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A B S T R A C T   

Zirconium based nitrides, carbides and carbonitrides are highly technological compounds which received during 
the 1950s and 60s huge interest due to their combination of metal and refractory properties. The interest reit-
erated recently due to the need of compounds with high electrical conductivity, corrosion and oxidation resis-
tance, and neutron transparency with the rise of mobility electrification and nuclear energy. Sintered Zr(C,N) is 
investigated with CHN elemental analysis combined with atom probe tomography (APT) to evaluate the 
composition and homogeneity of carbon and nitrogen from the bulk down to the nanometer scale. Results have 
shown a strong nitrogen loss and an enrichment in carbon which diffused from the graphite die and punch. 
Nevertheless, the composition is homogenous in the sample. Atom probe tomography suggests that the sintered 
alloy is sub-stoichiometric with carbon and nitrogen homogeneously distributed within the grain. The stoichi-
ometry calculated corresponds to the estimation by Vegard’s law.   

1. Introduction 

Zirconium carbides, nitrides and their quasi-binary solid solutions 
(carbonitrides) are crystalline alloys with FCC (B1) structure in which 
carbon and/or nitrogen take the octahedral interstices [1]. They belong 
to the Group VI transition metal compounds combining ceramic and 
metallic properties thanks to their complex electronic configuration. 
These zirconium alloys are particularly interesting due to their very high 
melting temperature (Ultra High Temperature Ceramics) [2,3], high 
electrical conductivity, corrosion resistance, low neutron absorption, 
low coefficient of friction, bio-compatibility [4,5], and tribological 
properties. Accordingly, it attracts a growing interest in many key 
technological applications: micro-electronics [6], nuclear and fusion 
reactors [7,8], energy production and conversion [9,10] and for cutting 
tools either as wear resistant thin coatings [11–14] or as gamma-phase 
forming elements in cemented carbides to enhance mechanical proper-
ties at highspeed machining [15]. These compounds are mainly pro-
duced and studied as thin films through vapor deposition routes 
(Chemical Vapor Deposition (CVD), Physical Vapor Deposition (PVD)) 
or in bulk form through compaction and sintering of carbonitride 

powder. It was reported that the mixing of carbides and nitrides is a 
possible route to produce single phase Zr(C,N) [16,17], which requires 
very high pressure and temperature for the diffusion of carbon and ni-
trogen. The literature on Zr(C,N) as thin films is not rich as it is for ZrC 
and ZrN. When it comes to sintered Zr(C,N) alloys, to the best knowledge 
of the authors, the only bibliography available is that from Harrison 
et al. [18–20] and earlier reports from the 60’s and 70’s [16,17,21]. 
Generally, for these alloys produced with powder metallurgy methods, 
many of the reports suffer from a lack of rigorous characterization of the 
chemistry, its microstructure or both. Precise data on chemical compo-
sition and impurities are known to directly influence the reported 
properties of these compounds. Physical and mechanical properties of 
transition metal carbonitrides depend on the C/N ratio, which makes 
determination and control of carbon and nitrogen concentrations and 
vacancies key factors for tailoring properties of these compounds [22, 
23]. It was even stated that the stoichiometric composition of ZrCxOyNz 
is considered as one of the most important issues regarding the synthesis 
and applications [24]. Nevertheless, precisely determining the compo-
sition of the light elements (carbon, nitrogen and oxygen) for the car-
bonitrides is quite challenging. In the present work, chemical 
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composition, homogeneity and stoichiometry of a sintered Zr(C,N) alloy 
is measured using energy-dispersive X-ray spectroscopy (EDS), CHN 
elemental analysis and atom probe tomography (APT). The main ob-
jectives are: (1) the investigation of the chemical homogeneity (poten-
tial composition variations) in the bulk and on the micrometer scale, (2) 
the comparison of the composition variations between the initial powder 
and the sintered bulk alloy, especially the C/N ratios, and finally (3) the 
characterization of the composition and stoichiometry with high 
accuracy. 

2. Experimental part 

2.1. Sample production 

Zr(C0.5,N0.5) commercial powder (1.3 µm, Zr: 86.4 wt%, C: 5.6 wt 
%, N: 6.7 wt%, O: 0.4 wt%; A.L.M.T., SUMITOMO Group, Japan) is used 
to produce Zr(C,N) bulk samples. The powder is consolidated in a hot 
press by uniaxial pressing. Zr(C,N) powder is placed in a graphite die 
between two graphite punches (Fig. 1(a)). The graphite set-up is placed 
in the hot press furnace. The furnace is closed and filled with argon (Ar), 
then the Ar is pumped out to remove impurities from the furnace at-
mosphere until a pressure of 10 mbar is reached. Then the sintering 
process is set to two stages by heating up then holding the temperature 
at 1500◦C and 2000 ◦C with a heating rate of 5 ◦C/min (Fig. 1(b)). 
Uniaxial pressure is applied also at two stages. Once the high tempera-
ture is reached, a pressure of 200 bar is applied for 1 h to densify the 
powder. Afterwards, the cooling ramp at a rate of 10 ◦C/min is set until 
reaching room temperature. The sample is then removed from the 
graphite crucible and grinded on all sides to remove the graphite 
adhered to the sintered piece. The sample has the shape of a pellet with a 
diameter of 20 mm. A density > 96% is achieved by the hot press process 
described above. Lattice parameters of the sintered sample were deter-
mined using X-ray diffraction (XRD) in a PANalytical X’pert PRO MPD 
with filtered Cu-Ka radiation in the 2θ range of 30–145◦ in Bragg- 
Brentano geometry. Pattern analysis and refinement (Pawley method) 
was done with PANalytical Highscore software. For microscopy analysis 
the sample was grinded and polished to have mirror finished surface. 
The last polishing step was done with alumina suspension (OP-A, 
Struers). 

2.2. EDS analysis 

Energy Dispersive X-ray Spectroscopy was carried out with an EDAX 
detector installed in a FEI Helios NanoLab 600 DualBeam FIB/SEM and 

in a Thermo-Fisher Helios G4 PFIB CXe DualBeam FIB/SEM. The 
objective is to have an overview of the chemical elements existing in the 
sample and a rough quantification. 5–10 kV acceleration voltage is used. 
Approximate quantification is done after peak fitting and background 
subtraction using ZAF method. C and N quantification are performed 
without a standard as the goal is to have an estimation of the compo-
sition which will be compared afterwards with the CHN and APT 
elemental analyses. EDS was used together with SEM to analyze the 
composition of the different phases/components and their spatial dis-
tribution in the sintered ceramic. 

2.3. Atom probe tomography 

Atom probe tomography was performed to measure the chemical 
composition of the sintered materials with high resolution, mainly the 
C/N ratio (that will be compared to the powder base composition) and 
quantify contamination and trace elements. Additionally, this technique 
can give an insight into the homogeneity of the composition or potential 
presence of clustering due to high temperature and pressure during 
sintering. APT specimens were prepared so that the long axis of the 
reconstruction is perpendicular to the surface of the material. Samples 
were prepared in a dual-beam FIB/SEM workstation (FEI Helios Nano-
Lab 600) by using the lift-out technique described by Thompson et al. 
[25]. After thinning, a low energy milling at 2 kV was performed to 
minimize gallium contamination. APT was carried out in a LEAP 3000X 
HR (CAMECA) in voltage mode with 20% pulse fraction. All measure-
ments were performed at repetition rate of 200 kHz, pressure lower than 
1.33×10-8 Pa, evaporation rate of 1 atom per 200 pulses and a specimen 
temperature between 60 and 70 K. Datasets were reconstructed and 
analyzed with IVAS™3.6.8 software (CAMECA). 

2.4. CHN analysis 

CHN chemical analysis method was used to analyze the bulk 
composition in terms of C/N fraction with larger sampling volume than 
APT. The method relies on high temperature decomposition of the 
sample through combustion in an oxygen/helium environment, then the 
separation and chemical analysis of the resulting gases. Vario Micro 
Cube analyzer (Elementar GmbH, Germany) is used with an amount not 
exceeding 5 mg of the sample for the analysis (with an accuracy of ±10-3 

mg). Considering that the volume analyzed by APT is in the range of 
1.6×10-12 mm3 (80 nm × 80 nm × 250 nm), the volume analyzed with 
CHN method is around 1011 larger. 
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Fig. 1. a. Schematic of hot pressing of Zr(C,N) powder showing the graphite punch and die. The gas pressure is maintained at 10 mbar of argon. b. Temperature and 
uniaxial pressure profile evolution with time during sintering. 
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3. Results and discussion 

3.1. Metallography 

Fig. 2 shows equiaxed grain shape with different orientations as 
evident from the strong orientation contrast in the backscattered SEM 
image. Porosity is seen across the entire sample; dark inclusions are 
found as seen in Fig. 2(b). Thorough investigation and insights on the 
microstructure will be given in a separate communication. The in-
clusions are further analyzed with EDS. 

3.2. EDS analysis 

EDS spectra gives a preview of elements in the sample, in addition to 
the main expected elements (zirconium, carbon and nitrogen), oxygen 
and hafnium are also found with small amounts. The black inclusions 
were analyzed and compared locally to the surrounding material in  
Fig. 3. It is clearly depicted that the inclusions are formed of almost pure 
carbon. Very small peaks of other elements such as Zr L and O K are 
probably caused by the X-ray interaction volume exceeding the carbon 
phase due to its small dimensions. For a rough estimation of the 
composition in a larger area, a standardless quantification of the ele-
ments present in the alloy at 10 kV acceleration voltage is given in  
Table 1. Traces of aluminum and slightly higher oxygen composition 
could come from contamination/residues using alumina suspension as 
the final polishing step. It is seen that we have an increase of carbon and 
a strong drop in nitrogen content. 

3.3. APT 

APT analysis of carbides, nitrides and carbonitrides have been per-
formed almost exclusively using laser pulse evaporation [26–33]. 
Voltage pulsing mode for these compounds is possible when they are 
analyzed in form of precipitation inside a metal matrix [34–39], 
although even in that case laser mode is sometimes used [40]. Laser 
pulse evaporation uses a thermal activation, and thermal tails often 
accompany the peaks in the mass spectrum used for the compositional 
quantification. Thermal tails can be of disadvantage, since small peaks 
can be lost below the tail of a larger peak and the ranging of peaks with 
large tails is a challenging task [41,42]. Measuring in voltage mode, on 
the contrary, can result in sharper peaks increasing mass resolution. 
Early works in the 1980s and 90s, showed the use of voltage mode in 
APT and Atom Probe Field Ion Microscopy (APFIM) for WC [43–45].The 
limitation of voltage pulsed evaporation is that the material should be 
electrically conductive, and the specimen thinned to a sharp tip to 
evaporate within the range of voltage available for the measurement (up 
to about 11–13 kV), which can result in an early specimen fracture. In 
comparison to traditional ceramics, zirconium carbides and nitrides are 
excellent conductors with a resistivity as low as that of the zirconium 
metal [1,46]. For this reason, in the present study voltage mode has been 
used on a Zr(C,N) sample, getting successful measurements. 

Two reconstructions with 24 and 42 million detected counts are 
considered in this work. Both reconstructions showed a homogeneous 
distribution of the elements with no clustering present in the material.  
Fig. 4(a–c) show an example of the distribution of Zr, N, and C together 
with a concentration profile depicting a constant concentration evolu-
tion of the main elements during measurement. The calculation of the 
compositions reported in Table 2 were obtained by considering the 
counts in cylindrical regions of interest with 8.6 million ranged counts 
(diameter: 50 nm; length: 200 nm) (Fig. 4(a)) and 16.6 million ranged 

Fig. 2. a. Equiaxed microstructure of the sample imaged with backscattered electrons. b. White arrow shows dark inclusions present in the sample.  

Fig. 3. Comparison of EDS spectrum (with rescaling of the inclusion spectra) 
between dark inclusions (grey filled curve) and the Zr(C,N) grain (red filled 
curve) measured at 5 kV acceleration voltage. 

Table 1  
Standardless EDS quantification at 10 kV acceleration voltage of chemical el-

ements present in the sintered alloy using ZAF method. The values are compared 
with chemical composition of the used Zr(C,N) powders. NB: Quantification for 
light elements with small amounts is not accurate. Values presented in the table 
are indicative.   

EDS of sintered alloy Nominal powder composition 

at% wt% wt% 

Zr  54.8  87.3 86.4 
C  38.8  8.1 5.6 
N  3.5  0.9 6.7 
O  1.6  0.5 0.4 
Hf  1  3.1 - 
Al  0.3  0.1 -  
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counts (diameter: 80 nm; length: 170 nm) to avoid the border of the 
reconstruction. These measurements were performed at two different 
sample temperatures (60 K and 70 K) to test the stability of the mea-
surements and the difference in the acquisition quality. The change in 
temperature showed a clear change in the amount of single hits. The 
measurement performed at 60 K showed a slightly lower background, 
however, the amount of single hits was limited to about 40%. In 
contrast, the measurement performed at 70 K, presented 60% singles 
with a slightly higher background. Nitrides and carbonitrides are known 
to show a high amount of multiple hit events during APT measurements 
[26,28–30,47]. To control and correct for potential losses of carbon due 
to the presence of multiple hit events, the 13C-method presented in 
literature was applied [47]. However, the isotopic ratios of C+ and C+2 

where as expected, giving the indication that there was no loss on these 
peaks, which are the largest peaks of carbon in the measurements. 
Alongside, a peak decomposition analysis was performed to resolve 
overlapping peaks in two regions of the spectrum. One of the overlaps is 
found for ZrC+3 / ZrN+3 / ZrO+3 in the range between 34 and 37 Da. In 
this case, the overlap can be easily solved, because each of the com-
pounds has 8–9 isotopes with some peaks having no overlap that can be 

used unambiguously for the decomposition calculation. Most of the 
counts in these peaks belonged to ZrC. The second overlap was found for 
Hf+4 / Zr+2 / Y+2 at 44 Da. Revising the isotopic ratios, it was confirmed 
that most of the peak belonged to Zr, the Hf fraction was calculated from 
its isotopic ratio, and no Y was present in this peak. Fig. 4(e) shows an 
example of a mass spectrum. Table 2 shows the composition calculated 
after background subtraction for both reconstructions. Despite the dif-
ference in the amount of single hits obtained during the acquisition, a 
consistent and reproducible composition was confirmed. Oxygen con-
tent measured with APT is lower than EDS results as the sampling is 
done by lift-out from below the sample surface in contrast to EDS which 
is performed on the surface. 

3.4. CHN analysis and composition comparison 

C and N contents determined by CHN method are 10.24 ± 0.69 wt% 
and 0.62 ± 0.07 wt%, respectively. Comparison of the results with APT 
is presented in Table 3. APT weight% were calculated by conversion of 
atomic%. 

The comparison shows that carbon is around 3 wt% higher than in 
APT, while the nitrogen composition is very similar for both methods. 
CHN method is a bulk large-scale method in comparison to APT which is 
a measurement in the nano-metric scale. The higher carbon fraction 
measured by CHN comes from the carbon flakes and inclusions which 
are spread across the sample. The APT specimens were taken inside a 
grain avoiding these inclusions which are found by EDS to be almost 
pure carbon. For nitrogen, the content obtained from both methods is 
nearly the same, meaning that the nitrogen concentration in the bulk 
and very locally at the microstructure level is constant and homoge-
neous. In the next paragraph the reasons behind variation of C/N ratio 
from the base powder to the sintered alloy will be discussed. 

Fig. 4. APT reconstruction of a specimen in the Zr(C,N) grain. (a-c) Homoge-
neous elemental distribution of Zr, C and N. Representation of the cylindrical 
ROI used for the concentration profile and the calculation of the composition. 
(d) Concentration profile along the reconstruction showing a stable composi-
tion evolution. (e) Mass spectrum. 

Table 2  
APT composition comparison of the two reconstrcutions performed at 70 and 

60 K, respectively.  

Elements Peak decomposition Peak decomposition 

ROI D = 80 nm 
L = 170 nm 

D = 50 nm 
L = 200 nm 

Ranged counts 16.6 M 8.6 M 
Single hit events 60% 40% 
Temperature 70 K 60 K 
Elements at% at% 
Zr 60.36 ± 0.02 59.85 ± 0.01 
C 36.57 ± 0.01 36.64 ± 0.02 
N 2.38 ± 0.01 2.49 ± 0.01 
Hf 0.32 ± 0.01 0.50 ± 0.01 
Ti 0.10 ± 0.01 0.19 ± 0.04 
O 0.17 ± 0.01 0.24 ± 0.01 
B 0.01 ± 0.01 0.02 ± 0.01 
Al 0.02 ± 0.01 0.02 ± 0.01 
Y 0.05 ± 0.01 0.06 ± 0.01  

Table 3  
Carbon and nitrogen content comparison between APT and CHN method. *The 
conversion of wt% to at% for the CHN method was calculated considering that 
Zr balances the experimentally measured C and N fractions.   

APT CHN 

at% wt% wt% at%* 

Zr 60.2 90.8 - 52.1* 
C 36.6 7.3 10.2 45.5* 
N 2.4 0.6 0.6 2.4* 
Hf 0.4 1.2 - - 
Ti 0.1 0.1 - - 
O 0.2 0.1 - - 
Total 100 100 - 100*  
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3.5. C/N ratio variations 

The C/N ratio is a key parameter to tailor physical properties of these 
carbonitrides. Combination of the CHN method which is a bulk large- 
scale method with the APT method that measures chemistry at the 
atomic scale is complementary and insightful. Both methods have given 
a similar result regarding the nitrogen content in the material which was 
considerably reduced in the sintering process from the base powder. In 
comparison with the composition of the base powder, the C/N ratio 
changed from around 1 to 15. The main reason is nitrogen evaporation 
during sintering. The comparison of the results with literature reports is 
not straightforward, since the experimental conditions, parameters and 
sintering equipment differ, impacting the composition and microstruc-
ture. For example, Harrison et al. who produced Zr(C,N) from carbo-
thermic reduction of zirconia powder have not reported a considerable 
loss of nitrogen [18–20], however the sintering was performed under 
argon pressure of 1 bar compared to the 10 mbar used in the present 
study. For ZrN, over-stoichiometric nitrogen content is not possible and 
the excess of nitrogen converts to N2 gas as it can be seen from the phase 
diagram [48,49]. Additionally, it is documented that nitrogen evapo-
rates during sintering and escapes as N2 gas, while sintering under N2 
atmosphere reduces the nitrogen loss in the alloy. Early reports stated 
that ZrN releases N2 at temperatures considerably below the melting 
temperature, and heating ZrN under vacuum can start releasing/eva-
porating nitrogen already at temperatures of 500◦C [50]. It has been 
shown that sintering or annealing of ZrN in vacuum decreases nitrogen 
content to the lower limit of the homogeneity range, oppositely to sin-
tering or post annealing in nitrogen that maintain approximately the 
stoichiometry [51]. Furthermore, Wheeler et al. suggested that sintering 
under argon increases nitrogen deficiency in comparison to sintering 
under nitrogen [52]. In another study, although sintered in vacuum, 
Alexander et al. reported no decrease in nitrogen stoichiometry (no ni-
trogen loss) [53]. However, the used technique is hot isostatic pressing 
(HIP) in which powders are pressed and sintered in silica and titanium 
containers [53] that may act as an hermetic seal, and no gas can escape 
in contrast to standard graphite die and punch used in hot pressing. 
From these literature results, it can be deduced that the N2 vapor pres-
sure during sintering plays a key role in preventing nitrogen loss from 
the alloy. Accordingly, nitrogen loss in this experiment is mainly 
attributed to sintering in dynamic vacuum environment. Even for the 
perfect crucible set up, the compartment inside is not sealed (i.e. not gas 
tight) which cannot prevent the interaction with the hot-press sintering 
atmosphere. To avoid the evaporation (loss of N) in the Zr(C,N) a 
counter-pressure of N should be applied, so that the nitrogen activity in 
the Zr(C,N) sample is equal to the nitrogen activity in the hot-press at-
mosphere. This is rather difficult in a dynamic vacuum process. Hence a 
loss of N during the consolidation process occurred, as confirmed 
experimentally. 

Regarding the carbon content of the alloy, it is known that over-
stoichiometric ZrC in carbon does not exist and that the exceeding car-
bon is segregated as graphite [54]. Carbon in the form of graphite in 
sintered ZrC was detected and measured by using nuclear magnetic 
resonance spectrometry (NMR) [55]. Even with the use of a graphite foil 
to prevent interaction between the powder and the graphite container, it 
was reported that carbon can diffuse from the foil to the sample [56]. In 
the present study, no intercalation between the graphite crucible setup 
with the powder was used which might enhance carbon diffusion to the 
alloy, considering that the sintering was performed at high temperatures 
(2000◦C). The existing porosity from the compaction and grain coales-
cence could act as fast channels for diffusion which explains the carbon 
flakes and inclusions across the sample. However, APT results suggest 
that carbon diffused also inside the grains and fills the evaporated ni-
trogen interstices. Similar result of nitrogen loss and carbon enrichment 
was reported by Das et al. during flash sintering of ZrN [57]. 

3.6. Stoichiometry of the carbonitride 

It has been reported that measuring precisely the stoichiometry of 
these compounds is challenging and not straightforward task, requiring 
the combination of elemental analyses with other analytical techniques 
for a precise determination (e.g. RAMAN, NMR, TGA) [55,56]. The 
estimation of the stoichiometry from APT analysis should be done with 
precautions knowing that a high amount of multiple hits can cause de-
viations in the quantification. However, since the analysis in this study 
presented consistent compositions for different levels of multiples, and 
carbon isotopic ratios corresponding to the expected isotopic ratios, it 
can be assumed that the measured stoichiometry corresponds closely to 
that of the sample. Considering this result, the composition changed 
from a powder composition of around Zr(C0.5,N0.5) (Zr0.5(C0.25,N0.25)) to 
a sintered sub-stochiometric alloy Zr(C0.6,N0.04) (Zr0.61(C0.37,N0.02)) 
with nitrogen loss and carbon enrichment. APT analysis showed that all 
three elements are homogenously distributed within the grain with no 
clustering of carbon or nitrogen. Existence of large number of vacancies 
(up to 50% vacancy) in the sub-lattice does not imply rock salt structure 
lattice instability [56,58]. Nevertheless, these vacancies affect the bulk 
properties of the zirconium compounds [59]. 

Measuring the lattice parameter with X-Ray diffraction is a standard 
method to estimate the stoichiometry of the carbides, nitrides and their 
combination as the lattice volume is strongly influenced by the site oc-
cupancy. However, the determination of the correlation/relationship of 
the lattice parameter with the stoichiometry is quite challenging and 
subject of debate and controversy. Carbon, nitrogen, and oxygen atoms 
occupying the lattice sites modify the atomic bonding and charge den-
sity in different ways. The resulting lattice volume is a complex interplay 
of their corresponding effects and difference of atomic diameters. For 
zirconium carbides, in his handbook back from the 1960s, Kieffer [60] 
had already raised the issue of a strong scattering of the lattice constant 
values reported in the literature. At that time, this was attributed to the 
existing impurities in the alloy [60]. Few analytical expressions were 
reported correlating oxycarbonitride compositions to lattice parameter, 
nevertheless these parametrizations are likely to be applicable within a 
set of samples produced from the same synthesis procedure [24]. To this 
day, the scattering of the values is still troublesome. Due to the 
complicated manufacturing of pure specimens and the application of 
adequate characterization methods, hence establishing a conclusive 
relationship is still challenging [7,55]. The known general trends imply 
that an increase of carbon in ZrC increases the lattice constant, while an 
increase of oxygen content decreases it [7,21,61]. This is explained by 
the modification of the bonding [61,62]. For ZrN, oppositely, it has been 
reported that an increase in nitrogen decreases slightly the lattice 
parameter [63,64], and an increase of oxygen in the lattice expands it 
[21]. For oxycarbonitrides, based on various literature values, Mitro-
khin et al. established a quantitative correlation between lattice 
parameter and composition of C, O and N [65,66]:  

a(ZrCx(O,N)y) = 4.5621 − 0.2080x2 + 0.3418x − 0.80y(1 − x)            

where x=C/Zr and y=(O+N)/Zr with 0.62 ≤ x ≤ 1 and y ≤ 0.3. The two 
possible solutions (x) for this equation when using the APT result 
y=0.04, and the lattice parameter determined by X-ray diffraction 
a=4.693 Å, are x1=1.05 and x2=0.75. These solutions are not consistent 
with the x=C/Zr=0.6 obtained by APT. In the present study, the 
analyzed sample shows a very low oxygen concentration (<0,1 wt%) 
confirming the absence of the oxycarbonitrides when taking into 
consideration the average oxygen boundary composition discussed in 
the work of Réjasse et al. [62]. This result casts doubt on the applica-
bility of this equation when analyzing only zirconium carbonitride 
without the presence of oxygen. 

For Zr(C,N), it was reported that the lattice constant is varying from 
ZrN to ZrC according to Vegard’s law [16,65,67]. Considering this 
empirical rule proposed by Vegard [68,69] with a linear relationship 
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between the crystal lattice constant and the concentration of the con-
stituent elements, and considering the stoichiometric lattice parameters 
of ZrC = 4.70 Å [24,46,70–72] and ZrN = 4.57 Å [22,24,70], Vegard’s 
law is applied in the present case. A precise correspondence is found 
comparing the carbon proportion as given by Vegard’s law, 
C/(C+N)Vegard=0.9465; and the proportion obtained by APT, 
C/(C+N)APT= 0.9385. The very good fit could be credited to low oxygen 
and absence of oxycarbonitride. This outcome confirms the stoichiom-
etry estimation by using APT and supports the use of this analytical 
technique for the precise determination of the composition and stoi-
chiometry of these compounds. 

4. Conclusions 

The chemical composition of a Zr(C,N) sintered alloy was investi-
gated from bulk scale using CHN analysis and EDS down to the nano-
meter scale with APT. The focus was put on the analysis of the variation 
of the chemical composition and homogeneity after sintering. The 
following conclusions could be drawn:  

− Atom probe tomography measurements for carbonitrides zirconium 
alloys can be performed using voltage pulsing mode.  

− After sintering, considerable loss of nitrogen took place with a strong 
diffusion of carbon from the sintering graphite media (graphite 
punches and die) through the porosity, forming then carbon in-
clusions. Carbon stoichiometry inside the grain increased as well. 
Nevertheless, carbon and nitrogen are homogeneously distributed 
within single crystals.  

− Carbon and nitrogen concentrations from CHN analysis and APT 
agreed and correlated. Chemical composition is homogeneous across 
the sample, N bulk composition correlates very well with localized 
nanometric composition.  

− According to the APT results, after sintering a sub-stoichiometric 
alloy is formed around Zr(C0.6,N0.04). This result is supported by 
Vegard’s law for the carbonitride which correlates very well with the 
APT results.  

− APT can be used as reliable method to measure the composition, 
homogeneity and stoichiometry with high accuracy. 
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[62] F. Réjasse, O. Rapaud, G. Trolliard, O. Masson, A. Maître, Experimental 
investigation and thermodynamic evaluation of the C–O–Zr ternary system, RSC 
Adv. 6 (2016) 100122–100135, https://doi.org/10.1039/C6RA21967E. 

[63] N.J. Ashley, R.W. Grimes, K.J. McClellan, Accommodation of non-stoichiometry in 
TiN1-x and ZrN1-x, J. Mater. Sci. 42 (2007) 1884–1889, https://doi.org/10.1007/ 
s10853-006-1321-z. 

[64] Y. Tang, G.-J. Zhang, J.-X. Xue, X.-G. Wang, C.-M. Xu, X. Huang, Densification and 
mechanical properties of hot-pressed ZrN ceramics doped with Zr or Ti, J. Eur. 
Ceram. Soc. 33 (2013) 1363–1371, https://doi.org/10.1016/j. 
jeurceramsoc.2012.12.013. 

[65] V.A. Mitrokhin, R.A. Lyutikov, R.S. Yurkova, Change in the lattice constant of 
zirconium carbide in the region of homogeneity, Inorg. Mater. USSR Engl. Transl. V 
11 (No 6) (1975) 978–980. 〈https://www.osti.gov/biblio/4012964〉. 

[66] I.L. Shabalin, Zirconium Monocarbide. Ultra-High Temp. Mater. II, Springer 
Netherlands, Dordrecht, 2019, pp. 423–675, https://doi.org/10.1007/978-94-024- 
1302-1_5. 

[67] V.I. Ivashchenko, P.E.A. Turchi, V.I. Shevchenko, First-principles study of elastic 
and stability properties of ZrC–ZrN and ZrC–TiC alloys, J. Phys. Condens. Matter 
21 (2009) 395503, https://doi.org/10.1088/0953-8984/21/39/395503. 

[68] L. Vegard, Die Konstitution der Mischkristalle und die Raumfüllung der Atome, 
Z. F. üR. Phys. 5 (1921) 17–26, https://doi.org/10.1007/BF01349680. 

[69] A.R. Denton, N.W. Ashcroft, Vegard’s law, Phys. Rev. A 43 (1991) 3161–3164, 
https://doi.org/10.1103/PhysRevA.43.3161. 

[70] G. Samsonov, G.S. Upadkhaya, V. Neshpor, Physical materials science of carbides, 
Kiev. “Nauk. Dumka 456 (1974). 

[71] E.K. Storms, The Zirconium–Zirconium Carbide System. in: Refract. Mater., 
Elsevier, 1967, pp. 18–34, https://doi.org/10.1016/B978-1-4832-3070-2.50007-0. 

[72] V.P. Bulychev, R.A. Andrievskii, L.B. Nezhevenko, The sintering of zirconium 
carbide, Sov. Powder Metall. Met. Ceram. 16 (1977) 273–276, https://doi.org/ 
10.1007/BF00806128. 

I. El Azhari et al.                                                                                                                                                                                                                               

https://doi.org/10.1016/j.ceramint.2017.06.195
https://doi.org/10.1016/j.ceramint.2017.06.195
https://doi.org/10.3390/ma12172728
https://doi.org/10.3390/ma12172728
https://doi.org/10.1016/j.ultramic.2006.06.008
https://doi.org/10.1016/j.ultramic.2010.11.012
https://doi.org/10.1016/j.ultramic.2011.01.031
https://doi.org/10.1016/j.ultramic.2011.01.031
https://doi.org/10.1016/j.actamat.2013.08.028
https://doi.org/10.1016/j.actamat.2013.08.028
https://doi.org/10.1016/j.actamat.2016.08.024
https://doi.org/10.1016/j.surfcoat.2017.09.043
https://doi.org/10.1016/j.scriptamat.2018.11.041
https://doi.org/10.1016/j.scriptamat.2018.11.041
https://doi.org/10.1016/j.scriptamat.2021.114321
https://doi.org/10.1016/j.scriptamat.2021.114321
https://doi.org/10.1016/j.micron.2019.04.005
https://doi.org/10.1016/j.scriptamat.2010.03.012
https://doi.org/10.1016/j.scriptamat.2010.03.012
https://doi.org/10.3390/met10020243
https://doi.org/10.1016/j.ultramic.2021.113219
https://doi.org/10.1016/j.ultramic.2021.113219
https://doi.org/10.1016/j.jmrt.2022.03.098
https://doi.org/10.1017/S143192762002471X
https://doi.org/10.1007/s10853-022-07398-z
https://doi.org/10.1007/s10853-022-07398-z
https://doi.org/10.1007/s11661-016-3398-6
https://doi.org/10.1007/s11661-016-3398-6
https://doi.org/10.1016/j.ultramic.2004.01.010
https://doi.org/10.1007/978-1-4614-3436-8
https://doi.org/10.1016/0039-6028(84)90508-9
https://doi.org/10.1016/0039-6028(84)90508-9
https://doi.org/10.1051/jphyscol:1988652
https://doi.org/10.1051/jphyscol:1988652
https://doi.org/10.1016/0169-4332(94)90355-7
https://doi.org/10.1016/0169-4332(94)90355-7
https://doi.org/10.1016/0925-8388(94)01315-9
https://doi.org/10.1016/j.ultramic.2010.12.024
https://doi.org/10.1007/BF02647575
https://doi.org/10.1016/j.jallcom.2003.10.051
https://doi.org/10.1016/j.jallcom.2003.10.051
https://doi.org/10.1021/ic50045a040
https://doi.org/10.1007/BF00807873
https://doi.org/10.1016/j.jnucmat.2007.03.023
https://doi.org/10.1016/j.jnucmat.2007.03.023
https://doi.org/10.1007/BF01151669
https://doi.org/10.1016/0925-8388(94)01310-E
https://doi.org/10.1038/s41598-020-63037-0
https://doi.org/10.1038/s41598-020-63037-0
https://doi.org/10.1038/s41598-020-59698-6
https://doi.org/10.1038/s41598-020-59698-6
https://doi.org/10.1111/jace.18421
https://doi.org/10.1038/srep18098
https://doi.org/10.1016/j.ijrmhm.2023.106192
https://doi.org/10.1007/978-3-7091-7151-6_3
https://doi.org/10.1039/D1RA07768F
https://doi.org/10.1039/C6RA21967E
https://doi.org/10.1007/s10853-006-1321-z
https://doi.org/10.1007/s10853-006-1321-z
https://doi.org/10.1016/j.jeurceramsoc.2012.12.013
https://doi.org/10.1016/j.jeurceramsoc.2012.12.013
https://www.osti.gov/biblio/4012964
https://doi.org/10.1007/978-94-024-1302-1_5
https://doi.org/10.1007/978-94-024-1302-1_5
https://doi.org/10.1088/0953-8984/21/39/395503
https://doi.org/10.1007/BF01349680
https://doi.org/10.1103/PhysRevA.43.3161
http://refhub.elsevier.com/S0955-2219(24)00499-0/sbref69
http://refhub.elsevier.com/S0955-2219(24)00499-0/sbref69
https://doi.org/10.1016/B978-1-4832-3070-2.50007-0
https://doi.org/10.1007/BF00806128
https://doi.org/10.1007/BF00806128

	Atom probe tomography investigation of sintered transition metal carbonitride - A Zr(C,N) study
	1 Introduction
	2 Experimental part
	2.1 Sample production
	2.2 EDS analysis
	2.3 Atom probe tomography
	2.4 CHN analysis

	3 Results and discussion
	3.1 Metallography
	3.2 EDS analysis
	3.3 APT
	3.4 CHN analysis and composition comparison
	3.5 C/N ratio variations
	3.6 Stoichiometry of the carbonitride

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	References


