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Abstract. In-air PIXE at the NIPNE Tandetron using 3 MeV protons and a 
SDD detector has been applied for qualitative elemental analysis of dental composites. 
Up to 15 elements including traces have been detected in these dental biomaterials. 
The performances of in-air PIXE have been compared with those of in-vacuo PIXE, 
as well as those of XRF and SEM/EDS form other laboratories. Spectra of in-air PIXE 
presented better resolution than in-vacuo PIXE, and both techniques achieved better 
analytical performances than the other X-ray spectrometry methods. The elemental 
compositions of two new “bulk” dental composites have been compared to those of the 
corresponding “classical” materials of an older generation. Compositional differences 
were evidenced, pointing to different composites’ development strategies of the producers. 
In addition to the experimental study, a formal treatment has been proposed, aiming to 
reduce the qualitative analysis data to a few quantitative parameters. Thus in-air PIXE 
analysis of dental composites with the present setup has an important potential for 
various qualitative and semiquantitative applications. However, upgrading the setup with 
a system for collected charge measurement is recommended for quantitative analysis.  

Key words: In-air PIXE, In-vacuo PIXE, X-ray spectrometry methods, Elemental 
analysis, Dental composites, “Bulk” composites. 

1. INTRODUCTION 

The applications of ion beam analysis (IBA), X-ray spectrometry (XRS) and other 
atomic and nuclear methods for elemental analysis in studies of dental composites 
and other dental biomaterials yielded valuable results during the last two decades 
[1]. In fact, twenty years ago our group used for the first time particle-induced X-ray 
emission (PIXE), elastic recoil detection analysis (ERDA) and X-ray fluorescence 
(XRF) in the analysis of dental composites [2, 3]. Before our study, PIXE of dental 
materials was aimed mainly to dental alloys and metal implants [4, 5]. 
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Remarkable exceptions in the field of biomaterials during the nineties include 
investigations on the solubility and permeability of dental composites [6] and on their 
interactions with dentin [7], but these studies were made by other methods. On the 
other hand, the development of broad- and microbeam PIXE, particle-induced gamma 
emission (PIGE) and Rutherford backscattering (RBS) methods made possible advanced 
studies of composites during recent years, including the detailed characterization of 
their interfaces with hard dental tissues [8] and their changes in conditions relevant 
to the oral environment [9–11].  

Dental composites are made of mineral particles of glass and ceramics 
embedded in an organic polymer matrix [12, 13]. They have a remarkable success 
in dentistry, as they replaced Hg amalgam in most dental fillings and restorations. 
However, they leak slowly inorganic elements foreign to the organism in the oral 
cavity and they accumulate other elements from saliva, thus changing their elemental 
composition and mechanical properties [9–11]. Current research by IBA and XRS 
methods of elemental analysis aims at reducing these undesired effects and thus 
extend the lifetime of the composite restorations. Another domain of practical 
applications is in forensic science, where studies of dental composites with XRF 
using portable instruments – an important technical recent development – provided a 
valuable tool for in-air field applications [14, 15]. This approach yielded better results 
as compared to SEM/EDS which in addition requires high vacuum [15, 16]. 

Both PIXE and XRF are non-destructive, fast XRS multielemental analysis 
methods [17], based on the detection of the characteristic X-rays emergent from a 
sample under the bombardment with a primary beam of high energy radiation 
(accelerated protons and X-rays, respectively) and a brief overview oriented to 
dental composite analysis is useful.  

PIXE [18, 19] uses protons of 2–3 MeV for excitation and is one of the most 
sensitive methods for trace analysis. Energy-dispersive detection PIXE with the 
detector placed in air is usually able to analyze elements with atomic number from 
Z = 11 (Na) or 12 (Mg) on, but sensitivity for light elements is low. For PIXE in 
thick samples like composites, the limits of detection are of the order of 1–10 ppm. 
For instance, in measurements with 3 MeV protons on thick targets of Tetric Ceram 
dental composite, we found best detection limits of ~5 µg/g for medium Z elements. 
The accelerated protons have a definite range in matter, thus PIXE analyzes only a 
thin layer at the surface of the sample, of about 50–100 µm.  

In contrast to PIXE, XRF [20, 21] is not only non-destructive but also a non-
invasive method. Although XRF is now rejuvenated with the development of the 
portable spectrometer, the latter is mostly a valuable instrument for qualitative and 
semiquantitative analysis. With energy-dispersive detectors in a standard desktop 
setup, the detection is possible usually only for elements with Z = 11–92 (Na to U); 
with a hand-held instrument, only elements above Z = 20 (Ca) are visible. Currently 
the detection limit is of 10–100 µg/g (ppm) and the accuracy is of 10–30%. The 
depth of the analyzed layer is not precisely defined and it may vary between 100 m 
and a few mm, depending on the target material and on the energy of the primary X 



 Potential of in-air PIXE for the elemental analysis of dental composites Article no. 701 3 

radiation. The Lambert-Beer law defines a half-thickness (d½ = ln2/, where  is 
the linear attenuation coefficient) as the layer thickness that reduces the intensity of 
collimated radiation to its half. 

The quantitative analysis of dental composites both by PIXE and XRF is a 
‘difficult’ task [1, 3, 17] and, indeed, most studies limit themselves to qualitative or 
semiquantitative analysis. Composites are multielemental materials and evidence 
currently 10–15 elements including traces; they are made of heterogeneous mineral 
micro- and nano-granules embedded in a polymer resin, are electro-insulating, 
contain large amounts of PIXE- and XRF-invisible elements, and no appropriate 
standards exist so far for them [1, 3]. In both methods, the analysis of thick samples 
such as the composites and teeth, is fundamentally complicated by large matrix effects. 
The later consist in the nonlinear dependence of the intensity of the detected 
characteristic radiation on concentration. They involve sample-specific and complex 
interactions which hardly could be accounted for completely. In fact, approximate 
concentrations can be obtained by GUPIX quantitative analysis of dental composites’ 
PIXE spectra. But these concentrations might require a correction factor and they 
should be considered only as relative values.  

Therefore, due to lack of certified reference materials, in many applications 
the most relevant and reliable PIXE analysis of composites is mainly qualitative or 
semiquantitative. This approach was used both by PIXE [2, 3], by XRF [14, 15] 
and by scanning electron microscopy with energy dispersive X-ray spectrometry 
(SEM/EDS) [15, 16], in particular, these XRF studies were only qualitative. 

Corroboration of PIXE with analyses by other methods is useful [3], and 
qualitative and semiquantitative elemental analysis yielded relevant results [2, 9, 
22, 23]. PIXE of dental composites provided information on the identity, the 
classification, the similarities and differences, the changes during oral use, the 
interactions of the biomaterials with the hard dental tissues, etc. Progress in this 
field made possible also practical applications, e.g. in forensic science and in the 
development of improved biomaterials.  

Important experimental and technical PIXE developments, such as microbeam 
PIXE (-PIXE), occurred in the last decades [24]. Another technical breakthrough 
in PIXE and PIGE is the external beam setup [25]. This allows the PIGE-PIXE in-air 
analysis of teeth in their natural state without any preparation and without drying 
[26]. Moreover, the in-air proton beam made possible in vivo analysis without 
radiological risk for the patient. This setup was used to evaluate the protective 
action of different dentifrices [27, 28] and of laser irradiation [29] on tooth enamel 
from human subjects. However, PIXE with external proton beam were not used so 
far in studies of dental composites in vivo and in vitro. 

Here we evaluate the potential of in-air PIXE for studies of dental composites, 
first of all comparatively to in-vacuo PIXE, based on characteristics of the respective 
spectra and on performances in qualitative analysis. The comparison of in-air PIXE 
is then extended to previous qualitative investigations by XRF and SEM/EDS, 
respectively. To this end, two sets of three composites manufactured by two producers 
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were selected. Each set included two “classical” materials and a new generation 
composite of the so-called “bulk” type. The mineral compositions of the corresponding 
classical biomaterials of each set were different.  

In contrast to the classical materials, the recently developed bulk composites 
have different light-curing properties so as to allow fast processing in thick layer. 
This straightforwardly suggests significant differences in the organic polymer matrix 
of bulk biomaterials as compared to the classical ones, but raises also the question 
of possible differences in the mineral phase of these composites. The present paper 
looks for an answer to this question.  

Finally, a simple model for the formal description of the qualitative analysis 
data is proposed. This approach might be applied not only to composites but also to 
other dental materials with multielemental composition.  

2. MATERIALS AND METHODS 

2.1. DENTAL COMPOSITES 

The following dental composites satisfying the above criteria have been selected 
for this study: Ariston, Tetric Ceram, Tetric Evo Ceram Bulk Fill (Ivoclar-Vivaden); 
and Valux Plus, Filtek Supreme, Filtek Bulk Fill (3M ESPE). In the following, 
shorter running names have been used: Tetric CLASS for Tetric Ceram and Tetric 
BULK for Tetric Evo Ceram Bulk Fill; Filtek CLASS for Filtek Supreme and 
Filtek BULK for Filtek Bulk Fill.  

2.2. PREPARATION OF COMPOSITE SAMPLES 

Disk shaped samples of about 8–10 mm diameter and 1 mm thick were prepared 
from the light-curing dental composites on glass plates as described previously [2, 3]. 
Photopolymerization was performed with intense blue light (420–500 nm) from a 
halogen lamp with glass fiber optics. 

2.3. REFERENCE MATERIALS 

Reference materials included sintered pellets of hydroxyapatite (Bone Ash, 
NBS) and of Feldspar (NBS). A type II dental calculus studied before [30] and one 
of quartz were also used as references.  

2.4. EXPERIMENTAL SETUP OF IN-AIR PIXE 

The 3MV Tandetron accelerator at HH-NIPNE is a state-of-the-art complex 
instrument allowing in-vacuo and in-air applications. For in-air PIXE, it is equipped 
with the AirBeam set-up (Fig. 1). The proton beam is extracted into the air through 
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a thin silicon nitride (Si3N4) window (Silson, UK) separating the high vacuum 
compartment from the atmospheric pressure target area.  

 

 
Fig. 1 – In-air PIXE active zone of the experimental setup, which allows the extraction of the proton 
beam through a thin Si3N4 window. The proton spot is positioned on a sample using two thin lasers 
beams and an XYZ robot. The X-rays were measured at 135 using a Fast SDD X-ray 123 detector. 

The position of the beam on the target could be visualized with a high-definition 
video camera (Samsung). The beam spot on the target is located by two thin laser 
beams aiming at the incidence point. The position of the target with respect to the 
incident beam can be changed using an XYZ robot.  

For X-ray recording the set-up used a high-performance silicon drift (SDD) 
detector (Fast SDD X-ray 123) with complementary metal–oxide–semiconductor 
(CMOS) preamplifier (Amtek), having a 25 mm² active area collimated to 17 mm² 
and 500 μm thickness, and 122 eV full width at half maximum (FWHM) resolution 
at 5.9 keV. The SDD detector was cooled with Peltier element (ΔT > 85 K). 

In order to eliminate from the PIXE spectra the spectrum of argon (Ar) 
present in air, a helium (He) flow system (Bronkhorst) was used. 

However, our present setup did not allow a proper experimental measurement 
of the collected charge. To allow quantitative analysis by in-air PIXE, a Ta or Au 
window or chopper should be installed [29, 31].  

2.5. IN-AIR PIXE MEASUREMENTS 

The measurements were performed with 3.0 MeV protons from the Tandetron 
accelerator, at proton beam intensity of 1–2 nA. The proton beam diameter was of 
1 mm. The spectra were collected for irradiation times of 600–1800 s. The estimated 
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(nominal) collected charge could be up to 0.6–3.6 C, but our present setup did 
not allow a proper experimental measurement. The thick composite targets were 
perpendicular on the beam and the SDD detector was oriented at 135o with respect to 
the beam. The detector was placed at a constant distance (< 2 cm) from the beam spot.  

2.6. IN-VACUO PIXE MEASUREMENTS 

The in-vacuo PIXE measurements together with PIGE and RBS were performed 
as described before [30] with similar beam intensities and irradiation time as the in-air 
measurements. Spectra were taken with an IGLET X-series detector having a 
resolution of 140 eV. The Be window was 12.7 m thick and the detector-to-target 
distance was ~23 cm. The electrical charge collected on the target was 1–25 µC. The 
irradiation chamber was electrically isolated and beam integration was performed 
with a current digitizer. 

2.7. RANGE OF PROTONS IN COMPOSITES 

The proton range R in the target can be estimated with the SRIM code [32] if 
the mean atomic number <Z> of the material and the proton beam energy E are 
given. In composites, the analyzed depth may vary appreciably from one point to 
another due to their heterogeneous structure [17]. With 3 MeV protons, assuming 
that the beam analyzes only the organic matrix of, say, polymethylmetacrylate,  
-[CH2-C(CH3)(COOCH3)-]n- with <Z> = 4, one finds R = 90 m; but if the proton 
beam hits an YbF3 grain embedded in the organic polymer as e.g. in the Tetric 
Ceram composite, with <Z> = 24.25, then R = 57 m. This exceeded the size of the 
mineral particles of the composites (0.02–30 m). Accordingly, let apart the organic 
matrix which is not detected, the analysis was representative of the whole mineral 
composition within the proton range.  

2.8. PROCESSING OF THE PIXE SPECTRA 

The computer program Leone, adapted at NIPNE Bucharest after a program 
written at the Institute of Nuclear Physics of Köln, was used for background 
subtraction and least square fit with Gaussians of the spectra. Although the resulting 
intensities were not proportional to the concentrations of detected elements, they 
provided orientational criteria for classifying the elements as major (> 5%), minor 
(0.5–5%) and traces (< 0.5%). In a few cases, more advanced processing was made 
with the GUPIX code. For instance, in the case of Tetric Ceram CLASS composite, 
PIXE augmented with ERDA yielded concentration values for the four dominant 
elements (Ca 0.12 ± 0.01; Zr 0.34 ± 0.08; Ba 3.49 ± 0.18; Yb 5.22 ± 0.08%) 
and for five trace elements (K 60 ± 70; Fe, 59 ± 10; Cu, 114 ± 30; Sr, 184 ± 52; Hf, 
300 ± 70 ppm) [3, 9]. However, light elements from the composites (H, B, C, N, O, F) 
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are “PIXE-invisible”. For some heavier elements (like Ca, Zr) and trace elements, 
the above concentrations may be inaccurate up to an order of magnitude. Therefore, 
the present study is based on qualitative data. 

3. RESULTS AND DISCUSSIONS 

3.1. IMPROVED RESOLUTION AND SENSITIVITY OF IN-AIR PIXE 

Unexpectedly, the spectra of in-air PIXE with a SDD detector evidenced a 
better resolution as compared to in-vacuo PIXE (Fig. 2). As a result, the spectrum 
shows a much better quality, with well resolved and narrower lines of higher 
amplitudes, and with relatively lower background. For instance, with nominal 
resolutions of 122 and 140 eV, respectively, the amplitudes of the lines would increase 
by a factor of (140/122)2 = 1.3 at least; in fact, they increased more. Consequently, 
the apparent sensitivity is increased and more low concentration elements are 
detected. Thus, while the in-vacuo spectrum shows the lines of only 5 elements 
(Al, Si, Ca, Ba, Yb), other 5–6 more (Na, Mg, P, Fe, Zr, and possibly K) are seen 
in the in-air spectrum of Tetric CLASS composite, which thus evidences 10–11 
elements in total. Of particular dental relevance is the additional detection of P, Zr 
and possibly K, because P can be a component of some glass particles in the 
composite, Zr is present as ZrO2 for improving the mechanical properties of the later, 
and K (possibly from glass particles in the native composite) may also accumulate 
in the composite from saliva during oral use. Therefore, the better spectroscopic 
resolution and the implicitly improved analytic sensitivity of in-air PIXE represents 
an important experimental advantage for the elemental analysis of dental composites. 

 

 
Fig. 2 – Comparative PIXE spectra of the Tetric Ceram CLASS dental composite, recorded with 
standard in-vacuo setup (left) and with in-air setup (right). In-vacuo spectra were taken with an 

IGLET series detector having a resolution of 140 eV, while for the in-air spectra a SDD detector  
from AMPTEK was used, with a resolution of 122 eV. In both cases the FWHM resolution was 

measured at 5.9 keV (55Fe  line). The better resolution improves dramatically the quality  
of the Tetric CLASS spectrum, which evidences 10 elements instead of only 5. 
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A possible explanation of the lower sensitivity of in-vacuo PIXE as compared 
to in-air PIXE may be the following. With the in-vacuo PIXE setup, stray protons 
from the beam hit the detector and produce defects in the surface layer of the 
semiconductor crystal, affecting thus the spectroscopic resolution. The mentioned 
damage worsens also the apparent sensitivity of the detector and reduces the number 
of detected elements. In-air PIXE is not hampered by this disadvantage, because 
backscattered stray protons emerging e.g. from the beam spot on the target surface, 
lose their energy in the air gap flushed with He. However, the spectroscopic advantages 
of in-air PIXE as compared to in-vacuo PIXE depend essentially on the type and 
characteristics of the detectors used, on their working conditions, service and life 
time, and on the nature and thickness of windows used (e.g., Be window of 12.7 m 
thick for the IGLET X-series detector used for in-vacuo PIXE; and Be window of 
12.5 μm thick for the SDD detector, or C Series Si3N4 window, for in-air PIXE). 

3.2. COMPARATIVE EVALUATION OF IN-AIR PIXE VS. OTHER METHODS 

In order to evaluate comparatively the in-air and in-vacuo PIXE methods, 
direct comparison of the corresponding spectra of Tetric CLASS has been done. 
This is no longer possible for a comparison between the results of in-air PIXE and 
those obtained in other laboratories by SEM/EDS [15, 16] and XRF [14, 15], 
respectively. This is because the X-ray spectra of any given composite obtained by 
these three methods are different and could not be compared directly. The differences 
come from the different cross sections of X-ray production and background 
production by protons, electrons and X-rays, which involve different physical 
processes. Most obvious, the background is different in each method. Therefore, 
other common parameters of analytical relevance should be considered.  

Sensitivity in the analysis of solid thick samples establishes the following 
order relationship between methods – based on the limit of detection (LOD), which 
follow the order shown below: 

 SEM/EDS > XRF > in-vacuo PIXE ≥ in-air PIXE (1) 

Here the lower LOD evidences the higher sensitivity, championed by in-air 
PIXE. However, the LOD is different for every element and for each biomaterial, 
and the above relationship is approximate and relative. 

Another parameter of practical relevance in the analysis of dental composites 
is represented by the subset of elements lighter than Ca (Z < 20) which are detected 
by each method; it also may be helpful in the classification of the above X-ray 
spectroscopy methods. To this purpose, the results of qualitative analysis by the four 
methods of the composites Tetric Ceram and Filtek Supreme (both of ‘classical’ type) 
were considered (Table 1). For our purpose, the two composites may be considered 
as reference materials for qualitative analysis. 
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Table 1 

Detected low Z elements1,2 in ‘classical’ dental composites Tetric Ceram and Filtek Supreme  
by in-vacuo PIXE and in-air PIXE, comparatively to XRF and SEM/EDS analysis 

Method Instrument Setup type Sample Detected elements Ref. 

SEM/EDS 
SEM 
analytical 
microscope 

In vacuo Dental composites (Al), (Si), Ba, Yb, 
Sr, Zr 15, 16 

XRF Portable 
spectrometer In air Dental composites 

[Endodontic materials] (Ca), Ba, Yb, Sr, Zr 14, 15 

XRF Desktop 
spectrometer In air Dental composites Ca, Ba, Yb, Hf, Sr, 

Zr 14–16 

PIXE 9MV Tandem In vacuo Dental composites* 
Cl, K, Ca, Ba, Ti, 
Fe, Cu, Yb, Hf, Sr, 
Zr 

2, 3, 9, 
17, 23 

μ-PIXE 
6MV 
Tandetron 
FZR 

In vacuo Hydroxyapatite P, Ca, Fe, Cu, Zn, 
Sr 17 

μ-PIXE 
6MV 
Tandetron 
FZR 

In vacuo Dental composites 
Al, Si, P, K, Ca, 
Ba, Ti, Fe, Sr, Zr, 
Yb, Hf 

22, 23 

PIXE 3MV 
Tandetron In vacuo Type II dental calculus Al, Si, P, S, K, Ca, 

Fe, Cu, Zn, Sr 30 

PIXE 3MV 
Tandetron In vacuo Dental composites 

Al, Si, P, K, Ca, 
Ba, Ti, Fe, Sr, Zr, 
Yb, Hf 

This 
study 

PIXE 3MV 
Tandetron In air Dental composites 

Na, Mg, Al, Si, P, 
K; Ca, Ba, Ti, Fe, 
Sr, Zr, Yb, Hf 

This 
study 

1 Elements lighter than Ca (Z = 20, E = 3.7 keV), from Na to K (Z = 11–19, E = 1.0–3.3 keV), written 
with bold characters when detected by the considered method and setup. 
2 Low Z elements invisible by all XRS methods include H, B, C, N, O, F. Although invisible, they 
may influence the processing of X-ray spectra and the calculation of concentrations. 

 
By all methods, these two composites evidenced at least some of the following 

major elements: Ba, Yb, Sr and Zr (with Z = 38–70 and having characteristic K and 
L lines in the 4–18 keV interval). Other major and minor elements like Ca and Hf 
were also detected by some of the methods, and trace elements like Ti, Fe (and 
possibly Cu, Zn) were seen by a few of the experimental setups used. In the low 
energy region of the spectra around 1–3 keV, some methods found traces of Na, 
Mg, S, Cl, K together with high levels of Al, Si, P, all with Z = 11–19, while other 
methods failed to find anything because of experimental factors (low detector 
sensitivity in this region, thick Be windows, etc.).  

Note however that almost all of the composites under study showed high 
levels of Al and Si, probably in granules of an aluminosilicate glass or in the 
respective oxides. Some materials showed also high levels of P, while other 
showed no P at all, which is an important exception. Therefore, except for P, the 
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low energy domain in the X-ray spectrum dominated by Al and Si is not very 
informative as a specific fingerprint for identification of dental composites by 
qualitative analysis, provided that the method was sensitive enough at low energies 
so as to ‘see’ the existing elements. However, the set of elements detected in the 
low energy region of the X-ray spectrum, namely the elements with Z < 20, i.e. 
lighter than Ca, is representative for the sensitivity of the method in that region. 
The results of our studies by in-air and in-vacuo PIXE in comparison with those 
obtained in other laboratories by SEM/EDS [15, 16] and XRF [14, 15], respectively, 
are shown in Table 1. 

SEM/EDS may detect light elements like Al and Si, but is not sensitive 
enough to detect trace elements. Moreover, it has the drawback of in high vacuum 
operation. By contrast, XRF usually works in air at normal pressure, but hand-held 
spectrometers do not detect elements lighter than Ca, and their built-in softwares do 
not allow evaluation of Ca concentration. However, desk-top XRF spectrometers can 
detect easily Ca and even allow semiquantitative analysis (Preoteasa, Preoteasa and 
Gavrilus, unpublished; see [17]).   

In-vacuo PIXE with a standard setup at the 9 MV tandem accelerator could 
detect only Cl and K among light elements and, in addition, some trace elements.  
3 MV Tandetron in-vacuo PIXE at NIPNE Bucharest and -PIXE at Forschungs 
Zentrum Rossendorf (FZR) Dresden could detect Al, Si, P, K among light elements 
and also trace elements like Ti, Fe, and possibly Cu, Zn.  

In-air PIXE with SDD detector reunites significant advantages. On one hand, 
it allowed the detection of both elements lighter than Ca (Na, Mg, Al, Si, P, K), of 
trace elements (Ti, Fe, Cu, Zn) and of heavier major elements (Ba, Yb, Sr, Zr). On 
the other, in-air PIXE is operated at atmospheric pressure, allowing thus applications 
not possible for in-vacuum PIXE such as in vivo analysis of dental restorations and 
teeth. Note also that the in-air setup may be expanded by adding a  detector for 
simultaneous PIXE-PIGE analysis, just as the in-vacuum setup.  

Thus, with respect to the detected elements, in-air PIXE with SDD detector 
is as at least as good as in-vacuo PIXE for the analysis of dental composites and for 
related dental research, and significantly better than SEM/EDS or than XRF with 
portable spectrometers. 

3.3. IN-AIR PIXE ANALYSIS: OVERVIEW OF SELECTED DENTAL COMPOSITES 

The in-air PIXE analysis is illustrated for two sets of three dental composites 
developed by Ivoclar-Vivadent and 3M-ESPE, respectively. Each set included two 
“classical” materials and a new generation composite of the so-called “bulk” type. 
The older CLASS materials in each set were developed within the same program and 
have related mineral compositions. The new generation BULK materials should have 
organic phase compositions different with respect to the corresponding CLASS 
composites, because they have modified photopolymerization properties. Are the 
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inorganic phases of the BULK materials also different? The present elemental analysis 
aims to detect the BULK vs. CLASS differences in the mineral phase compositions, 
if any, and to compare the development strategies of the two producers. 

The two sets of selected dental composites are the following: Ariston, Tetric 
CLASS, Tetric BULK (Ivoclar-Vivadent); and Valux, Filtek CLASS, Filtek BULK 
(3M-ESPE). 

In total, in-air PIXE detected up to 15 elements (including traces) in the 6 
analyzed composites (listed in the order of energy of their relevant K and L lines): 
Na, Mg, Al, Si, P, S, Cl, K, Ca, Sc?, Ba, Fe, Yb, Sr, Zr. With a few exceptions, 
traces were not discussed as fingerprints, because their presence could be accidental, 
e.g. due to contamination or to a batch of raw material. 

3.4. ARISTON, TETRIC CLASS, TETRIC BULK: COMPOSITES  
WITH LIMITED DIFFERENCES 

Tetric Ceram (Tetric CLASS) is a successful dental composite, which was 
followed soon by Ariston with a partly similar composition and more recently by 
Tetric BULK analyzed here for the first time.  

In contrast to the other two composites, Ariston did not contain Zr and Sr at all, 
but contained some S (Fig. 3, Table 2). Its most striking feature was a very high level 
of Ca, while the concentration of P was low; thus Ca and P are not associated entirely 
to a calcium phosphate. Among traces, Ariston contained a notable level of Na. 

 

 
Fig. 3. – In-air PIXE spectra of the older Ariston and Tetric CLASS and of the newer Tetric BULK 

(Ivoclar-Vivadent). Separate spectra of each dental composite (above) and superposed spectra in low, 
middle and high energy domains (below). Ariston shows significant differences as compared to Tetric 

CLASS, while little differences are seen between Tetric BULK and Tetric CLASS. 
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Table 2 

In-air PIXE qualitative analysis of dental composites Ariston, Tetric CLASS and Tetric BULK 
produced by Ivoclar-Vivadent, evidencing limited BULK vs. CLASS differences 

Dental 
composite Na Mg Al Si P S Cl K Ca Sc Ba Fe Yb Sr Zr 

Ariston ++ + ++ +++ + ++ + 0 +++ 0 ++ + +++ 0 0 
Tetric 
CLASS 0 + +++ +++ ++ 0 + 0 ++ 0 +++ + +++ 0 ++ 

Tetric 
BULK + + +++ +++ +++ 0 + + + + +++ + +++ ++ ++ 

* Symbols: 0, not detected; +, trace element; ++, minor element; +++, major element. 
 
Tetric BULK as compared to Ariston, contained less Al, more P, less Ca, 

and some Sr and Zr. As compared to Tetric CLASS, in Tetric BULK we found 
much P, little Ca and and some Sr, and no S. Other elements including Al, Si, Ba, 
Yb and Zr were at similar concentrations in the two Tetric composites.  

Therefore, the results of the in-air PIXE analysis evidenced significant 
differences between the older Ariston and Tetric CLASS, but little differences 
between Tetric BULK and Tetric CLASS. The differences in the mineral phase 
composition between Tetric BULK on one side, and Tetric CLASS on the other, 
were mainly quantitative and not qualitative. 

3.5. VALUX PLUS, FILTEK CLASS, FILTEK BULK: COMPOSITES  
WITH IMPORTANT DIFFERENCES 

The composites Valux Plus and Filtek Supreme (Filtek CLASS) were also 
very popular, and now the series follows with Filtek BULK, analyzed  here for the 
first time.  

The results of the in-air PIXE qualitative analysis of the dental composites 
from 3M-ESPE is shown in Fig. 4 and Table 3. The composites Valux Plus and Filtek 
CLASS evidenced similar compositions (Na, Al, Si, P, Sc?, Ca, Hf, Zr); however, 
Ba was detected in Filtek CLASS and not in Valux except traces (probably an 
impurity accompanying Ca). 

On the other hand, Filtek BULK showed many differences with respect to 
Filtek CLASS. In Filtek BULK increases were seen for Al, Ca and Sr. Decreased 
concentrations in Filtek BULK, or absence within the detection limits, were seen 
for P, Hf and Zr. To assess the nature of compounds incorporating the detected 
elements from the qualitative elemental compositions is a complicated puzzle. 
However, one can suggest that Al was contained in some aluminosilicate glass. Si 
also could be present in such a glass, as well as in SiO2 micro- or nanoparticles.  

Most striking in Filtek BULK was the absence of P, accompanied by a 
dramatic increase of Ca; this suggests that P and Ca were probably not constituents 
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of some calcium phosphate component. The high level of Ca might have been due 
to a Ca-releasing compound. At the same time, Filtek BULK did not contain any more 
particles of zirconia (ZrO2) like Filtek CLASS. Instead, Filtek BULK incorporated 
a high-Sr compound.  

 

 
Fig. 4 – In-air PIXE spectra of the older Valux Plus and Filtek CLASS and of the newer Filtek BULK 
(3M-ESPE). Separate spectra of each dental composite (above) and superposed spectra in low, middle 

and high energy domains (below). Valux and Tetric CLASS show relatively close elemental 
compositions, while Filtek BULK shows significant differences as compared  

to Filtek CLASS and Valux. 

Table 3 

Qualitative in-air PIXE analysis of dental composites Valux Plus, Filtek CLASS, Filtek BULK 
produced by 3M-ESPE, evidencing significant BULK vs. CLASS differences 

Dental 
composite Na Mg Al Si P S Cl K Ca Sc Ba Fe Hf Sr Zr 

Valux Plus +  ++ +++ ++ + + 0 ++ 0 + + ++ 0 +++ 
Filtek 
CLASS +  ++ +++ ++ + + 0 ++ + +++ + ++ 0 +++ 

Filtek 
BULK +  +++ +++ 0 0 + +++ + 0 + + 0 +++ 0 

* Symbols: 0, not detected; +, trace element; ++, minor element; +++, major element. 
 
Note that Ca, Sr and Ba have similar chemical properties forming divalent 

cations. For instance, Ca and Sr could be constituents of some slowly soluble 
glasses in Filtek BULK, able to release Ca2+ and Sr2+ ions with the aim of 
protecting enamel and dentine against demineralization. Ba is also a divalent 
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metal but this property was probably non-essential in Filtek CLASS; here Ba was 
probably added for enhancing the composite’s radio-opacity (together with Zr). 
In Filtek BULK it appears that Ba was no more necessary because Sr provided 
the necessary radio-opacity. 

In brief, the results showed that the new Filtek BULK has a significantly 
different mineral composition as compared to the older materials Filtek CLASS and 
Valux, while these two biomaterials have relatively close elemental compositions. 

3.6. COMPARATIVE EVOLUTION TRENDS FROM CLASS TO BULK  
AND DEVELOPMENT STRATEGIES 

Taking together the results of in-air PIXE on the composites from both 
producers reveal an interesting pattern of the relations between the elemental 
composition of the mineral phase in BULK and CLASS biomaterials. Thus, the 
BULK vs. CLASS trends in the two sets of materials were different: multiple 
differences between these composites from 3M-ESPE, and a few limited differences 
between the two materials from Ivoclar-Vivadent. This represents a practical rule 
that is important in applications (forensic, medical, etc.) based on identification of 
composites, e.g. from dental fillings. Thus Filtek BULK and Filtek CLASS can be 
easily discriminated of each other by the levels (or the element’s absence in one 
material) of P, S, K, Ca, Ba, Sr, Zr, Hf. By the contrary, the levels (or absence) of 
P, Ca, Sr are the only reliable criteria for differentiating Tetric BULK from Tetric 
CLASS.  

The results lead to the following questions: while the organic phase in all 
BULK composites should be different of the corresponding CLASS materials so as 
to ensure different light curing properties, why the inorganic phase is substantially 
changed in Filtek BULK and shows only limited changes in Tetric BULK? 
Moreover, what is the specific role of the inorganic phase in the BULK composites 
as compared to CLASS ones? These questions remain to be answered in further 
research. 

Finally, as a more general observation, it appears that 3M-ESPE and Ivoclar-
Vivadent are following different development strategies of new dental composites 
and, most probably, of other dental biomaterials. 

3.7. EXPERIMENTAL ADVANTAGES AND DISADVANTAGES OF IN-AIR PIXE VS. OTHER 
ELEMENTAL ANALYSIS METHODS. POTENTIAL APPLICATIONS OF IN-AIR PIXE  

FOR DENTAL RESEARCH 

In-air PIXE on the composites from 3M-ESPE and Ivoclar-Vivadent revealed 
unexpected relationships between BULK and CLASS biomaterials, beyond the 
qualitative elemental analysis of the materials which is of interest in itself.  
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The present study also evidenced a large variety of relevant methodological 
aspects which allow a useful comparison of in-air PIXE with other elemental 
analysis X-ray spectroscopy techniques. The simplified operation, by elimination 
of the high vacuum step, is the most obvious advantage of in-air PIXE. This, 
together with the use of a high counting rate SDD detector, allowing a higher 
intensity of the proton beam, leads to a substantial shortening of the 
measurement. Other advantages concern a very good resolution of the spectra 
and an improved sensitivity with the SDD detector. In-air PIXE benefits of the 
possibility of performing in vivo analysis of teeth and composite fillings in the 
wet environment of the oral cavity. Such applications, impossible with in-vacuo 
PIXE, may be of high medical importance for patients intolerant to certain 
dental composites; in such cases, the removal and replacement of fillings may 
be necessary.  

On the other hand, the main disadvantage of the present in-air PIXE setup 
was the impossibility of directly measuring the collected charge, which is essential 
for quantitative analysis. Moreover, in-air PIXE (just like in-vacuo PIXE) is 
dependent on a complex large-scale fixed facility, namely a heavy ion accelerator. 
It is only the high quality of the spectra and the availability of dedicated codes for 
processing the PIXE spectra that may compensate for the lack of mobility, 
championed by the hand-held XRF spectrometry. One special advantage of in-air 
PIXE is the possibility of in vivo measurements and of analyzing wet samples. For 
in vivo PIXE, when the proton beam hits directly the tooth of a human subject, 
special consideration is needed for radiation dosimetry. To prevent radiation injury, 
short duration of the measurement is important in vivo. With an irradiation time of 
60 s, dosimetry measurements showed that the radiation rate during the bombardment 
was harmless, below 1 mrad/h due to γ and X-rays at 5 cm from the beam spot, and 
less than 0.1 mrem/h due to neutrons [27, 28]. Thus for an irradiation time of 
~1800 s as used in our in vitro analyses of composites, a dose of ~0.5 mrad can be 
expected. 

A comparative list of experimental advantages and disadvantages of in-air 
PIXE in relation to SEM/EDS, portable and desktop XRF, and in-vacuo PIXE is 
presented in Table 4. 

The choice of method and instrument depends on the target characteristics 
and on the aims pursued, each method having its performances and drawbacks. 
For instance, in-air PIXE is good for laboratory high quality in vitro and in vivo 
analysis, in-vacuo PIXE with the present setup allows the simultaneous recording 
of PIGE and RBS spectra, hand-held XRF spectrometer is useful for field 
analysis of large/irregular samples, and SEM/EDS for providing also SEM 
backscattered and secondary electron images and elemental maps of the sample’s 
surface.  
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Table 4 

Advantages and disadvantages of in-air PIXE vs. in-vacuo PIXE, XRF and SEM/EDS 

Advantages Disadvantages 

With in-air PIXE, operation is simpler and faster 
as compared to SEM/EDS and in-vacuo PIXE, 
which require high-vacuum. 

Requires a complex large-scale fixed facility – a 
low-energy heavy ion accelerator, usually a 
tandem accelerator. 

Forensic applications of in-air PIXE can be done 
only in laboratory, with less restrictions on 
sample’s shape and size than for in-vacuo PIXE. 

As compared to hand-held XRF spectrometry, 
could not be used in forensic science on field. 

Allows applications impossible for in-vacuo 
PIXE and for SEM/EDS – in vivo PIXE, with 
admissibly low radiation dose for the patient. 

Does not allow in vivo and in vitro applications 
outside laboratory (in the field), in contrast to 
portable XRF spectrometry. 

Medical research applications in vivo, or in vitro 
with tiny amounts of composites taken with a 
diamond drill, can be done for patients showing 
adverse effects of dental composites. 

In contrast to in-air PIXE, hand-held XRF could 
not be used in vivo for medical applications due 
to imprecise positioning of the X-ray excitation 
beam. 

Allows study of wet samples (which prevents 
cracks and fissures formed in teeth by drying) 
and of kinetic changes of composite in solutions. 

No disadvantage of in-air PIXE for work with 
wet samples. 

In-air PIXE allows detection of more low-Z 
elements (Na, Mg, Al, Si, P, S, Cl, K) lighter than 
Ca, as compared to in-vacuo PIXE, desktop XRF 
and portable XRF. Note that portable XRF 
spectrometers do not process Ca from spectra. 

For the detection of low Z elements, in-air PIXE 
is at least as good as in-vacuo PIXE and better 
than desktop XRF, and portable XRF. Some 
SEM/EDS instruments can be as good for 
detection of low Z elements in high levels. 

Sensitivity (detection limits) of in-air PIXE depends
on setup and especially on detector. With SDD 
detector, it is at least as good as for in-vacuo 
PIXE and better as for XRF and SEM/EDS. 

No disadvantage for sensitivity. 

Resolution of in-air PIXE with SDD detector – 
better (or at least equal) than with in-vacuo PIXE 
(and with portable XRF using SDD). Narrower 
lines, more elements detected, apparently better 
sensitivity. 

No disadvantage for resolution. 

The irradiation time can be used as an approximate
measure of collected charge for semiquantitative 
analysis. For accurate measurement of collected 
charge, a special Ta or Au window or chopper is 
necessary for charge monitoring using the X-rays 
production. 

The biggest disadvantage of the present in-air 
PIXE setup was the impossibility of directly 
measuring the collected charge, forbidding thus 
quantitative analysis. An additional dedicated 
device is necessary. 

 
According to our results, the in-air PIXE on dental composites is appropriate 

for a large variety of applications in dental research and in practical domains, 
including among other: 

– Identification of unknown composites from dental fillings for medical 
reasons. This can be done both in vivo with the patient located at the 
accelerator, and in vitro on tiny amounts of biomaterial taken with the 
dental drill.  
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– Forensic analysis of dental composites taken from victims of crimes or 
airplane crash.  

– In vivo PIXE analysis of dental composite fillings at patients showing 
adverse reactions and requiring replacement with other biomaterials. 

– Classification, similarities and differences between dental composites in 
view of dental therapy optimization. 

– Correlations between elemental composition and properties (mechanical, 
chemical, radio-opacity) of dental composites. 

– Studies of changes undergone by dental composites during oral use, in 
view of development of new materials; design of experiments. 

– Studies of interactions between dental composites and hard dental tissues 
in wet conditions, preventing thus cracks and fissures appearing in dentin 
and enamel on drying. 

In addition to the significant experimental advantages of in-air PIXE, we 
propose below a method devised to formalize the results of the qualitative analysis 
of dental composites. 

3.8. A FORMAL REPRESENTATION OF THE QUALITATIVE ELEMENTAL  
ANALYSIS OF DENTAL COMPOSITES BY IN-AIR PIXE 

The in-air PIXE analysis detected 15 elements in the 6 selected dental 
composites. Therefore, each composite is characterized by 15 concentrations ck. In 
our qualitative analysis, we can assign arbitrarily a number |ek|, 0 for the absence of 
an element, 1 for (+) denoting a trace element, 2 for a minor element (++) and 3 for 
a major element (+++): 

ck → |ek| = 0, 1, 2, 3; 
 0 for (0) (absent), 1 for (+) (trace),  (2) 

2 for (++) (minor), 3 for (+++) (major),  k = 1, 2, ..., 15. 

The 15 detected elements form the coordinates of a 15-dimensional abstract 
space H. If the 6 trace elements (Na, Mg, S, Cl, Fe, Sc) are neglected, the remaining 
9 major and minor elements (Al, Si, P, K, Ca, Ba, Yb, Sr, Zr) will form the 
coordinates of a 9-dimensional subspace G H. Of this we extract a 4-dimensional 
subspace F G H for 4 elements, e.g. P, Ca, Sr, Zr. For these 4 elements the 
corresponding values |ek| = 0, 1, 2, 3 are defined according to the qualitative 
analysis data from Tables 2 and 3. Finally, of these four |ek| numbers we make two 
linear combinations of our free choice, e.g.: 

 x = e[Ca] – e[P] + e[Zr] + e[Sr]| (3a) 



Article no. 701 Eugen A. Preoteasa et al. 18 

 y = e[Ca] – e[Zr]  (3b) 

where x and y can take positive, 0 and negative integer values, and define a 2-dimensional 
projection I of the subspace F, namely I F G H. In this way a plane is 
defined, and each composite is given by a particular vector (x, y) of polar radius R 
and polar angle : 

 R = (x2 + y2)1/2 (4) 

 tg  = y/x (5) 

The results of this formal (geometric) approach are presented in Table 5. 

Table 5 

Illustration of a formal 2D representation of the qualitative results obtained by 
in-air PIXE analysis of dental composites 

Producer Dental 
composite P Ca Sr Zr x = Ca – P + Zr + Sr y = Ca – Zr Vector Radius tg α 

Ariston + +++ 0 0 2 3 (2, 3) 3.606 1.5 
Tetric 
CLASS ++ ++ 0 ++ 2 0 (2, 0) 2.000 0 Ivoclar-

Vivadent Tetric 
BULK +++ + ++ ++ 2 –1 (2, –1) 2.236 –0.5 

Valux ++ ++ 0 +++ 3 –1 (3, –1) 3.162 –0.33 
Filtek 
CLASS ++ ++ 0 +++ 3 –1 (3, –1) 3.162 –0.33 3M-

ESPE Filtek 
BULK 0 + ++ 0 3 1 (3, 1) 3.162 0.33 

 
With the above options, the results of the considered example show that each 

composite is identified by only two real numbers, a polar radius and an angle. Thus 
the 4-dimensional space has been reduced to a 2-dimensional one. (For the present 
illustration, we neglect that the two linear combinations x and y are not linearly 
independent.)  

It is interesting to note that x = 2 for all three composites from Ivoclar-Vivadent 
and x = 3 for those from 3M-ESPE. This reveals related elemental compositions 
within the products from the same manufacturer.  

Moreover, with the (x, y) representation of the composition, one can use the 
Euclidian distance d to evaluate the degree of similarity between two composites 
noted 1 and 2: 

 d12 = [(x1 – x2)2 + (y1 – y2)2]1/2 (6) 
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Substituting the values of x and y from Table 5 in this formula, one finds the 
following Euclidian distances between the mineral compositions of the analyzed 
materials: 

d (TetricBULK, TetricCLASS) = 1 
d (FiltekBULK, FiltekCLASS) = 2 
d (TetricCLASS, Ariston) = 3 
d (FiltekCLASS, Valux) = 0 
Thus, for the comparison between the new BULK vs. older CLASS products, 

these results evidence larger differences in the case of Filtek composites and smaller 
ones in Tetric biomaterials, confirming the conclusion of previous discussion that in 
the BULK composites, the producer 3M-ESPE made more important changes than 
Ivoclar-Vivadent. In other words, this means that the BULK composite has been 
devised by less modifications from the corresponding CLASS one at Ivoclar-Vivadent 
than at 3M-ESPE, evidencing different development strategies of the two companies. 

Also, within the older generations of composites, the largest difference is 
evidenced between Tetric and Ariston, while between Filtek and Valux the differences 
were small. These results confirm in a quantitative, intuitive and realistic way the 
suggestions made before.  

Note that the apparent lack of difference between FiltekCLASS and Valux is 
probably due to our choice of only four elements and to the neglect of the other 
ones in this formal approach. One can expect that a better approximation, accounting 
also for a small though significant difference between Valux and Filtek CLASS, 
could be obtained if the data of one more element would be included. Obviously, in 
this case one has to reduce a 5-dim space to a 2-dim one. 

Finally note that some of our options, such as the specific linear combinations 
of |ek| numbers are more or less arbitrary, and better options are possible – e.g., the 
use of principal components calculated from multivariate statistics. Further 
improvement of the above method is to be expected along the same general 
principles and procedures. Moreover, the method can be applied both to qualitative 
and quantitative analysis. It is not limited to in-air PIXE but could be supported by 
other elemental analysis methods applied to dental composites and to other 
complex materials.  

4. CONCLUSIONS 

The potential of the recently developed facility for in-air PIXE at the 3MV 
Bucharest HH-NIPNE Tandetron® has been evaluated in a study of dental composites. 
The performances of in-air PIXE have been compared with in-vacuo PIXE as well 
as with XRF and SEM/EDS form other laboratories. The dental composites are made 
by micro- and nanoparticles of glasses and ceramics embedded in an organic polymer, 
are electroinsulating and have a complex elemental composition. Therefore, the X-ray 
spectrometry methods applied to dental composites are affected by strong matrix 
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effects, which could not be compensated for due to lack of specially designed certified 
reference materials. Thus, both in the present investigation and in the previous 
ones, only qualitative and semiquantitative elemental analysis of composites have 
been performed.  

Here we studied two sets of three composites, each from two leading producers. 
Of chief interest were the differences between the CLASS and BULK biomaterials. 
The later represent a new type of composites with faster light curing properties, 
which suggest modifications of the organic polymer. Consequently, our approach 
was focused on the possible changes of elemental composition of the biomaterials’ 
mineral phase. Each set included two older generation composites and a corresponding 
new BULK material. 

In-air PIXE was performed with 3 MeV protons using a high-performance 
SDD detector with CMOS preamplifier having a 122 eV resolution at 5.9 keV. For 
control, in-vacuo PIXE was made with an IGLET X-series detector of 140 eV 
resolution. The present in-air PIXE setup did not allow a proper measurement of the 
collected charge. To allow quantitative analysis, a Ta or Au window or chopper should 
be installed. Alternatively, use of in-air PIXE irradiation time as an approximate 
measure of collected charge, in combination with in-vacuo PIXE, PIGE, RBS, 
ERDA together with proper certified reference materials, would be required for 
semiquantitative and quantitative analysis. 

As a result of higher resolution, the in-air PIXE spectra showed a substantially 
improved quality as compared to in-vacuo PIXE spectra. The lines were narrower, 
better resolved and of relatively higher amplitudes, and the spectra had a relatively 
lower background. Consequently, the sensitivity was increased, and more trace 
elements were detected.  

Also, more elements lighter-than-Ca (Z < 20) were detected in the low energy 
domain of the spectrum, starting with Na (Z = 11). Under this aspect, the performances 
of in-air PIXE were at least as good as those of in-vacuo PIXE, and much better as 
compared to XRF with desk-top and hand-held spectrometer and to SEM/EDS with 
analytical electron microscope. Also, the sensitivity of in-air PIXE was appreciably 
better as compared to XRF and SEM/EDS. 

In the low energy domain, all composites selected for this study showed high 
levels of Al and Si, probably in granules of an aluminosilicate glass or in the respective 
oxides. Some materials showed also high levels of P, while other showed no P at all. 
With the important exception of P, the low energy domain in the X-ray spectrum, 
dominated by Al and Si, is not very informative for specific fingerprint identification 
of dental composites by qualitative analysis. Traces of Na were increased in one 
composite (Ariston). In the middle and higher energy of the spectra, the dental 
composites Ariston, Tetric CLASS and Tetric BULK (from Ivoclar-Vivadent) 
evidenced high levels of Yb, while Valux, Filtek CLASS and Filtek BULK (from 
3M-ESPE) showed high concentrations of Sr and/or Zr.  

The in-air PIXE analysis found significant differences between the older 
Ariston and Tetric CLASS composites, but relatively little differences between 
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Tetric BULK and Tetric CLASS. The new Filtek BULK has a significantly different 
mineral composition as compared to the older materials Filtek CLASS and Valux, 
while these two biomaterials have relatively close elemental compositions. 

Thus the levels (or absence) of P, Sr and especially Ca are the only reliable 
criteria for differentiating Tetric BULK from Tetric CLASS, while Filtek BULK 
and Filtek CLASS can be easily discriminated of each other by the levels (or absence) 
of P, S, K, Ca, Ba, Sr, Zr, Hf. It appears that the producers 3M-ESPE and Ivoclar-
Vivadent are following different development strategies of new dental composites. 

In brief, a high experimental potential emerges for the elemental analysis of 
dental composites by in-air PIXE, appropriate for a large variety of applications 
including among other in vivo PIXE, dental research and forensic science. Thus, 
the better spectroscopic resolution, the implicitly improved analytic sensitivity, the 
easier and faster operation and the possibility of wet samples measurements 
(second to XRF) represent important advantages. Upgrading of the present in-air 
PIXE setup with special accessories for the measurement of collected charge is 
needed in view of quantitative analysis. 

In addition to the experimental study, a formal representation of the qualitative 
elemental analysis of dental composites by in-air PIXE has been proposed. To this 
end, integer values from 0 to 3 have been assigned for absent, trace, minor and major 
concentrations of only 4 elements – P, Ca, Sr, Zr – and two linear combinations x 
and y have been made. In this way every composite (with a single exception) is 
represented by a distinct vector (x, y) in a 2D space. Moreover, all composites from 
the same manufacturer have the same x value. The Euclidian distance between the 
corresponding (x, y) points was shorter between TetricBULK and TetricCLASS as 
compared to the distance between FiltekBULK and FiltekCLASS, respectively. These 
distances evidence larger differences between newer and older Filtek composites 
and smaller ones between Tetric biomaterials, confirming the above conclusions. 

Better approximations, accounting also for small though significant differences 
between similar composites, could be obtained by including more than four elements 
and by other improvements, but keeping along the same line. In addition to the four 
(or more) elements, other analytical parameters might be included in the formal 
scheme. One of them may be the Compton-to-Rayleigh (C/R) scattering intensities 
ratio, which was recently measured for composites and other dental materials from 
XRF spectra recorded with portable spectrometers [33]. The suggested formal 
(geometric) representation appears a promising approach in the qualitative analysis 
of dental composites, and is not restricted to in-air PIXE but could be applied also 
to other elemental analysis techniques. 

In conclusion, the present study shows that qualitative in-air PIXE analysis 
of dental composites with the present setup provides a remarkable potential for the 
development of a large variety of experimental, dental, medical and forensic applications 
and even theoretical models. However, in order to benefit of quantitative analysis and 
of the specific advantages of in-air PIXE, upgrading with a system for the measurement 
of collected charge is recommended.  
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