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Abstract 

 

Pure powders of TiCxO(1-x) solid solution were synthesized through the carbothermal route. The 

chemical analysis of the light elements in the as-obtained TiCxO(1-x) oxycarbides powders were 

performed by Instrumented Gas Analysis (IGA). The cell parameters of the samples were 

determined with an accuracy of about 2% by means of X-ray powder diffraction and the internal 

standard method. As a result, a model correlating the cell parameters to the chemical 

composition was established. These reference TiCxO(1-x) oxycarbides powders were then 

sintered in order to obtain pellets of dense ceramics. After having determined that the sintering 

process does not change the chemical composition of the starting powder, chemical analysis of 

the different samples of the solid solution were successfully undertaken by Ion Beam Analysis 

techniques (IBA). The Nuclear Reaction Analysis (NRA) method - that was used to analyse 

light elements with very high sensitivity - was coupled with Rutherford Back Scattering (RBS) 

analysis in order to accurately determine the metallic over light elements ratio and to determine 

the stoichiometry of the phase on massive samples. Exhaustive simulations of the NRA spectra 

were performed and demonstrated that discrete compositions of the TiCxO(1-x) can be efficiently 

measured locally for bulk samples. Compared to IGA results, the relative amounts of carbon 

and oxygen of bulk materials were determined with a bias lower than 5%. This protocol being 

implemented for the TiCxO(1-x) system was then tested on HfCxO(1-x)with the same success. 
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Introduction 

The quantitative analysis of light elements remains one of the ongoing issues in the field 

of ceramic materials. As an example, this topic is commonly a pending issue for searchers 

working in the field of carbide based ceramics as carbo-nitrides (MCxNy: M= Si, Ti, Zr, Hf …) 

or oxycarbides (MCxOy) for which macroscopical properties depend strongly on their respective 

amounts of light elements [1]. In the present paper, we report and compare different 

investigation techniques aiming at characterizing directly or indirectly the chemical 

composition of both powders and bulk samples of MCxOy oxycarbides compounds.  

The oxycarbide is a frequently encountered compound. Indeed, as the most used route 

to elaborate carbides, the carbothermal reduction reaction which consists in the progressive 

reduction of dioxides with carbon generally leads to an oxycarbide final product [2–4] whose 

composition is largely dependent on the synthesis conditions. Besides, these ultrarefractory 

carbides are ideally suited for ultra-high temperature applications [5], thanks to their favorable 

properties: high hardness, good wear resistance and high decomposition temperature [6]. These 

properties allow them to be used for example as barriers retaining the fission products in nuclear 

reactors [7], or as wear-resistant coatings [8]. However, the application field of zirconium 

carbide is limited under air due to its low oxidation resistance [9]. As a consequence, they are 

progressively transformed into oxycarbides during their use through carbon-oxygen 

substitution [10–12]. Therefore, the accurate quantification of light elements (C and O) in 

heavier matrices is a topic of significant interest in order to define the actual stoichiometry of 

the studied oxycarbides and to connect these compositions to their expected properties.  

The analysis of oxycarbides meets two different kinds of issues depending on whether 

the sample is a powder or a bulk-type ceramics. When assuming homogeneous samples, 

powders are generally characterized by coupling X-ray powder diffraction (XRD) and X-Ray 

Fluorescence (XRF) or Instrumented Gas Analysis (IGA), which provide information averaged 
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over macroscopic sample volumes only. This is for example the case with commercial powders 

that are mostly considered as homogeneous starting raw materials. The case of bulk type carbide 

ceramics is, however, more complicated. The high hardness of bulk type carbide materials 

makes complicated their quantitative analysis because the crushing of ceramics can lead to the 

incorporation of some impurities. In addition these samples are most often encountered under 

the form of composite materials and in this case, the global techniques of chemical analysis by 

IGA or XRF are no longer valid as they will solely provide an average analysis of the sample. 

For these reasons, numerous fields of research on ceramics could, however, take advantage of 

analytical methods allowing to perform accurate quantitative analysis of light element at local 

scale (micrometer to nanometer scale). In this paper, the Nuclear Reaction Analysis (NRA) 

method was used on bulk type oxycarbides to locally analyse light elements such as carbon and 

oxygen with very high sensitivity in transition metal oxycarbides of the IVb-group. NRA was 

associated with Rutherford Back Scattering (RBS) analysis which gives the ratio of metallic 

over light elements and makes it possible to determine the phase stoichiometry with good 

accuracy. 

Concerning the choice of the chemical system, the focus was set on TiO2-C. Indeed, the 

stability domain of the TiCxOy solid solution has already been investigated in the literature and 

it has been shown that the solid solution was complete between TiC and TiO, [13,14] giving 

rise to a wide compositional range of TiCxOy compounds. This chemical system was also 

retained because some of the authors of this publication share a long standing experience in 

synthesis and characterisation of these compounds [3,15,16]. In the present study, the synthesis 

of the starting powders was achieved through the carbothermal reduction of TiO2 by carbon 

black [3]. After having controlled the phase and purity of each synthesized powder sample by 

XRD and Transmission Electron Microscopy (TEM) and their chemical composition by 

Instrumented Gas Analysis (IGA) with an accuracy of a few atomic percent, the high purity 
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powders obtained were considered as reference materials to test the accuracy of the Ion Beam 

Analysis techniques (IBA) on bulk samples that were obtained from the powders. 

The first part of this paper is devoted to the establishment of a model that can be further 

on used by the readers to correlate the evolution of the cell parameter of the solid solution with 

the oxygen and carbon content. In this part, a special attention has been paid to accurately 

determine the cell parameters by minimizing systematic errors related to X-ray powder 

diffraction measurements. In the past, several models linking the oxycarbide cell parameter 

with its chemical composition had already been proposed in the literature [13,14,17]. However, 

none of these works used an internal standard to correct for sample positioning errors, which 

results in large uncertainties in the measurement of the cell parameters. In addition, in none of 

these previous works the targeted compositions were checked by elemental analysis, so that the 

mentioned compositions are not fully reliable. 

The second part of the paper deals with the local analysis of bulk ceramic materials by 

IBA. In this work, bulk oxycarbides sintered by Spark Plasma Sintering (SPS) from well 

controlled powders are used as references in order to evaluate IBA capabilities for light 

elements quantification in ceramics. The expected results were first simulated and discussed 

and the obtained results were then compared to those obtained by IGA on powder samples. 

The methodology was first implemented on TiCxOy and was further on applied to an HfCxOy 

sample. 

 

1. Synthesis of powders and SPS sintering of bulk samples 

1.1 Synthesis and characterization of powders 

The synthesis protocol of powders was described in a previous paper [3]. Summarily, TiO2 

powder (99.9% wt.%, Anatase, Alfa Aesar) and carbon black (Prolabo, France, ashes < 0.75% 
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wt.%) were weighted to the desired final composition of oxycarbide according to the global 

reaction: 

TiO2(s) + (1+2x) C(s) ⇄ TiCxO1-x(s) + (1+x) CO(g)  (Eq. 1) 

The theoretical targeted compositions were calculated assuming that the sum of the C/Ti and 

O/Ti ratios is equal to 1. In such a condition the amount of possible vacancies is neglected and 

in the following the general formulae of the oxycarbide will be written as TiCxO(1-x). Eight 

different samples with theoretical formulae were synthesized (Table 1) and two sets of samples 

were performed: one at 1500°C and the other at 1600°C. The initial powders of carbon black 

and titanium dioxide were mixed in various proportions using a low speed planetary ball mill 

(Pulverisette 7, Fritsch, Germany). The blending sequence was composed of 5 pulses of 1 min 

at 200 rpm interrupted by pauses of 5 min to avoid heating up the materials. Each mixture was 

then treated for 4 h in a graphite furnace (V.A.S. furnace, Suresnes, France) under flowing 

argon (grade U, Air Products and Chemicals Inc., Allentown, USA - 30 L.h-1). The heating rate 

was fixed at 20°C.min-1 up to the targeted temperatures (1500°C or 1600°C). The sample was 

then maintained 4 hours in temperature in order to reach the maximal extent of the reaction 

(=1) as previously defined in ref. [3]. Oxygen richest compositions were more difficult to 

obtain as pure powders so that TiC0.40O0.60, TiC0.30O0.70 and TiC0.20O0.80 samples required two 

complete runs of heating treatment as specified in table 1 in order to reach the maximal 

advancement of the reaction (=1). Between heating treatments, the powders were 

homogenized by crushing in an agate mortar. 

Finally and as an extension of this study, powder samples of HfC0.85O0.15 were 

synthesized (Table 1) to elaborate bulk ceramics to check the methodology implemented on 

TiCxO(1-x). In a second step, this system will allow to test the relevance of the IBA technique 

for quantitative analysis of light elements in other oxycarbides showing contrasted Z values. 
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1.2 Shaping of pellet-type bulk materials and comparison with powders  

With regards to their high melting point and their related low self-diffusion, the 

complete densification of carbides powders requires extremely high sintering temperature [18]. 

In such conditions, high relative densities of samples are usually obtained by using pressure-

assisted sintering methods (Hot Isostatic Pressing or Hot Pressing). Fully dense samples are 

then obtained at very high temperature and/or by using sintering aids such as metallic elements 

[19]. As a consequence of the high temperature used, the microstructures of the samples so 

obtained are generally coarse and contain noticeable residual porosity. In this context, the Spark 

Plasma Sintering (SPS) represents one possible way to densify ceramic materials, keeping fine 

microstructures (i.e. microsized) without sintering additives even for poorly sinterable 

compounds [20,21]. According to the SPS procedure, the raw powders are firstly put into a 

graphite die before being uniaxially pressed while a D.C. pulse voltage is applied to the 

compact. In the case of electrically conductive materials, the heating-up is then mainly due to 

the Joule effect. Compared to hot-pressing, the SPS technique allows sintering at lower 

temperatures and shorter soaking times, even for high refractory ceramics such as zirconium 

carbide-based materials [22]. The oxycarbide powders were placed into a graphite matrix for 

SPS treatments. Bulk dense 20mm diameter pellets (95% of the theoretical density) were 

sintered at 1600°C and 50MPa under vacuum during 10 minutes. This process was applied to 

the synthesis of the richest five compositions in carbon (Table 1). 

As the IGA analysis results obtained on the powder samples will be used as standards 

for the IBA analysis of sintered bulk specimens, it is necessary to make sure that the sintering 

process did not modify the composition of the sample. It has been previously shown that slight 

substitution of carbon atoms by oxygen atoms leads to a significant decrease in the cell 

parameter, the covalent radius of oxygen (rO = 0.64 Å) being lower than that of carbon (rC = 

0.74 Å) [2–4,23,24]. A small change of the cell parameter induces in turn peak shifts in the 
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XRD patterns, the peaks typically shifting towards high 2 angles as the oxygen content 

increases within the oxycarbide. 

Figure 1a shows the XRD patterns of a synthesized powder and its corresponding bulk 

monolith shaped by SPS (theoretical composition: TiC0.90O0.10). In both cases, the XRD patterns 

indicate that pure single phase samples were obtained as compared to international diffraction 

data card PDF-ICDD 00-032-1283 [25]. In addition, the peak positions of the two samples are 

very close, as shown by the enlargement of the 422 diffraction peak in Fig. 1(b). The slight shift 

corresponds to a cell parameter change of less than 0.004Å. This difference in cell parameters 

typically corresponds to a compositional change of less than 1%, i.e. lower than the error of the 

chemical analysis. It is therefore possible to consider that the stoichiometry of the oxycarbide 

phase is not modified during the SPS treatment. All synthesized pellet compositions were tested 

by the protocol presented above and in the following, we shall therefore consider that IGA 

analysis carried out on powders can be compared to the bulk sample analysis by IBA. 

It is also worth mentioning that the line widths of the powder samples, as an example 

0.08°FWHM for the 422 peak, are close to the instrumental resolution function. This result 

attests of a very homogeneous composition within the powder grains. All of these controls were 

performed on each sample of the different synthesised compositions. 

  

2 Experimental 

2.1 XRD and TEM analyses 

Cell parameters measurements were performed using X-ray powder diffraction (XRD) and the 

Rietveld method. The XRD patterns of all the samples were collected from 10 to 125° () with 

CuKα1 radiation using a Bruker D8 Advance diffractometer (Karlsruhe, Germany) with Bragg-

Brentano geometry, LynxEye PSD detector and Ge (111) primary monochromator. A step size 

of 0.02° () and an effective acquisition time of 208s per step were chosen to get data with 
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well-defined peaks and good counting statistics. In order to further minimize errors affecting 

the cell parameter values, an internal standard was used to correct for sample positioning errors. 

It is well known that, even with careful sample preparation, sample positioning can be the major 

source of peak position errors and can vary significantly from one sample to another. Among 

the possible standard materials, alumina (Al2O3) with corundum structure was found to be a 

good candidate as it allowed minimizing overlap between the standard and sample peaks. For 

practical reasons, we decided not to use the standard reference material from NIST (SRM676a) 

but instead the Al2O3 4N (99.99%) from Baikowski. This corundum of high purity is indeed 

easily available at low cost and allowed obtaining good quality XRD reference patterns with 

measured cell parameters close (within 0.0005 Å) to that of the certified NIST values. It was 

slightly cleaned by heat treatment at 900°C during 1 hour (weight loss of 0.4%) before being 

mixed to the oxycarbide sample powders with a weight ratio of 50%. The lattice parameters 

were refined by the Le Bail method using the Fullprof software [26]. 

In order to detect the possible presence of residues of free carbon, Transmission Electron 

Microscopy (TEM) characterizations were performed on the powder sample. Observations 

were carried out with a JEOL 2010 and a TEM-STEM JEOL 2100 microscope (JEOL, Tokyo, 

Japan) operating at 200 kV. TEM samples were obtained by crushing powders in an agate 

mortar with water. A small drop containing some grains was deposited on a copper grid covered 

by holey carbon film. 

 

2.2 Chemical analysis by IGA and IBA 

IGA (Instrumental Gas Analysis) is a common method for C/S and H/O/N determination 

from combustion gases, routinely used in the industry and laboratories. 

For carbon content determination, the sample is melted in a preheated ceramic alumina-

based crucible using a high-frequency induction furnace in a pure oxygen atmosphere, leading 
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carbon to react with oxygen to form carbon monoxide and carbon dioxide. For high temperature 

refractories, accelerators and fluxes are commonly used to decrease the melting temperature 

and to maintain the melt thoroughly fluid. In this work, high purity (> 99.95 wt.%) copper, iron 

and tin chips were used. The combustion gases pass through a dust filter coupled with a moisture 

absorber for purification. The C content is finally determined using infrared cells settled on 

specific absorption bands. Standard samples are needed to calibrate the quantification chain. 

For the oxygen content determination, the sample is placed in a graphite crucible 

between two electrodes and melted using a high current impulse furnace. The oxygen contained 

in the sample reacts with the graphite crucible forming carbon monoxide and carbon dioxide 

that are extracted by the He carrier gas. The extracted gas is analyzed after passing through the 

coupled dust filter - moisture absorber system and the oxygen concentration is therefore 

determined by infrared cells. As for carbon analysis, the quantification of oxygen requires the 

use of standard samples, accelerators and fluxes (Ni capsules in this work). Most of the 

methodology for carbon and oxygen content determination using IGA is documented in 

normative documents (ISO 9556 for carbon [27], ISO 17053 for oxygen [28]). 

The elemental chemical analyses (IGA) were performed at the ‘Institut des Sciences 

Analytiques’ (UMR-CNRS 5280 – Villeurbanne – France). The TiCxO(1-x) samples measured 

by IGA are characterized by elevated weight percent in C and O (around 20-30 wt.%). 

Handling samples with so large amount of light elements requires limiting the sample 

mass in order to avoid the detector saturation (infrared detector focused on the CO absorption 

band). The detection limit of the used setup is 1ppm (wt.) and the measurement range spreads 

from 1ppm up to ~30 wt.% with such adapted samples masses. To prepare samples, melting 

aids are classically used. Their contribution is systematically removed during calibration. 

For IGA analysis, the uncertainty budget could be split in two main contributions. The 

first one is correlated to the measurement chain (baseline stability, electronic noise, IR-cell 
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sensitivity evolution mainly), the second one to the calculation of the carbon or oxygen content 

based on the weight of the measured sample. 

 The measurement chain is calibrated using standard samples and the repeatability 

uncertainty may be evaluated using the dispersion divided by the square root of the 

number of measurements. Certified standard compounds are used to calibrate the overall 

setup. For high C and O content, the relative dispersion after calibration is close to 0.5 

wt.% for O and less than 1 wt.% for C. The repeatability dispersion is close to the same 

values than for the calibration step. As calibration inspections on the setup are carried 

out regularly (each 10 samples classically), errors on the detection chain are in the same 

range of magnitude as standard compounds used and can then be minimized. 

 The weighting of the analyzed samples is then the only possible error source. 

Manipulations need to be carefully done with a high precision balance (1/10 or 1/100 

mg significant digit). As previously said, the samples masses used for these analyses are 

low (around 50 mg) so that this weighting step is crucial. The calculation of the C and 

O concentration is done based on the total mass of samples, this latter being precisely 

determined. 

As a consequence, the uncertainty budget of IGA shows that the relative error is better than 1 

wt. % using IGA for C and around 0.5 wt. % for oxygen. 

Ion Beam Analysis techniques constitute interesting tools because they are sensitive 

both to heavy and light elements through the simultaneous use of Rutherford Back Scattering 

(RBS) and Nuclear Reaction Analysis (NRA). When performed on a micrometric scale, and 

beyond the advantage of being non-destructive methods, they also constitute an ideal tool for 

composite sintered pieces or for diffusion couples where the spatial extent of coexisting phases 

is limited [29]. In this work, the microprobe of the CEA/CNRS/IRAMIS/LEEL [30] was used 

for the study of homogeneous oxycarbide samples based on the experimental conditions 
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previously determined by Martin et al. [31]. We used for simultaneous NRA and RBS 

measurements an incident beam of deuterons (2H+) with an energy of 950keV providing an 

analysis depth of circa 2 m. The beam spot was ~2x2 m2 and was scanned over a 200x200 

m2 area. These choices enable composite materials analysis as already mentioned, as far as 

distinct phases are m-sized. 

The experimental conditions were previously determined by Martin et al. [31] using an 

incident beam of deuterons (2H+) with an energy of 950keV. In these conditions the cross-

sections of non-resonant reactions 12C(d,p0)
13C, 16O(d,p0)

17O, 16O(d,p1)
17O and 16O(d,α0)

14N are 

well-known and are issued from benchmarked evaluations [32]. The signals from RBS and 

NRA reactions both produced by the deuteron beam were collected by means of a custom made 

Canberra® detector offering a limited active thickness of 60 m located at 150° from incident 

beam. The reduced active thickness of the detector leads to partial energy deposition of protons 

from the 12C(d,p0)
13C whereas alpha from 16O(d,α0)

14N are totally stopped. It produces energy 

spectra where contributions from the different reactions are clearly identified.  

The solid angle was close to 200mSr with a typical beam current of 100-150pA to keep 

count rate below 2000 cps and thus avoid pile-up. Integrated charges where in the1µC range. 

The secondary electrons were collected by polarizing the sample holder (+90 V) thus limiting 

the uncertainty on the measured electrical charge. A layer of silver lacquer was spread over the 

epoxy resin holding the samples as well as on the sides of the samples in order to establish 

electrical contact between the samples and the sample holder. 

Calibration of the detection chain was carried out using CaCO3.  

SIMNRA 6.06 software [33] with standard Ziegler/Biersack stopping powers was used 

to simulate RBS+NRA spectra and compare them to the experimental ones in order to interpret 

them quantitatively. To this aim, the in depth homogeneous solid phase to be analysed is 

considered as a single layer with an elemental composition in Ti, C and O to be determined. An 
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incident particle with the energy E0 loses its energy according to the composition and stopping 

power of each element in the compound. Emitted particles along the acquisition direction 

(ϴ=150°) also lose energy as moving out of the solid phase. The energy losses before and after 

the reaction induce a spreading of the reaction peaks. Energy loss spreading is caused by the 

statistical fluctuations of the energy transfer in the collision process. SIMNRA takes into 

account both electronic and nuclear energy losses. A second cause of straggling is due to the 

finite size of the beam and the width of the detector aperture. SIMNRA computes spectra with 

a convolution by a Gaussian, the half-height width of which accounts for these straggling 

phenomena. The best width in our case was 𝜎 = 92 𝑘𝑒𝑉. 

Figure 2 displays the RBS+NRA experimental (dots) and simulated spectra (solid lines) 

of TiCxO(1-x). It shows, at low energy (E< ~1000 keV) the RBS contribution of the main isotopes 

of the sample to the spectrum, and at high energy (1250 keV ≤ E ≤ 2700 keV) the NRA 

contribution of C and O isotopes. Simulating the spectra of TiCxO(1-x), x ranging from 0.1 

through 0.9, we show, in two Regions Of Interest (ROI) of the NRA part of the spectrum (Fig. 

3), the contributions of O only (Fig. 3a) with the peaks due to the energy of both α particles 

from the reaction 16O(d,α)14N and of protons from the reaction 16O(d,p0)
17O (ROI=[1700 keV; 

2700 keV]) and the contribution of both C and O through the energy of the protons emitted by 

the reactions 12C(d,p0)
13C and 16O(d,p1)

17O (Fig. 3b ROI=[1250 keV; 1700 keV]). In the O only 

ROI, since all contributions come almost from the element O, the background, i.e. the 

contribution of other elements, is close to zero, which shows that O concentration can be 

reached (Fig. 4a). In the C+O ROI, the background for C concentration determination is the 

16O(d,p1)
17O signal of O which can be subtracted using the O only ROI (Fig. 4b). It was then 

concluded that it is possible to isolate unambiguously C and O signals from any TiCxO(1-x) 

compound (x ranging from 0.1 to 0.9) (Fig. 4). Combined NRA and RBS analysis was already 

utilized to determine the composition of several light element including some TiO and HfO 
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based materials, but these works are restricted to the case of thin films [34,35] and were mostly 

performed using exclusively RBS [36,37]. Moreover, none or very little is discussed about 

uncertainties. However at first glance, the uncertainty budget should lead to pessimistic 

conclusions regarding the relevance of IBA technics. Table 2 lists the main expected error 

sources and indicative values are given. This budget is partly constituted from statistical error 

(type A), here the collection statistics follows a Poisson law so that its variance in a given 

channel (denoted ‘i’) is equal to the number of counts in that channel (experimental value ‘Ti’, 

computed value ‘Mi’). It increases linearly with acquisition time so that the associated relative 

uncertainty diminishes as t-1/2. Budget is also relevant to B-type non-statistical errors. Collected 

charge and solid angle (respectively B1 and B2 errors in Table 2) can be neglected, as far as 

one assumes that it is possible to extract from the spectra measurable contributions from all the 

elements present in the sample, which is indeed the case here based on the simulations presented 

above (see Fig. 2 and Fig. 3). It should however be noticed that this applies for a single 

experimental shift. This last condition applies also for the measurement angle contribution (B3 

contribution in Table 2). Cross-sections (B4) and stopping power (B5) will constitute 

unavoidable sources of errors. For RBS, cross-section errors should remain limited (3-5%), but 

for NRA, when available, published cross-section errors go up to 10% (i.e. 6% for 12C(d,p0)
13C 

[38], 10% for 16O(d,p0)
17O [39]), mainly because of uncertainties originating from the thin film 

thickness estimate and counting statistics used for cross-section measurements. The stopping 

power, which evaluates the amount of deposited energy by the incoming (or exiting) beam 

in/from the sample, is the second major source of error. This parameter is related to the sample 

composition and is generally calculated using a simplified model based on balanced mono-

elemental contributions. 

However, when we restrict the analysis to one type of composition and after extracting 

data issued from the same experimental shift, comparative measurements make full sense. 
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Additionally, and in order to evaluate at a given acceptability level the uncertainty of fitted 

parameters (P parameters):  

 layer composition, 

  energy resolution, detector active thickness common to all spectra, 

we used, as complementary software tool, MULTISIMNRA [40] to fit S spectra with NS 

channels of the same sample. The quantity: 

𝑍 =
1

𝑆
∑ (

1

𝑁𝑠 − 𝑃
∑

(𝑀𝑖 − 𝑇𝑖)2

𝑀𝑖

𝑁𝑆

𝑖=1

)

𝑆

𝑠=1

 

follows a χ2 law with Ns-P degrees of freedom, i.e. the function of partition of Z reads : 

𝐹(𝑁𝑆 − 𝑃, 𝑍) =
∫ 𝑡

𝑁𝑠−𝑃
2

−1 𝑒−𝑡𝑑𝑡
𝑍

0

∫ 𝑡
𝑁𝑠−𝑃

2
−1 𝑒−𝑡𝑑𝑡

+∞

0

 

The best parameters values make Z minimum. The initial parameters values are those given by 

MULTISIMNRA user, Z is computed and parameters values are changed according to a Nelder-

Mead simplex algorithm within the limits given by the user until χ2 remains constant or the 

maximum number of iterations is reached. Every k iteration, a perturbation is applied to the 

parameters in order to check that the set of parameters is not stuck at a local minimum. 

Uncertainties upon the fitted parameters are then computed on the basis of a MonteCarlo 

method. Once the possible interval for fitted parameters and the confidence level (for instance 

68.3%, i.e. α=1-0.683 of a Gaussian distribution lies in an interval whose half width is σ) are 

fixed, MULTISIMNRA picks up random values for the parameters and keeps this set of 

parameters if Z is such as 𝐹(𝑁𝑆 − 𝑃, 𝑍) ≤ 𝛼. In our case NS=3000 spectra were computed. 

Elimination of the 3000*(1-α/2) smallest and largest values for a parameter in the set gives its 

confidence interval. 

Ideally cross section and stopping power errors should be taken into account by a 

MonteCarlo method for the simulation of spectra and should appear in the values of Mi so that 
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MULTISIMNRA could account for it in the uncertainties computed for the studied parameters 

(here composition of the material), but it is not the case. Thus, uncertainties obtained in this 

study (Table 4) are obtained in the following way. Since the contribution Mi to a spectrum due 

to the concentration [X] of an element X in the material is proportional to σ/ε where σ is the 

cross-section and ε the corresponding stopping-power, the total uncertainty i.e. that computed 

by MULTISIMNRA and that due to the cross-section error are added in the following way : 

𝑢([𝑋])2 = 𝑢𝑀𝑢𝑙𝑡𝑖𝑠𝑖𝑚𝑛𝑟𝑎([𝑋])2 + (
𝜕[𝑋]

𝜕𝜎
)

2

𝑢(𝜎)2 +  (
𝜕[𝑋]

𝜕𝜀
)

2

𝑢(𝜀)2  

Which leads to : 

𝑢([𝑋])2 = 𝑢𝑀𝑢𝑙𝑡𝑖𝑠𝑖𝑚𝑛𝑟𝑎([𝑋])2 + (−
[𝑋]𝑀𝑢𝑙𝑡𝑖𝑠𝑖𝑚𝑛𝑟𝑎

𝜎
)

2

𝑢(𝜎)2 +  (
[𝑋]𝑀𝑢𝑙𝑡𝑖𝑠𝑖𝑚𝑛𝑟𝑎

𝜀
)

2

𝑢(𝜀)2 

 

3. Results and discussion 

3.1. Powder samples: establishing a model linking parameter cell versus composition. 

Figure 5 shows the XRD patterns obtained on the titanium oxycarbide samples 

synthesized at 1600°C (Fig. 5). For all compositions, the diffraction peaks correspond to those 

of the PDF-ICDD 00-032-1283 [25] file of the titanium carbide. On the right hand side of the 

figure, the enlargements on the 422 diffraction peak emphasize a shift towards high angles when 

the amount of the oxygen rises in the crystalline structure. For samples with a theoretical C/Ti 

ratio > 0.50 a heat treatment of 4 hours was found sufficient to get a single phase product. 

However, samples with a C/Ti ratio < 0.50 systematically contained a sesquioxide Ti2O3 

secondary phase so they were heat treated a second or a third time in order to reach the final 

state of the thermodynamic equilibrium. These supplementary heat treatments of four hours at 

1600°C (see Table 1) caused the disappearance of Ti2O3 and led to an enrichment of the 

oxycarbide phase in oxygen. 
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The samples have been observed in Transmission Electron Microscropy in order to 

detect free carbon (Fig. 6). Owing to the low molar mass of carbon, a slight molar excess will 

correspond to an important volume proportion that will be easily detectable in TEM. In figure 

6, crystals appear as dark entities supported by the hollow carbon film overlapping the Copper 

grid. In order to be comparable, all images are provided at the same magnification. It can be 

observed that crystallites show rounded shapes and that the crystal size rises from less than 1µm 

for pure TiC (Fig. 6a) up to several microns for the oxygen richest compositions (Fig. 6 e-i). 

This increase in crystal size is due to the longer annealing treatments that were used to obtain a 

uniform chemical composition of the phase and which provoke grain growth. These longer 

annealing treatments lead to the coalescence of grains (Fig. 6 f-i).where the carbon can be easily 

distinguished as it appears as bright areas due to its low Z value and related lower absorption). 

Free carbon has been only observed in the sample with a theoretical composition TiC (see white 

circle on the Fig. 6a). Based on these results, the effective chemical compositions of powders 

can be calculated from the results of Instrumental Gas Analysis (IGA). For the TiC sample, the 

amount of free carbon has been measured by a partial combustion of the sample and by 

subtracting this value to the total amount of carbon contained in the sample and the 

stoichiometry of the sample has been calculated. They are compiled in Table 3. For all the 

samples, the results obtained by IGA are compared to the calculated stoichiometries. In the 

worst case, namely for the theoretical composition TiC0.50O0.50, the gap between this 

stoichiometry and the effective stoichiometry does not exceed 3 at. %. As expected, these 

results confirm that IGA technique appears well suited to characterize powder samples with an 

accuracy of few atomic percent. These results also confirm that the quality of the powders is 

reliable enough to be considered as a standard later on. 

From the results obtained by XRD, TEM and IGA elemental analysis, it appears that the 

continuity of the solid solution is confirmed to be complete between the compound TiC0.97O0.02 
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and TiC0.21O0.79 at 1600°C. It is also worth noticing that the same methodology was also adopted 

to study the extent of the TiCxO(1-x) solid solution at 1500°C and the results at this temperature 

were similar to those obtained at 1600°C. 

Figure 7 shows the evolution of the titanium oxycarbide cell parameter as a function of C/Ti 

ratio determined by IGA. At first glance, figure 7 shows two distinct parts in which the 

evolution of the cell parameter can be assumed as linear (see the two dotted lines on Fig. 7).  

The positioning of the two linear regression lines was solely calculated based on the 

experimental points corresponding to the present study. These two distinct tendencies can be 

interpreted as Vegard type evolutions of two distinct types of solids characterized by different 

kinds of chemical bond with different related atomic radius. The intersection point between 

these two lines will then correspond to the composition for which the change in the type of 

bonding occurs (for C/Ti = 0.57 i.e. for TiC0.60O0.40). As an interpretation, we suggest that an 

ionic character predominates for the oxygen rich compositions (C/Ti < 0.60, i.e. from TiO to 

TiC0.60O0.40) while a covalent character predominates for the carbon rich compositions in (C/Ti 

> 0.60, i.e. from TiC0.60O0.40 to TiC1-x). 

The discrepancies existing between our results and the cell parameter values reported from the 

work of Jiang et al. [14] could be explained by the fact these authors did not use an internal 

standard to correct samples positioning errors or that their targeted compositions, which highly 

depend on the synthesis conditions, were not controlled by elemental analysis.  

 

3.2. Bulk samples: towards reliable analysis of light elements. 

A typical experimental NRA-RBS energy spectrum of TiCxOy obtained is shown in 

figure 2 as well as its corresponding spectrum calculated by SIMNRA. All experimental spectra 

were analysed using first SIMNRA and then MULTISIMNRA software. RBS signals of Ti, C 

and O lead to the ratio of light elements (C and O) over Ti, whereas 12C(d,p0)
13C, 16O(d,p1)

17O, 
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16O(d,α0)
14N and 16O(d,p0)

17O led to an enhanced determination of C/(C+O) and O/(C+O) 

ratios. 

NRA and RBS analysis results obtained on bulk samples are reported in table 4. The 

uncertainties were calculated by means of MULTISIMNRA based on the calculation of 3000 

spectra leading to a confidence level of 68.3% [41] (column ‘*’ in Table 4) and also by 

including standard error contributions as discussed in section 2.2 (column ‘#’ in Table 4). A 

very good agreement is found as the discrepancy between them is in the same range of the 

relative error of IGA analysis. At first sight, it is noticeable that the powder stoichiometries 

determined by IGA (Table 3) are very similar to the composition of the sintered samples (Table 

4) that were obtained by fitting the IBA spectra. By comparing the stoichiometries obtained on 

light elements with the two techniques, the discrepancy is found to be less than 5 at.% for all 

the titanium oxycarbide samples. In addition, for each sample, the amount of Ti calculated from 

the RBS signal is close to 1. This observation means that the first sublattice in the f.c.c structure 

is always fully occupied by Ti atoms. Consequently, the variation of the chemical compositions 

of the TiCxO(1-x) phases only results from substitution of carbon atoms by oxygen atoms on the 

second sublattice as shown in the literature [2–4,10,23,24]. Regarding IBA uncertainties 

budget, and following data from table 2, errors raise to the 10% range. However the excellent 

matching between IBA and the much more precise IGA technique central values might be 

attributed to very conservative values generally used for cross sections and stopping powers 

uncertainties. 

The same global process was finally implemented on a hafnium oxycarbide sample 

(Table 4). The main difference in MULTISIMNRA simulation consisted in taking into account 

dual scattering phenomena in order to render a correct RBS signal. The gap between the 

chemical compositions obtained by IGA and IBA is, here too, close to 5 at.%. 
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The relevance of the results obtained for both TiCxO(1-x) and HfCxO(1-x) oxycarbides 

attests that if present, the density of vacancies on the octahedral site of the oxycarbides is at 

least almost very low and does not distort the accuracy of the obtained results. 

 

4. Conclusion and perspectives 

 

1. Different pure and homogeneous powder samples of TiCxO(1-x) oxycarbides solid 

solution have been synthesized via the carbothermal route at 1500°C and 1600°C. This 

study confirms that the solid solution is complete at least in the compositional range 

TiC0.97O0.02 / TiC0.21O0.79.  

2. Each of the eight synthesized samples were first chemically analysed by IGA with an 

accuracy of a few atomic percent. The results obtained show that the measured phase 

stoichiometry is in very good agreement with the expected theoretical synthesized 

compositions, attesting that the synthesis process is well controlled.  

3. Cell parameters of the oxycarbide powders were refined with accuracy better than a few 

percent in order to establish a reliable model giving the evolution of the cell parameter 

versus the chemical composition measured by IGA. This model allows an indirect 

characterization of the O/C ratio of the oxycarbide based on a careful determination of 

the cell parameter through XRD experiments available in most laboratories.  

4. The evolution of the cell parameter shows two distinct linear tendencies, of Vegard’s 

law type, attributed to a prevailing ionic character chemical bonds for the oxygen rich 

compositions (C/Ti < 0.60, i.e. from TiO to TiC0.60O0.40) and to a covalent character for 

the carbon rich compositions in (C/Ti > 0.60, i.e. from TiC0.60O0.40 to TiC1-x). 

5. The powder samples were sintered by SPS to obtain TiCxO(1-x) ceramics and were used 

as standards to evaluate the IBA capabilities to quantify light elements on bulk type 
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materials. The results obtained by this technique on the densified monoliths are at least 

as accurate as those obtained by IGA and confirm that IBA is a well suited method to 

quantify the light elements amount in bulk materials with very good accuracy. 

 

Evoking micro-IBA, this remarkable result opens a new investigation field for oxycarbide 

studies and in particular for the understanding of reactive carbide-oxide interfaces for which 

the determination of light elements concentration profile is required to ascertain the reaction 

mechanism operating. 
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Figure Captions 

 

Figure 1:  Comparison between X-ray diffraction patterns respectively obtained on the 

synthesized powder and the shaped monolith (theoretical composition: 

TiC0.90O0.10). 

 

Figure 2:  RBS and NRA spectra for the TiC0.90O0.10 sample showing the experimental 

curves (symbols) and the simulated signal (continuous line). 

 

Figure 3: Simulated spectra carried out with the experimental conditions retained during 

this study. It is shown that NRA is sensitive enough to discriminate all 

chemical compositions of the titanium oxycarbides. 

 

Figure 4:  Model of integrated peak intensity over the ROI versus C/(C+O) after 

background subtraction (in red colour) for C and O elements. 

 

Figure 5:  X-ray diffraction patterns obtained on the synthesized oxycarbide samples at 

1600°C. 

 

Figure 6:  TEM images of each sample synthesized at 1600°C. The white circle testifies 

that free carbon is observed in the sample with the TiC theoretical composition. 

 

Figure 7:  Evolution of the titanium oxycabide cell parameter as a function of C/Ti ratio. 

The measured values by Neumann et al. [17], Nishimura et al. [13] and Jiang 

and al. [14] have been added in order compare them. 
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Table Captions 

 

Table 1:  The chemical formulae of the different TiCxOy and HfCxOy samples that were 

synthesized and their respective theoretical C-O contents. The table also 

mentioned the temperatures of synthesis and the dwell time. The presence or 

absence of a cross respectively indicates if the sample has been synthesized or 

not. On the right side, the SPS conditions have been indicated for each shaped 

monolith. 

Table 2:  Non-statistical sources of errors in the IBA technique 

 

Table 3:  Results of the elemental analyses (IGA) for the different samples of 

oxycarbides synthesized at 1600°C. 

 

Table 4: Results of the IGA and IBA analyses obtained on the synthesized oxycarbide 

samples with uncertainties for RBS+NRA measurements (*: MultiSIMNRA 

uncertainties only, #: combined MultiSIMNRA and standard uncertainties) 
















