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Abstract - In this research, PVB nanofibers as an  interlaminar toughener were used in glass- phenolic composite cured at 
160 oC (NML-160) and 180 oC (NML-180) curing tempretures.  For investigation fracture behaviour of samples under mode 
I and II loading, all samples subsequently subjected to double cantilever beam (DCB) and end-notch flexure (ENF) tests. It 
was found that PVB nanoweb could be able to increase GI by 60% and 88% and  GIIC  by 32% and 63% in the case of NML -
160 and NML-180 specimens, respectively; in comparison with their non-modified counterparts. Also, the research proved 
the importance of curing temperature on nanofiber toughening performance and illustrated using PVB nanofiber as 
interlaminar toughener method is more effective at the lower curing temperature. The sample with lower curing temperature 
(NML-160) can improve 92% and 100% GI and GII respectively in comparison to NML-180 samples. 
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I. INTRODUCTION 
 
Matrix brittleness and delamination have been a 
common concern of laminated composites [1][2]. 
Despite the great advantages of phenolic-based 
composites, their applications have been limited due 
to this problem. Some methods have been introduced 
for enhancing the interlaminar fracture toughness of 
laminated composites [3]–[7], but their disadvantages 
encouraged researchers to find some other new 
methods. Recently, electrospun nanofibers interlayer 
have been proposed to toughen composites and 
control their delamination. Based on the author’s 
knowledge, various polymer nanofibers have been 
studied in the literature for the interlaminar 
toughening of epoxy-[2] based composites. 
Polysulfones (PSU), Polyether Ether Ketone Cardo 
(PEK-C), Polycaprolactone (PCL), Polyamides (PA), 
Polyvinylidene Fluoride (PVDF), Polyacrylonitrile 
(PAN), Polyamide-Imide (PAI), Polystyrene-co-
Glycidyl Methacrylate, and Polyvinyl Butyral (PVB) 
are some examples of electrospun polymers as 
interlaminar toughener [8]–[20]. Zhang et al [11] 
study indicated smaller nanofibers (450 nm) which 
produced better results for mode I interlaminar shear 
strength (propagation), flexural strength and flexural 
modulus than veils consisting of larger nanofibers 
(950 nm). Fracture behavior of carbon/epoxy 
laminates interleaved with polyvinylidene fluoride 
(PVDF) nanofibers is investigated by Saghafi et al 
[18]. They monitored that GI is enhanced in initiation 
and propagation stages of the fracture, respectively.  
On the other research [21], they electrospun Nylon 
6,6 and polycaprolactone (PCL) nanofibers which are 
put in the mid-plane of unidirectional glass/epoxy 
laminates. The result of DCB and ENF tests revealed 
that PCL nanofibers could improve modes I and II 

energy release rate (GI and GII). The influence of 
Nylon 6, 6 nanofiber can be mainly seen in mode II 
loading enhancement; while, its effect on mode I is 
negligible. Zhang et al [22] used three different 
electrospun nanofibers: PCL, PVDF, and PAN 
between composite layers, and compared their effects 
and considered their toughening mechanism. Their 
results showed that only PCL could toughen epoxy. 
Victore et al [23] formed nanoweb of polyphenylene 
sulfide (PPS)  with a range of weights and different 
diameters and they used them as interleaved 
reinforcement within unidirectional carbon fiber 
epoxy composites. They also measured their mode I 
and mode II interlaminar fracture toughness. They 
discovered that the mode I is greater for thin fibers 
than for thicker fibers. Polyvinyl butyral (PVB) is a 
polymer that has been extensively used in many 
industrial applications. Its relatively low-cost, very 
good adhesion, high bonding power and very good 
compatibility with organic solvents, made it very 
popular [24], [25]. Phenolic resin is used as a 
thermosetting matrix in many polymeric composites 
[26], [27]. Significant advantages of phenolic-based 
composites, especially their excellent thermal 
performance, make them applicable in various areas. 
On the other hand, the low interlaminar toughness 
property restricts phenolic resins to be utilized in 
highly reliable structures. Therefore, fracture 
toughness improvement in phenolic-based composites 
is vital and because PVB has appropriate 
compatibility with the phenolic resin, it is one the 
popular material as matrix toughener in phenolic-
based composites [28], [29]. The combining 
individual properties of nanoscale and PVB as 
nanofiber can have huge effect on the fracture 
toughness of phenolic based laminated composites. 
Curing temperature can effect on nanofiber structures 
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so it can have tunable effect on the fracture 
mechanism and the toughening ability of nanofiber. 
In this study the effects of curing temperature of 
glass-phenolic composite on fracture toughness under 
mode I and II loading were investigated and 
illustrated the importance of curing temperature on 
toughening capacity of PVB nanofiber. 
 
II. DETAILS EXPERIMENTAL 
 
2.1 Materials and Procedures 
 
First, PVB (Mw=30,000 g/mol; Tg = 68 Mowital, 
Kuraray Specialties Europe (KSE)) was dissolved in 
Ethanol solvent (96% Sigma) for preparing 13% PVB 
– Ethanol solution. Then, it was electrospun at the 
feed rate of 0.5 mm/min, the voltage value of 17.5 
kV, and the needle to collector distance of 10 cm. The 
schematic of electrospinning setup is shown in Fig.1. 
Average fiber diameter was obtained as 158.6 by 
image analysis software (Digimizer). The results of 
SEM image of nanofiber is presented in Fig.2 
 

 
Fig.1. Schematic of electrospining 

 

 
Fig.2. SEM images of electrospun PVB nanofiber at 

magnification (10 µm) 
 
2.2 Preparation of glass/phenolic prepreg 
The resole type of phenolic resin (IL800) and plain 
glass fiber fabrics (200 gr/m2) were used for 
preparing glass/phenolic prepreg via hand lay-up 
method. The resin content was set at 50 wt %. To find 
optimum resin flow, it was B-staged at different 
temperatures (85-115 °C) for 90 minutes. B-stage is a 
state wherein the curing reaction of the resin is not 

complete. When this system is then reheated to 
elevated temperatures, the cross-linking is complete 
and the system fully cures. B-staged flow tests 
showed the optimized resin flow would be obtained 
by pre-curing at 109 °C for 90 minutes. 
 
2.3 Laminated fabrication and test method 
For the specimens preparation, 14 glass/phenolic 
layer were stacked on each other; the  PVB-nanofiber 
web with thickness of 25 µm gained from previous 
work [30] and a 15µm Teflon sheet (for producing 
initial crack) was laid between the mid-layers before 
curing process. The samples were cured with two 
curing temperature including 180 and 160 oC with 
vacuum bag methods (Fig.3). 
 

 
Fig.3. the vacuum bag 

 
Based on ASTM  D5528 [27]  and  D7905 [28], 
double cantilever beam (DCB) (width B = 25 mm, 
length L = 130 mm, nominal thickness t = 3 mm, and 
initial crack length a = 50 mm) and end notched 
flexure (ENF) specimens (width B = 25 mm, length L 
= 130 mm, and nominal thickness t = 3 mm, and 
initial crack length a = 35 mm)  were prepared for 
tests under mode I and mode II loading, respectively. 
For each configuration, 3 specimens were 
manufactured. 
 
2.4 Experimental tests 
Mode I and mode II fracture tests were carried out in 
a universal testing machine (Santam-STM) 150 with 
force capacity of 200 kN. The cross head speed was 
controlled at 1.5 mm/min for ENF and DCB tests. 
DCB and ENF tests are depicted in Fig. 4A and 4B. 
 

 
Fig.4. A: DCB test and B: ENF test 
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The energy release rate for mode I fracture (GI) [31] 
and mode II fracture (GII)  [32] is governed by the 
following expression; Where P is the load and δ is the 
displacement. 
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III. RESULTS AND DISCUSSION 
 
3.1 DCB results 
DCB test was applied for different nano-interleaved 
(NML-180 and NML-160) and reference (RL-180 
and RL-160) laminates. The typical force – 
displacement for all specimens are presented in Fig.5.  
Based on the result of Fig.5.E, it can be proved that 
PVB nanofiber is able to raise fracture toughness of 
NML-160 and NML-180 and shows in higher 
temperature maximum load raise but it occurs in 
lower displacement. These results are completely and 
quantitatively shown in Fig.6.  Fig.6-D shows GI and 

GI- crack length increment curves for all specimens. 
It illustrates that both nano-interleaved NML-160 and 
NML-180 samples have higher value of GI in both 
initiation and propagation stages in comparison to 
their reference samples. Furthermore, NML-160 
sample is better than NML-160 samples in both 
initiation and propagation stages. So, it can be 
conceived that the importance curing temperature. 
Fig.6. (A, B and C) displays GI (initiation. 
Propagation and total) for all samples. PVB nanoweb 
causes GI of NML-160 composites to increase by 
34%, 61% and 60% in the initiation, propagation 
stages and total GI, respectively, compared to their 
reference. Nano-interleaved modification for NML-
180 samples, enhance GI about 42%, 126% and 88% 
in the initiation, propagation stages and total GI, 
respectively. Comparison between the GI of nano-
modified NMLL-160 sample and NML-180 sample, 
illustrated GI for NML-160 is higher about 13% in 
fracture initiation, 54% in crack propagation and 92% 
in total GI than NML-180 samples. These result 
proved the effectiveness of curing temperature to 
improve fracture toughness of laminated composites. 

 
Fig.5. Force – Displacement curves of DCB tests: (A) RL-160, (B) RL-180, (C) NML-160, (D) NML-180 and (E) average curves for 

modified and reference laminates of both curing temperatures. 
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Fig.6. Results of energy release rate for mode-I fracture (GI): (A) initiation stage, (B) propagation stage and (C) average of GI 

during loading for modified and reference laminated specimens, (D) mode-I fracture toughness – crack length curves. 
 
3.2 ENF results and mode II delamination 
For assessing the effect of curing temperature on fracture behavior of glass–phenolic composites under mode II 
loading, all specimens were tested by ENF tests. Fig.7 shows force-displacement curves under mode II loading 
for all samples. As seen in Fig.7 .E PVB nanofiber could enhance maximum load and mode II fracture 
toughness for both NML-160 and NML-180 specimens in comparison to their reference. Also, comparing 
NML-160 and NML-180 specimens illustrated the outstanding effect of curing temperature on toughening 
ability of PVB nanofiber. According to Fig.7-E, by increasing curing temperature maximum load increase but 
its displacement reduced. The crack initiation mode II critical strain energy release rates (GIIC) for all 
investigated samples are reported in Fig. 8. According to these results, PVB nanofiber as an interlaminar 
toughener causes 32% and 63% increase in NML-160 and NML-180 specimens, respectively in comparison to 
their reference samples and it could enhance GIIC of NML-160 samples by 100% comparing to NML-180 
samples. 
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Fig.7. Force – Displacement curves: (A) RL-160, (B) RL-180, (C) NML-160, and (D) NML-180 and (E) average curves for modified 
and reference laminate of both curing temperatures. 

  
Fig.8. Energy releases rate for mode II fracture toughness (GIIC). 
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3.3 Fracture mechanism analysis 
As seen in Fig .9 (A and B) Due to lower curing 
temperature in NML-160, in this sample the structure 
of nanofiber has been retained and it could properly 
and fully engage in toughening mechanism and could 
 
active toughening mechanism 1. Fiber bridging and 2. 
Crack deviation well. But as shown in Fig.9 (C and 
D) in NML-180,  nanofiber has been melt and has 
lose its ability to active toughening mechanism in 
compare to NML-180. 
 

 
Fig.9. SEM images of fracture surface of nanomodified and 

reference samples, A: RL-160, B: NML-160, C: RL-180 and D: 
NML-180 

 
CONCLUSIONS 
 
The effect of curing temperature on toughening 
ability of PVB nanofiber under mode I and II loading 
were successfully investigated.  The results illustrated 
the ability of PVB nanofiber to raise GI and GIIC for 
both investigated curing temperature; however, this 
method found to be more effective at the lower curing 
temperature. The sample with lower curing 
temperature (NML-160) can improve 92 and 100% I 
and GII respectively in comparison to NML-180 
samples. 
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