearly
till it reaches the maximum after which it decreases almost linearly as the crack continues
to grow. This follows the same stick-slip behavior that was noticed in the previous two
tests as well. For the curves with 50 µm interleaving film and with 150 µm interleaving
film, this linear behavior was not observed.

Although a displacement rate of 1 mm/min led to steady crack growth, it was difficult
to track the crack propagation in regions of slip. Hence some alterations were made to the
ASTM standard regarding the intervals at which the crack propagation is tracked. For this
Mixed-Mode I/II test, crack propagation data was also recorded at every 5 mm interval
from 0 to 50 mm, like the previous two cases.

4.3.3. Fracture Energy Comparison

A comparison between the fracture energies of all the batches of GFRP tested in
Mixed-Mode I/II is depicted in Figure 21 and the effect of interleaving film thickness
on the fracture energy in this mode is tabulated in Table 5. Figure 22 shows plots of
both the initiation and propagation fracture energies separately. The fracture energies for
delamination growth less than 10 mm and more than 10 mm were averaged to get the
initiation and propagation fracture energies respectively. It can be inferred clearly from
the plot that the batches with thermoplastic film interleave exhibit higher delamination
resistance than the batch without any film. The fracture energy for the first batch is only
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527 J/m2 whereas it is 1034 J/m2 for the last batch with 220 µm interleaving film. This
amounts to a significant increase of 96% in the fracture energy in Mixed-Mode and hence,
the interleaving film increases the fracture toughness of GFRP in Mixed-Mode I/II. This
positive influence may be accounted to the fiber filament bridging phenomenon shown in
Figure 23 which leads to an increased delamination resistance for the MMB test specimens.
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Table 5. Effect of interleaving film thickness on the fracture energy in Mixed-Mode I/II.

Adhesive Thickness
(µm)

Fracture Energy,
GC (J/m2)

Change in Fracture
Energy (%)

Coefficient of
Variation (%)

0 527 ± 35 - 6.6
50 706 ± 41 33.9 (+) 5.8

150 775 ± 18 47.1 (+) 2.3
220 1034 ± 40 96.2 (+) 3.8
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Figure 23. Fiber filament bridging during MMB test in Mixed Mode I/II.

All the results of the fracture toughness tests conducted are combined and depicted
clearly in Figure 24. The role of interleaving film thickness on IFT is investigated. The
obtained results indicate that the incorporated thermoplastic interleaf has a positive impact
on the Mode I as well as Mixed-Mode I/II interlaminar fracture energies. The inclusion of
a 50 µm thermoplastic interleaf layer led to an increase in IFT of 56% for Mode I and 34%
for Mixed-Mode I/II.
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Mode I and Mixed-Mode I/II delamination resistance increased visibly when the film
thickness was increased from 0 to 220 µm. The increased delamination resistance transpired
directly into the improved Mode I and Mixed-Mode I/II IFT, which improved by 77% and
96% respectively. Mode II IFT was found to be nearly 3–10 times larger than Mode I IFT
and 2–8 times higher than the Mixed-Mode IFT, for the interleaving film thickness range
investigated in the current study. Unlike Mode I and Mixed-Mode I/II, the crack bridging
phenomenon was absent in the sliding mode or Mode II, and the IFT decreased by more
than half as the interleaving film thickness was increased from 0 to 220 µm. The smooth
nature of the thermoplastic interleave reduces the bonding friction between the adjacent
layers and ultimately leads to a reduction in the Mode II IFT.

5. Conclusions

The main conclusions obtained from the current study are mentioned below:

• Accomplished systematically and fine-tuned the thermoplastic film making process
such that the EVA films contained no (minimum) defects and porosity. Smooth films
having uniform thickness throughout were fabricated.

• It is found that the melting temperature of the thermoplastic film should be slightly less
than the curing temperature of the prepreg material. Also, the chemical compatibility
between the film and prepreg matrix should be favorable. This was the case in the
current studies.

• Interlaminar fracture toughnesses in Mode I, Mode II as well as Mixed-Mode I/II were
determined experimentally. The thermoplastic interleaf was found to have a positive
impact on Mode I as well as Mixed-Mode I/II interlaminar fracture energy.

• The interleaving method utilized for coupon level study can be directly translated to
AFP laminates, either by incorporating one large thermoplastic film in the midplane of
the laminate or by adopting selective interleaving at ply interfaces. The latter results
in cost, time as well as weight savings and may be carried out after identifying the
potential weak zones that are most susceptible to failure. For example, interleaving
the film in the midplane is beneficial for tackling bending loads. For tension, symmet-
rically interleaving the film after few layers is desirable. Adding more films closer to
the surface is recommended for impact loads.

• The thermoplastic films used in the present study are very thin viz; 50 µm, 150 µm
and 220 µm. Hence, the weight penalty owing to film interleaving was found to be
negligibly small.
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