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Abstract 

Computed tomography allows the images reconstruction and the internal details visualization of the internal structure of the 
inspected volume, which generates a competitive gain for this technique in relation to the other NDT (Non-Destructive Testing) 
methods. Within this context, Petrobras has an R&D project in partnership with UFRJ (Federal University of Rio de Janeiro) to 
develop a field microCT for pipeline inspection with adhesive and laminated joints made of composite material. This work 
developed phantoms in polymeric material for study some parameters, such as contrast resolution, spatial resolution and 
dimensional metrology. Four phantoms were projected and manufatured for theses purposal. The objective was to study, measure 
and qualify parameters for the field microCT. The development and evaluation of these phantoms are presented throughout this 
work. It was possible to observe a good difference between the materials inserted in the contrast resolution phantom through the 
grey values measurement. Beyond it, it was achieved a spatial resolution about 200 µm for this phantom, which is a reasonable 
value for microCT applied to pipelines inspection. Finally, the statistical analyses shown a good data quality and were very 
usefull to understand the results, which provide a good traceability for them.  

Keywords: Metrology, Phantom, Quality Assurance, Composite. 

1  Introduction  

The oil and gas industry plays a strategic role in an increasingly globalized world, where energy supply is strategic for the 
development of nations. Despite strong global pressure to use renewable sources such as wind, solar and geothermal energy, 
petroleum will continue to play a significant role in the global energy matrix in the coming decades. Despite this outstanding 
importance, this sector has undergone important transformations in the last ten years. Due to the emergence and growth of 
production in new oil fields beyond the traditional production by OPEC (Organization of Petroleum Exporting Countries), the 
balance between demand and supply that was seen in the past now has new variables. Firstly, it is important to highlight the 
growing production of oil and gas in the US due to the emergence and consolidation of the so-called shale oil and shale gas, 
making it, parttialy, independent of Middle East oil geopolitics. In addition, new oil frontiers have emerged in the world, such 
as Brazil's pre-salt and increasing production in the west coast of Africa. In this context, the oil companies are working in 
increasingly competitive markets. Therefore, the development and application of technologies becomes vital to increase the 
safety and operational efficiency of such oil companies, aiming to work in projects with increasingly lower exploration and 
production costs due to the reduction in the barrel price. Thus, the oil and gas industry has increasingly used composite materials 
in its facilities due to their versatility, high mechanical strength to weight ratio, high corrosion resistance. However, non-
destructive testing (NDT) techniques need to be studied and implemented in order to ensure that the equipment built with these 
materials has the same level of reliability as metallic materials. Thus, several NDTs have been investigated, including computed 
tomography (CT). In this context, Petrobras, in partnership with UFRJ (Federal Universty of Rio de Janeiro), is developing an 
industrial tomograph whose objective is to inspect composite material pipelines in its oil and gas production platforms. To this 
end, phantoms are required to quantify and to compare the performance of this CT scanner with other commercial units. The 
approach in the medical phantom literature is quite comprehensive. However, there are no phantoms on the market or reported 
in the literature that can meet the specifics required for this CT field equipment. Therefore, the study and development of 
phantoms will be necessary and of great relevance to the technological growth of computed tomography in the oil and gas 
industry. 
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2  Fundamentation 

Composite materials have great appeal for their use such as high strength in oriented directions, low weight, ease of conformation, 
dimensional stability, high dielectric strength, corrosion resistance, fatigue strength, good fracture toughness and good surface 
finish. Due to these characteristics, the use of these materials has grown in recent years in the oil and gas industry, with the 
following applications: floor grid, ladders, eletric cable tray, tanks, pipelines, pipelines repair, risers for drilling and production, 
cold repair applied in FPSO structures and carbon fiber for anchor lines (1). Despite these advantages offered, some 
nonconformities have been observed in equipments made with these materials. Generally, such failures occur due to design 
and/or assembly problems, inadequate support and flexibility, misalignment, excessive torque and water hammer. The literature 
reports the following discontinuities in composites, namely: delamination, lack of adhesive, disbonds, porosity, contamination, 
inadequate cure, rich or poor resin, damaged fibers, voids, cracks, loss of properties (modules), impact damage , thermal damage, 
dimensional problems, incorrect fiber orientation (2). Therefore, advancement in non-destructive testing techniques applied in 
the inspection of composite materials becomes necessary, as eventual failures in these components can be avoided with proper 
inspection during the manufacturing, construction, and assembly phases, as well during operation and at maintenance shutdowns. 
It is noteworthy that such failures, depending on the criticality of the component, can lead to human, ecological and economic 
losses. Gholizadeh (2016) mentions that the main NDT applied to composite materials are the following: visual test, ultrasound, 
thermography, radiography (film and digital), electromagnetic tests, acoustic emission and shereography (3). However, there has 
not been much use of these techniques in the field, but only visual inspection and hydrostatic testing have been done more 
frequently. 

Computed tomography (CT) is a non-destructive test with great applicability in the medical field and with increasing use in the 
industrial area. The literature reports that, only in 2006 year, 67 million CT scans were performed in the United States (4). In 
addition to the widespread tomography application in the medical field, CT has been used in industry since the 1980s. In addition, 
less popular applications such as forensics, archeology, museology, among others, are also using this technique. From a historical 
perspective, computed tomography has its roots in the year 1895. In this year, Roentgen (Nobel Prize in Physics in 1901) 
discovered a new type of radiation, which came to be called by X-rays (5). Continuing the timeline, the Austrian Physicist Radon 
publishes a work with the solution of the inverse reconstruction problem. In 1963, Commarck contributed to the first 
mathematical implementation of tomographic reconstruction. Then, Hounsfield (6) developed the first tomograph in 1971. 

Regarding the use of non-destructive techniques with ionizing radiation, Ferreira et al (2018) (7) inspected laminated joints 
(manufactured with glass fiber reinforced polymer) using digital radiography (1 mm focal size, 200 µm pixel size, exposure time 
of 1 s and 5 frames averaged) and microtomography (500 µA current, 0.5 ° pitch, 116 µm and 131 µm pixel size) on 4 ” and 6” 
specimens. Defects were intentionally inserted into two samples. Inserted and unplanned defects were detected by both 
techniques. The microCT was used to obtain an average percentage of the analyzed reinforcement volume of approximately 
6.1%, an average volumetric matrix percentage of 91.6% and a defect percentage lower than 1% for all samples. Silva et al 
(2017) (8) also used tomography to characterize defects in laminated and adhesive joints, where it was observed that computed 
tomography was very useful for characterizing defects inserted in specimens. Silva et al (2017) showed the linear dimensions of 
the defects, allowing their comparison with ISO 14692 (9), as well as the inspected joint evaluation. Figure 1 shows the results 
obtained by (8). Tests with conventional ultrasound (UT) was also performed, whereby the results obtained with both techniques 
(CT and UT) were compared. Both techniques have their specificities. It is possible to mention that ultrasound has simpler and 
cheaper equipment than CT. However, the tomography results is easier to visualize and to analyze than with UT. Both techniques 
are somehow complementary. Comparing the results obtained with the medical CT scanner and microCT, it was observed that 
finer details are observed with microCT. However, longer exposure and limitation of the source-detector assembly is a 
disadvantage to be considered in microCT when compared to conventional computed tomography. 

 

 Figure 1: Planified image obtained from microtomography with defects in a pipeline (8). 

Garcea et al (2018) (9) also applied computed tomography to composite materials. By means of specimens with small 
dimensions, it was possible to obtain tomographic images with spatial resolution smaller than 10 µm. Usually, the inspection 
object in industrial area has dimensions substantially larger than those used by (9). However, these results show the potential of 
this technique for failure analysis, as for example, in samples of tensile wires in flexible pipes that have undergone through stress 
corrosion process. Regarding to polymers, the use of contrast agents shown to be useful in visualizing the radiographic image, 
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although this is unlikely in terms of implantation by these materials manufacturers. Schilling et al (2005) (10) were also able to 
detect very small techniques (aperture 0.5 to 1 µm). 

The manufacture and use of standards for absorbed dose measurement and image quality assessment in computed tomography, 
known as phantoms, is mentioned and described in the technical literature. They are inert objects and can be repeatedly scanned 
by CT systems. Such patterns are one of the most important tools for optimizing and balancing radiation dose and image quality 
in computed tomography (11). There is a large material content referring to the application of these phantoms in the medical area 
(12-13), with more limited references to the industrial area. Several parameters can be quantified by means of these phantoms, 
namely: high contrast spatial resolution, low contrast spatial resolution, gray values, noise, dimensional accuracy, uniformity, 
among others. Medical phantoms typically have the shape of the back, skull, or other human body parts. For this application, 
phantoms simulate the attenuation received by the patient. Typically, these standards qualitatively and quantitatively measure 
image quality parameters such as contrast, spatial resolution and noise. A single unit of a phantom can contain a variety of 
subsections that can measure multiple parameters. In addition to medical application, the literature reports the development and 
application of phantoms in the industrial area. Vasquez et al (2007) (14) studied a cylindrical polypropylene phantom with a 
diameter of 400 mm and a density of 0.91 g / cm3. The tests were performed on a first generation gamma-tomograph developed 
by the researchers themselves. Although they used a gamma font that has a relatively large focal size, it was possible to discern 
the different materials with different densities. Addittionally, Mesquita et al (2012) (15) developed a third generation 
tomographic system and a phantom was specially developed to evaluate this system. With high temporal resolution, a short 
acquisition time was necessary to discern the images. Table 1 shows phantom types with related measurement techniques (Bossi 
and Nelson, 1994) (16). 

Table 1: Phantoms categories and measurement technique (16). 

Type Example Construction/Technique 

Resolution 

 

 

holes 

squares 

line pairs 

pins/wires 

MTF calculation 

Contrast signal to noise in a uniform material sample small 

density variation 

Material/Density arious solids 

liquids of diferente mixture percentage 

porous material compaction 

Dimensional 

Accuracy/Distortion 

pin sets 

hole sets 

Slice thickness pyramids 

cones 

spiral slit 

One of the most important parameters for image quality assessment is spatial resolution. This is related to the ability to discern 
two neighboring attributes as distinct. Several types of phantoms can be used to measure spatial resolution. Holes can be used in 
a uniform material with fixed diameters and by varying the separation between them or reducing the diameter with decreasing 
separations. In this case, the resolution is defined as the minimum separation detected. Another commonly used method for 
measuring resolution is MTF (Modular Transfer Function). MTF provides the measurement of system resolution by the ratio of 
signal modulation to frequency. MTF characterization can be obtained by different methods. One method is to calculate the MTF 
from the line drawn through the phantom edge. By means of a solid disk, MTF is measured at different angles to have spatial 
resolution as a function of projection angle. Finally, phantoms formed with line pairs are also used to measure spatial resolution. 
The use of line pairs is also reported in the literature, using steel or aluminum wires in an acrylic matrix. Resolution determination 
is similar to radiography (digital or conventional), from the discernment between two metallic wires with predefined spacing 
(16). Contrast sensitivity is obtained by a histogram in a uniform region. To this end, a uniform disc of homogeneous material 
may be used for such purpose. Contrast sensitivity is obtained from a region in the center of the reconstructed image where the 
mean and standard deviation of the signal-to-noise ratio are measured. Thus, the contrast sensitivity can be known. The normative 
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documents ISO 15704-4, ASTM 1570-11, and ASTM 1696-96 provide some guidance on measuring contrast sensitivity and 
MTF on standardized objects for tomographic imaging purposes. 

 

3 Methodology 

The purpose of this research work was to design, manufacture and qualify standards for the quality assurance of a field CT unit. 
This equipment aims to inspect laminated and adhesived joints of GRP piping systems. To achieve this result, four phantoms 
were designed and manufactured. All parts were designed using commercial software Solid Works, being manufactured by 
machining and additive manufacturing. The first phantom (1A) was intended for the study of contrast resolution, being fabricated 
by the conventional drilling machining process. It was made from a cylindrical piece of polyethylene with a diameter of 150 mm 
and a height of 100 mm, with 6 holes of 10 mm in diameter and 70 mm in height. The drawing and picture of the piece are shown 
in Figure 02. The second phantom (2A) was produced for dimensional metrology purposes. This piece is 150 mm in diameter 
and 100 mm in height, with 100 holes of 6 mm diameter and 4 mm spacing between them. As it was a phantom for dimensional 
control, it was made with a manufacturing precision of 0.01 mm. The manufacturing drawing and picture for this phantom is 
shown in Figure 02. The third phantom (3A) was produced for spatial resolution measurement, and was also manufactured by 
the conventional drilling machining process. This piece was machined on a disc with 150 mm diameter and 5 mm thickness. 
Twenty through holes were drilled with decreasing diameter from 5.0 mm in diameter to 0.1 mm in diameter. Finally, a fourth 
phantom (4A) was manufactured by additive manufacturing process, being also made for spatial resolution measurement. The 
design of the phantom 4A is the same as that for the phantom 3A, both of which differ only by the manufacturing process. Figure 
2 shows the family of phantoms built for this work. 

 

 

 

Figure 2: Design and construction of phantoms 1A, 2A and 3A. 

Several tomographic acquisitions were made to optimize the parameters used. Analyzes of the histograms and reconstructed 
images were made for this purpose for the 4 phantoms used in this work. The following parameters were used for tomographic 
acquisition: Phantom 1A (80 kV, 100 kV, 120 kV, 350 µA, 2000 projections, 5 frames per image), Phantom 2A (100 kV, 220 
µA, 2000 projections, 5 frames per image) and Phantoms 3A, 4A (70 kV, 220 µA, 2000 projections, 5 frames per image). After 
the projections acquisitions, the images were reconstructed in the Phoenix Datos | X 2 Reconstruction software and were analyzed 
in the VG Studio software. For contrast resolution, 7 different materials were used, namely: GRP, Epoxy resin, Vinyl Ester resin, 
air, fiberglass (wire), fiberglass (powder). These materials were chosen as they are similar to those that will be found in GRP 
pipeline inspections. After getting and reconstructing the projections, the gray values with their respective standard deviation 
were measured in all samples with 10 pixels x 10 pixels ROI, totaling 20 measurements for each sample. Finally, a proper 
correlation was made between the gray values and the materials used for the 3 voltages. For dimensional metrology, holes 
diameters for the phantom 2A were measured in the VG Studio software. Each hole was measured 5 times in 3 different positions 
(top, middle and bottom) along its height. A large number of measurements were required to have a larger data volume  for 
statistical analysis. Regarding the phantoms 3A and 4A (spatial resolution), images were acquired with the same parameters for 
the phantoms 1A e 2A. The hole diameters were measured according to the methodology shown in Figure 03. In a first approach, 
the acquisitions were made on a solid disk phantom with its respective holes. After this, the holes diameters were measured in 
the VGStudio software. However, in order to get greater results accuracy, the holes were taken out from the original phantom 
using a drilling machine. Then, the holes reconstructed images were used to measure their diameters. 

Phantom 1A Phantom 2A Phantom 3A 
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Figure 3: Methodology for measuring the diameter holes for the spatial resolution phantom. 

 

Additionally, statistical analyzes were performed for phantom 1A. It is important to consider that the experiment was 
characterized by a large number of replicas and significant differences between the variances of the various treatments 
(heteroscedasticity). For this reason, three methodologies were used to assess whether there is a statistical difference between 
the gray values measured for the different materials. Depending on the sample size, 25 results per material, boxplot diagrams 
were used to assess whether there are significant differences between population of gray values, namely: M1 (GRP), M2 (epoxy), 
M3 (ester), M4 (adhesive ), M5 (fiberglass - line), M6 (fiberglass - powder) and M7 (phantom). Analyzes were performed 
separately for three CT acquisition voltage levels: 80, 100 and 120 kV. In cases where the differences were not visually 
significant, the hypotheses of normality and homogeneity were accepted by Shapiro-Wilk (normality) and Levene 
(homoscedasticity) tests. Then, analysis variance by ANOVA and by Tukey test were performed. Finally, in cases where 
normality and homoscedasticity tests failed, unpaired t-tests for comparing the means of the two populations were performed. 
Boxplot and t-test analyzes were performed using Octave free software and ANOVA analyzes were performed using the free 
software R. For the phantom 3A, it was decided to perform a one-way ANOVA analyze followed by a Tukey test to assess the 
difference between the diameters of the 19 holes studied. Normality (shapiro test) and homoscedasticity (levenetest) evaluation 
were also performed.  

3  Results 

Figure 3 shows some tomographic images for phantom 1A and the results summarized for this contrast resolution phantom. It is 
possible to see a clear differentiation between materials for each voltage (kV). This is very relevant since the purpose for this 
case is to discern the different materials present in this phantom. Notably, the highest gray values were obtained for GRP 
(Fiberglass Reinforced Polymer), because its atthenuation coefficient is higher than others. Fiberglass has a higher specific mass 
than the polymeric components. In addition, there is a clear distinction between GRP with respect to resins, fiberglass and 
adhesive applied. This fact is of great relevance, as these are the materials that must be discerned during inspections with the 
tomographic technique when applied to GRP pipelines. Finally, it was not possible to distinguish as statistically distinct the 
resins (Epoxy, Vinyl Ester) used, because they have a very close physicochemical properties. So, one can say that this contrast 
resolution phantom has performed satisfactorily and can be used as a standard for this type of industrial application. Regarding 
the voltage, significant changes in gray values were observed with the voltage variation (linear relationship). It is expected an 
increase in gray values with increasing voltage, as more photons are crossing the phantom and reaching the detector. The sample 
standard deviation showed a strong dependence on the type of material in which the gray values are being measured. Higher 
values were obtained for the measured standard deviations in the heterogeneous materials (GRP, fiberglass, adhesive). Because 
they are multicomponents, an elemental characteristic of composite materials, it is acceptable to obtain higher values of standard 
deviation for them than in homogeneous materials. 
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Figure 3: Reconstructed images and contrast resolution results for the phantom 1A. 

Figure 4 shows the boxplot diagrams for the gray values of the seven materials studied for phantom 1A, where M1 (GRP), M2 
(epoxy), M3 (ester), M4 (adhesive ), M5 (fiberglass - wire), M6 (fiberglass - powder) and M7 (phantom).. The gray values have 
been divided by one thousand for visualization purposes. For the 80 kV voltage, the gray values for the materials M4, M6 and 
M7 belong to different populations. There are doubts regarding differences between the M1 / M5 and M2 / M3 populations. As 
the normality test for an ANOVA with materials M1, M2, M3 and M5 resulted in a p-value of 1.305e-05, a t-value comparison 
of materials M1 / M5 and M2 / M3 separately was chosen. . With a p-value of 87.43% for the t-test, one can say that the 
population means M1 and M5 are equal. With a p-value of 0.1e-12% for the t-test, it follows that samples M2 and M3 belong to 
different populations. From the performed analyzes, it can be concluded that for a voltage of 80 kV, it is not possible to 
differentiate only the GRP and glassfiber (M1 and M5). Regarding the voltage of 100 kV, it was observed that the gray values 
of materials M4, M6 and M7 belong to well differentiated populations. Despite a lower p-value for the t-test (13.43%), there is 
no indication that the population means M1 and M5 are different. With a small p-value for the t-test, one can say that the M2 
and M3 samples belong to different populations. Regarding to the 120 kV voltage, it was observed a greater discrimination 
between the materials M2, M3, M6 and M7 with respect to the other two voltages (80 e 100 kV). The p-value calculated for the 
means comparison (t-test) for the materials M1 and M5 was 13.83%, indicating that the samples are very likely to belong to the 
same population. 

 

Figure 4: Statistical analysis for phantom 1A for the following voltages: 80 kV (left), 100 kV (middle) and 120 kV (right). 

Figure 5 shows the images obtained for the dimensional metrology phantom. Mean error values are smaller than voxel size for 
these tomographic acquisitions, namely: 87.5 µm. Moreover, the standard deviation was smaller than the aforementioned voxel 
size. Overall, the hole diameters standard deviation / mean ratio was quite reasonable, less than 1.20%. This result shows that 
most of the measured diameters are centered around the average value. Regarding the holes average diameter, the results were 
also very reasonable. These results are statistically the same, thus there is no significant difference in the holes diameter in 
relation to the hole position of measurement (top, center, bottom). Higher standard deviation values are observed in relation to 
the diameters measured in the inferior position in relation to the other positions, which may denote tool wear or lower drill 
stability when drilling the holes in this specimen region. Finally, the average hole errors were statistically identical. The results 
obtained for phantom 2A are well represented by a Normal distribution (Figure 6). The QQ-plot graph shows an excellent 
adhesion between the theoretical and experimental values, being very well represented by a Normal distribution, as can also be 
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observed on the PP-plot graph, which means: an excellent adherence between the theoretical and experimental values in the 
caudal region as well as in the central region. Thus, one can say that the manufacture of the holes was performed properly, 
because the samples (pipe diameter in different positions) belong to the same population.  

 

Figure 5: Results for Phantom 2A for dimensional metrology. Left: reconstructed image, and right: consolidated results. 

 

Figure 6: Normal Distribution for Phantom 2A. 

Figure 7 shows an image of the phantom 3A after its tomographic reconstruction. A reasonable correlation is observed between 
the nominal hole diameter and the values measured in the VG Studio software. In addition, the standard deviation values are 
relatively low. It is possible to visually differentiate that the average diameters belong to distinct holes. This fact is corroborated 
by the infinitesimal p-values calculated for all Tukey test comparisons. Thus, this phantom can be used as a standard for 
evaluating tomographic systems for industrial application in composite materials. However, as will be seen below, the results 
for the phantom made by machining showed more robust results. A major advantage of the phantom made by additive 
manufacturing (A.M.) is the ease of manufacturing, since after rapid modeling in some design software (eg. Solid Works), 
manufacturing is relatively easy and fast. However, the machining fabrication process has the great advantage of allowing lower 
fabrication uncertainties and smaller diameter values than those with A.M., which is quite interesting for the spatial resolution 
phantom.  
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Figure 7: Results for Phantom 3A. Left: reconstructed image, and right: consolidated results. 

The phantoms presented in this paper were designed and built to be used for a field microCT (under development). Since such 
phantoms have been studied and characterized by means of an commercial microCT, they are suitable for characterization and 
quality assurance for the aforementioned field CT. Phantom 1A was developed for the contrast resolution study by inserting 
representative materials (GRP, vinyl ester, epoxy resin, fiberglass, adhesive) into a polymeric material (Polyethylene). Statistical 
tools were used to verify whether similar samples were or not from the same family from a statistical point of view. Finally, one 
can say that such phantom is suitable for contrast resolution and can be used for field CT applied to composite materials. The 
phantom 2A was made with 100 holes with the same nominal diameter. These holes were measured at three different positions 
(upper, intermediate, lower). Such holes were observed to be statistically identical, ie they belong to the same family. Such 
phantom will be useful for characterizing and measuring the field CT capability as it is important to make measurements of the 
discontinuities found. Finally, the phantom 3A was designed and constructed with holes with a nominal diameter ranging from 
5.0 mm to 0.1 mm. We highlight some difficulties encountered in the manufacture of holes with the smallest diameters. However, 
holes up to 0.2 mm in nominal diameter were fabricated, which meets the field CT for such application as the defects found are 
typically larger than this value. 

4  Conclusions 

From the results shown above, we have the following conclusions: 
1) The contrast resolution phantom 1A showed satisfactory results. It was possible to observe a clear distinction between the 
components in terms of gray values, except for epoxy and vinyl ester resins, because they have similar physicochemical 
characteristics; 
2) The phantom 1A samples showed low standard deviation / mean ratio values, which denotes a good quality level for the 
experimental data; 
3) The dimensional metrology phantom (2A) presented satisfactory results, which demonstrates that such pattern has great 
potential to be used for CT applications; 
4) Statistical analyzes have shown that the results for the average diameters and erros for all holes are equal, ie; These are samples 
taken from the same population. This result is quite interesting as it shows a reasonable repeatability of the results for the hole 
diameters in the three measured positions (top, center, bottom) for the 100 holes from phantom 2A; 
5) Phantom 2A results behave under a Normal distribution. Moreover, the standard deviation / mean ratio presented low values, 
which denotes a good quality level for the experimental data; 
6) The lower part of phantom 2A presented higher levels of sample dispersion. This is due to increased tool wear and reduced 
drill stability to drill holes in this position; 
7) The phantoms 3A and 4A (spatial resolution) presented satisfactory results. So, one can infer that they can be used in the for 
microCT to non metallic pipes; 
8) The machining method was more promising than the additive manufacturing method, because it was possible to obtain smaller 
hole diameters (200 µm) compared to the phantom made by 3D printing (300 µm). 
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