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Abstract

Synthesis of single-phase tantalum hafnium carbide (TaxHf1�xC, 0<x<1) solid

solution nanopowders via carbothermal reduction (CTR) reaction is complicated

due to the difference in reactivity of parent oxides with carbon and presence of a

miscibility gap in TaC-HfC phase diagram below ~887°C. These can lead to

phase separation, ie, formation of two distinct carbides instead of a single-phase

solid solution. In this study, nanocrystalline TaxHf1�xC powders were synthesized

via CTR of finely mixed amorphous tantalum-hafnium oxide(s) and carbon

obtained from a low-cost aqueous solution processing of tantalum pentachloride,

hafnium tetrachloride, and sucrose. Particular emphasis was given to investigate

the influences of starting compositions and processing conditions on phase separa-

tion during the formation of carbide phase(s). It was found that due to the immis-

cibility of Ta-Hf oxides and relatively fast CTR reaction, individual nano-HfC

and TaC phases form quickly (within minutes at 1600°C), then go through inter-

diffusion forming carbide solid solution phase. Moreover, the presence of excess

carbon in the CTR product slows down the interdiffusion of Ta and Hf dramati-

cally and delays the solid solution formation, whereas DC electrical field (applied

through the use of a spark plasma sintering system) accelerates interdiffusion sig-

nificantly but leads to more grain growth.
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1 | INTRODUCTION

Among all ultrahigh-temperature ceramics (UHTCs), haf-

nium carbide (HfC, Tm=3900°C) and tantalum carbide

(TaC, Tm=3880°C) are of particular interest due to their

extremely high melting points, high hardness (TaC:

~19 GPa and HfC: ~20 GPa), and high electrical and ther-

mal conductivity and are promising candidates for many

important applications that may need to tolerate tempera-

tures above 2000°C.1-5 Previous studies show that by tai-

loring the composition (eg, via using alloying elements),

ternary UHTC solid solutions and related composites could

provide even better properties than simple binary UHTCs,

such as further improved oxidation resistance and/or

mechanical properties.6-10 In addition to optimizing the

composition, reducing the particle size of these materials

from micrometer to submicrometer or nanometer range

(~100 nm) provides additional benefits in terms of simpli-

fied postsynthesis processing and improved mechanical

properties.1,11,12 All these motivate the research on the syn-

thesis of nanoscale TaxHf1�xC (0<x<1) ternary solid solu-

tion and related composite powders.

Although the synthesis of TaxHf1�xC solid solution/

composite powders has been studied for some time, the

methods reported in the literature all suffer from some

drawbacks, such as high cost, inferior product quality and/
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or concerns with process safety.10,13,14 In addition, it is

noted that all powder syntheses reported in the literature

are performed on a single, Ta-rich composition of

Ta0.8Hf0.2C, whereas there is no study on the synthesis of

Hf richer compositions such as Ta0.5Hf0.5C, which some-

times shows even better mechanical properties15 and oxida-

tion resistance.16 Because of these, there is a need for

better synthesis methods to produce nanocrystalline

Ta1�xHfxC powders, especially for those with alternative

compositions.

However, examination of the TaC-HfC system suggests

some challenges regarding controlling the exact phase(s)

that would be obtained: The TaC-HfC phase diagram avail-

able shows that the two individual carbides would form a

continuous solid solution at high temperature.17 However,

there is also a wide miscibility gap with critical tempera-

tures of ~887°C, which suggests that at a lower tempera-

ture a TaC-HfC two-phase composite would be

energetically more stable than the uniform solid solution

over a large composition range for TaxHf1�xC (e.g., at

room temperature x is between ~0.05 and ~0.98). This

means uniform, single-phase TaxHf1�xC solid solution

powder, even after it is formed at a higher temperature,

would have a tendency to go through phase separation

under certain conditions such as slow cooling to room tem-

perature. Because solid solution and related two-phase

composite often offer different properties,18 understanding

when and how the phase separation would occur and learn-

ing to control it during the synthesis of TaxHf1�xC

nanopowders is expected to bring significant new insights

to the general field of nanoscience and engineering and

help understand other related systems.19,20

In this study, the authors report a low-cost synthesis

method to produce nanosized TaxHf1�xC solid solution and

related nanocomposite powders through aqueous solution-

based processing starting from inorganic metal salts of tan-

talum pentachloride (TaCl5) and hafnium tetrachloride

(HfCl4) and soluble hydrocarbon (eg, sucrose) as the metal

and carbon precursors, respectively. The simple equipment

and cost-effectiveness of the CTR reaction are preserved in

this method to convert the metal and carbon precursors into

metal carbide(s). In addition, the precursors and processing

conditions could also be easily modified for CTR reaction,

which enables better control of product morphology, com-

position, and phase. For the current system, the initial step

of solution processing would yield a fine, even nanoscale

mixture of Ta-Hf oxide(s) and carbon, which would then

go through the CTR reaction in which oxides of tantalum

and hafnium are reduced by carbon to form carbide(s), and

the overall CTR reaction (assuming formation of a single-

phase solid solution) can be written as below:

xTa2O5þ2ð1�xÞHfO2þð6þxÞC¼2TaxHf1�xCþðxþ4ÞCO

(1)

As mentioned before, due to the presence of a miscibil-

ity gap in the TaC-HfC system, the ternary TaxHf1�xC

powder may exist as a uniform solid solution, a nanocom-

posite of individual carbide phases, or their mixture. There-

fore, particular focus was given to revealing the effects of

various factors from starting composition to processing

conditions on promoting/inhibiting phase separation in the

TaC-HfC system, and the fundamental understanding gen-

erated is expected to guide synthesizing nanopowders for

other multicomponent materials.

2 | EXPERIMENTAL PROCEDURE

For TaxHf1�xC powder synthesis, the starting metal precur-

sors used are tantalum pentachloride (TaCl5, 99.8%, Alfa

Aesar # 14164) and hafnium tetrachloride (HfCl4, 98+%,

Alfa Aesar # 11834). Sucrose (99.5%, SIGMA # S9378)

and phenolic resin (Plenco, 14353, R5420) were used as

carbon sources for the aqueous and nonaqueous systems,

respectively. Totally, five recipes were adopted, as summa-

rized in Table 1. For recipes R6, R7, R11, and R13 that

TABLE 1 Weight ratio of TaCl5, HfCl4 and sucrose (C12H22O11) or phenolic resin (C6H6O�CH2O)x and expected Ta:Hf:C molar ratio used

in this study

Recipe # Solvent TaCl5:HfCl4:C12H22O11:H2O weight ratio

Expected Ta:Hf:Ca molar

ratio before CTR

R6 DI water 4.47:1:3.54:93.66 4:1:17

R7 DI water 1.11:1:1.35:19.70 1:1:6.50

R11 DI water 1.11:1:1.01:19.70 1:1:4.87

R13 DI water 4.47:1:2.65:93.66 4:1:12.75

TaCl5:HfCl4:(C6H6O�CH2O)x:

1-pentanol:ethanol weight ratio

R10 1-pentanol & ethanol 1.11:1:2.18:197.16:81.57 1:1:6.50

aThe carbon yield in pyrolysis at 700°C is considered as 18% for sucrose and 35% for phenolic resin, respectively, based on TGA results.
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are aqueous-based, TaCl5 and HfCl4 were hydrolyzed sepa-

rately in DI water giving fine white tantalum oxychloride

(TaOCl3) precipitate and colorless water-soluble hafnium

oxychloride (HfOCl2). The aqueous solution and suspen-

sion were mixed, and then sucrose was added. For recipe

R10 that is organic solvent-based, TaCl5 and HfCl4 were

dissolved together into 1-pentanol (99+%, Alfa Aesar #

30898) at room temperature forming a translucent solution,

followed by the addition of phenolic resin, which was pre-

dissolved in a co-solvent of ethanol (99.5+%, Acros Organ-

ics #61509-0020) at concentration of 0.02 g/mL.

For all recipes, the obtained mixed solution/suspension

was stirred continuously on a hot plate set at 300°C (the

solution temperature was ~100°C) using a magnetic stir bar

until they were completely dried. Then, the dried precur-

sor’s mixtures were pyrolyzed at 700°C for 1 hour in argon

(UHP grade, Airgas) with a flow rate of 80 cc/min in a

tube furnace with an inner diameter of 40 mm. During the

pyrolysis process, precursors lose low molecular weight

species (eg, water, carbon monoxide, and hydrogen chlo-

ride) to yield uniform amorphous (as shown later) Ta2O5-

HfO2-C fine mixtures. Most of the subsequent CTR heat

treatments were performed isothermally in a tube furnace at

1500°C-1700°C for different holding times in flowing

argon atmosphere. Due to the limited heating/cooling capa-

bility for the tube furnace used (up to 10°C/min), in some

cases, a graphite rope was connected to a graphite boat

containing the pyrolyzed powders and extended to the

exhaust end of the tube furnace. The graphite rope was

used to quickly pull the sample into and, later, out of the

hot zone of the tube furnace preheated to CTR reaction

temperature (eg, 1600°C) to investigate the effect of high

heating/cooling rate (measured up to ~500°C/min) during

the CTR process, as illustrated in the schematic in Fig-

ure S1A,B (see supplementary materials section (a)). In

addition, to study the effect of electric field on the forma-

tion of Ta0.5Hf0.5C solid solution/nanocomposite powders,

CTR of the pyrolyzed powder from recipe R7 was also

performed in a spark plasma sintering (SPS) system (Ther-

mal Technologies, Model 10-4, Santa Rosa, CA, USA)

under vacuum (base pressure of 2910�2 torr) at 1600°C

with a low applied pressure of 5 MPa in a 20 mm diameter

graphite die set. To investigate the impact of the pressure

alone on the phase formation/separation of Ta0.5Hf0.5C

powder, CTR of the R7 pyrolyzed powder was also carried

out in the same SPS system but with two boron nitride

(BN) disks touching the graphite die punches so that the

BN disks would block the electric current from flowing

through the sample (See Figure S1C in the supplementary

materials section (a)). All pyrolyzed and CTR reaction

products were characterized by X-ray diffraction (Siemens

D5000) for phase identification. The morphology and parti-

cle size of the synthesized powders were studied by scan-

ning electron microscope (SEM JEOL JSM-6330F) and

transmission electron microscope (TEM Phillips CM-200).

Thermogravimetric analysis (TGA) was carried out for

some samples in the air with the constant heating rate of

10°C/min to determine the excess carbon content.

3 | RESULTS AND DISCUSSION

3.1 | Characterization of pyrolyzed material

Figure 1A,B show the XRD patterns of the samples from

recipe R6 (Ta to Hf molar ratio of 4:1, or abbreviated as

Ta:Hf=4:1 in this study) and R7 (Ta:Hf=1:1), respectively,

FIGURE 1 XRD patterns of

synthesized powders for all recipes with

different CTR conditions in a tube furnace

[Color figure can be viewed at

wileyonlinelibrary.com]
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after pyrolysis at 700°C for 1 hour, indicating the forma-

tion of amorphous Ta and Hf oxides and carbon mixture

after pyrolysis. This is favorable since crystallization of the

Ta and Hf oxides might be accompanied by more segrega-

tion in oxides and negatively affects the homogeneity of

the pyrolyzed material. The SEM image for the pyrolyzed

powders gives an estimate for the particle size of ~50-

100 lm with relatively dense structure (see Figure 2A for

the sample from recipe R6).

3.2 | Observation of phase separation

To illustrate the possibility of forming phase-separated

TaC-HfC nanocomposite powder, Figure 1C shows the

XRD pattern for a sample from recipe R7 (Ta:Hf=1:1) syn-

thesized via CTR at 1600°C for 1.5 hours. Instead of form-

ing a uniform, single-phase Ta0.5Hf0.5C solid solution

powder, distinct peaks corresponding to individual HfC

(JCPDS #98-008-5664) and TaC (JCPDS #98-008-5806)

phases were observed for this sample. In addition, no other

crystalline phases were identified by XRD. Figure 2B is

the SEM image of this sample, showing the formation of

relatively uniform nanosized (~50-100 nm) powder even

though the sample is a composite of two individual carbide

phase(s), as suggested by XRD.

3.3 | Understanding and controlling of phase
separation

Upon carefully reviewing the TaC-HfC system, it is real-

ized that there are several factors with respect to processing

conditions and/or starting recipe that might contribute to

the formation of separate TaC and HfC phases at CTR

temperature of ~1600°C, which is well above the critical

temperature of 887°C for the system. In the following, the

results of a systematic study aimed at understanding the

effects of those factors on controlling the phase(s) formed

will be presented, and the implications of the experimental

observations will also be discussed.

3.3.1 | Effect of CTR cooling rate

The first factor studied is cooling rate after the CTR heat

treatment. This is because the CTR temperature of

~1600°C is well above the TaC-HfC system critical tem-

perature. Therefore, it is possible that uniform solid solu-

tion powder could first form during CTR reaction. Then,

upon slow cooling (eg, at ~10°C/min) inside the tube

furnace, the uniform solid solution may go through phase

separation (eg, via nucleation-growth or spinodal decompo-

sition) and give a powder that becomes a two-phase mix-

ture of TaC and HfC. To test such a hypothesis, a sample

from recipe R7 (Ta:Hf=1:1) was synthesized via CTR at

1600°C for 1.5 hours, followed by rapid cooling. The fast

cooling rate, estimated to be ~500°C/min, was realized by

pulling the graphite sample boat directly out from the hot

zone of the tube furnace to the cold zone (~80°C) after

CTR at 1600°C for the designated time, as described in the

experimental section. The expectation was that if the sam-

ple obtained using ~50 times faster cooling rate contains

more solid solution comparing with the sample convention-

ally cooled at 10°C/min, it would support the hypothesis

that Ta1�xHfxC solid solution forms first under the CTR

condition and then goes through phase separation in the

slow cooling stage.

Figure 1D shows the XRD pattern for this sample with

rapid cooling after CTR: Individual TaC and HfC peaks

are still clearly visible without any hint of solid solution

formation. Comparing XRD for this sample with the sam-

ple cooled at the normal rate of 10°C/min (see Figure 1C),

it is concluded that significantly faster cooling after CTR

does not help prevent phase separation. The implication is

that for the Ta0.5Hf0.5C sample from recipe R7, only indi-

vidual carbides are formed after CTR at 1600°C for

FIGURE 2 SEM micrographs of (A) pyrolyzed powders at

700°C for 1 h from recipe R6 (Ta:Hf=4:1) showing formation of 50-

100 lm-sized particles with low porosity (B) synthesized powders via

CTR at 1600°C for 1.5 h from recipe R7 (Ta:Hf=1:1) showing the

formation of uniform nanosized powders (~<100 nm). It is noted that

this sample is actually phase separated into TaC and HfC, as

indicated by XRD (see Figure 1C)
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1.5 hours, while the expected Ta0.5Hf0.5C single-phase

solid solution has not been formed yet under this condition,

probably due to the slow diffusion process, and the

obtained nanopowder remains phase separated upon cool-

ing to room temperature.

3.3.2 | Effects of solvent, prepyrolysis, and
CTR heating rate

The second factor studied is related to solution processing.

As mentioned in the introduction, uniform single-phase

nanosized Ta0.8Hf0.2C solid solution powders had been

synthesized by other researchers via CTR using precursors

obtained from organic solvent-based sol-gel or solvother-

mal processes.10,14 In comparison, for this study, recipes

such as R7 are water based. It was observed that upon

addition of TaCl5 to DI water, hydrolysis is very fast, lead-

ing to instantaneous precipitation of fine TaOCl3 particles.

On the other hand, HfCl4 dissolves completely in water

and forms a uniform and colorless solution. As a result, it

is possible that the observation of separate TaC and HfC

phases in the CTR product might have originated from the

precipitation of TaOCl3 upon fast TaCl5 hydrolysis. This

could lead to the loss of homogeneity of the liquid solution

and cause large segregation of Ta-rich and Hf-rich regions

persisting in subsequent steps of drying, pyrolysis, and

finally CTR. Because of the large scale of separation

caused by rapid TaCl5 hydrolysis and precipitation, it

would take a longer time for Ta and Hf to interdiffuse to

obtain a uniform solid solution powder.

Thus, to test the hypothesis that a uniform liquid solu-

tion based on organic solvents, as adopted in other studies,

would help reduce or even eliminate separation of Ta and

Hf oxides in the solution processing (and later separation

of carbides after CTR), less polar, organic solvent of 1-pen-

tanol was used to reduce the rate of TaCl5 hydrolysis, as

described before for recipe R10 with the same Ta:Hf molar

ratio of 1:1 as R7. This time, unlike when using water as

the solvent, both TaCl5 and HfCl4 dissolve completely in

1-pentanol and form a uniform, translucent, light yellow-

colored solution without any precipitation. However, the

XRD pattern for the sample after CTR at 1600°C for

1.5 hours (Figure 1E) shows partially overlapping but still

separated diffraction peaks corresponding to slightly Hf-

doped TaC and Ta-doped HfC phases. Such an observation

suggests the use of an organic solvent (and resulting slower

hydrolysis) may help but is unlikely to be the critical factor

to prevent phase separation of TaC and HfC for the final

carbide products.

Similarly, the influence of removing the prepyrolysis

step (ie, the 700°C/1 h heat treatment to convert the dried

material from solution processing to intimate oxides-carbon

mixture) and adoption of very fast heating rate (up to

~500°C/min) for CTR have also been explored for the

same recipe R7. (Please refer to supplemental materials

section (b) for detailed discussion of the rationale of study-

ing these two factors), and their results are briefly summa-

rized as in Figure 1F,G, respectively. Essentially, neither

factor prevents the phase separation under the condition

explored.

The observations that none of the factors discussed so

far prevents the formation of separate TaC and HfC phases

under the CTR condition explored (eg, 1600°C/1.5 hours)

are attributed to the combined effect of several factors:

First, there is very low affinity between the oxide precur-

sors of Ta2O5 and HfO2. To the best of the authors’ knowl-

edge, there is no binary phase diagram published for Ta2O5

and HfO2. Nevertheless, the available phase diagram for

the Ta2O5-ZrO2
21 system shows that ZrO2 has almost zero

solubility of Ta2O5, whereas Ta2O5 can only accommodate

ZrO2 up to ~2 mol%. Due to the close chemical and physi-

cal similarity of Zr and Hf, it is reasonable to assume simi-

lar behavior for the Ta2O5-HfO2 system, that is Ta2O5 and

HfO2 would have very low affinity for each other and do

not form a solid solution with appreciable solubility.22 The

implication is that, despite the careful efforts in solution

processing to mix Ta and Hf salts uniformly (eg, via the

use of an organic solvent), the oxides of tantalum and haf-

nium, which can exist in amorphous form, will always seg-

regate into separate Ta2O5 and HfO2 regions. Second, the

CTR reaction under the conditions explored is rather fast.

One evidence for this claim is given in Figure 1H, which

shows the XRD pattern for a sample from recipe R6 (Ta:

Hf=4:1) synthesized via rapid heating CTR at 1600°C for a

short time of only 10 minutes: Both TaC and HfC formed

individually after only 10 minutes of CTR without any

trace of remaining oxides at that temperature. (Note Fig-

ures like 1H have been shrunk vertically for plotting pur-

pose, which makes minor peaks corresponding to HfC less

visible.) The combined effect of those two factors men-

tioned above is that the segregated (amorphous) Ta2O5 and

HfO2 regions will always go through separate CTR reac-

tions to form TaC and HfC phases. Then rely on interdiffu-

sion of Ta and Hf in the high-temperature carbide phases

to form a uniform, single-phase solid solution ternary car-

bide. On the other hand, the interdiffusion of Ta and Hf at

these temperatures can be slow,23 which explains why sep-

arate TaC and HfC remain even though the CTR tempera-

ture is significantly above the miscibility gap.

3.3.3 | Effects of CTR temperature and
holding time

As explained above, due to the low affinity between Ta2O5

and HfO2 and the large difference in driving force for the

formation of TaC and HfC (see supplementary materials

5060 | FOROUGHI ET AL.



section (b)), the two carbides would always form individu-

ally in CTR; then the solid solution forms via interdiffusion

between them, which can take a significant time. As a

result, the formation of TaxHf1�xC single-phase solid solu-

tion is expected to improve when using higher CTR tem-

peratures and/or longer CTR dwell times. Indeed,

Figure 3A shows the XRD patterns (showing a zoomed

section) for a sample from the Ta-rich recipe R6 (Ta:

Hf=4:1) after CTR at 1500°C for 3 hours and the same

sample after additional annealing at 1600°C for 10 hours

in argon. The as-synthesized sample after CTR at 1500°C

for 3 hours shows clear separation of TaC and HfC phases,

while after the additional annealing at 1600°C for

10 hours, the individual TaC and HfC diffraction peaks

merged completely to ones that correspond to a uniform,

single-phase solid solution of Ta0.8Hf0.2C.

However, it is noted that there are limitations on the use

of higher CTR temperature or very long CTR dwell time

to help the formation of a single-phase solid solution pow-

ders. First, they would lead to excessive grain growth,

which is undesirable for the purpose of synthesizing nano-

sized solid solution powders. Figure 3B shows the SEM

images of the sample from recipe R6 obtained from CTR

at 1500°C for 3 hours, whereas Figure 3C is for the same

sample after additional annealing at 1600°C for 10 hours

to convert the two-phase composite powder into a single-

phase solid solution powder. All particles experience signif-

icant coarsening with primary grain size increased from

~50 nm to up to ~500 nm. Second, higher temperature or

longer time would add to energy consumption and process

cost. Last but not least, for the certain compositions, it may

not be effective: Take the example of a Hf-richer sample

from recipe R7 (Ta:Hf=1:1), even 15 hours of CTR at

1600°C or higher CTR temperature of 1700°C did not

seem to prevent the phase separation of TaC and HfC, as

shown in Figure 1I,J, respectively.

3.3.4 | Effect of excess (amorphous) carbon
content

The seeming difficulty in obtaining single-phase TaxHf1�xC

nano solid solution powders prompts additional analysis of

the various samples obtained. Figure 4A,B are the TEM

images for the sample from recipe R7 (Ta:Hf=1:1) synthe-

sized via CTR at 1600°C for 1.5 hours. The images con-

firm the synthesized TaC-HfC composite powders are

nanograined with a primary particle size of ~50 nm, which

is consistent with SEM observation (see Figure 2B). In

addition, the images also suggest that each of the nanocar-

bide particles seems to have a low-atomic mass shell over

it. (High-resolution TEM and EDS will be needed to char-

acterize the solid solution nanopowders further.) In addi-

tion, TGA analysis of this sample in air, as shown in

Figure 5A, indicates that the sample has carbon excess of

~9.5 wt%. Because XRD pattern for that sample (see Fig-

ure 1C) did not show the presence of any crystalline car-

bon, carbon must exist in amorphous form, and it is likely

that the observed amorphous shell is amorphous carbon on

the surface of individual TaC/HfC nanoparticles.

Considering that (i) Ta2O5-HfO2 immiscibility and fast

CTR kinetics lead to the formation of individual TaC and

HfC phases and (ii) excessive (amorphous) carbon might

exist as shells over those individual carbide nanoparticles,

the effect of excess carbon content (or starting

FIGURE 3 (A) XRD pattern for the sample from recipe R6 (Ta:

Hf=4:1) synthesized via CTR at 1500°C, annealed for 10 h at 1600°C

(B) SEM image of this sample before annealing showing the

formation of uniform nanosized powders (C) after annealing at

1600°C for 10 h indicating a noticeable grain growth
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composition) on phase separation of TaC and HfC in the

synthesis was investigated. The hypothesis was that the

excess carbon in the form of (amorphous) carbon shell over

the individual carbide phases might dramatically inhibit the

interdiffusion of Ta and Hf cations between HfC and TaC

grains and, as a result, slow the solid solution formation.

To test this hypothesis, a sample from recipe R11 with

lower carbon content than recipe R7 but the same Ta:Hf

molar ratio of 1:1 was synthesized via solution processing

and subsequent CTR at 1600°C for 1.5 hours. Figure 1K

gives the XRD pattern for this sample: Individual peaks

corresponding to phase-separated HfC and TaC along with

Ta0.5Hf0.5C solid solution peaks in between, as expected

from Vegard’s law, were all detected. TGA for this sample

indicates it indeed has a lower excess carbon content of

~4.6 wt%, consistent with the lower carbon recipe R11

used (see Figure 5B). Therefore, it is evident that lower

excess carbon content dramatically improves the interdiffu-

sion and the formation of a solid solution. Further anneal-

ing of this sample for an additional 3 hours enhances the

solid solution formation noticeably with the individual car-

bide peaks almost disappearing, as shown in Figure 1L. In

comparison, as mentioned before for Figure 1I, for a sam-

ple from recipe of R7 (Ta:Hf=1:1) with higher starting

sucrose content, CTR for 15 hours at 1600°C did not give

the same effect in promoting the formation of a uniform

solid solution phase.

These results suggest that excess carbon content seems

to play a dominating role in determining the phase separa-

tion in TaxHf1�xC synthesis via CTR reaction: Excess car-

bon would slow down the interdiffusion dramatically and

greatly inhibit the solid solution formation leading to the

formation of individual TaC and HfC phases. The excess

carbon effect may also help explain the variations between

observations made in this study and those reported in the

literature. For example, Jiang et al.14 reported the formation

of single-phase Ta0.8Hf0.2C solid solution powder after

1600°C/1 hour CTR, whereas in this study, when using

recipe R6 with the same target Ta:Hf molar ratio, minor

peaks corresponding to HfC were observed (see Fig-

ure 1M). To further confirm this explanation, experiments

using an aqueous-based recipe R13 (Ta:Hf=4:1) with

FIGURE 4 TEM images of TaC-HfC nanocomposite powders

synthesized via CTR at 1600°C for 1.5 h from recipe R7 (Ta:Hf=1:1)

showing the formation of nanosized particles (~<50 nm) often

covered by a low-atomic mass shell that is assumed to be amorphous

carbon

FIGURE 5 TGA analysis in air of synthesized powders at

1600°C via CTR in the tube furnace from aqueous recipes of (A) R7

(Ta:Hf:C=1:1:6.5 before CTR) and (B) R11 (Ta:Hf:C=1:1:4.87 before

CTR)
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reduced carbon content were carried out. For this sample,

the peaks corresponding to HfC were disappeared and

merged with TaC peaks (see Figure 1N). However, it

should be noted that the observed peaks in Figure 1N do

not have the symmetric shape. This nonsymmetric distribu-

tion in the peak profile can be due to the chemical varia-

tion such as inhomogeneity of the solid solution. The

lattice parameter (a) for this sample was calculated to be

~0.4486 nm using the peaks positions in Figure 1N, which

is close to Ta0.8Hf0.2C solid solution lattice parameter as

expected from the Vegard’s law and the reported JCPDS

card (a=0.4487 nm, # 00-064-0146).

Hence, it is advised that in future synthesis great atten-

tion should be given to precisely control and optimize car-

bon precursor content in starting materials for the synthesis

of TaxHf1�xC powders: A significant amount of excess car-

bon would make the uniform solid solution phase difficult

to obtain, whereas too low carbon content might risk

incomplete CTR and excessive oxide remaining in the

product. It is also noted that the observation concerning the

dramatic influence of excess carbon on Ta and Hf cation

interdiffusion may also throw light into understanding the

large variation in sintering kinetics observed for TaC-HfC

materials.

3.3.5 | Effect of DC electric field and applied
pressure

Finally, as stated, the authors also performed CTR using

pyrolyzed powders from recipe R7 (Ta:Hf=1:1) in an SPS

instrument at 1600°C for 15 minutes with a low applied

pressure of 5 MPa. The purpose was to find out the effect

of the external electrical field on the phase formation/sepa-

ration for TaxHf1�xC nanopowder materials, and it was

inspired by the reported advantages of applying electric

field and pressure in SPS on accelerating mass transport

and sintering kinetics for ceramic materials.15,18,24,25 The

SPS temperature, time, and pressure were all intentionally

kept at the low end to avoid excessive sintering/grain

growth since the goal was to synthesize TaxHf1�xC

nanopowders and not to sinter the powders into a dense

ceramic body. Figure 6A shows the XRD pattern for this

sample. The diffraction peaks corresponding to individual

TaC and HfC phases disappeared completely, whereas the

peaks corresponding to the single-phase Ta0.5Hf0.5C solid

solution (matching JCPDS card #98-005-4915 and the

expectation from Vegard’s law) were observed. The SEM

image of this sample shows the formation of fine uniform

powder with a grain size of ~100 nm (see Figure 7A).

EDS analysis confirmed the Ta:Hf atomic ratio of 1 to 1,

while carbon to total metal (Ta plus Hf) atomic ratio is

much higher than 1 to 1, which is consistent with the TGA

result for other samples from recipe R7 (see Figure 5A). In

comparison, when SPS was carried out at the same temper-

ature of 1600°C but only for 1 minute, the XRD pattern

shows the formation of clearly phase separated TaC and

HfC without the detectable amount of either carbide solid

solution or oxides. The results from these two experiments

suggest that the condition provided by SPS greatly acceler-

ates the interdiffusion between TaC and HfC and promotes

the formation of single-phase TaxHf1�xC solid solution;

only ~15 minutes of isothermal hold is required to achieve

the transformation from individual carbides to the solid

solution phase, and the solid solution phase would remain

upon cooling to room temperature.

To confirm if the above observation of accelerated solid

solution formation in SPS using sample from recipe R7 is

due to the electric field alone and not the low pressure

(5 MPa) applied in SPS, another experiment was performed

in the SPS at the same temperature of 1600°C for the same

time of 15 minutes under an even higher pressure of

10 MPa. As described before in the experimental section,

for this time, the pyrolyzed powders, instead of touching

the graphite die punches directly, were sandwiched

between two insulating BN disks (see Figure S1C in the

supplementary materials section (a).) so that almost no DC

electrical current would pass through the sample. The XRD

pattern for this sample is given in Figure 6B. Diffraction

peaks corresponding to individual TaC and HfC were

clearly observed with no hint of any solid solution forma-

tion. Hence, it is concluded that the applied pressure

(5-10 MPa) does not play a major role in forming of sin-

gle-phase Ta0.5Hf0.5C solid solution powder, and it is the

applied DC electrical field that helps the interdiffusion

FIGURE 6 XRD patterns of synthesized powders from aqueous

recipe R7 (Ta:Hf=1:1) via CTR in the SPS instrument at 1600°C for

15 minutes: (A) under pressure of 5 MPa with current passing

through the sample, (B) under pressure of 10 MPa, while the electric

current passing through the sample was suppressed using BN disks as

insulator
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between TaC and HfC and accelerates the solid solution

formation process. Simple estimation shows that the Ta+4/

Hf+4 migration length due to the DC electrical field at

1600°C for 15 minutes (as used for the CTR via SPS

experiment) would be only on the order of ~1 nm, which

is much shorter than the particle radius. (The readers could

refer to supplemental materials section (c) for details of the

estimation.) Such an analysis suggests that the acceleration

of Ta0.5Hf0.5C solid solution formation from individual

TaC and HfC carbide phases in as short as 15 minutes

when using SPS could not be due to the drift effect. There-

fore, it is hypothesized that high concentration of vacancies

are created under the high current/high flux condition of

SPS, which speeds up the diffusion of cations.

However, it should be noted that, while applied DC

electrical field accelerates the mass transport and faster

interdiffusion and facilitate faster formation of uniform

solid solution, it has limitation in that the applied DC elec-

trical field also leads to more coarsening of the particles.

As shown from the SEM image for the sample synthesized

via CTR in SPS at 1600°C for 15 minutes under the pres-

sure of 5 MPa (see Figure 7A): the grain size for the pow-

der is ~100 nm, which is significantly larger than both the

sample obtained with BN disks suppressing the electric

current during SPS (see Figure 7B) showing grain size of

only ~50 nm and the conventional 1600°C/1.5 hours CTR

sample showing grain size of 50 nm (see for example Fig-

ure 3B). The obtained result is also consistent with earlier

reports that SPS greatly accelerated the sintering for UHTC

such as TaC and HfC compared with conventional sinter-

ing.15,18,24,25

4 | CONCLUSIONS

In this work, the synthesis of the nanocrystalline

Ta1�xHfxC solid solution and related nanocomposite pow-

ders was achieved using aqueous solution-based processing

from low-cost TaCl5, HfCl4, and carbon sources of sucrose

followed by pyrolysis and CTR. Phase separation of TaC

and HfC was observed for Hf-richer samples of Ta0.5Hf0.5C

regardless of varying processing parameters such as CTR

reaction temperature, holding time, and cooling/heating

rates as well as solvent type. The strong tendency for form-

ing phase-separated TaC-HfC nanopowders composites

instead of uniform solid solution powders is attributed to

the difference in reactivity between oxides of Ta2O5 and

HfO2 and carbon, which is also related to the immiscibility

of those two oxides. Such a difference always leads to the

formation of individual TaC and HfC nanopowders even

after a relatively short CTR time (eg, 10 minutes at

1600°C). On the other hand, it was discovered that reduc-

ing the excess carbon content or the application of a DC

electrical field (as through the use of SPS) would signifi-

cantly accelerate the diffusion and help the formation of

single-phase Ta0.5Hf0.5C solid solution powders. (Readers

may also refer to Table S1 in the supplementary materials

section (d) for a summary of experimental observation and

their implications.) This study illustrates the complexity of

the composition-processing-structure relationship during

synthesis of multicomponent UHTC nanomaterials. The

knowledge generated about how to understand and control

phase separation during the synthesis of nanosized

TaxHf1�xC single-phase solid solution versus two-phase

composite powders would enhance understanding of other

related phenomena as encountered in sintering of these

materials as well as the synthesis of other related multi-

component UHTC materials.
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FIGURE 7 SEM micrographs of synthesized powders from

recipe R7 (Ta:Hf=1:1) via CTR in the SPS instrument at 1600°C for

15 min: (A) under pressure of 5 MPa with electric current passing

through the sample, (B) under pressure of 10 MPa, while electric

current passing through the sample was suppressed using BN disks as

insulator. Note that both samples consist of uniform fine powders.

However, coarsening due to the electric current passing through the

sample is noticeable for (A)
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