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ABSTRACT 
Carbon fiber reinforced composites are widely used in the 

aerospace industry, due to their low weight and high strength. 

Porosity often occurs during the manufacturing of composite 

structures, which can compromise the structural integrity of the 

part and affect its mechanical properties. In the aerospace 

industry a typical requirement for structural components is for 

the porosity content to be kept below 2%. Non-destructive 

evaluation (NDE) techniques are used to estimate the porosity 

content in composite components, the most common being 

ultrasonic attenuation and X-ray computed tomography (CT).  

Planar Edge Illumination X-ray Phase Contrast Imaging 

(EI XPCI) was used to quantify the porosity content in woven 

carbon fiber reinforced composite plates with porosity ranging 

between 0.7% and 10.7%. A new metric was introduced, the 

standard deviation of the differential phase (STDVDP) signal, 

which represents the variation of inhomogeneity in the plates for 

features of a scale equal to or above the system resolution (here 

12µm). The SDTVDP was found to have a very high correlation 

with porosity content estimated from matrix digestion and 

ultrasonic attenuation, hence providing a promising new 

methodology to quantify porosity in composite plates. 
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1. INTRODUCTION 
 Porosity in carbon fiber reinforced composites often occurs 

during manufacturing. For the aerospace industry, a typical target 

is to ensure that porosity is kept below 2% [1]. Porosity is 

defined as a series of sub-millimeter micro-voids that can affect 

the mechanical integrity of a structure [2]. Different non-

destructive evaluation (NDE) techniques are employed to detect 

and quantify porosity in composite plates, the most common 

methods being ultrasonic attenuation [3] and X-ray CT imaging 

[4]. However, both techniques have limitations, with ultrasonic 

attenuation imaging limited by a relatively low resolution, 

whereas X-ray CT imaging has relatively long acquisition times. 

There also exist different destructive evaluation techniques, such 

as micrography [5] and matrix digestion [6], that can provide a 

better characterization of porosity in composite plates, however 

are destructive and thus cannot be used for monitoring purposes.  

 

Edge Illumination X-ray Phase Contrast Imaging (EI XPCi) 

is a novel technique that relies on the phase effects that take place 

when X-rays pass through a material. In conventional 

radiography, the contrast produced relies on the attenuation 

coefficient and on the thickness of the feature through which the 

X-rays pass, which can lead to weak contrast in cases where two 

adjacent features have similar attenuation coefficients, or 

alternatively, where the thickness of the feature of interest is too 

thin to cause a significant change in the attenuation of the X-rays. 

X-ray phase contrast imaging allows for a better contrast as it 

relies on the real part of the refractive index, meaning that the 

introduction of an object into the beam causes a distortion to the 

X-ray and changes its direction of propagation [7]. There are 

different X-ray phase contrast imaging methods [8, 9]. EI XPCi 

uses a set of coded apertures to convert the phase effects into a 

variation of detected intensity. It is known as a differential phase 

imaging method, meaning it measures the refraction angle that 

accompanies the X-ray distortion, which is the first derivative of 

the phase change. Using acquisition of at least three images, EI 

XPCi allows for the simultaneous retrieval of the standard 

attenuation, differential phase, and dark field signals, with the 

latter signal due to features in the sub-pixel scale [10].  

 

Various XPCi methods were used for nondestructive 

evaluations of damage and porosity in composites [9, 11, 12], 

and EI XPCi was shown to be able to detect different types of 

damage in a severely damaged composite plate [13]. The 

complementarity offered by the multiple signals allowed the 

detection of different defects as they showed up in the different 

signals, as well as offering an indication of their length scales 

and their full extent using the dark field signal. These 

observations were confirmed by comparison to both high-

resolution conventional X-ray CT imaging and ultrasonic 

immersion C-scan imaging [14].  

 

In this contribution, the quantification of porosity in woven 

composites plates with varying degrees of porosity is 

demonstrated, by introducing the standard deviation of the 

differential phase as a new metric in EI XPCi [15], and 

comparing it to ultrasonic attenuation and the destructive matrix 

digestion analysis.       

 
2. MATERIALS AND METHODS 

A set of nine 100*50mm2 carbon-reinforced woven 

composite specimens were used in this investigation, extracted 

from larger composite panels. All nine panels were 

manufactured with a layup of 10 pre-preg M21 epoxy carbon 
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woven fabric plies, using the standard autoclave cure 

recommended by Hexcel for M21 plies. The cure parameters 

were such that the panels were pressurized to 7bar, with 100% 

vacuum for the duration of the cure, and heated at 2˚C/min, 

dwelled at 180˚C for 120min, and subsequently cooled at 

5˚C/min. When the temperature reached 60˚C, panels were 

depressurized. Variations of the cure led to plates with different 

porosity, varying from 0.7% to 10.7%. Small parts were 

extracted from the panels adjacent to the extracted plate for the 

quantification of porosity using matrix digestion, using nominal 

densities of 1280kg/m3 for the matrix and 1780kg/m3 for the 

fibers [6]. The specimens were split into 18 regions of interest 

(ROIs) of size 15*15mm2 using reflective tape due to the small 

field of view of the X-ray system, as shown in Fig. 1, and were 

scanned one ROI at a time, resulting in 75% of the plate being 

scanned around the edges.   

 

 
FIGURE 1: POROSITY PLATE SPECIMEN WITH REFLECTIVE 

TAPE AND 18 REGIONS OF INTEREST (ROI) MARKED. 
 

The nine plate specimens were scanned using ultrasonic 

immersion through transmission C-scan imaging. A pair of 

5MHz focused transducers, immersed in water, were placed on 

either side of the sample. The emitting transducer (Olympus 

U8420169) had a 0.5in (13mm) nominal diameter, 0.75in 

(19mm) focal length and 650µm focal spot diameter, with 

300µm wavelength. The receiving transducer (Ultran XL50-5-

P3) had a 0.5in (13mm) nominal diameter, 3in (76mm) focal 

length and 2.6mm focal spot diameter. The experimental setup is 

shown in Fig. 2, where a pulse is emitted by the transducer, 

connected to a pulser/receiver, and propagates through the 

sample onto the receiving transducer, also connected to the 

pulser/receiver. The received signal is recorded by an 

oscilloscope (LeCroy 9304) and saved as the full A-scan for each 

measurement point. The plates were scanned using a 500µm step 

size, resulting in a 221 by 121 step scan to contain the whole 

specimen. The A-scans were then used to calculate the ultrasonic 

signal attenuation, by comparing the maximum amplitude of the 

A-scans through the sample to the amplitude of the signal 

transmitted only through water, using equation 1: 

 

∆𝐼(𝑑𝐵) = 20 ∗ log
V𝑤𝑎𝑡𝑒𝑟

V𝑠𝑎𝑚𝑝𝑙𝑒
                  (1) 

where ∆𝐼 is the ultrasonic signal attenuation in decibels 

(dB), V𝑤𝑎𝑡𝑒𝑟  is the maximum signal amplitude in water in Volts 

(V) and V𝑠𝑎𝑚𝑝𝑙𝑒 is the maximum signal amplitude through the 

sample, also in Volts (V). 

 

 
FIGURE 2: EXPERIMENTAL SETUP USED FOR THE SINGLE 

THROUGH TRANSMISSION ULTRASONIC C-SCAN IMAGING. 

 

The EI XPCi setup used to scan the nine specimens is shown 

in Fig. 3. Two coded aperture masks were used in the system: a 

first mask, the sample mask, was placed upstream of the sample 

and splits the X-ray beam into beamlets. A second mask, called 

the detector mask, was placed adjacent to the detector, and made 

the area between neighboring pixels insensitive to incoming X-

rays. The sample mask had an aperture of 12µm and a period of 

78µm; the detector mask had an aperture of 20µm and a period 

of 98µm. The masks were made of graphite with a gold substrate 

and produced by MicroWorks. The masks used in this setup were 

“skipped” masks, meaning every other pixel of the detector was 

made insensitive to incoming X-rays. This was done in order to 

avoid crosstalk between neighboring pixels. The source used was 

a Rigaku MicroMax 007 HF molybdenum, rotating anode source 

operating at 40kVp and 20mA, with a 70µm focal spot. The 

detector used was an indirect flat panel CMOS detector with 

50*50µm2 pixels. The source to detector distance was 0.85m, 

and the sample mask was place 0.7m away from the source, with 

the sample placed 0.75m away from the source [16]. The system 

was only sensitive to phase effects along the x-direction, and the 

system magnification was 1.25.  The image acquisition process 

included the acquisition of the illumination curve (IC), which is 

a bell-shaped curve that corresponds to the variation in detected 

intensity for different positions of the sample mask relative to the 

detector mask. This was done by acquiring 19 flat fields at 19 

relative sample mask positions, with 9 flat fields symmetrically 

taken on either side of the curve and one where the sample mask 

is aligned with the detector mask, corresponding to the top of the 

curve. 
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FIGURE 3: EXPERIMENTAL SETUP USED FOR THE EDGE 

ILLUMINATION X-RAY PHASE CONTRAST IMAGING.  

 

The sample was then introduced, and another 19 images 

were taken with the same relative sample mask positions as the 

IC. All images were acquired with 6s exposure time. 

Additionally, the samples were dithered 16 times, i.e., 

repositioned at different sub-pixel locations, in order to increase 

the resolution along the x-direction to the aperture size of the 

sample mask, i.e., 12µm. In the y-direction, the resolution was 

determined by the detector performance, i.e., 100µm.  The phase 

retrieval used for these samples is explained in [17], where a 

Gaussian is fitted to the IC and the sample images and the 

attenuation, differential phase, and dark field signals are 

retrieved by comparing the Gaussian parameters with and 

without the sample in the beam on a pixel-by-pixel basis. The 

attenuation signal corresponds to the amplitude of the Gaussian, 

the differential phase corresponds to the shift in the Gaussian 

central position, and the dark field signal corresponds to the 

broadening of the Gaussian curve.  

 

A new metric is introduced here, the standard deviation of 

the differential phase (STDVDP). This metric, similar to the dark 

field signal, is capable of measuring variations in the distribution 

of the sample inhomogeneities, however for features of a scale 

equal to or above the system resolution (i.e., 12µm in the x-

direction). 

 

 

3. RESULTS AND DISCUSSION 
C-scans of ultrasonic signal attenuation for the different 

specimens were created, with two representative plate results 

shown in Fig. 4, one with low porosity (0.9%) and a high 

porosity plate (5.9%). It can be observed that the high porosity 

plate shows high ultrasonic signal attenuation, with an average 

of 28.4±6.3dB. It can also be observed that the porosity 

distribution is not uniform, with the highest concentration of the 

porosity found in the bottom right corner, and the left side of the 

sample showing relatively low attenuation. The woven structure 

of the plate is also somewhat visible in the C-scan, with the 

porosity seemingly following the woven structure. The low 

porosity plate shows substantially lower and rather uniform 

signal attenuation, with an average of 9.3±1.2dB. The low 

porosity across the plate appears to be very uniform, with the 

yellow dots observed corresponding to the reflective tape used to 

delimit the different ROIs.  

 

 
FIGURE 4: C-SCANS OF ULTRASONIC SIGNAL 

ATTENUATION FOR TWO PLATES (50MM*100MM) WITH 

POROSITY OF 5.9% (A) AND 0.9% (B); COLOR BAR INDICATES 

ULTRASONIC SIGNAL ATTENUATION. 

 

The average ultrasonic signal attenuation was calculated for 

each ROI across all nine plates and compared to the three EI 

XPCi channels. As expected, almost no correlation was found 

between the ultrasonic signal attenuation and the X-ray 

attenuation signal, as the only variation observed through the 

attenuation signal corresponds to variation in the sample 

thickness, and X-ray attenuation has low sensitivity to the 

presence of porosity. No correlation was found between the 

ultrasonic signal attenuation and the differential phase either; 

this is expected as the positive and negative values of the 

differential phase signal due to different interfaces average to 

zero. The main channel that was expected to show a correlation 

for porosity measurement was the dark field signal, as it gives an 

indication of the variation in the distribution of inhomogeneities 

across the sample. However, here too, only limited correlation 

was found between the ultrasonic signal attenuation and the dark 

field signal. This is due to a number of reasons: First, the 

resolution of the EI XPCi system is equal to the sample mask 

aperture, i.e., 12µm, meaning that the dark field channel is 

sensitive to features below that resolution. However, the 

resolution of the ultrasonic scan is determined by the step size, 

focal spot, and wavelength, which were all significantly larger 

(>300µm). As a result, the ultrasonic beam is not sensitive to the 

features observed in the dark field channel, and cannot be easily 

compared. Moreover, upon inspection of the retrieved X-ray 

images, it was observed that the porosity features are visible in 
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the differential phase images, and not in the dark field signal, 

indicating that the size of the porosity features are of a size equal 

to or above the system resolution and as a result cannot be fully 

quantified using the dark field signal alone. 

 

Since neither the differential phase nor the dark field 

channels was able to quantify the porosity on their own, the 

standard deviation of the differential phase (STDVDP) was 

introduced. STDVDP is considered as the equivalent of the dark 

field signal for features of a scale equal to or above the system 

resolution, showing the variation in the distribution of 

inhomogeneities across the plates, and as a result representing 

the degree of porosity. A comparison of the ultrasonic signal 

attenuation for the individual ROIs across all nine plates with the 

corresponding STDVDP is shown in Fig. 5. 

 

 

 
FIGURE 5: STANDARD DEVIATION OF THE DIFFERENTIAL 

PHASE SIGNAL (STDVDP) FOR EACH INDIVIDUAL ROI 

COMPARED WITH ULTRASONIC ATTENUATION FOR ALL 

NINE PLATES. 

 

A very good correlation can be observed between the 

STDVDP and the ultrasonic signal attenuation of the ultrasonic 

signal for the individual ROIs for all nine plates, with an R2 of 

0.93. A very strong correlation can be especially observed for the 

highest porosity plates, with both measures correlating well for 

variation within and between specimens. One of the mid-

porosity plates (3.4%) was observed to exhibit a slightly 

different correlation (different gradient) than the other high 

porosity plates. The lower porosity plates (below 2%) show less 

of a variation for the STDVDP, whereas the ultrasonic signal 

seems to indicate some variation between the different plates. In 

order to better compare the two signals, the average ultrasonic 

signal attenuation and STDVDP was calculated for each 

individual plate, and the two are plotted against each other in Fig. 

6.  

 

 
 

FIGURE 6: OVERALL STANDARD DEVIATION OF THE 

DIFFERENTIAL PHASE SIGNAL (STDVDP, AVERAGE AND 

STANDARD DEVIATION) COMPARED WITH AVERAGE 

ULTRASONIC SIGNAL ATTENUATION FOR ALL NINE PLATES. 

 

 
 

FIGURE 7: OVERALL STANDARD DEVIATION OF THE 

DIFFERENTIAL PHASE SIGNAL (STDVDP, AVERAGE AND 

STANDARD DEVIATION) COMPARED WITH AVERAGE 

POROSITY FROM MATRIX DIGESTION FOR ALL NINE 

PLATES. 

 

A higher correlation is observed when the two signals are 

averaged across the whole plates, however the mismatch 

between the STDVDP and the mid and lower porosity plates 

(below 4% porosity) is still visible. This again could be due to 

the fact that the resolution of the EI XPCi system is higher than 

the ultrasonic imaging system. However, the ultrasonic signal 

shows a variation in attenuation for plates below 2% porosity, 

whereas the STDVDP evaluation does not. This might be due to 

some of the features being below the system resolution for this 

low level of porosity, and as a result would have been detected 

by the dark field signal, hence the lack of variation in the 

STDVDP. The STDVDP needs to be investigated further, and its 
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relation to the dark field signal needs to be characterized in order 

to obtain a full understanding of porosity quantification in 

composite plates.  

 

In order to correct for that, the STDVDP was compared to a 

destructive analysis method used for porosity estimation, matrix 

digestion, which was performed on samples taken from the same 

panels as the nine plates, from areas adjacent to where the plates 

were extracted. The porosity calculated for those plates using 

matrix digestion is compared to the STDVDP for all nine plates 

and shown in Fig. 7. The correlation observed between the 

porosity calculated from the matrix digestion and STDVDP for 

the nine plates is better than compared to the ultrasonic signal 

attenuation, with an R2 of 0.99. Here, the correlation between the 

two signal is better for the mid- and low porosity plates (below 

4%). However, for the low porosity plates (below 2%), the 

correlation is not as strong as for the rest of the plates. As 

mentioned above, this could be due to the fact that at those 

porosity values, some of the pores are small enough to show up 

within the dark field resolution as opposed to the STDVDP, 

meaning that the STDVDP only detects part of the porosity in 

those plates.  
 

4. CONCLUSIONS 
In this investigation, the porosity in carbon fiber reinforced 

woven composite plates was quantified using ultrasonic signal 

attenuation, matrix digestion, and planar EI XPCi, by 

introducing a new metric based on the standard deviation of the 

differential phase. This STDVDP metric, similar to the dark field 

signal, is capable of measuring variation in the distribution of the 

sample inhomogeneities, however for features of a scale equal to 

or above the system resolution (i.e., 12µm for the employed 

system). This new metric was proven to be capable of 

quantifying the porosity in composite plates as it showed a high 

correlation with both ultrasonic attenuation and matrix digestion. 

The comparison between the STDVDP and ultrasonic 

attenuation was done both on an ROI basis, as well as for the 

whole specimens. The comparison of the new metric with 

ultrasonic attenuation showed very good correlation both for the 

ROI and whole plate comparison. The ROI analysis showed 

good correlation for porosity variation within the specimens, 

however for plates with porosity below 4%, the correlation was 

not as strong. This is thought to be due to the  size of some of the 

pores being below the system resolution, and as a result being 

detected by the dark field signal rather than the STDVDP.  

 

When comparing the new STDVDP metric to porosity 

calculated from matrix digestion, an improved correlation was 

found, and the plates with porosity below 4% correlated better 

than with the ultrasonic signal attenuation. However, again for 

plates with porosity below 2%, the correlation did not hold as 

well. A possible explanation could be that the porosity size 

distribution in those plates spreads both below and above the 

resolution of the employed EI XPCi system (i.e., 12µm), 

meaning that some of the porosity is being detected using the 

STDVDP, whereas the smaller pores would be detected by the 

dark field signal.  

 

The new approach using planar XPCi imaging shows great 

promise for the quantification of porosity in different types of 

composites in the future, especially its efficacy in doing so using 

only planar images, which cannot be done using other X-ray 

imaging methods. However, the nature of the new STDVDP 

metric and its relation to both the differential phase and the dark 

field signal need to be further investigated for varying pore size 

and shape distributions. Furthermore, this method should be 

applied to other types of composites, with different 

manufacturing methods, to ensure its efficacy.   
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