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ABSTRACT 

 
The aim of this work is to apply the Gamma Ray Transmission (GRT), a non destructive technique, for structural 

characterization of ceramic samples. With this technique, the porosity of Alumina (Al2O3) and Boron Carbide (B4C) 

ceramic samples, in tablet format, was determined. The equipment employed is constituted by a 
241

Am gamma ray 

source (59.6 keV and 100mCi), a 2”x2” diameter NaI (Tl) scintillation detector coupled to a standard gamma ray 

transmission electronic and a micrometric and automated table for sample movement. The porosity profile of the 

samples shows a homogeneous porosity distribution, within the spatial resolution of the employed transmission 

system. The mean porosity determined for Al2O3 and B4C were 17.8±1.3% and 3.87±0.43%, respectively. A 

statistical treatment of these results was performed and showed that the mean porosity values determinate by the GRT 

are the same as those supplied by the manufacturer. 

 

 

1. INTRODUCTION 
 

Applications in many areas like medicine, petroleum engineering, metallurgy, nuclear reactors 

technology and others have increased the need for researches in different characterization 

techniques of porous materials.  

 

Results for porosity estimation by conventional methodologies are found in the international 

literature, like Archimedean porosimetry [1] and mercury injection porosimetry [2]. Matejicek et. 

al, [3] presents four methodologies for porosity determination, besides Archimedean porosimetry 

and mercury injection porosimetry, shows yet Helium pycnometry and Materialography based in 

image analysis. However, most of these methodologies are destructive, require sample preparation 

and the success of their application are highly prejudiced by a poor spatial resolution. 

 

Nuclear methodologies became alternatives techniques for structural characterization of porous 

media. Dourdain et. al [4] uses the X-ray Reflectivity in combination to Grazing Incident Small 

Angle X-ray Scattering to deduce the total porosity of silica thin films. Oliveira et. al [5] applies 

X ray microtomography and gamma ray transmission for porosity characterization of titanium 

sintered foams and Appoloni & Pottker [6], uses the gamma-ray transmission in porosity profile 

measurement of amorphous materials.  

 

The Gamma Ray Transmission technique (GRT) consists in measuring the attenuation that 

photons of an incident radiation beam suffers when passes across the material. Has many 
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advantages over conventional structural characterization methodologies; is faster, non-destructive 

and also doesn’t require sample preparation. GRT provides total porosity for the samples, 

including closed and open pores, because photon attenuation only occurs in the matrix of material 

(besides the air of the environment), it means that all the voids existent in the region of the sample 

illuminated by the gamma beam is considered pores. The space embraced by this illuminated 

region is inside the spatial resolution of this technique. Thus, the pores of the sample are 

computed and quantified, independently if they are connected or not. 

 

This paper shows the application of Gamma Ray Transmission technique in the porous 

characterization of Alumina (Al2O3) and Boron Carbide (B4C) ceramic samples, besides its 

porosity profiles. 

 

 

2. THEORETICAL 

  

The Beer's law establishes the relationship between the attenuated radiation intensity by a sample 

and other parameters of the system. It can be written as: 

 
xe `
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where I0 and I are the incident and emergent gamma ray beam intensities respectively (cont s
-1

), 

µ` is the linear attenuation coefficient of the sample (cm² g
-1

), and x is the thickness of the sample 

(cm). The linear attenuation coefficient [µ´ (cm
-1

)] can be written as: 
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where µ is the mass attenuation coefficient (cm
2
/g), and ρ  is the density of the sample (g/cm

3
). 

 

The porosity determination of the sample, in relation to his linear attenuation coefficient is done 

by the following equation [7]: 
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where φ is the total porosity (open and close pores), µp is the linear attenuation coefficient of the 

sample totally solid (same material of the sample but without pores) and µs is the linear 

attenuation coefficient for the porous sample, both in cm
2
/g.  

 

Calculations of the mass attenuation coefficients of several samples were carried out by the 

WinXCOM program [8].  

 

 

3. MATERIALS AND METHODS 

The measurements were accomplished in the Applied Nuclear Physics Laboratory, Londrina State 

University. 24 hours before the works, the GRT spectrometry apparatus was started with 1150V, 

in this way, the electronic system stabilization was established and the radioactive energy 
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spectrum doesn’t showed significant shift along the transmission measurements. 

 

The equipment was a 2”x2” diameter NaI (Tl) scintillation detector, 2 mm diameter source and 5 

mm diameter detector lead collimators, standard gamma spectrometry electronic [pre-amplifier, 

amplifier and high voltage supply (HV)] and 
241

Am gamma ray source (59.6 keV and 100 mCi), 

coupled to a micrometric and automated system of sample movement. Fig. 1 shows the gamma 

ray transmission experimental set-up.  

 

 

 

 
 

Figure 1. Diagram of the gamma ray transmission experimental set-up; (a) data acquisition 

and sample movement system software, (b) standard gamma spectrometry electronic, (c) 

detector, (d) sample movement system, (e) radioactive source and (f) collimators. 

 

 

 

Alumina (Al2O3) and Boron Carbide (B4C) sintered tablets with approximately 9 mm diameter 

and 9 mm thickness (Fig. 2) were analyzed. These samples were supplied by Nuclear Materials 

Laboratory (LABMAT) of the ARAMAR Experimental Center from Brazil. 

 

Alumina exhibit high thermal conductivity coefficient and low volume dilatation, another 

application of this material is to cover recipients exposed to thermal shocks and high temperatures 

(up to 1700°C), like in nuclear reactors. In nuclear applications, boron Carbide, is a good neutron 

absorber by B(n,γ) reaction, employed to decrease neutron density from the nuclear reactions. 
 

 

 

  
(a) (b) 

 

Figure 2. (a) Alumina and (b) Boron Carbide 

sintered tablets 

 

It is very important to determine the porosity of sintered materials, because this parameter has a 

large influence in the efficiency of their application, as in the examples cited above. 
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4. RESULTS AND DISCUSSION 

 

In order to validate the employed technique, the porosity of certified samples should be 

determined, but there’s no available certified sample with parameters appropriate to GRT at the 

certified laboratories. There’s only certified samples proper to mercury injection porosimetry. 

Therefore, to validate the technique, the water mass attenuation (µw) was measured. Water mass 

attenuation values are found in the international literature. 

 

To determine µw using of the Eq. 1, it was used an acrylic box (10 x 10 x 5 cm
3
). With the empty 

box, I0 was measured, and with the box full of distilled water I was measured. 12 positions (or 

measurement points) were assumed, for both I0 and I, and the measurement time for each one was 

60s. These measurement points are the average value of a cylinder volume with the same diameter 

of the collimators beam and same thickness of the sample. Table 1 shows the measured values of 

the water linear attenuation coefficient at present work, which is in good agreement with the data 

obtained from literature and WinXCOM software. 

 

 

 

Table 1 - Values of the water mass attenuation coefficient. 

 

           [9]           [10]         [11] WinXCOM [8]   Present work 

µw (cm
-1

) 0.200±0.002 0.1971±0.0005   0.203±0.002        0.207   0.2005±0.0003 

 

 

 

This technique requires geometric precision of the gamma beam collimators as much as the 

sample dimensions. Eq. 1 has a great dependence on the sample thickness [x (cm)] which is 

preponderant for the porosity calculation. The analyzed samples have parallel faces which 

facilitated the measurements of this work.  

 

The total porosity of the samples was determined with the Eq. 3. This equation makes use of the 

particle linear attenuation coefficient (µp) of the material of the sample and the linear attenuation 

coefficient of the porous sample (µs), the last one determined by the Eq. 1. 

 

Employing WinXCOM software and the chemical composition of Alumina (Al2O3) and Boron 

Carbide (B4C) samples, the mass attenuation coefficient (µ), for both, were determined. The 

samples supplier provided the porosity values for each tablet, obtained by conventional 

methodologies (a device to determine solids density ME210250 and a weighing scale Mettler-

Toledo AX205).  

 

Through the transmission data of three tablets of each material (random choosing), its particle 

density was determined by the variation of the density value in the equation (2). Choosing the 

density value, the linear attenuation coefficient (µ’) also changed. This procedure was repeated 

until reach the porosity value of the supplier data with the Eq. 3. The values of particle density 

determined for Alumina and Boron Carbide were 3.77 g/cm
3
 and 2.42 g/cm

3
, respectively. 
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The value of particle density is a very important input data for this technique. When this value is 

not given by the supplier, like this case, either can be found in the international literature or must 

be determined. This work shows porosity data calculated with particle density determined by the 

methodologies explained above and also shows values determined by data extracted from the 

literature. 

 

Due to the small diameters of the tablets (< 9 mm) and the gamma beam diameter (2 mm), the 

number of measurement points assumed for the samples were 8 to 12, in aleatory positions, with 

240 s of measurement time for each one. 

 

Tables 2 and 3 present the total porosity values for the samples with its deviations determined by 

the GRT. These tables show yet the porosity values provided by the sample supplier. The 

deviations reflect the variability of the porosity in each tablet. The statistical component is less 

than 1% of the porosity value, while the total deviation is about 10% of the porosity.    

 

 

 

Table 2. Porosities data for Alumina samples. 

 

Al2O3 Porosity (%) Porosity (%) 

Samples Gamma Ray Transmission 

Deviation (95% 

confidence, α=0.05) Producer 

1 3.68 0.34 4.17 

2 4.03 0.36 4.11 

3 4.59 0.38 4.08 

4* 3.67* - 4.10* 

5 3.22 0.27 3.83 

6 4.10 0.41 3.95 

7* 4.09* - 3.90* 

8 3.41 0.41 4.14 

9* 4.70* - 4.53* 

10 4.05 0.34 3.61 
    *Values employed for the particle density calculation. 

 

 

 

Table 4 presents the mean porosities values determined by the GRT (the tablets used for particle 

density determination were not taken into account, with the average value from the sample 

supplier, for ten tablets of each material. Again, the deviation of GRT results reflects also the 

variability of the porosity inside the samples. 

 

The Student t Test supposes that we are testing two hypotheses, H0 (m1=m2) and H1 (m1≠m2), 

where m1 is the known mean value (like the porosity given by the supplier) and m2 is the mean 

value determined in the samples analyses. This test can assure that the mean values determined by 

any technique are the same specified by the producer (hypothesis H0), or not (hypothesis H1). To 

verify this, a confidence interval for m1 that considers the standard error, degrees of freedom and 

the student distribution is established. If the confidence interval involves m2 value, the H0 is 

accepted and the methodology adopted achieved the same mean value supplied by the 

specifications. Another parameter which can be used to analyze the hypothesis test is the P-value 

(or level of significance). The P-value is the smallest level α at which the data are significant. If 
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P-value is bigger than 0.05 (95% of confidence), we can assure that the H1 can be rejected. The 

data of this test is showed at Table 5. 

 

 

 

Table 3. Porosities data for Boron Carbide samples. 
   

B4C Porosity (%) Porosity (%) 

Samples Gamma Ray Transmission 

    Deviation (95% 

confidence, α=0.05) Supplier 

1 20.56 0.80 19.70 

2* 18.28* - 18.29* 

3 17.34 0.41 18.36 

4 17.28 0.53 16.71 

5* 18.45* - 18.47* 

6 16.37 1.37 17.97 

7* 16.47* - 16.47* 

8 18.08 0.52 18.71 

9 18.22 0.54 18.31 

10 16.93 1.40 18.40 
  * Values employed for the particle density calculation. 

 

 

 

Table 4. Average porosity for Alumina and Boron Carbide samples. 

 

Al2O3 porosity average (%) Deviation (95% confidence) 

GRT 3.87 0.43 

Sample producer 4.04 0.17 

B4C  

GRT 17.8 1.3 

Sample producer 18.14 0.67 

 

 

 

Table 5. Statistical treatment for the mean porosity data. 

 

Sample m1 confidence interval m2 P-value 

Al2O3 4.042 3.675 - 4.409 3.868 0.328 

B4C 18.139 16.955 - 19.323 17.824 0.553 

 

 

 

The results of Table 5 assure us that, for the two materials, the mean porosities determined by 

GRT are the same as supplied by the producer. 

 

The porosity profiles of the samples were also determined. These profiles show the homogeneity 

degree of the porous distribution inside the materials. Fig. 3 to 6 shows the profiles for two 

samples of each material. 
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Figure 3. Porosity profile of the Al2O3 tablet nº 2. 
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Figure 4. Porosity profile of the Al2O3 tablet nº 6. 
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Figure 5. Porosity profile of the B4C tablet nº 1. 
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Figure 6. Porosity profile of the B4C tablet nº 4. 

 

 

 

The porosities profiles of the Alumina samples had variation on porosity up to 2% (about 50% of 

the average porosity value), while Boron Carbide presents a maximum variation of 4% (about 

20% of the average porosity value).  

 

 

5. CONCLUSION 

 

The water attenuation coefficient determined in this work, µw = 0.2005 ± 0.0003 cm
-1

 (Table 1), is 

in good agreement with theoretical and literature values. This agreement assures that the 

employed equipment is able to accomplish gamma ray transmission measurements, with no 

significant electronic drift on alignment problems of the gamma beam and sample position.  

 

The statistical treatment of average porosity results, determined by GRT for Al2O3 (φ= 17.8 ± 1.3 

%) and B4C (φ= 3.87 ± 0.43 %) samples assure us that these values can be considerate equal to the 

values provided by the supplier (φ= 18.14 ± 0.67 % and φ= 4.04 ± 0.17 % for Al2O3 and B4C, 

respectively). This fact and the good porosities profiles obtained data show the accuracy and good 

performance of the GRT technique for the porous characterization of the analyzed samples. 

 

The mean porosities values determined employing densities found in the literature, considering 

these values as particle density, were satisfactory for the B4C samples, resulting in values 12 % to 

16 % bigger than supplier data. For Al2O3 this difference was in a range from 77 % to 129 % 

bigger than supplier value. This discrepancy clearly indicates that the literature value is not the 

particle density.  

 

The application of gamma ray transmission technique is easy and fast. Its non destructive 

character permits the further analysis of the samples by other techniques. The good agreement of 

the porosity data determined by GRT in relationship to the data supplier showed its capability of 

porosity characterization for this kind of samples. The GRT applicability can be extended to a 

large amount of different materials, choosing properly the radioactive source energy according to 

the sample density and average atomic number. Spatial resolution can be increased or decreased, 
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depending on the desired average volume of the measurement point, by changing the collimator 

diameter.  
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