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Carbon fiber reinforced polymer (CFRP) composite laminates are widely used in parts with complex shapes with differ-

ent curvatures. The curved regions are susceptible to the occurrence of manufacturing defects and premature in-service dam-

age, thus the nondestructive inspection (NDI) of the curved regions is an important issue. X-ray computed tomography (CT) 

was used to assess the structure of CFRP composite laminate curved beams with different curvature geometry produced in 

the autoclave technology. The performed inspection allowed visualization of the structure of the curvatures on the ply level 

and the detection of defects such as foreign objects, voids, resin rich regions, wrinkles and changes in thickness. Also,  

the quantitative assessment of the defects and distances between the adjacent layers was carried out. The performed investiga-

tions show that X-ray CT is an adequate tool to visualize curved CFRP structures.  

Keywords:  CFRP, curved laminate, autoclave technology, NDI, computed tomography 

INTRODUCTION 

CFRP is widely used as a lightweight construction 

material in the military, automotive and aerospace in-

dustry. Thanks to its high specific density and specific 

stiffness, it allows excellent properties to be obtained 

with a simultaneous reduction in mass. It leads to major 

benefits such as an increase in speed and the capacity or 

reduction of fuel consumption of vehicles [1-3]. 

One of the most common methods of producing 

composite parts for the aerospace industry is autoclave 

technology. This method enables the production of high 

quality parts with limited defects and high mechanical 

properties. Autoclave curing also provides repeatability, 

dimensional stability and a high fiber volume fraction. 

The main raw materials in this process are prepregs 

composed of fibers pre-impregnated with B-stage (par-

tially cured) resin [4-6].   

Numerous applications require a curved laminate 

shape, for example, airplane fuselage and wings, boat 

hulls, wind turbine blades, C-section or L-section spars, 

gear housings, etc. [7-9]. Curved regions are critical for 

the safe operation of composite structures. In fact, 

sometimes premature or sudden failure occurs in the 

curvature, caused by out-of-plane loading. Analyses of 

curved areas are complex as most laminate theories 

refer to flat plates and in-plane loading [8, 10-15]. 

Moreover, corners and curvatures are regions where 

there is an increased risk of manufacturing defects.  

A wide range of non-conformities may appear, such as 

reinforcement deformations, voids, resin rich areas, 

wrinkles, corner thinning or thickening and spring-in 

[16-18].  

It was proven that these defects strongly influence 

the strength under out-of-plane loading [7, 15, 19-23]. 

All these reasons make non-destructive inspection  

a very important issue related to curved laminate manu-

facturing and in-service checking.  

There are several established methods of NDI suita-

ble for CFRP composite laminates: ultrasonic testing 

(UT), eddy current testing (ECT), infrared thermogra-

phy (IrNDT), shearography, acoustic emission and  

X-ray computed tomography (CT) [24-26].  

The X-ray CT method has been intensively devel-

oped in recent years and its application and possibilities 

have significantly grown. This method is based on an 

X-ray beam which scans a sample placed on a rotary 

table at many different angles. Differences in the X-ray 

paths are then captured by detectors and the acquired 

radiographs are processed by the reconstruction  

software to create a 3D image of the inspected object 

[27-29]. 
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X-ray CT is an effective method of composite NDI 

as it allows 3D data concerning fiber architecture, de-

fects, void content or utilization damage to be received 

[28-31]. CT has already been used to investigate the 

deformation of different glass fiber preforms (classic, 

stitched and 3D) during the manufacture of curved 

plates with resin transfer molding [7]. It has also been 

employed to inspect sandwich honeycomb composites 

with a planar but curved shape [32]. In another study, 

CT was utilized to detect delamination caused by bend-

ing in curved CFRP beams [33]. 

In this study, X-ray CT was used to visualize a mi-

crostructure and detect manufacturing defects in CFRP 

composite laminate beams with different curvatures 

produced by the autoclave technique.  

MATERIALS AND METHODS 

Samples were made with a high strength carbon-

epoxy prepreg employing autoclave technology. Two 

types of UD prepreg were utilized to consider different 

ply thicknesses in the curved area: thin ply (TP) and 

standard ply (SP). The areal weight of the thin ply was 

75 gsm (grams per square meter) and 150 gsm for the 

standard ply. All the prepreg components and parame-

ters were the same for both the materials except the 

areal weight and the resin content, which was 37.5% for 

the thin ply and 32.3% for the standard ply prepreg.  

The manufacturing procedure was conducted in the WB 

Centrum Kompozytów company facility. The techno-

logical details are protected by commercial confidenti-

ality.  

In order to investigate the influence of the geometry 

on composite curvature quality, samples were produced 

as curved plates with different angles between the legs 

and a different inner radius but with a 250 mm sample 

length in each case. The angles and radii are given in 

Table 1.  

 
TABLE 1. Geometry of curved samples for CT inspection 

Angle between  

legs 

Inner radius 

[mm] 
 

150° 4; 36 

120° 4; 36 

90° 4; 12; 36 

 
The TP samples were made of 26 layers and the SP 

samples were made of 13 layers and the same, unidirec-

tional orientation ([0°] – parallel to the curvature). All the 

samples were produced by the hand lay-up method and 

cured in one autoclave process. After curing, 15 mm 

wide beams were cut out from the middle of the plates. 

For each geometry, one TP and one SP specimen was 

examined by X-ray CT. The produced samples were  

a part of a broader investigation regarding the use of thin 

ply prepregs for curved composite parts [34]. A general 

overview of the curved beams is shown in Figure 1.  

The CT inspection of the curved specimens was per-

formed at the Faculty of Mechanical Engineering of the 

Silesian University of Technology. The scans were per-

formed by a Nikon XT H 225 St 2x computed tomogra-

phy scanner. The specimens were placed on extruded 

polyester supports. X-ray emission was generated by  

a molybdenum anode. The CT scans of the specimens 

were acquired at 60kV voltage and 4W power. A CsI:Tl 

detector with the dimensions 43 x 43 cm and 2850 x 

2850 pixel resolution was used. The scans were obtained 

by rotating the specimen by an angle of 210° performing 

2800 projections with 8 frames per projection and a 125 

ms acquisition time for one frame. The 3D reconstruction 

of the inspected specimens was performed by means of 

Nikon CT Pro 3D and VG Studio MAX 2023.2. software.  

 

 

Fig. 1. General overview of manufactured curved beam specimens: 1) thin ply specimens; 2) standard ply specimens; a) 150° angle and 4 mm inner 

radius; b) 150° angle and 36 mm inner radius; c) 120° angle and 4 mm inner radius; d) 120° angle and 36 mm inner radius; e) 90° angle and  

4 mm inner radius; f) 90° angle and 12 mm inner radius; g) 90° angle and 36 mm inner radius 
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RESULTS 

The conducted CT inspection enabled a complete 

3D visualization of the curved beam structure to be 

obtained, including the fiber architecture (especially 

around the curvature), the distance of adjacent plies, the 

occurrence and size of defects such as voids, foreign 

objects, resin rich areas and wrinkles. An example  

of a 3D view of an investigated structure is shown in  

Figure 2.  
 

 
Fig. 2. 3D visualization of curved beam structure: TP specimen with 90° 

angle and 4 mm inner radius 

The general information about the structure based on 

the CT scans is that the manufactured specimens were 

characterized by good quality with small distances be-

tween the plies, filled with resin and no porosity. How-

ever, a few types of defects were detected.  One of them 

was interlayer voids, which are visible as black spots 

(Fig. 3). Only a few voids were detected in two of the 

examined specimens (both in the TP and SP specimens 

of the same geometry – 90° angle and 4 mm inner radi-

us, which is the sharpest shape of all the curved beams). 

The dimensions of all the detected voids were measured 

employing ImageJ software, and in each case their size 

was smaller than the single ply thickness.  
 

 
Fig. 3. Interlayer voids detected in SP specimen with 90° angle and  

4 mm inner radius (dimensions: 1 – 0.085 mm x 0.043 mm;  

2 – 0.091 mm x 0.051 mm) 

Another issue detected in the CT images were for-

eign objects between the layers, visible as white spots 

(Fig. 4). Their possible source might be residuals of the 

release foil, silicone paper or other process component 

remains which adhered to the prepreg during lay-up, but 

based on the CT scans it was not possible to define their 

origin. The dimensions of the detected objects were 

measured by means of ImageJ software and their size 

was smaller or similar to the single ply thickness, which 

means that they might have been difficult to notice and 

remove during the layup.  

 

Fig. 4.  Foreign object detected in TP specimen with 90° angle and 4 mm 

inner radius (dimensions:  0.049 mm x 0.028 mm) 

After the curing in the autoclave, some wrinkles  

appeared on the outer surface of the curved regions of 

the specimens listed in Table 2. The performed CT 

scans enabled us to take a look inside the wrinkles.  

In most cases, the wrinkles were rather superficial with 

a depth negligible compared to the sample thickness 

and affected only a single or a few outer layers (Fig. 5). 

Based on the CT images, it was also noticed that the 

wrinkles were more severe in the TP specimens than in 

the SP ones – the number and depth of wrinkles were 

higher in the case of the thin ply (Fig. 6). 

 
TABLE 2. Specimens with wrinkles on outer surface 

Angle between legs 
Inner radius [mm] 

TP SP 

150° 36 36 

120° 4; 36 36 

90° 4; 12; 36 12; 36 

 

 
Fig. 5. Wrinkle on outer surface of TP specimen with 90° angle and  

12 mm inner radius 

 

 

Fig. 6. Comparison of wrinkles present in specimens with 90° angle  

and 36 mm inner radius: a) TP specimen, b) SP specimen 
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The next issues revealed by the CT scans were the 

greater distances between the adjacent layers around the 

curvature in the curved beams with the 4 mm inner 

radius. This phenomenon was severe in the specimens 

with the 90° angle and slightly visible also in the spec-

imens with the 120° angle. Resin rich areas occurred 

between the layers. Regions with greater amounts of resin 

occurred in the TP specimens, as shown in Figure 7. 

The CT micrographs also allowed easy detection of 

a change in thickness in the curvature and determination 

of its nature. The change in thickness is visible in  

Figures 6 and 7.  

The mean distance between the adjacent layers for 

the curved beams with the 4 mm inner radius was de-

termined using ImageJ software by measuring the 5 

visibly highest and 5 visibly smallest distances. The 

results are presented in the Table 3.  

 
TABLE 3. Mean distance between adjacent layers in curved 

beams with 4 mm inner radius 

Angle  

between legs 

Mean distance between adjacent layers 

[mm] 

TP SP 

90° 0.0331 0.0184 

120° 0.0106 0.0094 

150° 0.0134 0.0118 

 

The results confirm that enlarged interlayer regions 

are the highest for the 90° specimens. Another observa-

tion is that in each case the distances are higher for the 

TP specimens than in the SP ones although on the CT 

scans the microstructure seems to be more uniform for 

the TP specimens as the interfaces of the particular  

layers are less clear. 

DISCUSSION 

The larger distances between the adjacent layers in 

the TP specimens are probably caused by a higher resin 

content in the raw prepreg material. Better visibility of 

the interfaces between the layers in the SP specimens 

may be a result of the higher bending stiffness of the 

prepreg material, which caused less deformation of 

particular layers [34]. Nevertheless, the contrast and 

resolution of the scans may also influence this phenom-

enon. The TP specimens have a doubled number of 

plies, hence higher resolution may be required to clearly 

visualize the interlayer interfaces. Low contrast be-

tween the resin and fibers is also a known problem in 

the X-ray CT of CFRP composite laminates due to the 

small difference in the attenuation coefficient [31].  

The acquired micrographs are sufficient enough to 

evaluate the quality and structure of the manufactured 

samples with special attention to the curvatures. The 

main manufacturing defects such as foreign objects, 

voids and resin rich regions were detected. The fiber 

architecture was also visualized, but rather on the ply 

level. The performed CT inspection did not allow us to 

reach the level of single fibers as it requires a higher 

resolution. It was also impossible to determine the void 

content based on the scans owing to the lack of contrast. 

These details require other inspection parameters.  

Despite that, the investigations provided comprehensive 

data about the structure of curved CFRP composite 

laminate beams; therefore, it seems to be a useful  

method for inspecting large composite parts with com-

plex geometry as the ply level enables assessment of 

most of the manufacturing defects. More detailed visu-

alization requires limited specimen dimensions, which 

may be problematic with real industry parts.  

 

 

Fig. 7. Resin rich regions between layers around curvature in specimens: a) TP with 90° angle and 4 mm inner radius, b) SP with 90° angle and 4 mm 

inner radius, c) TP with 120° angle and 4 mm inner radius, d) SP with 120° angle and 4 mm inner radius 
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Another option for more detailed images is partial 

scanning and reconstruction to provide a full object 

image, but it is a very time-consuming process. 

CONCLUSIONS 

Curved CFRP composite laminate beams with dif-

ferent curvature geometry manufactured utilizing auto-

clave technology were examined by means of X-ray 

computed tomography. The inspection of specimens 

made of thin ply and standard ply prepregs was per-

formed with the same parameters. The conducted in-

spection allowed detection of all the manufacturing 

defects, including foreign objects, voids, resin rich re-

gions and wrinkles, which are the most common defects 

of curved composite parts. The images of the structure 

were clearer for the specimens made of the standard ply 

prepreg, which had half the number of thin ply samples 

layers. 

The CT scans acquired in the performed study  

allowed visualization of the fiber architecture on the ply 

level. To reach the single fiber level, higher resolution 

is required. It may be gained with other parameters of 

investigation, smaller sized specimens or partial scan-

ning with 3D reconstruction. Nonetheless, in most cases 

the ply level is sufficient to assess part quality. The 

obtained results enabled visualization of the structure 

and detection of all the defects which occurred in the 

curved regions. As the performed study shows, X-ray 

CT is a good method to evaluate the structure of curved 

composites, thus it is an NDI tool adequate for CFRP 

composite laminates of complex shapes.   
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