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PAPER
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Abstract
In this study, tantalumcarbide (TaC)was synthesized using an innovative approach that synergistically
integratesmechanosynthesis and electric arc furnace processes. By employing high-energy ball-
milling (HEBM) for 50min under environmental conditions, TaC-WCpowders were successfully
synthesized, using a powdermixture of tantalum and carbon in a 1:1 stoichiometric ratio. This
method yielded a composition of 72.5wt%TaC and 27.5wt%WC,with an average particle size of
0.7± 0.3μm.The use of an electric arc furnace led to the fabrication of a highly densematerial with a
relative density above 98%.Notably,WCderived from themechanicalmillingmaterial served as an
effective sintering aid. x-ray photoelectron Spectroscopy (XPS) results indicated the formation of
metal oxides on the surface of the sample, and despite the presence of these oxides, the density of the
material remained uncompromised. Furthermore, x-ray diffraction (XRD) analysis after the electric
arc furnace treatment demonstrated the preservation of the TaC andWCphases.Mechanical
properties, includingVickers hardness, Young’smodulus and fracture toughness were 22.8± 0.5GPa
under an applied load of 9.8N, 539GPa and 6.6MPam1/2, respectively. The results underscore a
novel and efficient synthesis route for TaC-WCwith enhancedmechanical properties and high
density, which are crucial aspects for applications in ultra-high temperature ceramics.

1. Introduction

Tantalum carbide (TaC) is an interesting compound among transitionmetal carbides (TMC) due to its
properties, including high hardness (15–19GPa), highmelting point (above 3880 °C), resistance to chemical
attack, high elasticmodulus, chemical and thermal stability, and electrical conductivity [1–4]. TaC has the
NaCl-type structure (B1, space group ̅Fm m3 ) and exhibits the peculiarity of tolerating significant deficiencies
in carbon content without changing its structure type [5]. These characteristicsmake TaC a promisingmaterial
for ultra-high temperature ceramics (UHTCs)with diverse applications in aerospace propulsion systems, rocket
nozzles, hard coatings, cutting tools and catalyst support [6, 7].

TaC powders are commonly synthesized through a carburization reaction at 1700 °C, using carbon and
tantalumoxide (Ta2O5) as startingmaterials [8]. Other techniques have been employed, including solid-phase
combustion synthesis, sol–gelmethod, chemical vapor deposition, carbothermal reduction and self-
propagating high temperature synthesis [9]. Li et al used a solid-state reaction process involving Ta2O5 andC3N4

at 1150 °C for 1 h [10]. Liu et al employed a combination of sol–gelmethod and spark plasma sintering (SPS) to
obtain TaCpowders. Tantalumpentachloride (TaCl5) and phenolic resinwere dissolved in ethanol at 80 °C.
After 6 h, gels were formed and dried at 120 °C for 24 h. Subsequently, a pyrolysismethodwas carried out at
800 °C, followed by SPSwith temperatures varying from1400 °C–1600 °C [11]. Sevast’yanov et al synthesized
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tantalummonocarbide powders via carbothermic reduction using Ta2O5 and carbon as startingmaterials, at
temperatures ranging from850 to 1200 °C and pressures from10–5 to 10–4MPa [12].We can observe that these
methods involved different startingmaterials, high temperatures, and extended synthesis times, among other
factors. Therefore,High-energy ballmilling (HEBM) enables the synthesis ofmaterials under environmental
conditions [13]. Changes occur inmorphology, grain and particle size, leading to improvements in the
mechanical properties such as hardness, attributed to theHall-Petch effect where hardness increases as grain size
decreases [14, 15]. There are limited reports of TaC synthesis viaHEBM;Garcia-Mendoza et al synthesized TaC
using thismethod in 30 min [16].Mechanosynthesis is commonly used as amechanical treatment for
commercial TaC powders to homogenize thematerials and change the particle size [17].Manotas-Albor et al
sintered TaCnanodispersoids in a coppermatrix; they employedmechanicalmilling under nitrogen
atmosphere at differentmilling times (10, 20 and 30 h), followed by hot–extrusion [18]. Liu et alused
mechanosynthesis for 4 h to homogenize TaC and Si3N4 powders. The resultingmaterial was dried at 80 °C and
then consolidated via SPS at 1700 °Cunder a constant pressure of 30MPa [19].

TaC densification is a challenging process, due to the low self-diffusion coefficient ensuing from the covalent
bond between carbon and tantalum. The techniques commonly used to consolidate TaC are SPS, hot pressing
(HP) and high-pressuremethods. Li et al achieved the sintering of TaC-SiC ceramics using SPS at 1600 °Cunder
30MPa [20]. Zhang et al consolidated TaC viaHP at temperatures ranging from1900 to 2400 °C [21]. Sun et al
used a high-pressuremethod to consolidate TaC at 1400 °Cunder a pressure of 5.5GPa [22]. Additionally,
various studies have indicated that the inclusion ofmaterials such as B4C,HfC, Si, SiC,MoSi2, andWC, among
others, improves the densification of the TaC [17, 23, 24]. The incorporation ofWCduring theHEBMprocess
can yield notable benefits, asWCexhibits compelling characteristics, including high hardness, catalytic activity,
highmelting point and resistance to oxidation [25–27]. Kelly et al incorporateWC into TaC to prevent grain
growth leading to a higher relative density and increased fracture strength [28].

Hence, there is a need for synthesismethods that enable the rapid production of TaCpowders under
environmental conditions, as well as straightforward and swift sintering techniques that concurrently enable us
to obtain densematerials with desirablemechanical properties. The reduction ofmaterialmanufacturing times,
combinedwith obtaining products under environmental conditions, plays a crucial role in decreasing
production costs. In the present work, TaCwas synthesized byHEBMunder environmental conditions in a few
minutes ofmilling. Subsequently, thematerial was consolidated in an electric arc furnace to formdense pellets
which are crucial for different applications, optimizing times and costs.

2.Materials andmethods

2.1. Powder preparation and synthesis
Synthesis of tantalum carbide followed a previously reportedmethodology [13, 16]; in summary, tantalum
carbidewas prepared from a stoichiometric powdermixture of tantalum (Sigma-Aldrich, 99.9%) and carbon
(graphite, Sigma-Aldrich,<20μm)with a 1:1molar ratio. The rawmaterials were placed in amortar and
mechanically treatedwithmortar and pestle until afinely homogenous powderwas obtained. The high-energy
ballmilling process was conducted in a planetary ball-mill (Pulverisette 7 premium line, Fritsch). Cycles of 5 min
milling and 10 min pauses were implemented tominimize overheating. The synthesis conditions are detailed in
table 1.

2.2. TaC-WCconsolidation via electric arc furnace
The powders obtained throughHEBMwere used to create pellets using amechanical press with a cylindrical die.
These pellets were consolidatedwith an electric arc furnace (EdmundBühler ArcMelterMAM-1). Prior to the
sintering process, several purging cycles were executed. The vacuumwas established by introducing ultra-high

Table 1. Synthesis conditions of
planetary ballmilling.

Ballmill type Planetary

milling speed, rpm 600

milling time,min 50

vial capacity,ml 80

ball diameter,mm 10

number of balls 15

millingmaterial WC

ball to powder ratio 115:1
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purity argon gas (UHP; 99.999%). These vacuum-argon cycles were repeated four times to ensure that the
sintering process took place in an inert environment. Upon completion of the cycles, a titanium target (placed in
a crucible separated from the samples)wasmelted to absorb any remaining oxygen. Once the titanium target
hadmelted, an electric arcwas initiated tomelt the TaC-WC samples. The bulk density of TaC-WCwas
determinedwith theArchimedesmethod, and theoretical densities were calculated by the law ofmixtures
considering the phase composition of the powders. Relative density was quantified as the percentage fraction of
the bulk density compared to the theoretical density.

2.3. Characterization of TaC-WCpowders afterHEBM
TaC evolution reactionwasmonitored by x-ray diffraction (XRD). XRDpatternswere acquired using a Rigaku’s
Smartlab diffractometer (RigakuCorp., Japan) at 40 kV and 44mAemploying CuKα radiation (λ= 1.5406Å).
The examined 2θ-interval ranged from20 to 90°with a 0.01° step size. Peaks were identified using PDF4+2022
database. To determine theweight percentage of crystalline phases present in the samples, Rietveld’s refinement
analysismethodwas applied. In addition, theWilliamson–Hallmethodwas employed to determine the particle
size andmicrostrain of thematerial. Both Rietveld refinement andWilliamson–Hallmethodwere performed
using the X’PertHigh Score Plus© v 5.0 software [29].

Morphological and elemental analyses were conducted in a scanning electronmicroscope (SEM) FEI’s
Quanta 250 FEG SEM (Thermofisher Scientific Inc., USA), equippedwith an energy-dispersive x-ray
spectroscopy (EDS) detector. Samples weremounted on silicon substrates. Several regions of the samplewere
selected for themeasurements.

A transmission electronmicroscope studywas performed in aHR-TEMFEI’s Tecnai F30 (Thermofisher
Scientific Inc., USA) at 300 keV.Data analysis was carried out usingDigitalMicrograph® software. In addition,
MacTempasX® software facilitated the simulation of diffraction patterns andHR-TEM [30].

The specific surface area was determined using the BETmethod (N2 absorption at 77K), employing a
porositymeasuring systemBELSORP-mini surface area equipment. Preceding the analysis, the sampleswere
degassed at 373K in an inert atmosphere using nitrogen (N2).

Differential scanning calorimetry (DSC)was employed to characterize the phase transition temperature,
using a 250Discovery instrument (TA Instruments®/Waters™, USA)withmeasurement conducted from room
temperature (25 °C) to 450 °Cat a heating rate of 10 °Cmin−1 in an inert atmosphere (N2).

2.4. Sample preparation and characterization after electric arc furnace treatment
Pellets obtained via electric arc furnaceweremounted on anEpoxy resin polymerized using the Buehler’s
EpoThin™ (Epoxy resin 20–3442–032 and Epoxy hardener 20-3440-016). Subsequently, samples were polished
to achieve a homogeneous surface, free of porosity and roughness.

X-ray photoelectron spectroscopy (XPS)was conductedwith an ESCALABQXi (Thermofisher Scientific
Inc., USA), usingmonochromated Al Kα x-rays (hν= 1486.6 eV) at a perpendicular take-off angle. Data analysis
was carried outwith theVGAvantage (Thermo Scientific™) software. Peakfitting considered the presence of
C-C at 284.8 eV. To remove impurities from the surface sample, a sputteringwithAr gaswas performed for 360 s
with an energy of 2 keV.

Hardness wasmeasured using amicro-VickersMitutoyoHM-220 testingmachine (Mitutoyo corp., Japan),
followingASTMStandard E384–17 [31]. Different loadswere applied (0.49, 0.98, 2.94, 4.9 and 9.8N)with a
dwell time of 15 s. Five indentations per loadweremade to obtain the average hardness value and the standard
deviation. Vickers hardness was calculated using the equation (1) bymeasuring the diagonal lengths printed by a
pyramidal diamond indenter with a 136° angle between its lattices [32, 33].

( ) ( )u =H
F

D

1854.4
1

2

WhereHυ is Vickers hardness (GPa), F is the applied force (gf) andD is the printed diagonals averagemade
by the indenter (μm) [33].

Nielsen formula (equation (2)was employed to estimate Young’smodulus (E) [34].

( )
( )

( )
r

=
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+ --
E E

P

P

1

1 1
20

2

1

Where E0, represents the Young’smodulus of the fully densematerial (537GPa for TaC) [35], P denotes the
vol%of the porosities, and ρ is theNielsen’s shape factor (∼0.4).

Antis formula (equation (3))was used to determine the fracture toughness (K1C), estimated bymeasuring the
length of diagonal cracks originating at the corners of Vickers indentation under higher loads [36].
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Where P is the indentation load, E is the YoungModulus,Hυ is theVickers harness, and c is the sumof crack
length and half-length indentation diagonal.

SEManalysis was conducted using a FEI’sQuanta 250 FEG SEM (Thermofisher Scientific Inc., USA) to
observe andmeasure the crack length.

3. Results and discussion

3.1. TaC-WCpowders characterization
Figure 1 shows powder diffraction patterns of the samples before and afterHEBMprocess. The diffractograms
were collected atmilling times of 0, 10, 20 and 50 min.

Prior to theHEBMprocess at 0 min, the diffractogram reveals peaks from the rawmaterials, corresponding
to Ta (space group Im3̄m) and graphite (space group P63/mmc). The diffractograms show that the formation of
TaCbecomes discernible after 10 min ofmilling. TaC (space group ̅Fm m3 ) andWC (space group ̅P m6 2), were
both identified at this stage.WCpresence is attributed to thematerials constituting themilling vial and the balls.
As themilling process progresses to 50 min, the full formation of TaC is observed. It is important tomention
that despite the coexistence ofWCmillingmaterial in the sample, no observable reaction between TaC andWC
was detected.

Different studies have reported the use of commercially available TaC powders [20, 37, 38], typically
synthesized under high-temperature or high-pressure conditions, requiring extended synthesis times [8, 11, 39].
In this study, TaC powders were synthesized throughHEBMunder environmental conditions. The initiation of
material formation occurred at 10 min, while at 50 min no traces of the rawmaterial were detected. Conducting
the synthesis at ambient temperature and pressure within 50 min yields substantial energy savings,marking a
notable advancement in the efficient production of TaC powders.

Crystalline phases in the 50-minute XRDexperimental data were quantified using a Rietveld refinement.
The results obtained are shown infigure 2. The sample contains 72.5wt%TaC and 27.5wt%WC.R-values from
the refinement were 5.49 for Rexp, 5.61 for Rp and 7.01 for Rwp. Due to the sample’s composition, it will be
referred to as TaC-WC. Lattice andRietveld refinement parameters are presented in table 2.

In our previous work [16], we reported the TaC-WC lattice parameters at 30 min ofmilling. In theWC
phase, a slight increase in the ‘a’ and ‘c’ parameters was observed. This phenomenon, noted in various studies, is
attributed to the incorporation of impurities present in the rawmaterials during the synthesis process, as
Cedillos-Barraza et almentioned [17]. However, the lattice parameter values obtained through the Rietveld
refinement alignwith the PDF4+ data base.

The crystalline size andmicrostrain for the sample obtained at 50 min ofmillingwere calculated using the
Williamson–Hallmethod. Figure 3 shows the graphs acquired for the two different phases. The size-strain plot

Figure 1.X-ray powder diffraction patterns of sample at differentmilling times.

4
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Figure 2.Rietveld refinement of the sample at 50 minmilling time.

Figure 3.Williamson-hall plots of TaC-WC. (a)TaC and (b)WC.

Table 2.Crystalline structure, lattice parameters,
crystalline size and reliability factors from theRietveld
refinement of the TaC-WCpowders after 50 min of
milling.

TaC WC

Structure

Atoms Ta ; C W ;C

Space group ̅Fm3 m ̅P6m2

Wykoff position 4b ; 4a 1a ; 1d (z= 0.5)

Occupation 1:1 1:1

Wt% 72.5 27.5

Lattice parameters

a/Å 4.42 2.91

b/Å — —

c/Å — 2.84

V/Å3 86.91 20.85

Reliability factors

Rexp 5.49

Rp 5.61

Rwp 7.01

5
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method is an approach that accounts for the XRDpeak profile as a combination ofGaussian and Lorentzian
functions. TaC exhibited an average crystallite size of 126± 4.1Å, determined by the slope of the straight line,
while the strainwas 0.5± 0.3%, calculated from the intercept (figure 3(a)). On the other hand,WCpresented an
average crystallite size of 141± 7.0Å and a strain of 0.3± 0.4% (figure 3(b)). According to the findings of
Al-HabibD SH et al [40], the crystallite size observed in the present work is smaller, a result that can be
attributed to theHEBMprocess. This reduction in crystallite sizemay enhancemechanical properties of the
material due to theHall-Petch effect [41].

Morphology through the synthesis process was analyzed by SEMat 0 and 50 min. Figure 4(a) shows the
micrographs obtained at 0 min, revealing samples composed of agglomerates of semi-spherical particles of
different sizes, alongside thin-sheets. Infigure 4(b), themicrograph obtained by back scattered electrons (BSE)
highlights a contrast between these twomorphologies.

It was identified that semi-spherical particles correspond to Ta, while the thin-sheets correspond to graphite.
This analysis was corroborated by EDS, as shown infigures 4(c) and (d), conducted in two different areasmarked
with blue and orange squares infigure 4(a).

Micrographs of the samples at 50-min ofHEBMare presented infigure 5. The samples consist of
agglomerates with a size of 0.7± 0.3μm (figure 5(a)). Notably, there is no evidence of graphite, aligningwith
XRD results, since at 50 min ofmechanosynthesis the graphite was amorphized and incorporated into the
sample. At highermagnification, it is evident that the agglomerates predominantly consist of irregular particles
of different sizes (figures 5(b) and (c)). EDS spectra (figure 5(d)) indicates that the particles are primarily
composed of tantalum (Ta) and carbon (C), whilst the signals of tungsten (W) and cobalt (Co) reveal the
presence ofWC-Co, used asmillingmaterial (vials and balls). Furthermore, the presence of oxygen (O) could
suggest oxidation on theTaC-WC surface. The particle size obtained viaHEBM is similar to, or smaller than the
particle sizes of the commercial powders used in various studies [42, 43].

Samplemicrostructure was also analyzed by TEM, andmicrographs are shown infigure 6. The low
magnification bright field (BF) image (figure 6(a)) shows particles with semi-sphericalmorphologywith
different sizes. These results are consistent with SEManalysis. Furthermore, the crystallite sizes alignwith those
obtained throughRietveld refinement.

Figure 4. SEMmicrographs and EDS of the samples at 0 min ofmilling, (a) secondary electron image, (b)BSE image, (c)EDS spectra
of blue area and (d)EDS spectra of orange area.

6
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To complement the structure analysis, a selected area diffraction pattern (SAED)was obtained from the
particles infigure 6(a). The diffraction pattern (DP) is characteristic of a polycrystallinematerial (figure 6(b)) and
reveals interplanar distances of 2.5, 2.2, 1.5, 1.3 and 1.1Å, corresponding to the planes (111), (200), (220), (311)
and (400), respectively.

The analysis allowed the identification of TaC particles with a space group of ̅Fm m3 , correlatingwith the
XRD analysis. To confirm the information obtained, aDP simulationwas performed. TheDP-simulated images
alignwith the experimental DP images, as seen infigure 6(c). HR-TEMwas performed, and the information
obtained is shown infigure 6(d). According to the analysis, interplanar distances of 2.5 and 2.2Å corresponding
to the (111) and (200)TaCplanes were found.

Figure 6(e) shows theHR-TEMsimulation obtained in comparison to the experimentalmicrograph seen
from the [ ̅ ]011 zone axis. The simulation is well-correlatedwith the experimental image.

Some other areas were analyzed. The lowmagnification BFmicrograph is presented infigure 7(a) and shows
particles with semi-sphericalmorphology of varying sizes. TheDPwas obtained fromfigure 7(a) and
corresponds to a polycrystallinematerial (figure 7(b)). The indexing of theDPwas carried out, and the analysis
revealed the presence of interplanar distances of 2.8, 2.5, 1.4 and 1.2Å corresponding to the planes (001), (100),
(110) and (111), respectively.

Based on the results, it was concluded that the particles correspond toWC (space group ̅P m6 2 (figure 7(b)).
TheDP simulation alignswith the experimental one, as can be seen infigure 7(c). HR-TEMwas performed, and
the information obtained is presented infigure 7(d). According to the analysis, interplanar distances of 2.8Å and
2.5Å corresponding to the plane (001) and (100) ofWCwere found, observed from the [ ̅ ̅ ]1 21 0 zone axis. The
HR-TEMsimulation versus experimentalmicrograph is shown infigure 7(e). The simulation is well-correlated
with the experimental image, corroborating the analysis.

Figure 8 shows the adsorption/desorption isotherms of the TaC-WCpowders. The samples exhibit a type II
isothermwith a typeH3 loop according to the International Union of Pure andApplied Chemistry (IUPAC)
classification [44]. This type of isotherm is characteristic of nonporous ormacroporousmaterials. However, the
desorption isotherm follows a different trajectory, leading to the formation of hysteresis. This hysteresis limits
the region of themultilayer and is therefore considered not to be completely reversible. According to Sing et al
[45], this type of isotherm is observed inmaterials that contain pores with cleft-like shapes or aggregates of
particles with plate-like shapes. BET analysis showed that the samples have a BET surface area of 0.47m2/g,

Figure 5. SEMmicrographs and EDS of the sample at 50 min ofmilling, (a)–(c) SE images at differentmagnifications and (d)EDS
spectra.

7
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Figure 6.TEManalysis of the TaC-WC sample at 50 min ofmilling, showing TaCparticles, (a) lowmagnification BF image, (b)
experimental DP from image (a), (c) simulatedDP versus experimental DP, (d)HR-TEMmicrograph from (a) and (e) experimental
HR-TEMversus simulatedHR-TEM.

Figure 7.TEManalysis of the TaC-WC sample at 50 min ofmilling, showingWCparticles, (a) lowmagnification BF image, (b)
experimental DP from image (a), (c) simulatedDP versus experimental DP, (d)HR-TEMmicrograph from (a) and (e) experimental
HR-TEMversus simulatedHR-TEM.

8
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whilst the porous diameter and total volume porous (p/p0= 0.990)were 66.16 nmand 0.0077 cm3/g,
respectively.

Figure 9 presents theDSC curves. In the temperature range evaluated for samples obtained at different
milling times (20 and 50 min), two endothermic peaks are observed. Thefirst one, at 66 °C, is attributed to the
elimination of volatile residues [46], and the second one, at 276 °C, associatedwith processes related to graphite,
since according to various studies, oxidation processes and vitreous graphite transitions occur between 170 and
300 °C [47, 48].

Differentmaterials such asHfC, SiC, and Si, among others, have been employed as sintering aids to enhance
TaCdensification; however,WChas not been comprehensively studied in this regard. Kelly et al observed that
theWChinders grain growth, enhancing density and improvingmechanical properties, particulary fracture
strength [28]. Consequently, the incorporation of theWC through aHEBMprocess yields several benefits across
different areas.

Furthermore, based on the results obtained from the different characterization techniques employed in this
work, the TaC-WCpowder resembles commercial TaCpowder.However, it is important to emphasize that
these results were achieved in 50 min ofmilling under environmental conditions.

Figure 8.Nitrogen adsorption and desorption isotherms byBETmethod.

Figure 9.DSC curves at 20 and 50 min ofmilling time.
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3.2. TaC-WCconsolidation via electric arc furnace
TaC-WCpowders obtained byHEBMwere consolidated using an electric arc furnace (EAF). Three pellets with
semi-spherical shapewere formed, with a thickness of approximately 1.5± 0.1mm.The samples exhibited a
density (ρ) of 14.7 g cm−3, with a relative density above 98%. TaCdensification has been a challenge in recent
years [21, 49], and several efforts have beenmade to enhance this property, involving the incorporation of
sintering aids, alongwith themanipulation of pressure and temperature parameters throughout the sintering
process [50, 51]. The combination ofHEBMand electric arc furnace has achieved the densification of the TaC-
WC in just a fewminutes without the need to apply pressure.

The pellets weremounted on resin as shown infigure 10, and after solidification theywere polished to
achieve a homogeneous surface free of porosity and roughness for conducting aVickers hardness test.

3.3. Characterization of TaC-WCafter electric arc furnace andmechanical properties
XPS analysis was conducted to elucidate the surface chemical composition. Prior to running the XPS, a
sputteringwithAr gaswas performed for 360 swith an energy of 2 keV to remove impurities from the polished
surface. XPS survey spectra revealed the presence of C,O, Ta,W, andCo, where theWandCo came from the
millingmaterial. No unexpected contaminant peakswere found (figure 11(a)). The elements identified via XPS
are correlatedwith the results obtained by EDS. Peak attributions are found in table 3. C 1 s, O 1 s, Ta 4f andW4f
spectra are presented infigure 11. Infigure 11(b), theC 1 s peaks at 283.3 are attributed toTaC andWC [52, 53],
while 284.8 and 287.3 eV peaks are associatedwithC-C andO-C-O, respectively [54, 55]. The presence of C-C
could be relatedwith theHEBM, coming from rawmaterial remnant, whilst the presence ofO-C-O is ascribed
to environmental pollutants. TheO1 s peaks are shown infigure 11(c).

Four peaks between 530.9–532.0 and in 533.5were identified, corresponding tometals oxides (tantalum
oxides) andO-C-Obinding energies [56, 57]. Ta andW4f core level spectra exhibit doublets of peaks in the
binding energies 23.5 and 25.3, 24.5 and 26.4, 25.8 and 27.8, 27.2 and 29.3, 32.0 and 34.1 eV (figure 11(d)). The
peaks at 23.5 and 25.3 are attributed to TaC [54], while the peaks at 32.0 and 34.1 are associatedwithWC [59].
The peaks at 27.2 and 29.3 eV ascribed to Ta2O5 [58], suggest that the sample presents an oxidation. It is
important tomention that tantalumoxide is reduced by an argon ion beam to form a continuumof oxidation
states. The peaks attribution at 24.5 and 26.4 and 25.8 and 27.6 eV correspond to these tantalum suboxides
(Ta2O3 andTaO2 respectively), caused by the sputtering process [58]. XPS results provide evidence that the
sample surface consistsmainly of TaC andWC,which is consistent with the x-ray analysis performed before the
EAF treatment.

TheXRDpattern of the TaC-WCpellets is shown infigure 12, revealing no changes in the TaC andWC
crystalline phases. In addition, the presence of TaO2 (space group P42/mnm)was identified. This finding aligns
with the results obtained byXPS analysis, which discussed the formation of tantalumoxides during the EAF
process.Moreover, the presence ofW2C (space group ̅P m31 ) andW3C0.375 (space group ̅Pm n3 ) in the sample
was confirmed, indicating their formation during the heat treatment. It is important to note that the presence of
these two phases was not detected byXPS, this can be attributed to the analyzed area. Nevertheless, despite the
formation of tantalumoxides,W2C andW3C0.375 phases, the TaC structure remains unchanged. A slight shift
observed in the peaks at larger angles which is associated to the spherical shape of the sample, as there is a height
difference that interferes with themeasurement. Furthermore, the diffractogram exhibited preferred
orientation due to the nature of the bulkmaterial, which is related to a higher frequency of occurrence as well as a
variation in the intensity of the reflections of certain crystallographic planes.

Vickers hardness test was performed at different loads (0.49, 0.98, 2.94, 4.9 and 9.8N)with a dwell time of
15 s. Five indentations per loadwere executed to obtain the average hardness and standard deviation. The
graphical representation infigure 13 demonstrates that the hardness decreases as the load increases. This is

Figure 10. (a)TaC-WCpellets formedwith an electric arc furnacemounted on an EPOXY resin, (b) and (c)magnification of pellets in
(a).
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known as normal Indentation Size Effect (ISE) and has been observed in differentmaterials such as diamond and
some ceramics [32].

According to the results obtained in themicrohardness categorywith a load of 0.49N, the sample has a
hardness of 28.6± 0.7GPa, whilst at 0.98N thematerial presents a hardness of 27.7± 0.6GPa.On the other
hand, in the low load categorywith a load of 4.9N, the sample has a hardness of 25.6± 0.8GPa, and at 9.8N the
hardness is 22.8± 0.5GPa. Therefore, thematerial is classified as a hardmaterial (Vickers hardness�10
GPa) [60].

TaC hardness is correlatedwith various parameters, including crystalline structure, grain size, density,
porosity and chemical bonds [27].

Silvestroni et al employedmechanicalmilling for 24 h, followed by a heat treatment in a furnace at 1400 °C
under a vacuum<5 Pa for 30 min to sinter TaC, resulting in a hardness of 11.14± 0.77GPa at an applied load of

Figure 11.XPS analysis from the TaC-WCpellets, (a) survey spectra, (b)C1 sHR spectra, (c)O1 sHR spectra and (d)Ta andW4fHR
spectra.

Table 3. Summary of XPS deconvolution.

Suggested attribution Binding energy (eV) References

C- (carbides TaC,WC) 283.3 [52, 53]
C-C 284.8 [54]
O-C-O 287.3 [55]
O- (metals oxides

Ta2O3, TaO2, Ta2O5)
530.9–532.0 [56]

O-C-O 533.5 [57]
Ta andW

4f7/2

Ta and

W4f5/2

Ta-C 23.5 25.3 [54]
Ta-O (Ta2O3) 24.5 26.4 [58]
Ta-O (TaO2) 25.8 27.8 [58]
Ta-O (Ta2O5) 27.2 29.3 [58]
W-C 32.0 34.1 [59]
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9.8N, andwith the incorporation of 5MoSi2 as a sintering aid, the hardness increased to 13.69± 0.35GPa [61].
Zhang et al sintered TaC-B4CbyHP at 2100 °Cwith aVickers hardness of 16.3± 0.2GPa under an applied load
of 4.9N and a dwell time of 15 s [1]. Sun et al sintered TaC through the high-pressure and high-temperature
sinteringmethod at 5.5GPa and 1400 °C, obtaining amicrohardness of 28.2GPa under an applied load of 0.98
N [22]. Comparing the results presented in the present workwith those obtained through alternative synthesis
and sinteringmethods involving high pressures and temperatures, the hardness of the samples after EAF
treatment are significantly higher than values reported in the literature.

WCpresence in the TaC samples is attributed to the synthesis process resulting fromballmillingmaterials.
In accordancewith different studies, the addition of TMCas sintering aid enhances their hardness and
densification [1, 17]. Furthermore, Granados-Fitch et al reported thatWCalso improves catalysis properties
[13], meaning that it is a beneficial addition inmany fields.

Figure 14 presents the SEMmicrographs of the TaC-WC samples after EAF. Figure 14(a) shows the surface
of the sample, which exhibits pores of different sizes. Uponmagnifying the image, the pores becomemore
discernible, and there is an evident contrast attributed to the various phases in the sample (figure 14(b)). The
EDS analysis shown infigure 14(c) indicates the presence of Ta,W,C andO.According to the semi-quantitative
study, thewt%obtained for each element are related to those acquired by the Rietveld refinement before EAF
treatment.

The presence of impurities in the samples, originating from the synthesis and consolidation processes, can
potentially influence an increase in the oxygen content, resulting in the formation of pores within thematerial’s

Figure 12.XRDpattern of the TaC-WCpellet.

Figure 13.Vickers hardness graph of the TaC-WCat different loads.

12

Mater. Res. Express 11 (2024) 065601 AVázquez-Pelayo et al



microstructure [62, 63]. However, despite the pore formation, the hardness of thematerial was not
compromised.

Figure 14(e) exhibits theVickers indentation on the surface of the samples. According to themeasurements
conducted, these Vickers indentations correspond to applied loads of 4.9 and 9.8N. Figure 14(f) presents the
crack propagation path originating from theVickers corners, revealing a linear trajectory of crack propagation.

Youngmodulus was determined using the pore volume calculated by BET for TaC powders. Vickers
hardness, Young’smodulus and fracture toughness of the TaC-WCmaterials were 22.8GPa, 535.9GPa and
6.6MPam1/2, respectively. Table 4 presents the values obtained in this study in comparison to those reported in
literature. Zhang et al sintered TaC- 50 vol%HfC via SPS at 1850 °Cunder 60MPa for 10 min, achieving a
relative density above 98%andVickers hardness, Young’smodulus and fracture toughness values of 17.15GPa,
523.83GPa and 6.03MPam1/2, respectively [38]. Cedillos-Barraza et al consolidated TaC-HfCwith a relative
density above 95%using SPS at 2450 °C. The resulting Vickers hardness, Young’smodulus and fracture
toughness were 20.4GPa, 549GPa and 2.9MPam1/2, respectively [17]. Liu et al sintered TaCby SPS at 1800 °C
under 80MPa for 10 min, enhancing a density above 97%and aVickers hardness, Young’smodulus and
fracture toughness of 15.60GPa, 512.66GPa and 3.59MPam1/2, respectively [64].

Figure 14. SEMandEDS analyses after EAF process. (a) SEmicrograph, (b)BSEmicrograph, (c)EDS spectrum, (d) semiquantitative
analysis, (e)Vickers indentation on the sample’s surface and (f) crack propagation path.
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Our findings suggest that TaC-WCcan be obtainedwithinminutes by combiningHEBM for 50 min under
environmental conditions and using an EAF. This pioneering approach enables the production of dense
materials withmechanical properties suitable forUHTCswhile reducing production costs due to the synthesis
conditions and shortenedmanufacturing time.Nevertheless, ongoing investigations will focus on studying the
microstructure of thematerial to elucidate the relationship between grain size andmechanical properties.

4. Conclusions

This study emphasizes the synthesis of TaC-WCpowders in 50 min under environmental conditions. High-
energy ballmilling facilitates thematerial formation, and particle size reduction, as well as the incorporation of
WCas sintering aid, which enhances both densification andmechanical properties. The consolidation of the
material through an electric arc furnacewas accomplished in just a fewminutes without applying pressure and
yields samples with relative densities exceeding 98%. The emergence of tantalumoxides during the sintering
process is attributed to impurities in the rawmaterials; however, this occurrence does not compromisematerial
density or induce significant porosity. Furthermore, XRD analysis after electric arc furnace confirms the
consistency of TaC andWCphases. Vickers hardness of the TaC-WCat 9.8Nof load is 22.8± 0.5GPa, while
Young’smodulus and fracture toughnessmeasure 535.9GPa and 6.6M P am 1 /2, respectively. Notably, the
mechanical properties after heat treatment exhibit a significant increase compared to values reported in the
literature, showcasing promising potential applications in the ultra-high temperature ceramics industry. The
combination of these two techniques for TaC-WC synthesis represents a novel approach, as this work is
pioneering in the field. Thefindings highlight the attainment of amaterial characterized by high density,
hardness, elasticmodulus, and fracture toughness, all achievedwhile reducing synthesis and sintering times,
which translates into significant cost savings.
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Table 4.Density andmechanical properties of TaC-WC in comparison to values reported in literature.

Material

Relative

density%

Vickers hardnessHv at

9.8N (GPa)
Young’smodulus

E (GPa) Fracture toughness (MPam1/2) References

TaC-WC ∼98% 22.8 535.9 6.6 *

TaC-HfC ∼98% 17.15 523.82 6.03 [38]
TaC-HfC ∼95% 20.4 549 2.9 [17]
TaC ∼97% 15.6 512.66 3.59 [64]

*Relative density andmechanical properties obtained in the present work.
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