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ARTICLE INFO ABSTRACT

Keywords: The main objective of the present study is to assess the loading rate effects on mode-I delami-
Mode-I delamination nation growth in glass/epoxy laminated composites. Furthermore, hybrid reinforcement of these
Fracture toughness composites by incorporating carbon nanofibers (CNFs) was followed to enhance the interlaminar
Rate effect

fracture resistance and affect its loading rate sensitivity. Experiments on DCB specimens made of
glass/epoxy and glass/CNF/epoxy laminated composites were conducted by varying the loading
rate from standard quasi-static testing up to 200 mm/sec crosshead speed in a servo-hydraulic
test machine. More than 21% decrease was observed in the propagation fracture toughness of the
glass/epoxy samples due to loading rate elevation in the studied range. Moreover, the results of
the present study clearly show the benefits of CNF modification, not only in enhancing the
fracture toughness but also in reducing the loading rate dependency. Adding CNFs to glass/epoxy
composites caused 32.8% and 13.5% increase in the quasi-static values of the initiation- and
propagation-interlaminar fracture toughness (Gyc), respectively. Also, owing to CNF incorpora-
tion, the maximum drop in the propagation fracture toughness at elevated loading rates was
decreased to 8%. Fractography inspections were performed to provide an in-depth explanation
for the observed loading rate effects and the advantages of CNF reinforcement.

Fiber bridging
Hybrid reinforcement
Carbon nanofibers

1. Introduction

The loading rate dependency of delamination growth has been investigated in several research works reviewed by May [1].
Experiments on double cantilever beam (DCB) specimens were standardized for mode-I interlaminar fracture toughness (Gic)
characterization of fiber-reinforced plastics under quasi-static loads [2]. Although no standard test procedure is introduced for
dynamic loadings up to now, the DCB configuration has been the most common test set-up for the rate dependency examination of
Gic at intermediate rates of loading [3-9]. This configuration has even been modified for further studies at higher loading rates
[10,11]. Notwithstanding the number of previous researches on the rate dependency analysis of delamination in carbon fiber re-
inforced plastics (CFRPs), the available experimental data are rather controversial and there is no general agreement on the loading
rate effects. Whereas a number of researchers reported an increase in Gjc with loading rate [3,6,12], some others found reduced
fracture resistance at increased loading rates [4,7,9,11]. In contrast, no significant loading-rate dependency of fracture toughness was
observed in a few different research works [13,14].
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On the other hand, only limited information is available in the literature about the loading rate effects on mode-I delamination in
glass/epoxy composites. For instance, Benmedakhene et al. [15] conducted simple-cantilever beam (SCB) tests in a drop tower.
Compared to the results of low rate DCB tests, they observed an increase in the initiation and propagation values of Gic. This behavior
was attributed to a failure propagation scheme change from primary crack growth in the epoxy matrix at low-velocity DCB tests to
crack propagation in the fiber/matrix and inter-ply interfaces at high-velocity SCB tests. Conversely, a transition from fiber/matrix
interface failure to resin rich brittle fracture was described as the reason for a reduced Gy¢ at higher loading rates in carbon/epoxy
samples [9]. The interlaminar fracture behavior of glass/epoxy laminates at quasi-static loading was recurrently focused in preceding
published papers [16,17]. It was shown that fiber bridging is a dominant energy dissipating mechanism in these composites [17]. On
the other hand, in some rate dependency studies of delamination in CFRPs [9,18,19], it was claimed that fiber bridging can obscure
the rate dependency of fracture toughness. Nonetheless, the reduced delamination resistance at elevated rates found in [11] was
ascribed to a lower extent of fiber bridging. No explanation of the contribution of fiber bridging and its interaction with the loading
rate in the delamination of glass/epoxy composite was delivered in reference [15]. On account of these contradictory results in the
literature, a further experimental investigation is needed to achieve a better understanding of the rate dependency of delamination
growth behavior in glass/epoxy composites.

Additionally, another research gap that needs to be more explored is the rate dependency study of delamination in hybrid
reinforced composites. In order to address the delamination susceptibility of fiber-reinforced plastics (FRPs), different methods have
been studied, including matrix modification by nano-reinforcements [20-24]. It has been frequently reported that the quasi-static Gic
of fiber-reinforced epoxies can be increased by adding nanofillers without compromising their outstanding in-plane mechanical
characteristics. Due to their high aspect ratio and superior mechanical properties, Carbon nanofibers (CNFs), as a promising can-
didate material have been utilized in numerous studies [22-28]. This extensive research background reveals a good potential for
adding CNFs to the pure resin in laminated FRPs as a beneficial and low-cost reinforcing method to improve G;c. However, to the best
knowledge of the authors, the capability of nano-reinforcements to enhance the interlaminar fracture resistance of laminated
composites undergoing moderate to high loading rates have yet to be studied. Therefore, a subsequent part of this research focused on
using CNFs for improving the mode-I fracture toughness of laminated glass/epoxy composites and assessment of their performance at
increased loading rates.

To sum up, the purpose of this study was two-fold: (a) to conduct a thorough investigation into loading rate effects on mode-I
delamination growth in glass/epoxy laminated composites in presence of large-scale fiber bridging and quantitative measurement of
the extent of process zone at elevated rates and (b) to examine the effect of adding CNFs to the epoxy resin as a promising method to
enhance the delamination resistance of FRPs at loading rates ranging from quasi-static tests up to 200 mm/sec. The experimental
results showed that while the glass/epoxy composite suffers from a fracture resistance drop at elevated loading rates, the studied
CNF-modification technique succeeded to improve the G;c as well as decrease its rate sensitivity.

2. Experimental procedure
2.1. Materials and fabrication process

Unidirectional E-glass fibers and Razeen® LR 1100 epoxy resin (a bisphenol A/epichlorohydrin derived liquid epoxy resin)
hardened with Epikure 3234 (Teta) curing agent by 100:13 wt ratio were used to manufacture 24-ply E-glass/epoxy fiber-reinforced
laminates by the hand lay-up method. The density of E-glass fibers and epoxy resin are 2.56 g/cm® and 1.16 g/cm®, respectively.
During the lay-up process, a thin Teflon film of 20 pum thickness was placed at the mid-plane of the laminate to serve as the
delamination starter crack. The laminates were cured at room temperature for 2 days followed by a post-cure scheme of 1 h at 80 °C
and 2 h at 110 °C to ensure a complete curing process and achieve the best mechanical properties. The density of the resulted
composite was 1.77 g/cm® according to ASTM D792-13. Fiber volume fraction measurement based on ASTM D3171 standard and
burn off procedure resulted in an average value of 46.1% for four representative samples. According to the ASTM D2734 standard,
the void content in the composite samples was less than 3% for all the samples. DCB specimens with the standard width of 25 mm and
an initial crack length of 50 mm were cut from the composite plates using a diamond saw. The average thickness of the samples was
4.7 mm.

2.2. Preparation of glass/CNF/epoxy composite specimens

Carbon nanofibers with an average diameter of 20-80 nm and a minimum length of 30 um giving an aspect ratio in the range of
350-1500, were provided by Grupo Antolin SL, Spain. These nanofillers were utilized for hybrid reinforcement of the composite DCB
specimens along the delamination growth path. Among different factors that may affect the mechanical properties of nano-reinforced
composites, the optimum weight fraction of nanofillers and their uniform dispersion to avoid agglomeration have always been of
great importance. On account of their high aspect ratio, CNFs and CNTs tend to easily agglomerate into clusters which may impair
their ability to improve mechanical properties of nanocomposites [28-30]. As demonstrated by Shokrieh et al. [31,32], 0.25 wt%
incorporation of CNFs in the epoxy matrix leads to an optimum improvement in the mechanical properties of the nano-modified resin.
At higher contents of CNF, the uniform dispersion of nanofillers becomes less attainable and therefore consequent agglomerates of
CNFs can nullify their beneficial effects on mechanical properties of the nanocomposite. Accordingly, the same CNF content of
0.25 wt% was used for the similar material system of CNF and epoxy matrix in the present study.

The CNF placement approach used in the present study is based on the idea that instead of adding nanofillers to the whole resin,



A. Ekhtiyari, et al. Engineering Fracture Mechanics 228 (2020) 106908

Fiber reinforced plies with pure resin
i Il Fiber reinforced plies with CNF-filled resin

9 layers
6 layers
N\
N 9 layers
1 N
— Teflon insert film at midplane

Fig. 1. Schematic representation of a DCB specimen with CNF-filled region around the mid-plane.

concentrating CNFs directly at the resin layer disposed around the fracture plane and along the delamination growth path can more
efficiently affect the delamination growth with less consumption of the nanofillers. Inspired by the method of Zhu et al. [24], three
adjacent layers above and below the mid-plane (Fig. 1) were impregnated with CNF-modified resin during the hand lay-up process.

A combination of high speed mechanical stirring and ultrasonic agitation was used to achieve a suitable dispersion of CNFs into
epoxy. In this regard, the calculated weight of resin, required for the impregnation of the middle six layers of the composite laminate,
was thoroughly mixed with 0.25 wt% CNF by mechanical stirring for 30 min at 2000 rpm. Then, the suspension was sonicated for
120 min in a Hielscher UP400S ultrasonic processor via a 14 mm diameter sonotrode. The output power and frequency of the
sonicator were respectively set at 200 W and 12 kHz. During the sonication, the mixture container was held in an ice bath to prevent
overheating of the suspension. The appropriate sonication time, which is a key parameter to achieve a good dispersion of CNFs with
minimum damages imposed on them, depends on the filler content as well as the physical and chemical characteristics of the
employed resin and nanofiller. An approach recommended by Chitsazzadeh et al. [33] and Shokrieh et al. [31], was used to find the
optimized sonication time.

After sonication, the proper amount of hardener with a 13% mixing ratio by weight was added to the mixture and stirred gently
for 15 min. This nano-filled resin was applied at the interlayer and the six layers symmetrically disposed around the mid-plane. The
other 18 layers above and below the middle nano-reinforced region were impregnated with neat resin during the hand lay-up process.
The same cure and post-cure processes of glass/epoxy composites were used for glass/CNF/epoxy composites. A schematic re-
presentation of DCB specimens with CNF-filled region around the mid-plane is shown in Fig. 1.

2.3. Test method, data acquisition, and data reduction

Using MTS 810 servo-hydraulic test machine, monotonic displacement controlled DCB tests were conducted at various crosshead
speeds ranging from quasi-static to moderate rates of maximum 200 mm/sec. For quasi-static tests, the displacement rate was set at
1 mm/min as recommended by ASTM D 5528 standard [2]. In order to study the effect of loading rate in the scope of the present
study, DCB tests were performed at three different applied velocities of 50 mm/s, 100 mm/s and 200 mm/s. DCB tests were repeated
at least four times per loading rate for both glass/epoxy and glass/CNF/epoxy composite samples.

The test machine is equipped with a high-precision 1 kN HBM load cell which is sensitive enough to accurately measure dynamic
loads. In addition, the load cell is connected to the stationary arm of the testing machine, as close to the specimen as possible. This
measure has been suggested in some other high rate experimental studies to further reduce possible inherent dynamic effects [1]. The
applied loads and displacements were recorded by a data acquisition unit. A 5 MP digital camera with an 80 mm lens and a maximum
200 Hz recording speed was used to monitor the crack evolution. In order to facilitate synchronization of the data, the load and
displacement signals were sent from the test machine to the data logger accompanying the camera system. The camera was triggered
manually before the test starts and the acquired signals of the load and displacement along with the synchronized image frame
numbers were concurrently recorded by the camera system. The crack evolution was measured in the post-test analysis step using the
open-source image processing program ImageJ. The DCB test configuration is shown in Fig. 2.

In ASTM D 5528, three methods are described to determine the onset of delamination growth initiation, i.e., NL point, VIS point,
and 5% / MAX point. The NL point method normally represents a lower bound for Gic, while in some physics-based studies it is

Bridging

Fig. 2. The DCB test configuration.
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Fig. 3. The crack evolution response of a glass/epoxy DCB specimen tested at 200 mm/sec loading rate.

claimed that this value does not necessarily refer to the actual onset [34,35]. In the present study, the initiation value of Gy at quasi-
static and low-rate tests has been determined based on the NL point method. Classical data reduction methods are reported to be
capable of providing reliable results for the analysis of DCB tests conducted at intermediate loading rates [1]. In the present study, the
mode-I interlaminar strain energy release rate was calculated based on the modified beam theory as described in ASTM D5528. The
calculations were done for any increment of at least 1 mm in delamination length to derive the R-curve.

It is worth mentioning that there may be concerns about the validity of Gy, calculation while large scale fiber bridging occurs
during delamination growth. In such a case, direct measurement of the path independent J-integral can be considered to account for
the effect of the large fracture process zone. However, one should note that a limited difference between the values of G and J is
expected based on the information available in the literature. Fracture energies obtained through LEFM or the J-integral method
differed by no more than 5% in glass/epoxy composites in the case of large scale fiber bridging [36]. Moreover, assuming the value of
J-integral very close to G did not impose a significant error on deriving a cohesive law and then in simulating delamination growth
with finite element models in glass/epoxy composites similar to the one being studied here [37]. Thus, the Gy, analysis as done here is
sufficient to demonstrate the influence of the loading rate and CNF modification.

3. Results and discussion
3.1. Crack evolution and load—displacement response

The evolution of delamination at the time intervals of 20 ms for glass/epoxy DCB specimens tested at 200 mm/sec is illustrated in
Fig. 3. The analysis of all the image sequences obtained at the highest loading rate confirmed that the symmetrical opening of the
specimen arms had been fulfilled throughout the test. The 200 Hz capturing rate enabled the measurement of the crack length at
every 5 ms. Although this frame rate may seem to be insufficient for accurate measurement of the instantaneous crack propagation
velocity especially at the initiation, it was found adequate enough for deriving the R-curve, thanks to the main stable crack growth
observed for both materials in the desired range of loading rates.

Typical load—displacement curves for glass/epoxy and glass/CNF/epoxy composite specimens, tested at minimum and maximum
imposed loading rates, as well as delamination length versus displacement data points, are shown in Fig. 4. The data close to the
average values among different repetitions in each case was selected to plot a clear figure. It should be mentioned that all experi-
mental data of this study, including load—displacement response and synchronized crack evolution data were obtained through the
image post-processing phase for all specimens at different rates and have been included in the online dataset accompanying this paper
[38].

As shown in Fig. 4, there is an overall similarity between four load-displacement curves in which after initiation of delamination
growth (deviation from linearity) load still increases up to a peak value and then starts a nearly stable descending trend. This
behavior should be associated with the fiber bridging phenomenon. Regarding the effect of nano-reinforcement, the load values



A. Ekhtiyari, et al. Engineering Fracture Mechanics 228 (2020) 106908

— ¢ Glass/Epoxy composites (QS) —e Glass/Epoxy composites (0.2 m/sec)
— & Glass/CNF/Epoxy composites (QS) a Glass/CNF/Epoxy composites (0.2 m/sec)

70 110

60 1 L 100
=
50 A =)
Z ] Lo E
< 2
- 40 A o
< )
S | tso 9
32 301 8
Y s
£ L 70 E
20 - 5
L
1 a

vt L 60

0 T T T T T T T T T r 50

0 3 10 15 20 25 30

Load Line Displacement, 6 (mm)

Fig. 4. The load and crack length evolution versus imposed far-field displacement for both glass/epoxy and glass/CNF/epoxy composite specimens
tested at two different loading rates.

measured for the glass/CNF/epoxy composites (green curve) after initiation of delamination growth are remarkably higher than the
values obtained for the glass/epoxy composites (blue curve) while they match in the linear part of the curves. The initial linear
response is mainly affected by the longitudinal stiffness of specimen arms. Nano-additives are commonly expected to have a minor
effect on the stiffness of FRPs in the fiber direction and therefore a similar linear elastic behavior resulted in both composites. From
the crack evolution point of view, glass/CNF/epoxy composites data points (green squares) are placed beneath glass/epoxy com-
posites data points (blue diamonds) in Fig. 4. The increased load along with the reduced delamination length for the same value of
displacement indicates the enhanced fracture resistance due to nano-reinforcement which will be discussed later.

Fig. 4 reveals different rate dependency in the delamination growth behavior of the glass/epoxy and glass/CNF/epoxy composite
specimens. In glass/epoxy composites, the softening part of the load—displacement curve accelerates at the elevated loading rate
compared to the quasi-static case and the difference between two curves becomes more pronounced.

The discrepancy of the load—-displacement curves for six different glass/epoxy specimens tested at maximum and minimum
loading rates are shown in Fig. 5(a). Small dynamic oscillations at a 200 mm/sec loading rate cannot introduce a significant error to
the analysis. It is apparent that an accelerated decrease in load magnitude after the peak happened for the three specimens at the
elevated rate. This behavior is in accordance with the speeded increase in delamination length at this rate as illustrated in Fig. 4. In
this figure, red circles represent the crack evolution data points for the tests with a 200 mm/sec loading rate on the three different
specimens. Following an increment of about 15 mm in the delamination length, a fast-track growth profile starts in elevated rate tests.
A transition from the development phase to saturation (steady-state propagation) phase in the fracture happens at approximately
65 mm of the delamination length which should be explained in conjunction with the fiber bridging. No clear rate dependency can be
elucidated for the initiation stage due to advancing fiber bridges and possible crack insert effects. The propagation stage is where the
hastened reductions in the load and jumps in the delamination length are observed at elevated-rate tests.

In contrast to the glass/epoxy composite specimens, there were no significant differences in the response of glass/CNF/epoxy
composite samples at various loading rates. For this kind of composites, crack evolution results (see Fig. 4) and load—displacement
curves (see Fig. 5(b)) at the minimum and maximum applied rates are within the scatter band of the experimental data.

3.2. R-curve analysis

The R-curve behavior of DCB specimens at quasi-static and maximum rate tests for glass/epoxy and glass/CNF/epoxy composite
specimens are presented in Fig. 6. As a result of fiber bridging, the fracture toughness increases from the initial value up to a typical
steady-state value (G.') and the curve becomes approximately plateau. In other words, the size of the zone behind the crack front,
where fibers have bridged between adjacent crack faces, develops as the crack propagates. At the steady-state delamination growth,
the bridging zone length reaches its maximum value. This bridging zone along with the zone of micro-cracks and plastic deformations
in the vicinity of the crack tip, compose the total fracture process zone (I3»;) which can be evaluated by the increment in delamination
length till the fracture toughness reaches GL"*". The average values of propagation fracture toughness and the equivalent process zone
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Fig. 5. Load-displacement curves for (a) glass/epoxy and (b) glass/CNF/epoxy composite specimens tested at quasi-static and 200 mm/sec loading
rates.

length are denoted in Fig. 6.

It can be seen in Fig. 6-a that for glass/epoxy composites at 200 mm/sec rate, the R-curve tends to become plateau earlier at a
significantly lower level of the fracture toughness and process zone length compared to their values at quasi-static tests. In quasi-
static cases, the overall ascending trend of the strain energy release rate continues until higher values of the process zone length
(around 22 mm). The fracture toughness in elevated rates starts fluctuation on the specified propagation value after developing a
smaller process zone (around 13.5 mm). More drops from the average propagation fracture toughness are observed in high rate tests
due to the longer crack jumps and related load falls. This observation which supports the rate dependency of fiber bridging, reported
by Thorsson et al. [11], may dispute the generality of the claim that the presence of even small amounts of fiber bridging makes it
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Fig. 6. The R-curve behavior of DCB specimens at quasi-static and 0.2 m/sec loading rates for (a) glass/epoxy and (b) glass/CNF/epoxy composite
specimens.

difficult to observe any clear rate sensitivity in G;c of unidirectional composites as asserted in the literature [9,18,19]. In other words,
these results clearly show that although fiber bridging dominates the stable delamination growth process, its extent is evidently rate-
dependent and decreases at high strain rates.

Comparing Fig. 6(a) and (b) demonstrates that the differences between the resistance behavior of glass/CNF/epoxy composite
specimens at quasi-static and 200 mm/sec tests are notably less than that was observed for the glass/epoxy composite samples. This
finding indicates that the toughening mechanisms contributed to form the steady-state process zone and increase the propagation
fracture resistance in glass/CNF/epoxy composite specimens, were not considerably influenced by the loading rate within the chosen
range.

The initiation and propagation values of strain energy release rates, as well as the steady-state process zone length of the two
types of the specimen under various loading rates, are summarized in Table 1. At quasi-static loading, the results show that adding
CNF increased G/ and GL™- by 33.2% and 13.5% respectively. This enhancement is comparable to the achievements reported in
[26]. Different mechanisms account for theses toughening effect will be discussed at the end of this section.

A clear comparison between average values of G'” for both materials at four different loading rates is illustrated in Fig. 7. At
quasi-static loading, adding CNFS to composites increased G.’* by more than 13.5% compared to the glass/epoxy composites.
Although for both materials, G**’'decreases with increasing the loading rate, this descending trend has been interestingly diminished
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Table 1
R-Curve characteristics for glass/epoxy and glass/CNF/epoxy composites at various loading rates.
Rate Glass/epoxy composites glass/CNF/epoxy composites
GiM-( £ SDV) GEroP-( + sDV) IEpz( + SDV) Gi-( = SDV) G/°P( + SDV) Ifpz( = SDV)
Jim? Jim? mm J/m? I/m? "
Qs 144.3 612.3 22.3 192.5 695.3 15.8
(1 mm/min) (+8.6) (+38.6) (£31) (+x24) (+28.5) (x1.6)
50 mm/sec 130.5 555.5 16.2 181.8 659.7 18.4
(x71) (+24.3) (+498) (+11.7) (+40.7) (+3.6)
100 mm/sec 141.7 508.1 14.8 172.9 639.5 17.6
(x14) (+£37.7) (x21) (+£6.2) (+24.0) (+4.5)
200 mm/sec 143.2 482.3 13.5 178.5 639.8 15.4
(x£8.7) (+425) (x£27) (x25) (+30.0) (x4.4)
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Fig. 7. Steady-state values of the strain energy release rate for both glass/epoxy and glass/CNF/epoxy composite specimens at different loading
rates.

due to CNFs incorporation. While unmodified samples undergo a drop in Gi"** by more than 21% at 200 mm/sec loading rate, a slight
reduction of less than 8% was observed in G'" of the glass/CNF/epoxy composite samples at the highest rate.

3.3. The crack tip rate analysis

In a number of previous research works concerning the rate dependency of Gy, the results were expressed in correlation with the
local opening rate at the crack tip [4,5,11] which differs from the applied far-field loading rate and does not remain constant during
the crack propagation. The crack tip opening rate seems to be the most appropriate measure for rate dependency analysis of dela-
mination growth [1]. Using the classical beam theory, Smiley [4] defined an expression for the crack opening displacement rate, y (x),
at a distance x from the crack tip as:

y(x) = §(Bax? — x3)/2a3 (€))]

where § is the applied loading rate and a is the current delamination length prior to the crack propagation. At the crack tip, x = 0, the
rate prior to crack propagation vanishes, y(0) = 0. Therefore, the crack tip opening rate, y,, is considered at some arbitrarily small
distance, x = ¢, from the crack tip. While ¢ < a, y, is simplified to a function of the test rate and delamination length as:

Y = 36€%/2a @

which shows that the crack tip opening rate decreases during the crack evolution. Also, ¢ is normally chosen to be two times of a ply
thickness.

This approach was tried in the present study to further elaborate on the rate sensitivity of the fracture toughness. The discrepancy
of the strain energy release rate data points in the steady-state propagation phase of delamination growth, normalized with respect to
the average quasi-static value (G./GL™ (@), versus %, are presented in Fig. 8(a), (b) for the glass/epoxy and glass/CNF/epoxy
composite specimens, respectively. A clear descending trend of the fracture toughness with increasing the crack tip opening rate was
found for the unmodified composite specimens. Similar behavior has been reported for the crack tip rate dependency of the fracture
toughness in carbon/epoxy composites [11]. On the other hand, the variation of the normalized fracture toughness versus crack tip
opening rate in Fig. 8(b) specifies a noteworthy reduction in the rate sensitivity due to adding CNFs to the composites.
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Fig. 8. Normalized propagation fracture toughness versus crack tip opening rate for (a) glass/epoxy and (b) glass/CNF/epoxy composite specimens.

3.4. Fractography inspection

In order to shed some light on the rate effects on the damage mechanisms that occur during the delamination growth and provide
a physical explanation for the results, macroscopic fractography analysis of the upper and lower delaminated surfaces was performed
for all the specimens tested at a minimum and maximum loading rates. For the glass/epoxy composites, different fracture surface
appearances and detected damage mechanisms at two mentioned rates, can reasonably support the main idea of the reduced extent of
fiber bridging and energy dissipation at high rates. The fracture surface inspection of the glass/epoxy composites at quasi-static tests
is illustrated in Fig. 9. In quasi-static tests, features like widespread long bundles of peeled-off fibers and resulted rough fracture
surfaces in the matrix along with numerous exposed, damaged and pulled-out fibers signify a dominant adhesion failure at the fiber/
matrix interface and justify the observed extensive fiber bridging.

On the contrary, fracture surfaces of specimens tested at high rates show less amount of fiber exposure and adhesive failure at
fiber/matrix bondings as shown in Fig. 10. Large areas of smooth fracture surfaces indicate a great tendency to the cleavage fracture
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Fig. 9. The fracture surface inspection of the glass/epoxy composite specimen at a quasi-static loading rate.
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Fig. 10. Fracture surface inspection of the glass/epoxy composite specimen at 200 mm/sec loading rate.

of the epoxy matrix rather than the propagation of the crack at the fiber/matrix interface. Smooth matrix cleavage at elevated rates
leads to lower values of the strain energy release rate in the steady-state region of the R-curve. A similar transition from ductile to
brittle behavior was observed by Sun et al. [39] for the fracture of adhesively-bonded DCB joints tested at high loading rates. Larger
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Fig. 11. The fracture surface of a glass/CNF/epoxy composite specimen tested at a 200 mm/sec loading rate.

areas of the matrix brittle fracture and less fiber/matrix debonding were previously introduced as a reason for the reduction of the
fracture toughness at high loading rates [9]. Moreover, the smaller fiber bridging zone because of increased loading rate which was
derived based on R-curve analysis can be physically verified by fewer amounts of either peeled-off or pulled-out fibers.

The observed tendency to cleavage matrix fracture and a smaller amount of fiber/matrix interface failure at elevated loading rates
strengthen the idea followed in the present study that nano-reinforcement techniques can be advantageous to delamination resistance
over a wide range of loading rates. In accordance with previous studies [24,40-42], the improved interlaminar fracture properties
due to CNF incorporation can be contributed to two main factors: enhanced matrix toughness and improved fiber-matrix bonding. In
presence of nano-reinforcements, the more favorable matrix-dominated fracture behavior can be related to further energy dissipation
on account of more areas of rough fracture surfaces in the matrix and the effect of those long nanofillers either pulled from the matrix
or bridged over the matrix cracks [24,28,43]. On the other hand, matrix modification can even promote enhanced interfacial bonding
between fibers and matrix [24].

Based on the fracture surface inspections (Fig. 11), it seems that resin modification induced a balance between adhesive fiber/
matrix debonding and cohesive matrix failure which does not appear to be rate sensitive. Increased toughness of the matrix, which
can be recognized from amplified regions of textured fracture surfaces in the matrix, is a result of the pull-out and breakage of
nanofibers in addition to their bridging over the matrix cracks as demonstrated in reference [21]. The roughness of the fracture
surfaces in glass/CNF/epoxy composite samples remains comparatively unchanged at various loading rates. This finding exhibits that
participations of the extrinsic toughening mechanisms governing the delamination growth in these specimens are not remarkably
rate-sensitive within the range studied here. On the other hand, moderate fiber failure and fiber pull-out in both minimum and
maximum loading rates comparing to the quasi-static fracture surfaces of glass/epoxy composites can be a sign of improved bondings
between fibers and matrix. Better bondings increase the required load to peel-off and pull-out the fibers and consequently enhance
the interlaminar fracture toughness. The less extended area of damage in a glass/polyester composite containing 0.2 wt% of CNFs,
under low-velocity transverse impact was similarly clarified with better fiber/matrix bondings and the crack tip arrest by means of
toughening the matrix [41,44].

4. Conclusion

An experimental investigation of the loading rate effects on mode-I delamination behavior of glass/epoxy and glass/CNF/epoxy
laminated composites was conducted through performing experiments on DCB samples at four different crosshead speeds up to
200 mm/sec. For the manufacturing of glass/CNF/epoxy specimens, 0.25 wt% of CNFs were homogeneously mixed with the resin and
then used for impregnation at the middle six layers of the composite plate using the hand lay-up process. The rate sensitivity analysis
of the interlaminar fracture in the glass/epoxy composites along with examining resin nano-modification as a potential candidate to
increase Gic and diminish the loading rate dependency were the main objectives of the present research.

The glass/epoxy specimens showed a descending trend of the propagation fracture toughness and process zone length with
increasing the loading rate. This rate dependency became clearer when the variation of the fracture toughness was plotted against the
local crack tip opening rate. Based on macroscopic fractographic observations, the reduced interlaminar fracture resistance at ele-
vated rates can be elucidated via less fiber/matrix interface failure, less contribution of fibers in energy dissipation during the crack
growth, and enlarged areas of the brittle matrix fracture altering the fracture surface texture. For glass/CNF/epoxy specimens, Gic
was enhanced in comparison with glass/epoxy samples, as well as limited loading rate sensitivity was interestingly observed in the
results. The findings of this research demonstrate the potential of resin modification using nanofillers to enhance the interlaminar
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fracture toughness and reduce the loading rate dependency.
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