






toughening mechanism through energy dissipation phenomena. For both LPE and HPE resins, SEM 
morphologies of the fractured monolayers produced with the three different mats are shown in Figure 2, 
together with the micrographs of the corresponding electrospun mats. For LPE resin, in all systems the 
nanofibers are clearly visible but the fracture surfaces show quite different morphologies. In fact, while in 
LPE/Ny66 monolayer the nanofibers are tightly interconnected to the resin with a marked corrugated surface, 
for both PAN and PSU the nanofibers seem to be more diluted in the matrix, giving rise to smoother surfaces, 
indication of a more brittle nature of the monolayers. 
In Table 3 the characteristics of the LPE monolayers are reported in terms of nature of components and 
weight percent of mat; the relative thickness of the mats, resin/mat regions and monolayers are also indicated. 
The data point out that in the case of Ny66 the mat almost maintains its original thickness and is confined 
within two resin layers, sandwiched between two resin layers, as also Figure 1a shows. The low degree of mat 
swelling points to a situation where the resin is not significantly retained by the mat upon cure and diffuses out 
the mat; for PAN a partial swelling is observable and for PSU the swelling is complete (see also Figure 1b). 
Then in these last two cases, the nanofibrous mats result more dilute in the epoxy matrix and this could be the 
reason why the surfaces do not show traces of marked corrugation reasonably referable to the occurring of 
toughening mechanisms. For HPE resin with all the three mats, we observe the presence of the mat 
throughout the thickness of the monolayer (Table 3 and Figure 2c” for PSU). The SEM micrographs for HPE 
monolayers show in the case of both Ny66 and PAN that the nanofibres survive to the curing process and 
appear randomly distributed and strongly bound to the matrix (Figure 2 a”,b”). For both systems different 
fracture planes are noted, indicating that probably toughening effects were developed. A different behaviour 
can be observed for the PSU mat (Figure 2 c”) which gives rise to the formation of micro-particles, due to the 
occurrence of phase separation phenomena during the curing process of the resin upon high temperature. In 
the case of LPE resin the presence of PSU mat didn’t show a similar feature, since the cure temperature of 
the resin is lower than the activation temperature of separation phase phenomena. The thermograms of DSC 
analysis are reported in Figure 3a-b for all the investigated systems.  
 

 

Figure 2: SEM morphologies: a) Ny66 electrospun mat; b) PAN electrospun mat; c) PSU electrospun mat; a’) 
LPE/Ny66 monolayer; b’) LPE/PAN monolayer;  c’) LPE/PSU monolayer;  a’’) HPE/Ny66 monolayer;  b’’) 
HPE/PAN monolayer;  c’’) HPE/PSU monolayer 
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Table3 : Characteristics of  the produced monolayers.                      Table 4 : DSC analysis data.  
 
 
 
 
 
 
 
 
 

In particular Figure 3a shows the calorimetric behaviour of the three mats, as obtained from electrospinning. It 
is well distinguishable the exothermic reaction peak of PAN at about 300°C due to the rapid free radical ring-
closing of adjacent nitriles along the polymer chains to form conjugated carbon-nitrogen sequences. Ny66 mat 
shows the endothermic peak of fusion of the polymer (263°C), while no significant thermal events are 
detectable for PSU mat. In the same Figure 3a the thermograms of both HPE resin and its corresponding 
monolayers are shown, while Table 4 reports both the onset and the peak temperatures as well as the 
enthalpy of cure reactions for the same systems. With respect to the uncured HPE, the cured resin shows a 
small residual reaction heat (130 with respect to 664 J/g) which is still observable in all its monolayers, with 
slight differences. The presence of the mat in the cases of either Ny66 or PSU seems to not significantly affect 
the kinetics of the resin. Conversely, it is noteworthy the behaviour of HPE/PAN monolayer presenting two 
exothermic peaks. They can be related to the very different peak temperatures of its components (epoxy and 
PAN) which can give rise to different calorimetric events. The thermograms of the LPE based systems are 
reported in Figure 3b. Compared to the uncured resin, the cured neat LPE and its relative monolayers 
evidence no residual reaction heats. These results suggest a complete curing of the resin with almost no 
interference with the cure reactions by any of the mats. Only slight differences can be observed in the 
temperature value corresponding to the glass transition, derived from the DSC curves inflection, which is 75°C 
for the neat LPE resin and about 80°C for the all the monolayers. For LPE/Ny66 the endothermic peak of the 
Ny66 is detected at 260°C, barely distinguishable at this scale, indication of the presence of a distinguished 
phase in the monolayer.  

 
                                              a)                                                                                  b)   
Figure 3: DSC analysis. a) electrospun mats, neat HPE and HPE/mats monolayers; b) neat LPE and 
LPE/mats monolayers.  

4. Conclusions 
Electrospun Ny66, PAN and PSU nanofiber mats were produced by electrospinning of suitable solutions and 
then composed in the form of monolayers with two different epoxy resin systems, one commercial-low 
performance epoxy resin (LPE) and the other synthesized-high performance epoxy resin (HPE). The two lots 
of monolayers were cured following the curing cycle of the corresponding resin. The aim was to simulate the 
epoxy/mat layer within a carbon fiber/epoxy laminate modified by electrospun mats as interleaves, for the 
enhancement of its delamination resistance. For both LPE and HPE resins, SEM morphologies of the 
fractured monolayers, produced with the three different mats, were investigated and discussed on the basis of 
the level of mat swelling phenomena, related to nano-fibers/resin interactions. The results indicate for the 
commercial resin LPE a confinement of the mat between two layers of resin in the case of both PAN and 
Ny66, while the PSU mat gives rise to a more homogeneous monolayer. In all cases different fracture planes 
are noted in the resin/mat regions, marker for LPE/Ny66 monolayer. This evidence, although qualitative, 
suggests the possibility of dissipation of fracture energy by the epoxy/mat nanocomposites, that could result in 

Monolayer Wmat 
% 

Thickness 
mat 
[μm] 

Thickness 
mat/resin  

[µm] 

Thickness 
monolayer 

[µm] 
LPE/Ny66 2.3 36 36 105 
LPE/PAN 2.0 38 70 177 
LPE/PSU 7.7 44 65 65 
HPE/Ny66 9.0 80 140 140 
HPE/PAN 8.5 38 125 125 
HPE/PSU 20 42 16 16 

System Tonset 

 [°C] 
Tpeak     

[°C] 
ΔH  

[J/g] 
HPE uncured 130 273 664 

HPE cured 195 272 130 
HPE/Ny66 165 270 126 
HPE/PAN 200 264-330 111 
HPE/PSU 180 274 220 
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an increase of the delamination reisistance of the correspondent carbon fiber laminates.For the synthesized 
HPE resin the mat always increases its thickness up to that of the whole monolayer, indicating a complete 
swelling of its nanofibrous network. For these systems two typologies of fractured surfaces are observed, one 
showing indented planes for Ny66 and PAN nanofibers and the the other presenting phase separation 
phenomena for PSU. The calorimetric analysis indicate a not significant influence of the mats in the residual 
exothermic heats of the HPE resin and a slight influence on the curing kinetics. For LPE/mat systems only 
slight difference in the transition can be observed with respect to the neat resin. 
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