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A B S T R A C T   

HfB2-ZrB2 based ultra-high temperature ceramics (UHTCs) are used as protective tiles for nose cones and leading 
edges of the hypersonic vehicles that face harsh service conditions of temperatures >2000 ◦C. The present work 
assesses the effect of SiC (20 vol.%) and carbon nanotubes (CNT, 6 vol.%) incorporation on isolating the pho-
nonic and electronic contribution to thermal conductivity of spark plasma sintered HfB2-ZrB2 based UHTCs. 
Except HfB2-SiC, all ZrB2 based UHTC composites elicited similar electrical conductivity (~ 5.7 × 106 S/m), 
whereas a marginal increase of ~9% in thermal conductivity was observed with CNT reinforcement in HfB2- 
ZrB2–SiC composites. With HfB2/ZrB2-SiC composites eliciting high thermal conductivity (120–150 Wm-1K-1), 
the current work emphasizes the domination of phononic scattering (by ~44%) due to solid solutioning in HfB2- 
ZrB2-based ceramics. Further, electronic thermal scattering events may only be marginal at interfaces of CNT and 
ZrB2, and limit thermal scattering in HfB2/ZrB2-SiC-CNT based UHTCs for hypersonic applications.   

High thermal conductivity (κ) is mandated  in sharp-leading edge 
applications in order to avoid formation of hot spots and lower the 
thermal stresses [1–3]. High thermal conductivity (κ) of ZrB2/HfB2 
based materials falls within the threshold application needs (~60–80 
Wm-1K-1). The thermal conduction is a function of both phononic and 
electronic contributions. Typically, monolith borides have shown 
dominance of electronic contribution (~65%) with only assisted ther-
mal scattering from phononic events (~35%). But, the effect of 
solid-solutioning and incorporating the CNT, SiC, reinforcements in 
HfB2/ZrB2 systems need attention so as to curb thermal scattering events 
and enhance the overall thermal conductivity. 

SiC is an established reinforcement incorporated in the HfB2/ZrB2 
matrix making it mechanically and thermally sustainable under extreme 
environment conditions [4–7]. An anomalous thermal conductivity of 
ZrB2 based on processing (hot pressing and SPS) and reinforcements 
(SiC, MoSi2, C)  is well reported in literature [7]. On one hand, SiC 
(~125 Wm-1K-1) [8] incorporation in ZrB2 matrix led to lower thermal 

conductivity values (~87.0 Wm-1K-1 [9]) than that of the monolith 
(~108 Wm-1K-1 [9]) at 298 K or 25 ℃ (highlighting the interfacial 
thermal scattering effect). Whereas, in another work, synergistic rein-
forcement of SiC and CNT have exhibitied a higher thermal conductivity 
of 61.8 Wm-1K-1 at 50 ℃, or 323 K, and of 52.3 Wm-1K-1 at 1200 ℃, or 
1473 K when compared to that of monolith ZrB2 (~48.9 Wm-1K-1 at 50 
℃, and 42.3 Wm-1K-1 at 1200℃) [10] . A crossover of higher thermal 
conductivity of SiC reinforced ZrB2 (89.5 Wm-1K-1 decreased to ~74.8 
Wm-1K-1 at 1000 ℃ or 1273 K) is also reported in literature with respect 
to that of monolithic ZrB2 (i.e. 83.8 Wm-1K-1 at 25 ℃, and 81.8 Wm-1K-1 

at 1000 ℃) [7]. Concurrently, SiC addition alone exhibited similar 
thermal conductivity ~50-52 Wm-1K-1 at 1200 ℃, when compared to 
that with synergistic SiC and CNT reinforcement in ZrB2 [10]. The κ of 
20 vol% SiC reinforced HfB2 (~141 Wm-1K-1) or ZrB2 (~89.5 Wm-1K-1) 
composites consolidated via hot pressing at 2000 ◦C for 30 min (uniaxial 
pressure~30 MPa) have reported an increase in room temperature κ >
30% for HfB2-SiC composites and 7% for ZrB2-SiC [7]. κSiC is a function 
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of phonon transport which reduces drastically in presence of impurities 
such as WC introduced during milling, thus, lowering the κ of the 
diboride based ceramic [11]. The room temperature κ of ZrB2 also de-
creases by ~40% on introduction of HfB2 in the matrix without much 
difference in charge carrier density (similar electronic structure, AlB2) 
but rather, due to difference in phonon scattering and formation of solid 
solution of (Hf-Zr)B2 [12]. CNT, on the other hand, not only improves 
densification but works synergistically to enhance the thermal and 
electrical transport in diboride based composites [10,13,14]. The addi-
tion of 10 vol% CNT to ZrB2 + 20 vol% SiC has elicited marginal increase 
in high temperature (1200 ◦C) thermal conductivity to ~52.3 Wm-1K-1 

[10]. 
The spark plasma sintering (SPS) of (Hf,Zr)B2-SiC-CNT system (at 

1850 ◦C, 30 MPa for 10 min hold time, vacuum ~6 Pa) is reported 
earlier highlighting the solid solution, and eliciting enhanced mechan-
ical (H~28.1 GPa, KIC~10.2 MPa.m1/2) [15] and tribological perfor-
mance [16] with synergistic superior mechanical properties  in 
HZ20S6C (37 vol.% HfB2, 37 vol.% ZrB2, 20 vol.% SiC and 6 vol.% CNT) 
compared to that of HZ20S. 

Fig. 1i(a-i) [15] present the microstructural morphology of 
ZrB2-HfB2-based composites, and elemental spectrum of starting phase 
pure SiC, HfB2 and ZrB2 powders. Further, marginal increase in oxida-
tion resistance (~6%)  is depicted by HZ20S6C due to the synergistic 
solid solution, presence of CNT and SiO2 formation on oxidation of SiC 
phase [17,18]. 

The current work focuses on isolating the effect of porosity, solid 
solutioning and reinforcements on the phononic and electronic contri-
butions of thermal conductivity in HfB2-ZrB2 based UHTCs. The elec-
trical conductivity of HfB2-ZrB2 based UHTCs makes these pliant to be 

machined by electrical discharge machining for near net shaping.  To the 
best of our knowledge, it is for the first time that these phase- 
contribution aspects have been theoretically studied to explain the 
mechanism of thermal conduction as a function of electronic and pho-
nonic scattering. 

The thermal diffusivity (D) measured using  Netzsch LFA 447 
Nanoflash™ with InSb infrared detector [19] using (D = k L2t1/2

–1 , Fig. 1 
(ii)) where k is taken as 0.1388 and t1/2 is presented in Table 1. Therein, 
a short laser pulse from xenon lamp (λ=150 nm-2000 nm) was flashed 
on the graphite coated sample (of 12.7 mm diameter and ~2–2.5 mm 
thickness (L)) with emissivity of ~1. From which laser flash longitudinal 
thermal conductivity (κ = DρCp) of HfB2-ZrB2-based composites is 
calculated (Fig. 1(iii), and see Appendix eq. A1 and A2) where Cp~0.779 
Jg-1K-1 and ρ is the density of the sample. It was observed that the κH20S 
(~124 Wm-1K-1) and κZ20S (~153 Wm-1K-1) are both ~ 16%  more than 

Fig. 1. (i) SEM micrograph of (a) H20S, (b) Z20S (c) HZ20S (d) HZ20S6C (e) Solid solution of (Hf-Zr)B2 in HZ20S (f) presence of CNTs in HZ20S6C and energy 
dispersive spectroscopy of (g) SiC, (h) HfB2 and (i) ZrB2 (images a-i: Open access, Coatings (MDPI, [15]), (ii) Experimentally measured average thermal diffusivity, 
and (iii) corresponding comparison of previously reported and experimentally obtained thermal conductivity of HfB2, ZrB2, SiC and HfB2-ZrB2-based UHTCs. The 
room temperature thermal conductivity of HfB2, ZrB2, SiC and CNT is taken as 75–120 Wm-1K-1 [36], 85–132 Wm-1K-1 [8,20], 125–170 Wm-1K-1 [8], and 1000–2000 
Wm-1K-1 [27], respectively. κH20S and κZ20S are reported ~141 Wm-1K-1 and ~89.53 Wm-1K-1, respectively [7]. 

Table 1 
Nomenclature based on composition of consolidated samples, density(ρ), 
porosity, half-time (t1/2) for estimation of thermal conductivity.  

Sample 
ID 

Composition (Vol%) ρ [15] 
(gcm-3) 

Porosity  
[15](%) 

t1/2 (s) 
HfB2 ZrB2 SiC CNT 

H20S 80 0 20 0 9.04 0.00 0.032 
±0.001 

Z20S 0 80 20 0 5.46 1.00 0.022 
±0.000 

HZ20Sf 40 40 20 0 6.98 4.00 0.047 
±0.000 

HZ20S6C 37 37 20 6 6.85 0.05 0.036 
±0.001  

S. Dubey et al.                                                                                                                                                                                                                                   



Scripta Materialia 218 (2022) 114776

3

their corresponding phase pure HfB2 (~107 Wm-1 K-1 [20]) and  ZrB2 
(~132 Wm-1 K-1 [20]) . Also, κH20S is 18% less than κZ20S despite being 
100% dense, which may be attributed to poor sintering of H20S (as 
sintering was optimized with respect to that of ZrB2-systems [21]). The 
least κ value observed in HZ20S (~110 Wm-1K-1) is attributed to the 
presence of pores (~4%, κpore ~0.4 Wm-1K-1) in the HfB2-ZrB2 matrix 
resulting in an overall reduction of ~28% and 11% when compared to 
that of Z20S, and H20S, respectively. Incorporation of highly conducting 
CNTs (~6 vol%) raised the κHZ20S by ~9% in HZ20S6C (~121 Wm-1K-1) 
as a combined effect of reduction of porosity (~0.5%) along with 
incorporation of high κCNT (~ 1000–2000 Wm-1K-1). However, a mar-
ginal decrease in κHZ20S6C as compared to that of H20S (~2% decrease) 
and Z20S (~26% decrease), which is attributed to random distribution 
of CNT (refer [21], whereas its alignment has elicited higher κ in liter-
ature [22,23]). 

Effect of microstructure (i.e., as grain boundaries, porosity, carbon 
nanotube content and orientation, interphase boundary, and phase 
content) on thermal conductivity is presented in Appendix Table A1. A 
low κmn (~ 71.3 Wm-1K-1) of H20S indicates the dominance of interfa-
cial scattering (grain size of ~7–10 µm [21]) when  compared to that of 
Z20S (~99 Wm-1K-1 with grain size of ~10–20 µm [21]). Assuming no 
solid solution formation, a lower theoretical thermal-conductivity esti-
mate (~91 Wm-1K-1) indicates interfacial scattering in HZ20S, whereas 
an overestimate of thermal conductivity of HZ20S6C (~176 Wm-1K-1) 
may be attributed to using inherently high thermal conductivity value of 
CNT (~2000 Wm-1K-1). These estimations does not lie in range with 
experimental observations, which may be attributed to porosity and (Hf, 
Zr)B2 solid-solution formation. Further, the contribution of individual 
phases (HfB2, ZrB2, SiC and CNT) to κ for 100% dense HfB2 - ZrB2 based 
composites on thermal conductivity was estimated via Rule of Mixture 
(ROM, without accounting for pores/interfaces, Fig. 2(i)). The 

theoretical thermal conductivity estimation of H20S by ROM is ~7.4% 
higher than its experimental value, affirming interfacial resistance. 

It may be noted that Fig. 1(i) indicates higher porosity content in 
HfB2 containing samples than that of its reported Archimedes density 
value (~100% dense [21]) as the process variables were optimized with 
respect to that of ZrB2. On the other hand, ~23% and 54% difference in 
the theoretical estimates and experimental thermal conductivity of 
HZ20S and HZ20S6C, respectively, is accounted by the presence of 
porosity (in HZ20S, Fig. 2(ii)) and solid solution formation (HZ20S and 
HZ20S6C) Fig. 2(i). As H20S, Z20S are fully dense compositions 
(Table 1) and, hence, thermal conductivity estimations are nearly 
similar to that of ROM, Fig. 2(i), however, lower κ value is observed for 
HZ20S, which is ~4% porous. For HZ20S, the Landauer [24], Meredith 
& Tobias [25] and Shafiro & Kachanov [26] models have shown κ values 
to vary from ~93.6 Wm-1K-1 to ~90.5 Wm-1K-1 and ~86.9 Wm-1K-1, 
respectively (refer to appendix Table A1). Close fitting of the Landauer’s 
model with the experimental value (~110 Wm-1K-1) affirm porosity as 
major thermal scattering sites in HZ20S (Fig. 2(ii)). Out of 23.2% ther-
mal conductivity decrease in HZ20S system, the contribution of porosity 
is ~6% (i.e., difference from ROM (κmn~ 144.2 Wm-1K-1) and Landauer 
model (κmnp~ 135.5 Wm-1K-1)), as shown in Fig. 2(ii). Thus, on 
comparing Fig. 2(i) and (ii), the remaining ~17.2% decrease in exper-
imental thermal conductivity of HZ20S, then, may be  attributed to solid 
solutioning. 

Models based on effective medium approach (EMA) [27–29] are used 
to estimate the κ of CNT reinforced samples (κe, Fig. 2(ii)). It has been 
reported earlier that merely ~10 vol% CNTs can enhance the κ by up to 
70% [30]. The estimation by Xue model [29] considering poor disper-
sion of CNTs (~220 Wm-1K-1) is still ~81% more than the experimental 
thermal conductivity value of HZ20S6C (~121 Wm-1K-1, also refer to 
Table A1 in appendix). First, it may be noted that though Archimedes 

Fig. 2. (i) Theoretical quantification and isolated contribution of each phase on thermal conductivity with respect to that of experimental values (maximum value 
from Rule of Mixture is taken to provide the effect), and (ii) contribution of pores and CNTs with respect to ROM. (iii) Schematic representation of effect of grain 
boundary, phases, porosity and CNT on thermal conductivity of H20S, Z20S, HZ20S and HZ20S6C. 
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density of HZ20S is reported to be nearly fully dense [21], the micro-
structure does elicit porosity (which might be attributed to solid solution 
formation). Thus, ~17% contribution of decrease in thermal conduc-
tivity (in HZ20S sample) is supplemented with ~37% thermal scattering 
at interface (due to porosity and interfaces of CNTs and otherwise) to 
result a net 54% decrease from the maximum theoretical estimates 
(Fig. 2(ii)) in HZ20S6C. Secondly, enhanced scattering due to inter-
faces/porosity, and phonic scattering in solid solutioning phase, the 
addition of CNTs has still contributed a minor increase in the overall 
thermal conductivity. 

An overall enhancement in κHZ20S6C is ~10% with respect to κHZ20S 
achieving full densification and increased thermal conduction due to 
CNTs distributed in HZ20S matrix. In case of HZ20S (~110 Wm-1K-1), 
porosity acts as a thermal dissipation site, which is overcome by 
densification brought by nanofiller addition (of CNT) in HZ20S6C. It 
should be noted that none of the theoretical models discussed here 
consider the effect of solid solution formation. 

Fig. 2(iii) schematically summarizes the dominance of microstruc-
tural features such as grain boundary, interfaces, pores and CNT in HfB2- 
ZrB2 matrix. H20S has fine grain structure (7–10 µm) when compared to 
that of Z20S (10–20 µm) and hence, the grain boundaries increase, 
which increases the thermal resistance due to thermal scattering by 
grain boundaries and interfaces (HfB2 and SiC). H20S and Z20S are fully 
dense composites and negate any strong contribution of porosity, thus, 
the solid solution of HfB2-ZrB2 in HZ20S lead to the introduction of 
porosity (~4%) which have extremely low κ (~0.4 Wm-1K-1) and hence, 
play a dominant role in lowering κHZ20S (~110 Wm-1K-1). Further, (Hf- 
Zr)B2 solid solution phase resist thermal conduction as an additional 
scattering interface with HfB2, ZrB2 and SiC. Therefore, solid solution 
formation in HZ20S is detrimental and reduces thermal conduction [1]. 
Whereas addition of CNT in HZ20S matrix (i.e. HZ20S6C) acts a nano-
filler, enhancing densification (~ 99.5%), which, in turn, improves 
thermal conduction by more than 9% when compared to that of HZ20S. 

As the total thermal conduction in diborides comprises both elec-
tronic and phononic component,  electrical conductivity (σe) at room 
temperature has also been assessed. The electrical conductivity and 
Seebeck coefficient (S) of the HfB2-ZrB2-based composites was measured 
in the He atmosphere at room temperature using ZEM-3M10 apparatus 
(ULVAC-RICO Inc.). The figure of merit (ZT = S2σeT

κ ) was calculated, 
Table 2, from thermoelectric parameters (electrical conductivity and 
Seebeck coefficient). Seebeck coefficient is observed to be negative, 
suggesting n-type semiconductor behavior, with electrons to be domi-
nant charge carriers in all the composites, and following similar trend of 
electrical conductivity at room temperature with maximum of -3.57 V/K 
observed for HZ20S6C. The power factor is ~6 × 10–5 Wm-1K-2 at room 
temperature for Z20S, HZ20S and HZ20S6C composites (Table 2) except 
for H20S (where the presence of HfB2 phase dominates). On the other 
hand, ZT value for Z20S is ~43 times to that of H20S. After incorpora-
tion of CNT, all thermoelectric parameters in HZ20S6C are observed to 

increase ~4–6% as compared to that of HZ20S. Low ZT value in ~1 ×
10–4 Wm-1K-1 range (due to high κ) for these composites is not sufficient 
for thermoelectric applications at room temperature. 

The experimental electrical conductivity at room temperature is 
maximum for Z20S (~5.69×106 Sm-1), which is ~ 2.85 times (~1.99 ×
106 Sm-1) to that of H20S owing to inherently high electrical conduc-
tivity of  pure ZrB2 (~1.0 × 107 Sm-1 [8,9]) than HfB2 (~9.1 × 106 Sm-1 

[9]). However, SiC is the least electrically conducting phase (~102 Sm-1 

[9]) in all the four compositions, thus, acting as electronic scattering 
centers. The σe is comparable (~5.6–5.7 × 106 Sm-1) for Z20S, HZ20S 
and HZ20S6C (~0.01×106 Sm-1). To obtain complex electron interac-
tion in HZ20S and HZ20S6C, the effects of porosity and grain size are 
normalized where on the other hand the formation of solid solution is 
taken into consideration which restricts the electron motion due to the 
hindrance by intermixed electrons of Hf/ZrB2 [31] . Thus, a slight in-
crease in electrical conductivity (~5%) of HZ20S is a combined effect of 
solid solution formation and presence of porosity (<4%). The electrical 
conductivity further increases ~4% (~5.72 × 106 Sm-1) on addition of 
CNT (σe~104 Sm-1) to HZ20S. 

Various studies have reported phonon conduction (κp)  to be a sig-
nificant (~35%) heat transport mechanism along with electronic con-
duction (κe,) contributions to total thermal conductivity, (κt = κe +κp) in 
transition metal diborides [27]. Thus, extracting the contribution of 
phonon scattering on thermo-electrical transport in these composites 
may potentially help in designing lower κ thermoelectric materials. 
Table 2 enumerates κe and corresponding κp obtained for HfB2-ZrB2 
based composites at room temperature (~303 K). It highlights that κp is 
high ~<60% of κt attributed to the presence of electrically insulating 
phase, i.e. SiC (σ>1000 μΩ-cm [32,33]) along with porosity (~4%) and 
the solid solution formation of (Hf-Zr)B2 in HZ20S acting as phonon 
scattering centers and thereby restricting the electronic conduction 
(κe~44.9 Wm-1K-1) [2], which commensurate with study conducted by 
Tye and Clougherty [34]. It may be noted, Table 2, that high phonic 
contribution in both H20S and Z20S sample (~110 Wm-1K-1) has 
dropped to ~62–77 Wm-1K-1 in HZ20S and HZ20S6C samples (i.e. after 
formation of (Hf, Zr)B2 solid solution). Pores (κair~0.4 Wm-1K-1) scatter 
phonons and also disrupt the electronic conduction. The phenomenon of 
solid solutioning is complex involving phonon scattering, while retain-
ing the continual electron cloud conduction (probably through ZrB2 
channels in all ZrB2 containing samples, Table 2) in HfB2-ZrB2-based 
composites when compared to that of H20S or Z20S [35]. On the other 
hand, addition of CNTs in the HZ20S matrix increases the overall pho-
nonic contribution (i.e. from 62 Wm-1K-1 to 76.9 Wm-1K-1, Table 2) to 
thermal conduction of HZ20S6C with negligible electronic contribution 
enhancement compared to that of HZ20S. 

The mechanism of thermal conduction is summarized in schematic 
presentation shown in Fig. 3, highlighting the effect of porosity, solid 
solution and synergistic role of SiC and CNT on the phononic and elec-
tronic scattering in HfB2- ZrB2 based composites. The phononic con-
duction appears to primarily dominate heat conduction in HfB2/ZrB2. 

Table 2 
Thermoelectric parameters (Seebeck coefficient and Power factor), figure of merit and the phononic and electronic contribution to total thermal conductivity (κp and 
κe) for HfB2 – ZrB2 based UHTCs at temperature of 310±2 K.  

Sample ID σe ×106 (Sm-1) S × 10–6 (VK-1) P.F. ×10–5 (Wm-1K-2) ZT ×10–4 κp (Wm-1K-1) κe (Wm-1K-1) 

H20S 1.99±0.11 − 0.25±0.15 0.01±0.00 0.004±0.000 113.6±5.6 14.9±0.8 
Z20S 5.69±0.04 − 3.72±0.30 7.89±1.23 1.75±0.024 110.9±1.1 42.6±0.3 
HZ20S 5.97±0.55 − 3.34±0.72 6.68±2.20 1.79±0.746 62.3±3.4 44.9±4.2 
HZ20S6C 5.72±0.41 − 3.57±0.94 7.42±3.32 1.86±0.793 76.9±3.7 42.9±3.1  
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SiC, reported to be situated at the grain boundary [23], increases the 
phonic contribution, and thus, thermal conductivity of H20S (from 
75-120 Wm-1K-1 to 124.8 Wm-1K-1)  and Z20S (from 85-132 Wm-1K-1 to 
153.8 Wm-1K-1), Fig. 2(i). Thermal scattering occurs at HfB2/ZrB2-SiC 
and HfB2/ZrB2-CNT interfaces due to Kapitza resistance (Fig. 3) despite 
high thermal conductivity of SiC (125–170 Wm-1K-1) and CNT 
(2000–3000 Wm-1K-1) reinforcements. X-ray diffraction peak broad-
ening in HZ20S and HZ20S6C [21] indicates lattice distortion due to the 
formation of (Hf-Zr)B2 solid solution, results preferential phononic 
scattering, whereas electronic contribution is observed to sustain 
(Table 2) possibly due to its complex electron cloud. 
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