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Abstract

:

Changes in the fibrous microstructure in glass fiber/epoxy prepreg quasi-isotropic laminates after the introduction of embedded sensors in the form of “nanostitch” as interleaves are investigated using 3D imaging with synchrotron radiation computer tomography (SRCT). Nanostitch interfaces are created by aligned carbon nanotubes (CNTs) with two different morphologies. The laminates are fabricated using an autoclave. The investigated microstructural features include: thickness variability of the plies and laminate, resin rich gaps at the interfaces, presence of voids, and misorientation of plies and misalignment of fibers deep inside the plies and close to the ply interfaces. The analysis of the SRCT images, at a resolution of 0.65 µm, shows the following: (1) the laminate preserves its thickness, with a resin/CNT-rich gap of ~5 µm created at the interface and the plies compacted by nano-capillarity; (2) there are no voids with sizes over 1–2 µm both in the baseline and nanostitched laminates; (3) the misorientation of plies (the in-plane difference of the average fiber direction from the nominal ply angle) is under 2°; (4) the misalignment (standard deviation of fiber orientations) has the same characteristics in the baseline and nanostitched laminates: it is in the range of 1.5°–3° in-plane and 2°–4° out-of-plane; the misalignment close to interfaces is increased in comparison with the misalignment deep within plies by ~1°. We conclude that the embedment of the nanostitch sensor does not alter the microstructural parameters of the laminate.
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1. Introduction


Sensor embedment in composite structures with fibrous reinforcement presents a well-known problem as an increase in thickness, change in void content, and microstructure misalignment are often considered in industry as a “no go” criterion. Therefore, these issues must be carefully addressed. In this regard, a significant step forward for polymer composites manufactured by autoclave (prepreg) technology has been achieved by the implementation of nanostructures possessing a high nano-capillarity.



Vertically aligned carbon nanotubes (VACNTs, or “nanostitch”) embedded into a composite laminate interface present a known multi-functional solution for damage sensing and out-of-autoclave conductive curing [1,2,3,4] accompanied by the improvement of interlaminar fracture toughness and in-plane strength [5,6,7,8,9,10,11,12,13,14]. Mostly applied to carbon fiber laminates, VACNT interleaves were recently introduced in glass fiber laminates [15,16], which widens the range of applications to such industries as wind energy and shipbuilding.



Embedded sensors can potentially affect the micro-geometry of a composite and, hence, adversely affect its mechanical properties (see, for example, [17]). The introduction of CNTs, especially long CNTs, change the microstructure of the composite because of the high resistance of the aligned CNTs to compaction [18]. On the other hand, we argue that the oriented high nano-capillarity of the non-impregnated aligned CNT interleave may provide additional compaction pressure at the interface with the prepreg. In our study, we verify this hypothesis experimentally.



Several questions can be raised in this context:




	―

	
After the introduction of the VACNT interleave, will the thickness of laminate plies or laminate be affected?




	―

	
Will the void content or void distribution change?




	―

	
Will the orientations of fibers change inside plies? Closer to the interfaces?









These factors (laminate thickness, void content, and fiber (mis)orientation) have a direct relation to the laminate mechanical properties in-service:




	―

	
A possible laminate thickness change due to the embedment of interleaves has a direct relation to the interlaminar fracture toughness, as measured in the short beam shear (SBS) test [15].




	―

	
Void content and void distribution strongly affect the laminate damage behavior [19].




	―

	
Fiber misorientation distribution inside the plies affects the laminate mechanical properties [20,21]; fiber misorientation at the interfaces affects the interlaminar fracture toughness [22].









Micro-geometry of the nanostitched laminates was studied with a focus on the geometry of the VACNT interface. These observations have been reported in [12,13] for carbon fiber laminates and in [15] for glass fiber laminates.



The present study answers (in negative) the formulated questions for the prepreg-based, autoclave-produced quasi-isotropic glass fiber/epoxy laminates with the nanostitch sensors embedded as interleaves at all ply interfaces. Hence, the findings presented here confirm that this type of sensor can be applied in composite laminates without raising concerns about the deterioration of mechanical properties and thickness changes.



Two types of nanostitches are considered: “nanostitch 1.0” as studied in [8,10], and buckled “nanostitch 2.0” [12,13]. The microstructure of the laminates is imaged with synchrotron radiation computed tomography (SRCT) [23] and analyzed using Fiji (ImageJ) and VoxTex [24] software.




2. Materials


The present paper analyses the images of the laminates reported in [23]. Materials and imaging are briefly described in this section for the convenience of the reader.



2.1. Nanostitch


Two types of nanostitch were used: (1) “nanostitch 1.0” as VACNTs fabricated by the procedure established in [8,10], and (2) “nanostitch 2.0” as buckled arrays of densely synthesized VACNTs [12]. These two types are referred to below as “N1” and “N2”, or collectively as “Nx”. The main difference between N1 and N2 is in the geometry of CNTs: in nanostitch N1, the CNTs are vertically aligned with the nano-capillarity channels are perpendicular to ply interfaces, while in nanostitch N2, the CNTs are buckled, forming denser CNTs networks with the changes in the nano-capillarity channel directions. The reader is referred to [12] for detailed descriptions.



In both cases, catalytic chemical vapor deposition (CVD) was used for production. VACNTs were grown on silicon wafer substrates of dimensions 30 × 40 mm in a quartz tube furnace with an inner diameter of 44 mm at atmospheric pressure, as described in [8]. The wafer had uniform layers of deposited catalyst: 1 nm of Fe on top of 10 nm of Al2O3. N2 was created on wafers with patterned deposition of the catalyst, resulting in growth on an array of squares of 49 μm × 49 μm with 14 μm gaps between them. N2 forests were densified by buckling, which involved placing a bare silicon wafer on top of the silicon wafer substrate with patterned CNTs, and applying uniform pressure by hand. The height of the N1 forest was 20 µm. The N2 forest was grown to a height of 40 µm, then buckled down to a lower height.




2.2. Laminates and Test Samples


Prepregs Hexply® 913/30%/UD192/EC9 673517 (Hexcel Composites, Daigneu, France) were used for the fabrication of laminates. E-glass fibers had diameters of 4.48 ± 0.40 µm (average and standard deviation in 50 measurements), as measured on the optical images [15] of the laminate cross sections. Nominal ply parameters, provided by the manufacturer, were as follows: resin weight fraction 30%, areal density of reinforcement 192 g/m2, areal density of prepreg 279 g/m2, density of E-glass 2.56 g/cm3, and density of epoxy 1.23 g/cm3. These data give an estimation of the nominal ply thickness of 0.129 mm.



The quasi-isotropic laminates of eight plies had a layup [90/0/45/−45]s. VACNT interleaves (N1 or N2) were manually transferred in-between the prepreg plies during the laminate lay-up procedure at room temperature. Randomly-oriented commercial CNT film CNTM4 (Tortech, Maalot, Israel) of 16 μm was placed on the top and bottom of the layup. The purpose of this film was to create electrical and thermal functionality of the laminate. The reader is referred to [15,16,23] for detailed information on the sample production.



Three variants of laminates were produced: baseline (BSL) without interleaves; N1 with N1 interleaves at all ply interfaces; and N2 with N2 interleaves at all ply interfaces (naming laminates by the names of the embedded interleaves leads to no confusion in the following text).



The laminates of all three types were cured in an autoclave, following the manufacturer-recommended cure cycle, as follows:




	―

	
Increase pressure from vacuum at 0.07 MPa to 0.6–0.7 MPa and hold throughout the cure cycle. Vent the vacuum when the pressure inside chamber reaches 0.14 MPa.




	―

	
Increase temperature at a steady rate of not more than 5 °C/min until reaching 90 °C.




	―

	
Dwell: Hold the temperature at 90 °C (195 F) for 30 min.




	―

	
Increase the temperature at a steady rate of not more than 5 °C/min until 120–130 °C and hold for 60 min.




	―

	
Decrease the temperature at a rate below 3 °C/min; release the pressure to 0 MPa when the temperature reaches 65 °C.









The nominal expected thickness of the laminates was 0.129 × 8 = 1.032 mm. Plates of 150 × 150 mm were fabricated in the autoclave: a BSL laminate plate and plates with regions of 30 × 50 mm for the nanostitched laminates. The nanostitched regions were cut into Double End Notch Test (DENT) specimens, which were imaged during in situ loading inside the synchrotron test chamber. The present paper discusses only the results of the pre-load imaging. The in situ DENT results have been published elsewhere [23].




2.3. Synchrotron Radiation Computed Tomography


SRCT imaging was performed at the European Synchrotron Radiation Facility, beamline ID19. The following parameters were used: 20 keV energy X-ray beam, 50 ms exposure time, 60 mm propagation distance for enhanced phase contrast at interfaces, 2996 radiographic projections over 180° range, 0.65 μm isotropic voxel size, and 1.6 × 1.6 × 1.4 mm3 field-of-view. The imaging was done on the DENT specimens; for each variant of laminates (BSL, N1, or N2), the imaging was done on two specimens, at two locations on each specimen.



The fibrous ply orientation orthogonal to the axis of rotation of a sample in the micro-tomography may lead to the appearance of artefacts in the image of the ply [25]. The artefacts can be diminished if the so-called “canted” positioning of the sample in the loading rig is used [26]. Figure 1 shows the arrangement of the imaging. The DENT sample (Figure 1a) is installed into the test rig (Figure 1b), which is canted—the test rig, and, hence, the sample rotation axis, are inclined by 15° to the vertical, and thus no plies in the laminate are parallel to the beam direction anymore. Figure 1c shows schematically the central region of the DENT specimen and the positions of two images, P1 and P2 (overlapped for the following merge in software).



The coordinate system XYZ of the images and its difference from the laminate coordinate system (denoted as 0°90°) is illustrated in Figure 1c. Axis X represents the out-of-plane direction of the laminate, it is orthogonal to the middle surfaces of plies and their interfaces, which are parallel to the YZ coordinate plane. The Z and Y directions correspond to the 0° and 90° laminate directions, respectively, rotated by 15° counter-clockwise around the X axis.



For each laminate variant, two samples were scanned, and for each sample, two 3D images (P1 and P2, Figure 1c) were taken. After reconstruction, the 3D image was a stack of 2159 TIFF slices, uncompressed, 32 bit, dimensions of 2560 × 2560 × (2159) pix3, and the corresponding file size was ~25 MB. The slices were parallel to XY coordinate plane, and they were stacked in the Z direction.



Before further analysis, the images were processed using the functionality of VoxTex as follows:




	
Cropping: The images were cropped to dimensions ~1550 × 1400 × (2159) pix3 so that they did not contain air surrounding the sample. The exact XY dimensions varied from image to image. The resulting files were ~9 MB size.



	
Density scaling: The actual grey scale range of the images is shorter than the full range from black to white. Therefore, the range was rescaled so that black (0) corresponds to the lowest grey scale value, and white (255) corresponds to the highest grey scale value of the image.



	
Filtering: The Gaussian filter with kernel size 3 and standard deviation 2.0 pix was applied to the images. This operation eliminated high frequency noise and is recommended before analyzing the image anisotropy and directionality.








Figure 2 shows typical images for three variants of laminates. Ply angles, representing nominal fiber directions in the laminate coordinate system, are shown. Note the difference with the image coordinate system, rotated by 15° around the X axis (horizontal on Figure 2). Note also the difference in the appearance of +45° and −45° angle plies in the BSL image, on the one hand, and in the N1 and N2 images, on the other. This was caused by mirroring the sample when installing it on the rig: accidentally, the BSL specimen was canted in the direction opposite to the directions in which the Nx samples were canted, hence the tilt went in a different direction with respect to the 45° angle. This difference was accounted for in the processing of the fiber directions. The nominal ply angles will be used systematically in the paper for the identification of plies.



The film on the surface of the laminate, shown in Figure 2 for N2 as the inset, makes the identification of the boundary of the outer plies uncertain, and the thickness of these plies is not well defined. Therefore, the film on the surface of the laminate is not analyzed in the present study and the thickness of the outer of 90° plies is also excluded from the data processing.



For each laminate variant, four 3D images (two samples and two positions in each sample) were analyzed. They were designated as BSLij or Nxij, where BSL or Nx means laminate variant and ij means sample i, position j, with i,j taking values 1 or 2. For example, N111 is N1 laminate, sample 1, and position 1.





3. Fibrous Microstructure of Laminates


The following parameters of the microstructure were investigated:




	―

	
thickness of plies and of the inter-ply interfaces (and, thereby, of the laminate);




	―

	
presence of voids;




	―

	
(mis) orientation of fibers deep inside the plies and closer to their interfaces.









In the subsections of this section, the measurement methodology of these parameters is presented first, followed by the results of the characterization.



3.1. Thickness of Plies and Interfaces


3.1.1. Measurement Method


Figure 3 illustrates the method for measuring the plies thicknesses. The thickness of a ply was measured as the distance between two parallel lines, fitted manually along the left and right boundaries of the ply (as shown in Figure 3). Positions of the boundaries were chosen based on closeness to the fibers of the ply. The boundary fitting shown in Figure 3 was performed on five slices, positioned with even spacing along the Z axis (images 400, 800, 1200, 1600, and 2000). These five measurements were averaged for the considered ply; the differences among them were within ±5 µm.



For BSL (no interleaves), interfacial gaps are absent, and the boundary of a ply serves as the boundary of the adjacent ply. For Nx, interfacial gaps, filled with VACNTs, exist between the plies, which were identified by two parallel boundaries, separated by the gap distance. If a boundary or gap between two central −45° plies was not visible, as shown in Figure 3 (in BSL due to fiber nesting and sometimes even in N1 and N2 due to the fact that interleave not always prevents nesting in-between two identically oriented plies), the boundaries between the plies were not identified and the plies’ thicknesses were calculated as half of that measured for the two plies together. The outer 90° plies did not have well-defined boundaries; therefore, they (and the interleaves adjacent to them) were excluded from the ply and laminate thickness analysis.




3.1.2. Results


Table 1 shows results of the thickness measurements. Several observations may be stated:




	―

	
Variability: The individual ply thicknesses vary, as can be observed in Figure 3. These variations (standard deviation) are ~6% for BSL, ~10% for N1, and ~8% for N2. The nanostitch seems to increase ply thickness variability, but the difference in variance between BSL and Nx corresponds to statistical significance of only ~0.8. Ply thickness may be expected to be affected, in principle, by the ply position in a laminate. This was not, however, the case.




	―

	
Nominal ply thickness: The averaged value of 121 µm for the BSL ply thickness differs from the nominal value of 129 µm.




	―

	
Gap: The average interface gap in Nx laminates (as interleave thickness) equals 5.2 µm for N1 and 3.3 µm for N2, i.e., is comparable to the fiber diameter.




	―

	
Difference between BSL and Nx: The mean ply thickness of the Nx laminates is lower than for BSL by 3–5 µm, which is approximately the interleave thickness in the Nx laminates. In the result, the embedment of the nanostitch interleaves at every interface between plies does not cause a change in the laminate thickness on average. It seems that the nanostitch due to its nano-capillarity provides additional pressure that compresses fibrous plies, maintaining an overall unchanged laminate thickness (more accurately, the difference in means does not pass a statistical test for significance because of a high variance). We observe no significant difference in this effect between N1 and N2 laminates, suggesting that the direction of the nano-capillarity channels does not play a significant role.




	―

	
Fiber volume fraction inside the plies: VF = 62.0% for BSL and 64.6% for Nx, serving again as an indication of the additional ply compression introduced by the nanostitch.











3.2. Voids


There were no voids visible when the images were visually inspected. However, certain artefacts, which could be taken for micro-void presence, were detected on the images. These artefacts are illustrated in Figure 4. They were seen on the images as black spots of 5–10 µm in size, located next to the fibers. When the image was segmented with the threshold grey value of 30 (black is 0 and white is 255; the threshold value was determined based on the analysis of the grey scale histograms), the mentioned artefacts were features with a size significantly below 1000 µm3 and an average aspect ratio below 10. Such features could be attributed to micro-voids. However, several reasons have led to conclusion that these features were imaging artefacts. As it is seen in Figure 4b,c, the “voids” were seen/not seen in specific plies with the same actual fiber orientation in BSL and N1, even if these plies were positioned differently in the laminate thickness (cf. Figure 2): in the inner plies oriented at 60° to the rotation axis, there were no “voids” seen, and low “voids” numbers were observed in the outer plies, oriented at 75° to the rotation axis. The existence of real voids would not depend on the ply orientations. Moreover, the “voids” were observed only from one “lower” side of the fibers (see Figure 4a). Finally, the “voids” were not seen in optical micrographs with a higher resolution, see [15]. Such artefacts on the boundaries of “white” regions were also seen in images, as shown in [27]; the scan orientation artefacts in relation to voids are discussed in [28].



The conclusion is that there were no voids observed in both the BSL and Nx laminates.




3.3. Fiber Orientation


3.3.1. Measurement Method


The identification of fiber orientation was done in VoxTex software (KU Leuven, Belgium) based on the structure tensor analysis of the 3D images. The method was described in detail in [24]. Structure tensor calculations were validated in comparison with synthetic images in [24] and with high-fidelity analysis of micro-CT images using AVIZO software [29,30].



The procedure described in [25] was used for the analysis. The software transforms an SRCT image into a voxel model, with voxels being cubic volumes 10 × 10 × 10 pixels. For each voxel, using a structure tensor method with an integration window radius of 8 pixels, the following parameters were determined:




	―

	
degree of anisotropy β ∈ [0, 1], where β = 0 corresponds to the isotropic image structure (pictured by black color) and β = 1 corresponds to the transversely isotropic material (pictured by white color);




	―

	
principal direction of anisotropy p, which for voxels corresponding to the fiber reinforced regions was identified with the fiber direction;




	―

	
average grey scale of the voxel.









Degree of anisotropy was used to determine the voxels corresponding to the fiber reinforcement. Only these voxels were used for the definition of the fiber orientation.



Figure 5 illustrates selection of the anisotropy threshold. A region of interest (ROI) was selected fully inside a ply (Figure 5a). The distribution of β within the ROI (Figure 5b) and its histogram (Figure 5c) showed high values of β in ROI, with occasional voxels, corresponding to inter-fiber matrix micro-pockets. The data, presented in Figure 5, were typical for plies of different orientations in the BSL and Nx laminates. Based on these data, a value of β* = 0.8 was chosen as a threshold for the orientation calculations.



The fiber orientation vector p defines two fiber orientation angles, which are spherical angles in the laminate coordinate system, denoted as 0°90° in Figure 1. The laminate coordinate system is the image system YZX, rotated by 15° around the X axis. Spherical angle φ represents the in-plane and angle θ represents the out-of-plane fiber orientations.



For a ply with a nominal fiber orientation φnom (as equaling either 0°, or ±45°, or 90°), the following parameters describe the variability of the fiber orientation:




	―

	
ply in-plane misorientation <φ> −φnom, where <…> designates the averaging of the fiber orientations over the ROI;




	―

	
ply out-of-plane misorientation <θ> −90°;




	―

	
fiber in-plane misalignment Δφ = std (φ), where std () is standard deviation over the ROI;




	―

	
fiber out-of-plane misalignment Δθ = std(θ), where std () is standard deviation over the ROI.









Two types of ROI were used for the characterization of the variability of the fiber directions: “ply ROI” as fully placed inside the ply and “interface ROI” as placed over ply’s interface at both sides of the ply and having width of 60 pix = 39 µm (hence, covering about three fibers in the thickness direction from the interface, both sides). In the interface ROI, φ-related parameters were defined separately for two opposite interfaces of the ply.




3.3.2. Results


Figure 6 illustrates a typical result of the orientation analysis, for in-plane and out-of-plane, for the example of ply 0° (Figure 6b–d) and interface 90°/0° (Figure 6a–f) in a BSL image. The mean and standard deviation (RMS), indicated on the graphs, characterize the ply misorientation and fiber misalignment, respectively. In the case of in-plane orientation on the interface (Figure 6e), two histogram peaks appear; in this case, the mean and standard deviation are calculated separately for two parts of the distribution and the average of two is used for the final characterization.



In-plane and out-of-plane misorientations of fibers for all images lie within the range of ±3°. Figure 7 shows a summary for all types of laminates. There is no trend in <φ> −φnom (Figure 7a) and no systematic difference between the BSL and Nx data. This means that the layup was done with a good orientation quality and in a stable way for all of the samples. A weak downward trend in <θ> −90° values (Figure 7b) across the laminate thickness indicates a slight inclination of the plies. This is observed for all of the samples.



Figure 8 shows fiber misalignment angles in the plies and interfaces. Several observations can be made, as follows:




	―

	
Data quality: The data are consistent and repeatable in four images for all three laminate variants.




	―

	
Misalignment deep inside plies: Average in-plane/out-of-plane misalignment in plies does not exceed 3°/4°, respectively; when averaged over all of the plies, it is on the level of 2°/3°, respectively.




	―

	
Misalignment at interfaces: Normally higher than inside the neighboring plies by about 1° both for the in- and out-of-plane angles. The fiber misalignment is illustrated in Figure 9, which shows in-plane slices in 0° and 45° plies and at their interface. In-plane misalignment at interfaces with 45° difference of plies orientations (interfaces 0/45°) is about 1° larger than at the interfaces of plies with orthogonal orientations (interfaces 0°/90° and +45°/−45°). For the out-of-plane misalignment at the interfaces, this difference is not observed.




	―

	
Difference between the baseline and nanostitched laminates: The features, stated above, are seen in both the BSL and Nx laminates. No systematic difference is observed between the misalignment angles in three laminates, neither for in-plane nor for out-of-plane angles.









It can be concluded that the nanostitch does not influence the ply misorientation and fiber misalignment.






4. Conclusions


The introduction of the nanostitch does not alter the microstructural parameters of the glass fiber-reinforced epoxy quasi-isotropic laminate, produced in an autoclave.



The following features of the baseline and nanostitched laminates have been observed in the SRCT images:




	
After the nanostitch embedment, the laminate preserves its thickness, with resin/CNT-rich gaps of ~5 µm created at plies’ interfaces and corresponding to a decrease in individual ply thicknesses. We argue that the latter effect is related to the effective pressure created by the nanostitch nano-capillarity.



	
There are no voids with sizes over 1–2 µm observed, both in the baseline and in the nanostitched laminates.



	
The misorientation of plies (as the difference of the average fiber direction in a ply and the nominal ply angle) is under 2°.



	
The in-plane and out-of-plane misalignment (standard deviation of fiber orientation) inside the plies is in the range of 1.5°–3° and 2°–4°, respectively; the misalignment closer to the plies interfaces is increased in comparison with the misalignment within plies by ~1°.








The observed stability of the microstructural parameters of the laminate after the embedment of the nanostitch ensures that the laminate with the embedded sensor fully preserves its geometrical and mechanical properties. The measurement of the short beam strength of the nanostitched laminates, reported elsewhere [15,16,23], fully confirms this conclusion.







Author Contributions


Conceptualization, S.V.L. and S.G.A.; Data curation, S.V.L.; Formal analysis, S.V.L.; Funding acquisition, S.G.A.; Investigation, S.V.L. and S.G.A.; Methodology, S.V.L.; Project administration, S.G.A.; Validation, S.V.L.; Visualization, S.V.L.; Writing—original draft, S.V.L.; Writing—review & editing, S.V.L. and S.G.A. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by Skoltech NGP Program “Multifunctional Fusion: Life-cycle enhancements via data-driven nanoengineering of advanced composite structures”.




Institutional Review Board Statement


Not applicable.




Data Availability Statement


Restrictions apply to the availability of the data used in this article.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Lee, J.; Stein, I.Y.; Kessler, S.S.; Wardle, B.L. Aligned carbon nanotube film enables thermally induced state transformations in layered polymeric materials. ACS Appl. Mater. Interfaces 2015, 7, 8900–8905. [Google Scholar] [CrossRef] [PubMed]

	



Lee, J.; Ni, X.; Daso, F.; Xiao, X.; King, D.; Gómez, J.S.; Varela, T.B.; Kessler, S.S.; Wardle, B.L. Advanced carbon fiber composite out-of-autoclave laminate manufacture via nanostructured out-of-oven conductive curing. Compos. Sci. Technol. 2018, 166, 150–159. [Google Scholar] [CrossRef]

	



Lee, J.; Wardle, B. Nanoengineered In Situ Cure Status Monitoring Technique Based on Carbon Nanotube Network. In Proceedings of the AIAA Conference, Portland, ME, USA, 11–15 August 2019. [Google Scholar]

	



Lee, J.; Kessler, S.S.; Wardle, B.L. Void-free layered polymeric architectures via capillary-action of nanoporous films. Adv. Mater. Interfaces 2020, 7, 1901427. [Google Scholar] [CrossRef]

	



Blanco, J.; Garcia, E.J.; de Villoria, R.G.; Wardle, B.L. Limiting Mechanisms of Mode I Interlaminar Toughening of Composites Reinforced with Aligned Carbon Nanotubes. J. Compos. Mater. 2009, 43, 825–841. [Google Scholar] [CrossRef]

	



Garcia, E.J.; Wardle, B.L.; Hart, A.J. Joining prepreg composite interfaces with aligned carbon nanotubes. Compos. Part A-Appl. Sci. Manuf. 2008, 39, 1065–1070. [Google Scholar] [CrossRef]

	



Mecklenburg, M.; Mizushima, D.; Ohtake, N.; Bauhofer, W.; Fiedler, B.; Schulte, K. On the manufacturing and electrical and mechanical properties of ultra-high wt.% fraction aligned MWCNT and randomly oriented CNT epoxy composites. Carbon 2015, 91, 275–290. [Google Scholar] [CrossRef]

	



de Villoria, R.; Hallander, P.; Ydrefors, L.; Nordin, P.; Wardle, B.L. In-plane strength enhancement of laminated composites via aligned carbon nanotube interlaminar reinforcement. Compos. Sci. Technol. 2016, 133 (Suppl. C), 33–39. [Google Scholar] [CrossRef]

	



Stahl, J.J.; Bogdanovich, A.E.; Bradford, P.D. Carbon nanotube shear-pressed sheet interleaves for Mode I interlaminar fracture toughness enhancement. Compos. Part A 2016, 80, 127–137. [Google Scholar] [CrossRef]

	



Kalfon-Cohen, E.; Kopp, R.; Furtado, C.; Ni, X.; Arteiro, A.; Borstnar, G.; Mavrogordato, M.N.; Sinclair, I.; Spearing, S.M.; Camanho, P.P.; et al. Synergetic effects of thin plies and aligned carbon nanotube interlaminar reinforcement in composite laminates. Compos. Sci. Technol. 2018, 166, 160–168. [Google Scholar] [CrossRef]

	



Fritz, N.K.; Kopp, R.; Nason, A.K.; Ni, X.; Lee, J.; Stein, I.Y.; Kalfon-Cohen, E.; Sinclair, I.; Spearing, S.M.; Camanho, P.P.; et al. New interlaminar features and void distributions in advanced aerospace-grade composites revealed via automated algorithms using micro-computed tomography. Compos. Sci. Technol. 2020, 193, 108132. [Google Scholar] [CrossRef]

	



Ni, X.; Acauan, L.H.; Wardle, B.L. Coherent nanofiber array buckling-enabled synthesis of hierarchical layered composites with enhanced strength. Extrem. Mech. Lett. 2020, 39, 100773. [Google Scholar] [CrossRef]

	



Ni, X.C.; Kopp, R.; Kalfon-Cohen, E.; Furtado, C.; Lee, J.; Arteiro, A.; Borstnar, G.; Mavrogordato, M.N.; Helfen, L.; Sinclair, I.; et al. In situ synchrotron computed tomography study of nanoscale interlaminar reinforcement and thin-ply effects on damage progression in composite laminates. Compos. Part B-Eng. 2021, 217, 108623. [Google Scholar] [CrossRef]

	



Furtado, C.; Kalfon-Cohen, E.; Lee, J.; Patel, P.B.; Kopp, R.; Hank, T.J.; Kessler, S.; Wardle, B.L. Effective Interlaminar Reinforcement of High Glass Transition Temperature Laminated Composites via Vertically Aligned Carbon Nanotubes. In AIAA SCITECH 2022 Forum; American Institute of Aeronautics and Astronautics: Reston, VA, USA, 2021. [Google Scholar]

	



Patel, P.; Furtado, C.; Cooper, M.; Acuan, L.; Lomov, S.V.; Akhatov, I.; Abaimov, S.; Lee, J.; Wardle, B.L. Nanoengineered glass fiber reinforced composite laminates with integrated multifunctionality. In Proceedings of the 36th ASC Technical VIRTUAL Conference (ASC 2021), Online, 19–22 September 2021; pp. 2078–2090. [Google Scholar]

	



Patel, P.B.; Furtado, C.; Lee, J.; Cooper, M.F.; Acauan, L.H.; Lomov, S.V.; Akhatov, I.S.; Abaimov, S.G.; Wardle, B.L. Building life-cycle enhancement multifunctionality into glass fiber reinforced composite laminates via hierarchical assemblies of aligned carbon nanotubes. In Proceedings of the AIAA SciTech Forum, San Diego, CA, USA; 2021. [Google Scholar]

	



Sabuncuoglu, B.; Tanabi, H.; Soete, J.; Lomov, S.V. Micro-CT analysis of deviations in fiber orientation and composite stiffness near the microvascular channels embedded in glass-fiber reinforced composites. Compos. Struct. 2020, 237, 111896. [Google Scholar] [CrossRef]

	



Aravand, M.A.; Shishkina, O.; Straumit, I.; Liotta, A.H.; Wicks, S.S.; Wardle, B.L.; Lomov, S.V.; Gorbatikh, L. Effect of “fuzzy” fiber morphology on the internal geometry of textile composites characterized by micro-computed tomography. Compos. Part A 2016, 88, 295–304. [Google Scholar] [CrossRef]

	



Mehdikhani, M.; Gorbatikh, L.; Verpoest, I.; Lomov, S.V. Voids in fiber-reinforced polymer composites: A review on their formation, characteristics, and effects on mechanical performance. J. Compos. Mater. 2019, 53, 1579–1669. [Google Scholar] [CrossRef]

	



Malgioglio, F.; Pimenta, S.; Matveeva, A.; Farkas, L.; Desmet, W.; Lomov, S.V.; Swolfs, Y. Microscale material variability and its effect on longitudinal tensile failure of unidirectional carbon fibre composites. Compos. Struct. 2021, 261, 113300. [Google Scholar] [CrossRef]

	



Gomarasca, S.; Peeters, D.M.J.; Atli-Veltin, B.; Dransfeld, C. Characterising microstructural organisation in unidirectional composites. Compos. Sci. Technol. 2021, 215, 109030. [Google Scholar] [CrossRef]

	



Liu, J.L.; Tay, T.E.; Ng, S.W.; Tan, V.B.C. Effects of inter-ply mismatch angle on interlaminar properties and their influence in numerical simulations. Compos. Part A-Appl. Sci. Manuf. 2022, 154, 106795. [Google Scholar] [CrossRef]

	



Patel, P.; Furtado, C.; Cooper, M.; Lee, J.; Ball, K.; Lee, Y.; Arteiro, A.; Majkut, M.; Helfen, L.; Acauan, L.; et al. Synchrotron radiation 3D computed tomography study on insitu mechanical damage progression of nanoengineered glass fiber reinforced composite laminates with integrated multifunctionality. In Proceedings of the 20th European Conference on Composite Materials (ECCM-20), Lausanne, Switzerland, 26–30 June 2022; p. 62376. [Google Scholar]

	



Straumit, I.; Lomov, S.V.; Wevers, M. Quantification of the internal structure and automatic generation of voxel models of textile composites from X-ray computed tomography data. Compos. Part A 2015, 69, 150–158. [Google Scholar] [CrossRef]

	



Nguyen, N.; Mehdikhani, M.; Straumit, I.; Gorbatikh, L.; Lessard, L.; Lomov, S.V. Micro-CT measurement of fibre misalignment: Application to carbon/epoxy laminates manufactured in autoclave and by vacuum assisted resin transfer moulding. Compos. Part A 2018, 104, 14–23. [Google Scholar] [CrossRef]

	



Kopp, R.; Ni, X.; Furtado, C.; Lee, J.; Kalfon-Cohen, E.; Uesugi, K.; Kinsella, M.; Mavrogordato, M.N.; Sinclair, I.; Spearing, S.M.; et al. Synchrotron X-ray microtomography of progressive damage in canted notched cross-ply composites with interlaminar nanoreinforcement. In AIAA SCITECH 2022 Forum; American Institute of Aeronautics and Astronautics: Reston, VA, USA, 2021. [Google Scholar]

	



Vo, N.T.; Atwood, R.C.; Drakopoulos, M. Radial lens distortion correction with sub-pixel accuracy for X-ray micro-tomography. Opt. Express 2015, 23, 32859–32868. [Google Scholar] [CrossRef] [PubMed]

	



Nikishkov, Y.; Airoldi, L.; Makeev, A. Measurement of voids in composites by X-ray Computed Tomography. Compos. Sci. Technol. 2013, 89, 89–97. [Google Scholar] [CrossRef]

	



Auenhammer, R.M.; Jeppesen, N.; Mikkelsen, L.P.; Dahl, V.A.; Blinzler, B.J.; Asp, L.E. Robust numerical analysis of fibrous composites from X-ray computed tomography image data enabling low resolutions. Compos. Sci. Technol. 2022, 224, 109458. [Google Scholar] [CrossRef]

	



Auenhammer, R.M.; Jeppesen, N.; Dahl, V.A.; Mikkelsen, L.P. X-ray computed tomography data structure tensor orientation mapping for finite element models–STXAE. Softw. Impacts 2022, 11, 100216. [Google Scholar] [CrossRef]








[image: Polymers 14 04644 g001 550] 





Figure 1. A canted SRCT rig: (a) DENT specimen; (b) specimen arrangement on a loading stage; (c) schematics of the image locations (P1 and P2, overlapped). 
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Figure 2. Images of the laminates: XY slices, slice # 1000 for all of the images. Nominal ply angles are shown. Right: close-up on the film region on the surface of the laminate. 
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Figure 3. The scheme of measurement of plies’ thicknesses (measurement for N2 is similar to N1 and not illustrated). 
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Figure 4. Voids-like artefacts: (a) artefacts indicated by boundaries of a 30-threshold level; (b,c) positions of artefacts in the BSL (b) and N1 (c) images; dashed lines indicate plies’ boundaries. 
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Figure 5. Anisotropy inside plies, a typical case (BSL11, ply −45°): (a) a slice of the ROI; (b) distribution of degree of anisotropy in voxels (with isotropy presented as black color and anisotropy as white color); (c) histogram of the degree of anisotropy. 
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Figure 6. Typical fiber orientation analysis, image BSL21: (a) interface 90°/0°; (b) inside ply 0°; (c) in-plane fiber orientation angle, inside 0°; (d) out-of-plane fiber orientation angle, inside 0°; (e) in-plane fiber orientation angle, interface 90°/0°; (f) out-of-plane fiber orientation angle, interface 90°/0°. 
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Figure 7. Misorientation of plies: (a) in-plane; (b) out-of-plane. Horizontal axis enumerates values of the nominal ply orientations. Error bars are standard deviations in four 3D images. 
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Figure 8. Misalignment of fibers deep inside plies and at the interfaces: (a,b) misalignment of in-plane (a) and out-of-plane (b) angles; horizontal axis enumerates values of the nominal ply orientations and interfaces (“i”) in-between the plies; (c,d) average values of in-plane (c) and out-of-plane (d) misalignment angles inside plies and at the interfaces. 
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Figure 9. In-plane fiber misalignment over the 0°/45° interface, laminate N111. The images are rotated 15° counter-clockwise. The scale is the same for all of the images. 
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Table 1. Thickness of plies and interfacial gaps, mean, and standard deviation, µm.
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	Plies 0°
	Plies 45°
	Plies −45°
	All Plies
	Gap





	BSL
	120 ± 10
	121 ± 4
	122 ± 4
	121 ± 7
	n/a



	N1
	117 ± 12
	112 ± 9
	119 ± 12
	116 ± 11
	5.2 ± 0.6



	N2
	114 ± 9
	120 ± 6
	118 ± 11
	117 ± 9
	3.3 ± 0.9
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