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Abstract

The interfacial reaction between graphite and a ZrNbHfTa foil using a spark plasma sintering (SPS)
machine was studied. The interlayer was converted during the treatment into a high-entropy
carbide by the reaction between the alloy and the graphite substrate. The degree of conversion
depended on the processing time and temperature, but could be completed in only 16 s using the
flash-spark plasma sintering process.

The final microstructure was strongly influenced by the heating rate. Flash-SPS processing (heating
rate about 120 °C/s) melted the alloy, which is then squeezed and deformed before its conversion
to the high-entropy carbide (Zr,Nb,Hf,Ta)C. On the contrary, when conventional heating was used
(i.e., 10 °C/min) the metal reacted with the graphite substrate before it melted. This concept
appears to be generally applicable to different graphite/metal systems, with particular
implications in the fields of graphite/metal joining.

1. Introduction

Since 2015 there is an increasing interest in high-entropy ceramics [1-10], as they possess
intriguing properties as a consequence of their multi-element composition, e.g., giant dielectric
constant [3]; Li ion super-ionic conductivity [11]; catalytic CO oxidation [12]; soft magnetic
properties [9]; and enhanced mechanical properties [10,13]. High-entropy carbide (HEC) solid
solutions are of particular interest [13—19]. It has recently been shown that the quaternary carbide
(Zr,Nb,Hf,Ta)C possess mechanical properties that surpass those of the single element or binary
carbides, including hardness [13] and yield and failure strength [10]. However, the formation of
(Zr,Nb,Hf,Ta)C has only been studied by solid state reaction starting from the mono-element
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carbides. This processing route presents some limitations, as the commercial carbide powders are
often contaminated with oxygen (due to the carbothermal reduction process being incomplete).
The presence of oxygen contamination is very deleterious for high temperature properties, which
are of primary importance for such refractory compounds. On the other hand, an alternative
processing route could involve the formation of (Zr,Nb,Hf,Ta)C starting from a metal alloy and
graphitic carbon, which has not been investigated to date.

A deeper understanding of the reaction between high-entropy alloys (HEAs) and graphite finds
other specific motivations. As a matter of fact, the development of joining processes for ceramics
is of great technological interest [20-28] because it enables the production of large and complex
components by assembling small and simple parts. Some HEAs have exceptional mechanical
properties [29], some of them are also extremely refractory [30], thus they are of particular
interest for high temperature structural applications. On the other hand, graphite stands as one of
the most refractory compounds when considering ceramics working in inert environments. On this
basis, the development of HEAs / graphite joints is of some interest. Graphite is usually bonded
using metallic carbide-forming interlayers [31-33], whose reaction with graphite itself ensures
adhesion. Hence, an investigation of the carbon to metal reaction in high-entropy systems is a
starting point for the development of novel graphite to high-entropy alloy joints.

On the other hand, the recent advent of flash sintering (FS) [34—37] and of flash-spark plasma
sintering (FSPS) [38,39] has opened up new opportunities in the field of ceramic processing. During
the flash event the sample is rapidly heated under the effect of an external electric current by the
Joule effect [40] and sinters in just a few seconds at a relatively low temperature. Albeit the
mechanisms behind the flash are still being debated [41-50] (because of the intrinsic difficulty in
decoupling thermal and athermal effects), it is clear that extremely rapid diffusion and mass
transport are involved. These phenomena are integral not only to sintering, but they also apply to
flash-like processes in different fields of ceramic processing ranging from synthesis [51,52] to solid
state reactions [53-55], from glass softening [56,57] to joining [58—63]. In this field the recent
work by Gild et al. is of interest: it proves that high-entropy carbides and borides can be
manufactured within 2 min by reactive FSPS [64].

ated The objective of this work was to investigate the reaction between
graphite and a ZrNbeTa alloy foil using a spark plasma sintering (SPS) machine. The rationale
behind the choice of the alloy is based on the followings: (i) it is a precursor for (Zr,Nb,Hf,Ta)C,
which has interest because of its exceptional mechanical properties [10,13]; group 4 and 5
elements produce high-entropy alloys with high ductility and mechanical strength [65][66]; (iii) all
of the elements in the alloy composition produce extremely refractory carbides with melting
temperature higher than 3500 °C (except V and Ti whose carbides melt below 3200 °C). In this
work, we were aimed to answer the following questions:

i. Does a high entropy carbide form from the reaction between a ZrNbHfTa alloy and
graphite?
ii. How does the alloy to carbide conversion proceed? At what temperature? Is the
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transformation homogeneous or is there segregation?
iii. Isthere an effect of the heating rate on the transformation?

To answer these question, treatments with relatively low (10 °C/min, spark plasma sintering, SPS)
and extremely high heating rates (120 °C/s, flash spark plasma sintering) were investigated i
controlled formation of (Zr,Nb,Hf,Ta)C from the reaction between the alloy and the graphite has

two important implications for future research activities: (i) it opens up a new processing route to
produce aigh=pusity high-entropy carbides without using single element carbide powders as raw
materials (often contaminated with oxygen); and (ii) provides a preliminary study toward the
development of HEA/graphite joints with HEC interface. Had

2. Experimental procedures

Wires (diameter = 1 mm) of the mono-element metals were purchased from Goodfellows and
served as the raw materials for the production of the ZrNbHfTa alloy: Zr (ZR005143, purity 99.2%);
Nb; (NB005130, purity 99.9%); Hf(HFO05130, 97%); Ta(TA005160, purity 99.9%). An appropriate
amount of each wire was cut from the coils in order to obtain 0.33 g of the equimolar alloy. The
four mono-element wires were then arc melted using a commercial welding machine (Jasic
tig500p AC/DC used in DC) in an Ar atmosphere on a water-cooled copper plate. The melting
procedure was repeated at least five times to homogenize the material composition.

The buttons obtained after arc melting were then hand-hammered at room temperature to
produce foils with a cross-section of about 110 mm? to 120 mm? (foil thickness around 270 um).
The foils were then polished; reaching a final average thickness of between 150 um and 190 um.

The ZrNbHfTa foil was introduced between two graphite disks (grade Durograph 20 of 3 mm
thickness and 20 mm in diameter; density = 1.84 g/cmg; open porosity = 10%; electrical resistivity
14 pQ m) and then joined using a SPS system (HPD 25/1, FCT systems, Germany). A load of 5 kN
was maintained during the process; the atmosphere was Ar (0.01 atm). The temperature was
measured using a pyrometer focused on the hollowed graphite punch at 4 mm from the sample.

Two different treatment procedures were employed. The first one, named flash, involved
extremely rapid electric heating (about 120 °C/s) of the components. Here, the power of the SPS
system was set to 100% of its maximum output; which corresponds to about 9.3 V output at the
SPS diodes and ~6.5 V on the SPS punches (heating power around 18 to 19 kW). The electric power
was applied for different times, ranging between 10 s and 16 s, followed by free cooling. The
second procedure involved the same die less arrangement but using a relatively slow heating rate
(SPS). In this case the heating rate was fixed at 200 °C/min up to 1600 °C, followed by slow heating
at 10 °C/min up to two different target temperatures, 1900 °C and 2200 °C. The maximum
temperature was maintained for 30 s and then the sample was cooled at 200 °C/min.
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After the treatment, the samples were cut orthogonally to the foil and polished using SiC papers
(down to 4000 grit) and diamond pastes (down to 1 um grain size). The cross-section was then
analyzed by SEM/EDS using a FEI Inspect-F instrument.

The phase analysis of the starting alloy and of the joint interlayer was carried out using XRD
(PANalytical Xpert-Pro diffractometer in the 26 range 20° to 70°, radiation Cu ka). Preferred
orientation measurements were performed by using a Huber 4 circle texture diffractometer
equipped with a microfocus 50 W Cu source, a two-dimensional elliptic mirror monochromator
and a Dectris Eiger 1M 2D hybrid pixel detector. The samples were positioned in a reflection
geometry; diffraction spectra were collected over the 20° to 120° 26 range and X axis (0° to 45°,
15° step) and ¢ axis (0° to 360°, 30° step) for a total of 48 sample orientations. Full profile Rietveld
analysis was performed using the Maud software [67] by adopting a standard isotropic size/strain
broadening model [68] and the WIMV method for preferred orientation quantitative analysis [69].
In order to investigate the phase composition of the interlayer, one of the two joined graphite
disks was carefully removed by grinding (using 800 grit diamond paper), thus the diffraction
occurred on the interlayer plane. The same samples were also analyzed using a Nexsa X-Ray
Photoelectron Spectrometer (XPS) system. To remove surface contamination, the samples were
ion-milled for 3 min using 4 keV ions.

Finally, in order to estimate the melting temperature of the alloy, an arc melted sphere was
introduced into a pressure-less SPS system (sketch available in ref. [70]) and placed on a graphite
disk. The temperature was increased at a rate of 100 °C/min, and its evolution was monitored
using the top pyrometer of the SPS system pointed at the metal sphere. When the melting
temperature was reached a deviation in the time vs. temperature plot was observed because of an
abrupt change in the sample emissivity/roughness and because of the melting enthalpy. To
calibrate the system the same experiment was carried out using metals of known melting point
(i.e., Zr and Ta).

3. Results and discussion

Fig. 1 reports the XRD spectra of the arc melted alloy before and after forging. The spectra showed
that the material was substantially single phase with bcc structure and lattice parameter of 3.4343
A (the phase is identified as A in Fig. 1). A weak signal associated with a secondary bcc phase with
lattice parameter 3.2968 A (highlighted by the arrows in Fig. 1) was also detected before forging.
The as arc melted alloy did not present any texture and no significant broadening of the diffraction
peaks was observed. The bcc crystal structure of ZrNbHfTa was analogous (except for the
difference in cell parameter) to the one of the well-known high-entropy TiZrNbHfTa alloy [71-75].
The formation of a bcc solid solution was not surprising considering the crystal structure of the
metals in its composition. Ta and Nb are bcc from room temperature up to their melting point,
whereas Zr and Hf, although being hcp at room temperature, convert to bcc at 863 °C and 1749 °C
[73], respectively. Thus, all of the metals are stable as a bcc phase at least at high temperature.
The presence of a very small amount of a secondary bcc phase with smaller cell parameter
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(highlighted by arrows in Fig. 1) could be attributed to a partial lack of homogeneity in the melt. It
seems that the peak shift and related cell parameter variation is too large to be explained in terms

of microsegregation during solidification, which has been reported in cast TiZrNbHfTa [71,74,76].

Fig. 1(c) shows that the forging process caused the development of strong texture with the
crystallographic direction <2 0 0> oriented orthogonally to the forged foil plane, whereas the as arc
melted samples exhibit only very weak texture (Fig. 1(b)), probably due to the solidification
process. The deformation also leaded to significant peak broadening, which could be accounted for
by an isotropic size/strain model; refined values for the average volume-weighted crystallite size
and r.m.s. microstrain are 22 nm and 4.54 x 107, respectively. Moreover, the secondary phase
disappeared after forging. This was likely due to the heavy pIastlc deformation destroymg the

structural inhomogeneities and the solidification microstructures sek

(mechanical alloying).

Fig. 2(a) shows the temperature vs. time plots measured by the SPS top pyrometer for the alloy in
the pressure-less SPS configuration. The deviation from the linear plot is associated with the alloy
melting. This gave an estimated melting temperature of the alloy of around 2060 °C (Fig. 2(d)),
after calibrating the system using metals of known melting temperature (Fig. 2(b,c)).
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Fig. 1. (a) XRD spectra of the as arc melted and forged ZrNbHfTa alloy. “A” represent the main bcc

phase with lattice parameter 3.4343 A. The arrows indicate a secondary bcc phase with lattice

parameter of 3.2968 A. Reconstructed pole figures of both samples: (b) the as arc melted sample
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exhibits only a weak solidification texture; (c) the forged sample shows the development of strong
preferred orientation of the <2 0 0> direction orthogonal to the foil plane.
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Fig. 2. Temperature (as measured by the SPS top pyrometer) vs. time plot while heating in
pressure-less conditions at 100 °C/min: (a) the quaternary alloy; (b) Zr; and (c) Hf. The deviation
from the linear plot represents the sample melting. The calibration of the measurement (done
using the known melting temperature of Zr and Hf) is reported in (d).

The temperature evolution during the graphite/alloy reaction is reported in Figs. 3(a) and (b) for
the SPS and flash treatments, respectively. One can observe that the flash treatments produced
extremely high temperatures in just a few seconds (10 s to 16 s) with heating rates of the order of
120 °C/s, whereas the cooling required several tens of seconds/few minutes. The peak
temperatures measured by the top pyrometer for the different flash processes is summarized in
Table 1. These ranged between 1705 °C and 2233 °C for samples treated for 10 s and 16 s,
respectively. However, due to the extreme conditions generated during the flash treatment, the
real temperature at the interface was likely to be several tens of degrees higher than the one
measured by the top pyrometer (4 mm from the sample).

Except for the flash process carried out for 10 s, in all other cases the graphite samples were stuck
together after their treatments. Hence, in most of the cases a joint between the graphite and the
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guaternary interlayer was achieved in just a few seconds. However, a preliminary mechanical
characterization of the interface of the samples flashed for 16 s revealed that they only had
limited mechanical strength (few MPa of shear strength, as reported in “Supplementary
material”). This was likely due to the generation of thermal stresses during the high temperature
process(~ 2000 °C). Possible routes to overcome this limitation might involve modification to the
thermal treatment; i.e., using lower cooling rates or reducing of the joining temperature by
employing longer treatments.

The key microstructural differences between the slow heating (SPS) and fast heating (flash)
processes are highlighted in Fig. 4 and Table 1. We can infer that the thickness of the interlayer
was greatly decreased during the flash process, whereas it remained almost unchanged during the
SPS one (in other words if the heating rate is slow the foil remains intact). In particular, the foil
thickness after flash (t; in Table 1) was reduced to about 45%, 30% and 10% of the initial one (t, in
Table 1) for the 12 s, 14 s and 16 s treatments, respectively. Moreover, in the case of rapid heating
(flash) the metal infiltrated the graphite porosity (additional micrographs and EDS maps showing
that infiltration occurred are reported in Figure S1 — S7, “Supplementary material”). This showed
that the rapid heating processing produced microstructures that were not possible under standard
heating conditions. In particular, in the samples produced by flash the metal melted, causing a
decrease of the interface cross-section and a migration of the alloy into the graphite porosity.
Looking at the peak temperature recorded by the top pyrometer (Table 1), melting was achieved
for the samples treated for 14 s and 16 s, whereas it might not have been achieved for the one
treated for 12 s.

It was quite surprising that the sample treated with slow heating (SPS) at 2200 °C was still
substantially undeformed and no infiltration was visible, even though the treating temperature
abundantly surpassed the melting point of the alloy. Considering the slow heating process we
were not expecting significant errors in the temperature measurement for the SPS configuration.
Hence, we deduced that the interlayer actually changed its properties during the slow heating
process or, in other words, it reacted with graphite forming carbides before reaching the melting

point.
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Fig. 3. Temperature evolution measured by the top pyrometer of the SPS system pointing at the

hollowed graphite punch at 4 mm form the sample for: (a) SPS; and (b) flash treatments.

Flash 12 s

Flash 14 s

Fig. 4. SEM backscattered electron micrographs of the interlayer cross-section (the black regions

are the graphite substrates, the grey one is the interlayer).

Table 1. Summary of the key results for the different joining processes. The thickness “t,” is the

average ZrNbHfTa foil thickness before joining as calculated from the foil density (p), mass (m) and

cross-section (S): to = m/pS, whereas “t;” is evaluated by SEM micrographs (Fig. 4) after joining. *

N.M. stays for “Not Measured”.

Treatment Peak T/°C Joined Infiltratif)n in ta/ um t1/ um
graphite

SPS 1900 °C 1900 Yes No 164 150 -210

SPS 2200 °C 2200 Yes No 185 150-190
Flash 10 s 1705 No No 157 N.M.*
Flash 12 s 1963 Yes Yes 171 60— 100
Flash 14 s 2144 Yes Yes 164 40-60
Flash 16 s 2233 Yes Yes 177 10-30

In order to investigate the formation of carbides during processing, we characterized the
structure/microstructure of the interphase using XPS, SEM, EDS and XRD. Whereas SEM and EDS
were operated on cross-sections orthogonal to interlayer plane, XRD and XPS were carried out

directly on the interlayer plane (after having grounded down one of the two graphite disks to
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reveal it).The XPS spectra revealed a clear shift in the binding energies for the different metals in
the alloy composition during the treatments (Figs. 5(a-d)). In particular, the photoelectrons
emission peaks associated with the Zr 3d,Nb 3d, Ta 4f and Hf 4f orbitals all shifted to higher
energies as a result of the thermal treatments. No significant differences could be seen between
the samples Flash 16 s and SPS 2200 °C. The binding energy shift was consistent with the
formation of Zr-C, Nb-C, Ta-C and Hf-C bonds, thus indicating the formation of the carbides [77—-
85]. Additionally, the reaction between the metals and graphite was confirmed by the C 1s
spectrum, which has a strong signal at 282.45 eV for the thermally treated samples (Figs. 5(e)).
This was related to the formation of M-C bonds; as a matter of fact the binding energies reported
in the literature for Zr-C, Nb-C, Ta-C and Hf-C bonds are 281.6 eV [85], 282.9 eV [79], 282.9 eV [82]
and 282.5 eV [84], respectively. Hence, the measured peak at 282.45 eV was in perfect agreement
with C atoms in a mixed environment containing the different metals in the alloy composition. The
signal at about 284.8 eV was associated with graphite contamination (residual unreacted graphite
from the substrate) [84].

1 (a) Zr-C Zr-C 1 ] (b) Nb-C Nb-C 1 1 (C) T?:C T‘\‘_c
] ] 1Flash 16 s ] 1 /TN /N
E 3 R E i \_/ '
_ JFlash 165 1 Ises | ]l . JFlash16s 7 L T ©
27 1 3 {2200°c i s F——F—— SN
< isps 1 < ] ] <1 S
> Jz00°c n 131 1 3 dsszzmc ]
2 3 zr zr 2 ] Nb° a J Ta' ]
£ £ Nb' 2 \ ]
£ 4 £ ] k= N 1\
1 ] |
J As arc melted JAs arc melted ] y "/
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1 T T T T T T T T T 1 T T T T T T T T - 1 T T T T T T T T —
185 184 183 182 181 180 179 178 177 176 175 209 208 207 206 205 204 203 202 201 200 29 28 27 26 25 24 23 22 21 20
Binding energy / eV Binding energy / eV Binding energy / eV
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Q 27
E E 4
] As arc melted
T T T T T T T q 1 T T T T T T T T T =
20 19 18 17 16 15 14 13 12 290 289 288 287 286 285 284 283 282 281 280

Binding energy / eV Binding energy / eV

Fig. 5. XPS spectra before and after the Flash 16 s and SPS 2200 °C treatments for: (a) Zr 3d; (b) Nb
3d; (c) Ta 4f; (d) Hf 4f ; and (e) C 1s.

The panel in Fig. 6 and Table 2 list the key microstructural features of the interlayer after SPS
processing. The interlayer treated at 1900 °C was biphasic, being constituted by a bcc and a fcc
phase (rock salt) identified as A’ and F, respectively. From the XRD data (obtained on sample
ground down to reveal interlayer), the cell parameter of the two phases were 3.3317 A and 4.5767
A, respectively. Hence, the cell parameter of A’ was substantially smaller than the one of the
parent bcc alloy (A). The phase F matched the diffraction spectra of the carbide solid solution as
reported in [13], thus we could attribute A’ to the remaining unreacted alloy and F to the carbide.
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The carbide phase in the SEM micrographs in Fig. 6 could be identified because of the Z-contrast in
the backscattered electron imaging, where the carbide was the darker phase because of its lower
average atomic number. The carbide developed inside the A’ matrix in the form of elongated
crystals, which are visible along all of the interlayer cross-section. A region clearly more rich in F
could be identified at the interface between the interlayer and the graphite. This was consistent
with the attribution of F to the carbide formed by the reaction between graphite and the alloy
interlayer; as a matter of fact, the carbide was expected to form starting from the interface
between the two reagents.

One can also observe that the chemical composition of the two phases was different, where A’
was richer in Nb and Ta while F contained mainly Zr and Hf (Fig. 6). To understand such differences
in the chemical composition between F and A’ one can consider the thermodynamics of the
carbide formation. Fig. 7 reports the free energy for carbide formation as a function of the
temperature (thermochemical data taken from [86]). It evidences that Zr and Hf have a higher
affinity to carbon, with a larger negative energy of formation of the single-element carbides.
Therefore, the first carbide formed from the quaternary alloy was richer in these two elements.
This indeed caused Ta and Nb enrichment in the unreacted alloy (A’). If we consider the atomic
radii of the different metals (R, in Fig. 7), we can also observe that the A’ phase contained a higher
load of the atoms with the smallest atomic radius. This caused a shrinkage of the unit cell of the
alloy (Table 2) and a displacement to higher angles of its XRD reflections with respect to the parent
A phase (Fig. 6). Elemental segregations due to the different formation energy of the carbides in
other high-entropy alloys has already been reported as for the case of: Fes4Nii; 3Mna, gAl7.5Crg [87],
AlysCrFeNiCoq3Cq, [88] and CoCrFeMnNi [89] alloys, where Cr rich carbide formed.

On the contrary, in the sample treated at 2200°C the interlayer was a single phase solid solution
carbide. In this case, as shown in the EDS maps in Fig. 6, the distribution of all of the constituent
elements was homogeneous. Moreover, the cell parameter of F slightly decreased with increasing
treating temperature from 1900 °C to 2200 °C (Table 2). These results were consistent with a
complete reaction of the alloy with graphite to form a pure high-entropy carbide interlayer. The
cell parameter change was due to the change in the carbide composition (rich in Zr and Hf at 1900
°C, equimolar at 2200 °C).
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Fig. 6. (a) XRD spectra (Cu Ka radiation), (b, c) SEM micrographs, and (d, e) EDS mapping of the

interlayer region of the samples produced by SPS. The different phases identified by XRD (i.e, A’

and F) are highlighted in the micrographs and in the EDS maps. The white dashed line rectangles

identify F (carbide) rich regions close to graphite. The phase G in the XRD pattern represents the

reflection of the graphite substrate.
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Fig. 7. Ellingham diagram representing the Gibbs’ free energy of formation of the different
carbides (data refers to 1 mole of carbide). Thermochemical data taken from [86]. R,, is the atomic
radius of the different metals, data taken from [13].

The panel in Fig. 8 and Table 2 present the characteristics of the interlayer produced by flash
processing. The samples treated for 10 s, 12 s and 14 s were biphasic, where diffraction peaks
associated with the parent alloy (A) and to the rock salt carbide (F) were present. The amount of F
increased with the discharge time (Table 2), meanwhile the lattice parameter of A slightly
decreased (Table 2). The first formed carbide, as in the case of SPS samples, was more
concentrated close to the interface between the interlayer and the graphite substrate. Its
chemical composition differed from the equimolar parent alloy and was rich in Hf and Zr. This is
evidenced by the EDS spot analysis in Fig. 8 for the case of the sample Flash 12 s (also
representative of Flash 14 s). Additional SEM micrographs and EDS maps can be found in
“Supplementary material” (Figure S1 - S7).

The sample treated for 16 s, which reached the highest temperature during processing (Table 1),
was single phase and contained only the carbide. However, the diffraction peaks presented an
irregular shape and were very broad. Moreover, the chemical composition measured by EDS
mapping (Fig. 8) was not completely homogeneous (i.e., it seemed that Ta had segregated in the
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interlayer center, whereas Hf was more abundant close to the graphite). These segregations were
indeed at the origin of the observed diffraction peak broadening, which could be modeled as a
rock salt phase with a cell parameter distribution with two maxima located at 4.6105 A and 4.5588
A. The origin of the chemical inhomogeneity resided in the elemental segregations during the
carbide formation. As it was shown before, some elements (i.e., Hf and Zr) had a higher affinity for
carbon and were concentrated in the initially formed carbide. This was more abundant at the
graphite/metal interface, hence such elements tended to segregate close to the graphite, whereas
the unreacted metals (i.e., Nb and Hf) concentrated in the interlayer center. Since the flash
process was extremely rapid (and metal diffusion in carbides is very slow compared to carbon),
there was no time for a complete homogenization under the effect of the concentration gradients
and some segregations remained visible at the end of the process.

The above results highlight that the heating rate had a significant impact on the interlayer
microstructure. It was clear that in the case of SPS (10 °C/min) the metal to carbide conversion is
completed before reaching the melting point of the metal. Hence, it was not possible to
squeeze/deform the metal interlayer and produce any infiltration into the graphite. On the
contrary, the flash processes (about 120 °C/sec) produced complete melting of the alloy before it
had time to react with graphite. It was thus possible to infiltrate the graphite by squeezing the
molten metal interlayer, the reaction to form the carbide then took place. This concept is rather
general and can probably be applied in the case of using different metallic interlayers to join
graphite.
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Fig. 8. (a) XRD spectra (Cu Ka radiation), (b, c) SEM micrographs, and (d) EDS maps and spot (e)
analysis of the joint region of the samples produced by flash. The different phases identified by
XRD (i.e, A and F) are highlighted in the micrographs and in the EDS maps. The phase G in the XRD
pattern represents the reflection of the graphite substrate.
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Table 2. Summary of the key information extracted from the XRD spectra (Figs. 1, 6 and 8). “a” is

the cell parameter.

Treatment Phases A (bcc) A’ (bcc) F (rock salt, fcc)
Compo./wt% a/A Compo./wt% a/A Compo./wt% a/A

As arc melted A A 99.0 3.4343 1.0 3.2968 - -

Forged A 100.0 3.4560 - - - -
SPS 1900 °C A’ F - - 35.1 3.3317 64.9 4.5767
SPS 2200 °C F - - - - 100.0 4.5500
Flash 10 s A F 99.8 3.4330 - - 0.2 4.6274
Flash 12 s A F 97.3 3.4179 - - 2.7 4.6130
Flash 14 s A F 95.7 3.4208 - - 4.3 4.6200
Flash 16 s F - - - - 100.0 4.6105 -
4.5588

4. Conclusions

A high-entropy carbide was formed through the reaction between a ZrNbHfTa foil and graphite.
The metal to carbide conversion was completed in a 16 s flash treatment with the maximum

temperature exceeding 2200 °C.

The first carbide formed from the reaction between ZrNbHfTa and graphite was rich in Hf and Zr,
and poor in Ta and Nb. This was consistent with the thermochemical data in the literature,

showing that Hf and Zr have a larger negative free energy for carbide formation than Ta and Nb.

The heating rate highly impacted on the final microstructure. As a matter of fact, flash treatments
allowed melting, deformation and squeezing of the alloy interlayer before it reacted with the
graphite. On the contrary, in the case of slow heating rates with SPS (i.e., 10 °C/min), the interlayer
conversion to carbide had been completed before it melted or became plastically deformable. This

concept is general and can be likely applied to different metal/graphite systems.
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