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Microcomputed X-Ray Tomography analysis (micro-CT) 

 Bruker’s micro-CT, SkyScan 1272 (Bruker, Kontich, Belgium), was used to receive 

quantitative information of the internal structure of the samples, by 3D imaging. The sys-

tem consists of a microfocus sealed X-ray source, which operates at 20–100kV and 10W 

(<5 μm spot size @ 4W), an X-ray detector with a maximum resolution of 11 MP (4032 × 

2688 pixels) and a 14-bit cooled CCD fibre optically coupled to scintillator. The parameters 

are summarized in Table S1. The composite samples were cut with a water wheel at the 

required dimensions: 1 cm x 0.7 cm x 0.3 cm. 2D images of cross-sectional slices were re-

constructed via N Recon Reconstruction software (Microphotonics, Allentown, Pennsyl-

vania)). CTan software (Blue Scientific, Cambridge, UK) was used to perform the 3D anal-

ysis and CTvox to collect 3D images. 

Table S1. Measurement parameters of Sky Scan 1272 CT. 

Voltage (kV) Current (μA) Filter (mm) Pixel Size (μm) Resolution 

40 166 Al 0.25 9 1344 × 896 

Porosity of CFRPs 

Micro-computed tomography came up as an essential tool to characterize the prepa-

ration method of the composite structure. More specifically, porosity of the indented 

structures can significantly affect the mechanical properties. In the present case, analysis 

of porosity was performed in the whole volume of CFRPs samples and is informative even 

for the porosity alternations owed to the weathering process. CTan software was used to 

perform the 3D analysis and CTvox (Blue Scientific, Cambridge, UK) to collect 3D images 

of the scanned samples. Table S2 presents the porosity of weathered and non-weathered 

composite materials.  
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Table S2. Results of 3D analysis performed by CTan software. 

Pristine PMAA APP 
W- 

Pristine 

W- 

PMAA 

W- 

APP 

Open Porosity 

(%) 
0.0019 0.0021 0.0010 0.0203 0.0156 0.0115 

Total Porosity 

(%) 
0.0253 0.0206 0.0132 0.0459 0.0351 0.0244 

Figure S1. Intensity of Pore Size Distribution. 

It can be observed that samples exhibit a low, near zero in value, total porosity, at-

tributed to the vacuum assisted resin transfer molding manufacturing process. The 

changes in porosity attributed to the accelerated weathering process seem to affect the 

weathered samples by a factor of two, resulting in a maximum value of 0.046% for the 

pristine sample. This value was lower for the modified specimens. More specifically, open 

porosity is increased after weathering, due to the degradation of the surface epoxy layer. 

Figure S1 illustrates the percentage for each pore size range. It is worth to mention that 

the pore size distribution demonstrated a right shift after the weathering cycling protocol. 

For the same weathered samples, the size reaches a maximum of 2 mm for the composite 

with pristine fabric, indicating that weathering conditions escalated within the defective 

sites. However, it should be mentioned that the generation of pores with higher diameter 

corresponds to 0.046 %, 0.035 %, and 0.024 % for pristine, PMAA-modified, and APP-

modified CFRPs, respectively. It can be observed that, for samples prior to exposure in 

accelerated weathering conditions, the size of their pores ranged between 0.2 mm to 0.6 

mm.
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(a) (b) 

Figure S2. (a) Ageing Depth through reconstructed images, (b) Images of CFRPs pre and post exposure. 

An estimation of the ageing depth of CFRPs pre- and post- exposure can be evaluated 

through the reconstructed images as depicted in Figure S2. By taking advantage of CTan 

software the magnitude of the surface degradation can be assessed. Depth ranges from 30 

μm to 70 μm have been observed for the aged composites. Additionally, images confirm 

the mere surficial epoxy layer degradation. Images of the CFRPs after the exposure in 

environmental conditions appear to be glossier than of those not exposed.  

Mapping of Nanomechanical Properties 

Table S3. Descriptive statistics of CFRPs phases by implementing PDF on reduced Elastic Modulus data. 

matrix interface CFs 

PDF mu PDF si 
Volume 

Fraction 
PDF mu PDF si 

Volume 

Fraction 
PDF mu PDF si 

Volume 

Fraction 

Pristine 9.25 2.26 14.6% 29.80 6.59 37.2% 48.34 3.64 48.2% 

PMAA 6.19 2.31 41.1% 19.27 8.16 31.0% 44.93 7.46 27.8% 

APP 9.21 5.00 12.8% 23.92 6.08 32.6% 46.18 5.50 54.5% 

W-Pristine 7.38 0.95 24.6% 21.39 4.35 33.2% 42.79 2.92 42.2% 

W-PMAA 10.67 4.74 14.5% 21.72 3.17 24.2% 46.23 9.31 61.3% 

W-APP 10.67 2.21 9.3% 23.14 3.04 31.1% 51.52 5.25 59.6% 

 In Table S3, the detailed calculations are summarized regarding Probability Distri-

bution Analysis. Upon PMAA treatment the matrix and interface properties significantly 

decreased compared to the pristine specimen by 33 and 35%, respectively. In case of APP 

treatment, interface properties decreased by 20%, while matrix and CFs properties varied 

within standard deviation of the pristine specimen.  

Even though modification of CFs did not provide measurable improvement initially, 

it is worth investigating the alternations that were introduced and the resistance to the 

ageing degradative mechanism induced by exposure to weathering conditions. In case of 

the pristine specimen, weathering reduced the Er mean value of the matrix phase by 20%. 

For both functionalization approaches, epoxy matrix demonstrated a slight increment in 

Er up to 10.7 GPa, which in case of PMAA falls within the standard deviation compared 

to the aged pristine specimens, and is comparable to the pristine specimen matrix phase. 
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This increment may not be originated by epoxy post-curing reactions, due to the exposure 

to weathering factors, but is more probably connected to the enhanced mechanical inter-

locking with carbon fibers; considering the fact that fiber constraint effect is affecting the 

matrix properties in a higher extend compared to the specimens prior to exposure. In the 

case of PMAA, it is worth to mention that interface properties were increased after weath-

ering by 13%, while in APP no changes are observed, and the obtained values in both 

cases are comparable to weathered pristine specimen. 

The elevation of nanomechanical properties in case of APP composite, outperforming 

all specimens, can be connected to improved mechanical interlocking due to plasma func-

tionalization. The low penetration depth of Plasma irradiation on carbon fibers surface 

could prevent the oxidative degradation effects and introduce new chemical functionality 

and microporosity [1].and improve the composite nanomechanical properties [2]. Apart 

from mechanical robustness obtained by plasma modification, enhancement of nanome-

chanical properties is an implication of improved wetting, as proved by hydrothermal 

durability during ageing [3] is connected to reduction of the available interfaces for age-

ing-induced degradation. 
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