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ARTICLE INFO ABSTRACT

The current study aims to fabricate HfB,-30 vol. % SiC and HfB»-30 vol. % SiC-2 vol. % Nd,O; composites
through Spark Plasma Sintering (SPS) method at 1950 °C for 10 min. The oxidation behavior of the
prepared composites was investigated at 1400 °C and different times namely 4, 8, 12, and 16 hours. The
relative density, hardness, toughness, and strength of the HfB»-30 vol. % SiC composite increased from
98.5 %, 20.19 GPa, 414.9 MPa, and 4.36 MPa.m®® up t0 99.1 % , 24.47 GPa, 485 .5 MPa, and 4.93MPa.m®s
for HfB,-30 vol. % SiC-2 vol. % Nd,O3; composite, respectively. After 16 hours of oxidation, SiO, layer,
which was extremely thick, was produced locally on the oxidized HfB,-30 vol. % SiC composite surface.
The thinckness of the SiO; layer was calculated to be around 25 pm. The thickness measurement revealed
the SiO, produced layer on the surface of the HfB,-30 vol. % SiC-2 vol. % Nd,O3; composite to be 5 pm.
The oxidation kinetic results of the composite exhibited linear-parabolic behavior. The chemical reaction
during the oxidation process controlled the oxidation rate after eight hours. After 16 hours of performing
the oxidation procedure at 1400 °C, HfB,-30 vol. % SiC-2 vol. % Nd,O; composite exhibited parabolic
behavior, while HfB,-30 SiC exhibited linear behavior. This composite's improved oxidation resistance
was attributed to Nd(Hf,Si)OC, phases and decreased porosity, resulting in the generation of thin, dense,
adherent, and protective layers. Therefore, it was concluded that the oxygen diffusion rate could control
the oxidation process in HfB»-30 vol. % SiC-2 vol. % Nd,O3; composite.
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1. INTRODUCTION

Ceramic materials characterized by high melting
temperatures (> 3000 °C) are referred to as Ultra-High
Temperature Ceramics (UHTCs) that are promising
materials for Thermal Protection Systems (TPSs).
Transition metal nitrides, carbides, and diborides are
known as the members of the UHTCs family [1-3]. These
compounds have such characteristics as high melting
point, good thermal and electrical conductivity, excellent

stability against metal melt, considerable heat shock
resistance, high Young's modulus, and relatively good
hardness and resistance against chemical attacks [4]. Of
note, higher melting point (e.g., 3380 °C) and better
electrical and thermal conductivity of HfB, than those of
other intermetallic compounds such as carbides, nitrides,
and deborides have encouraged researchers to shift their
focus to conducting extensive research on HfB-based
ceramics [5,6].

HfB, ceramics are commonly fabricated through
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pressureless sintering (> 2150 °C), hot pressing (1800-
2000 °C), and Spark Plasma Sintering (SPS) methods.
Without using sintering aids, HfB, ceramics are densified
at temperatures above 2000 °C in the range of 20-30 MPa
and at a temperature of about 1700-1800 °C in the range
of 800-1500 MPa as well through hot pressing [7-10].
SPS is a favorable process used to compact HfB;
ceramics at lower temperatures in a short time period that
needs less sintering aid than the conventional methods.

In recent years, several researchers have employed the
SPS method for HfB, ceramics compaction. This method
applies direct pulse current and external axial force in a
simultaneous manner on compacted powder in a graphite
die in order to accelerate sintering. Its high heating rate
and low sintering temperature, compared to other
methods, yield a finer microstructure. Owing to the spark
created among the powder particles and use of direct
pulse flow, this method can successfully compact
materials with poor sinterability [11-14]. Moreover,
additives such as metals, nitrides, carbides, and
desilicides are usually used for improving the sintering
consolidation of HfB, ceramics [15-19].

One of the main drawbacks of HfB, ceramics is,
however, their poor oxidation resistance. HfB. oxidation
begins at the low temperature of about 1000 °C, depending
on the oxygen partial pressure. The molten B,Os fills the
pores, thus forming a protective layer to prevent further
oxidation of matrix up to the temperature of 1100 °C. Ata
temperature of about 1400 °C, upon increasing the oxygen
partial pressure, BoOs and HfB; are rapidly evaporated and
oxidized, respectively, hence formation of some porous
and cracked layers on the surface [20].

A promising approach to improving the oxidation
resistance of HfB, ceramics is the addition of SiC to HfB,,
typically in the volume range of 10-30 vol. %. Followed
by oxidization of HfB,-SiC composite, a borosilicate
glassy layer is developed on the composite surface. The
borosilicate layer melts at a lower temperature, yet it can
withstand temperatures up to 2000 °C for about 1 h in a
non-air flowing atmosphere [20]. The borosilicate layer
vanishes at termperatures above 2000 °C and the bulk
composite is likely to experience active oxidation.

A variety of methods have been proposed to date to
improve the oxidation resistance of UHTC HfB,-SiC
ceramics, some of which are listed in the following:
adding different compounds such as Si and making a
solid solution using HfB, [14,21-23], increasing the
viscosity and melting point of the borosilicate layer by
adding metal elements [24], adding metal boride
compounds [25-27], using rare earth compounds, and
forming refractory phases with a high melting
temperature in the protective layer [28,29], to name a
few. There are, however, few studies that already
investigated the long-term oxidation of HfB,-SiC coating
at a temperature of 1500 °C for 50 [30] and 753 h [31].
Studies on the oxidation are commonly conducted at
tempratures of 1500-1700 °C up to 10 h [21,24]. Zapata-

Solvas et al. reported the oxidation kinetics for the HfB,-
SiC-La,03; composite in the temprature range of 1400-
1600 °C for up to 32 h [32]. In the particular case of
adding Nd»Os, Nd,Hf,O; pyrochlore compound has a
low vapor pressure at high temperatures (> 2000 °C) [33].
In addition to the phase stability in such a wide
temperature range, the melting point of neodymium
hafinate is high (2330-2700 °C), as reported in many
studies [34]. As a result, it makes this crystal phase a
good candidate for UHTCs which needs to withstand the
temperatures of about 2000 °C.

However, almost no study has been conducted on the
oxidation behavior of HfB»-SiC-Nd,Os; composites. In
this regard, the current study aimed to fabricate HfB»-30
vol. % SiC-2 vol. % Nd>Os; composite through the SPS
method. In fact, this research makes a comparison
between the prepared composite and HfB2-30 vol. % SiC
composite in terms of their oxidation resistance. The
oxidation behavior of the obtained composites was also
examined at a temperature of 1400 °C and different times
of 4, 8,12, and 16 h.

2. MATERIALS AND METHODS

Commercial HfB, (Beijing Cerametek Materials Co.,
China, particle size of < 2 um and purity of >99 % ), SiC
(Xuzhou Co., China, particle size of < 10 um and purity
of 99 % ), and Nd2O3 (Xuzhou Co., China, particle size
of <5 um and purity of 99.8 % ) powders were used and
mixed to make HfB2-30 vol. % SiC-Nd,O3; composites.
The theoretical densification values for SiC, HfB,, and
Nd,O3 were obtained as 3.2 g/cm? for, 11.2 g/cm?, and
7.24 glcm?3, respectively, and the volume fractions of the
raw materials were calculated based on these values to
achieve the final compositions. The powder mixtures
were minced through high-energy planetary milling
using balls and a WC-Co cup at 300 rpm for three hours
in ethanol medium at the weight ball to powder ratio of
10:1. The slurry was then dried out at a temperature of 60
°C for two hours. HfB»-30 vol. % SiC composites
containing 0 and 2 vol. % Nd,Os (named NdO and Nd2)
were prepared through the SPS method at 1950 °C in 10
min with the vacuum of 0.05 mbar under the pressure of
40 MPa. The relative densification in the distilled water
was then calculated using Archimedes technique;
theoretical densification was measured based on the
mixtures' law. Phase analysis of the composites was
performed by the X-ray diffraction pattern (XRD,
Philips, Model: X'Pert MPD, Co Kal, A: 1.78897 A);
their surface and microstructure were studied using Field
Emission Scanning Electron Microscope (FESEM,
TESCAN, Model: MIRA) prepared by Energy
Dispersive Spectroscopy (EDS). The hardness of the
composites was then measured by utilizing the Vickers
hardness tester under 1 kg, with the loading time being
10 s. The toughness of composites was obtained using
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Equation 1 [28]:
Kic = 0.073 (P/c1?) o))

where Kc represents the fracture toughness (MPa.m'?),
P the applied load (N), and c the average half-length of
the crack (um). The flexural strength of composite was
evaluated using a three-point flexural machine (Zwick
Roell SP600, Germany) having a loading rate of 0.05
mm/min. Oxidation behavior was investigated in an
electric furnace at a temperature of 1400 °C for 4, 8, 12,
and 16 h. The oxidation resistance of composites was
then evaluated based on the weight changes and the oxide
layer thickness following oxidation.

3. RESULTS AND DISCUSSION

The densification of the prepared composites exhibited
that by adding Nd.O; up to 2 vol. %, composite
densification was enhanced from 98.5 % to 99.1 %.
Nd.O3 seemed to react with oxide impurity on the surface
of HfB, and SiC particles, forming a liquid phase, as a
result of which powders sinterability and densification
were increased [29,33].

The XRD patterns of the composites following the SPS
process are shown in Figure 1. Based on the XRD patterns
of the composites, HfB, and SiC phases could be seen in
the samples, too. The trace of Nd:Hf.O; phase was
identified in the Nd2 composite. Thus, HfO, impurities on
the surface of HfB, particles reacted, leading to the
formation of Nd,O3 and Nd,Hf,0O7 phase [35].
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Figure 1. XRD patterns of the sintered composites

Figure 2 shows the SEM image and EDS analysis of
the composite surface following the SPS process. Based
on the EDS analysis, the dark and light gray areas were
SiC and HfB; phases, respectively. At the junction of
several HfB; grains, dark gray areas could be observed.
According to the XRD patterns and EDS analysis (Figure
1 (C)), these areas were Nd,Hf,0-.
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Figure 2. FESEM images and EDS analysis of the sintered
composites: (a) HfB2-SiC and (b) HfB2-SiC-2 vol. % Nd20s
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Figure 3 shows the sintered composites' fracture
surface. An oxide layer on the surfaces of non-oxide
particles (e.g., SiO; B»Os, and HfO,) led to the generation
of borosilicate glassy phases. Jaberi et al. investigated the
ZrB2-SiC composite prepared by the hot pressing method
and found that the glassy phase in the SEM images
appread in the form of a cleavage or planar state, thin
thickness, or inelastic and elastic fracture surface [36].
Such a glassy phase was well visible in the SEM images
obtained from the cross-section of the composites that
had been prepared in the present research (dashed flash).
The HfB,-SiC composites had an intergranular-
transgranular fracture. Particles pullout and sharp edges
could be seen in the photos, thus implying that the
intergranular fracture had happened across the grain
boundary (thick arrows). Elastic and broad surfaces
reflecting transgranular fractures could be detected in some
regions (narrow arrows), particularly when confronted with
atypical grain growth, in comparison to others.

The investigation of the mechanical properties of

thHfB»-30 SiC composite demonstrated that the
hardness, flexural strength, and toughness of the NdO
specimen were 20.19 GPa, 4149 MPa, and 4.36
MPa.m®5, When the addition of Nd.O3 to the HfB,-30
SiC composite was done, the hardness, flexural strength,
and toughness of the composites increased to 24.47 GPa,
485 .5 MPa, and 4.93MPa.m®?, respectively, because of
the rise of the densification of the composite. Researchers
have also investigated the impact of Re;O3 addition on
the mechanical properties of ZrBy-based composites
[37]. They reported the improved densification of ZrB,-
SiC composites which were doped with Re;O3 due to the
ability of Re,03 to form liquid phases with SiO2, B,Os,
and ZrO; impurities, thus strengthening the grain
boundaries. So, stronger grain boundaries and denser
matrix with lower residual porosity could enhance
mechanical properties. In the present research study,
similar results were obtained in regard to HfB,-SiC-
Nd2O3 composite.

Figure 3. FESEM images of the fracture surface of the sintered composites: (a,b) HfB2-SiC and (c,d) HfB2-SiC-2 vol. % Nd203

The effects of the Vickers hardness indenter on HfB.-
30 SiC composites are depicted in Figure 4. As shown in
the Nd2 sample, the hardness test had a regular effect and

no deformation was observed around it. This could be
due to the high densification of this sample, as compared
to the NdO sample. In the NdO sample, the hardness effect
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was more irregular due to the higher porosity of this
composite.

XRD patterns of HfB,-SiC composites, following
oxidation at a temperature of 1400 °C for 16 h, are shown
in Figure 5. In HfB,-SiC composites, HfSiO4 and HfO;
phases could be seen as the main phases and some SiO;
phase was identified in the XRD patterns following
oxidation.

Figure 4. FESEM images of Vickers indenter effect of the
sintered composites: (a) HfB2-SiC and (b) HfB2-SiC-2 vol. %
Nd203
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Figure 5. XRD patterns of the sintered composites after the
oxidation test at 1400 °C for 16 h

The HfB,-30 SiC composite surface following
oxidization at a temperature of 1400 °C for different
times is shown in Figure 6. The composite's surface was

locally coated with a glass layer and evenly distributed
on the composite surface following oxidation for a period
of 16 h.

Oxidation of SiC particles at temperatures above
1100 °C led to the generation of some SiO; glass layer on
the composite surface [38]. EDS analysis also showed
that the glass layer was evenly composed of Si and O.
Further, the white crystals with different sizes and shapes
were observed on the composites surafce following
oxidation. According to the EDS analysis, spherical
crystals with Hf and O high content were HfO, crystals.
The surface of the Nd2 composite was smoothly coated
by this oxide layer; it consisted of a needle-like crystal
phase following oxidation for more than 12 h.

According to the EDS analysis (Figure 7), these
crystals with equal Hf and Si content were HfSiOs
crystals. The formation of crystalline phases in the
present study is described in the following. Following the
formation of SiO; and HfO, and molten B,O3 (according
to reactions (2) and (3)) [36], there was the dissolution of
HfO; in borosilicate melt first, leading to the formation
of Si02-B,03 (HSB) liquid in the glass layer.

2 SIC () + 3 02 (g) = 2 SO (I) + 2 CO (q) )
2 HfB; (s) + 5 02 (g) = 2 HfO, (5) + 2 B20s (1) 3)

Then, with the development of the oxidation process,
the HSB liquid flowed on the top of the glass layer. Upon
evaporation of B,Os, precipitation of HfO, particles from
the HSB liquid occurred. Further, HfO, could react with
SiO; (reaction (4)) and HfSiO, particles could also be
formed [35].

SiO, (I) + HfO; (s) = HfSiOy (s) 4)

The molten B,O3z evaporates at temperatures above
1100 °C; its evaporation rate is faster than the formation
rate of the molten B,Os in the temperature range of 1100-
1400 °C, according to Reaction (5) [39]. Thus, B.Os
phase was not observed in the X-ray pattern of
composites following oxidation.

B,0s (I) = B,03(g) ®)

As can be seen in the XRD patterns, the trace HfSiO4
phase was also formed in the NdO sample. As mentioned
before, SiO, was locally distributed on the surface of NdO
composite. As a result, HfSiO4 particles were formed in
lower amounts, as compared locally to the Nd2
composite. Based on the formation of HfSiO, silicate
phase and the locking effect of this phase in the glassy
layer, the oxide layer which was formed on the surafce of
the Nd2 sample protected the HfB»-30 SiC composite in
a more effective manner than the NdO composite.
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Figure 6. FESEM image and EDS analysis of the surface of HfB2-SiC composite after the oxidation test at 1400 °C at different times:
(@) 4, (b) 8, (c) 12, and (d) 16 h
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Figure 7. FESEM image and EDS analysis of the surface of HfB2-SiC-2 vol. % Nd20Os composite after the oxidation test at 1400 °C
for different times, (a) 4, (b) 8, (c) 12, and (d) 16 h
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Figures 8 and 9 represent the composites' sample cross- According to the EDS analysis, the first layer was rich in
section following the oxidation test for different times. Si and the second one had moderate values of Si and Hf.

Si ‘
: (Area 1)
10
(F 9

] Bi (Area 2)

her
0
A |

Figure 8. FESEM image and EDS analysis of cross-section of HfB2-SiC composite after the oxidation test at 1400 °C for different
times, (a) 4, (b) 8, (c) 12, and (d) 16 h
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3 'HJ%T"“""‘F,“;
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Figure 9. FESEM image and EDS analysis of cross-section of HfB2-SiC-2 vol. % Nd20Os composite after the oxidation test at
1400 °C for different times, (a) 4, (b) 8, (c) 12, and (d) 16 h
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The thickness of the SiO. rich layer which was
produced on HfB»-30 SiC composites' surface following
the oxidation test can be seen in Figure 8. As can be
observed, the overall oxide layer thickness was increased
greatly with increasing the duration time for the HfB,-30
SiC composite. The SiO oxide layer was not smoothly
formed on the surface during oxidation. Over time, a
partial glass layer and greater porosity might enhance
oxygen penetration into the bulk. Because of the growth
of the oxide scale layer throughout the oxidation process,
this layer no longer protected the bulk from oxidation.
These results were, thus, consistent with those obtained
by other researchers [40-42].

According to Figure 10, the oxides layer's thickness
was minimal and gradually grew for the Nd2 composite,
as compared to the HfB2-30 SiC composite. Furthermore,
the oxide layer thickness in the HfB,-based composites
was less than the stated values in the previous research
[43]. As a result of the rare earth oxide presence, the
viscosity of the borosilicate glass layer was increased;
due to the rise of the capillary forces, the borosilicate
layer did not move directly to the upper surface, thus
resulting in a more uniform mixture between the glass
and oxide phases and improving the oxidation resistance
of the UHTCs composite [32]. Therefore, by adding
Nd.Os, the oxidation resistance of the HfB,-30 SiC
composite was improved, leading to the formation of a
thinner oxide layer in this study.

30
25 7 =1
20
15

10

Oxide Thickness (um)

0 2 4 6 8 10 12 14 16 18

Oxidation Time (min)

Figure 10. Variation of oxide layer thickness as a function of
oxidation time for (a) HfB2-SiC and (b) HfB2-SiC-2 vol. %
Nd203 composite

Figure 11 represents the weight gain with oxidation
time for HfB»-30 SiC and Nd2 composites following a 16
h oxidation test at a temperature of 1400 °C. The findings
demonstrate that the Nd2 composite had substantially
better oxidation resistance at this temperature due to the
lower weight growth. The change of weight gain per unit
surface area (W/S) as a function of oxidation time could
determine the oxidation mechanism. The Kkinetic
variables, n and k, could be obtained using Equation 6
[41]:

(AW/S)" =kt + B (6)

where k is the constant of parabolic oxidation rate
(g’cms?), AW indicates the weight gain (g), S reflects
the surface area (cm?), t stands for the duration of
isothermal oxidation (s), n represents the index of
oxidation law (0.35 < n < 0.55 for parabolic behavior),
and B is a constant.

A linear trend indicates response rate-controlled Kinetics,
while a parabolic one reflects diffusion rate-controlled ones.
In the current research study, Nd2 exhibited a parabolic
behavior (n = 0.51), while HfB,-30 SiC had a linear one
(n = 0.85) following the oxidation process for a period of
16 h at a temperature of 1400 °C. The HfB,-30 SiC
composite had low densification; therefore, the SiO, layer
was generated locally on the composite surface. Thus, more
oxygen penetrated the bulk owing to the active SiC
oxidation at a high temperature of 1400 °C and more SiO
(g) was formed, as compared to SiO- (l) (reaction (7)) [36],
thus suggesting the oxidation control under this condition by
the reaction rate.

SiC (s) + 02 (g) = SiO (g) + CO (g) (7

-~ 7

E

S e

g 3

.Q'E“, )
Y

z ——

0 2 4 6 8 10 12 14 16 18

Oxidation Time (min)

Figure 11. Weight gain as a function of oxidation time for (a)
HfB2-SiC and (b) HfB2-SiC-2 vol. % Nd203 composite

The improved oxidation resistance of Nd2 composite
could be associated to the generation of thin, dense,
adherent, and protective layers formed as a result of the
formed Si-based phase, thus leading to parabolic
oxidation Kinetics. These oxide layers can serve as
barriers to the oxygen transport. Further, in the Nd2
composite, due to the generated oxycarbide compounds
in the oxide layer and the decrease of oxygen diffusion,
oxidation was controlled by the diffusion rate. However,
following the formation of Nd-HfOxCy and Nd-SiOxCy
phases, oxygen was applied at these phases of oxidation.
Thus, the oxygen diffiusion rate in the bulk was reduced,
hence improving the oxidation resistance of the
composite and gradually increasing the oxidation rate in
the incorporated HfB,-30 SiC matrix. It is important to
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note that the narrow, dense and compact layers
comprising the Si-glass phase acted as a protective layer
for the composite throughout the oxidation process, thus
improving its oxidation resistance at high temperatures.

The Nd2 composite cross-section with high
magnification can be seen in Figure 12.

Hf HfO;
Hf
(0] ‘ Hfgs
Ao
W Hf Nd-HfO,Cy
o
| Nd Hf Hf
A O -
- M Nd-8i0.Cy
O
Nd

Figure 12. Cross-section of the HfB2-SiC-2 vol. % Nd203
composite sample after the oxidation test for 16 h

Zapata et al. [32] found that with the addition of La,O3
to MeB, (Me = Hf, Zr)-SiC composites MeOxC,, La-
MeOxCy and SiOxCy compounds formed following
oxidation at 1500 °C for a period of 3 h, respectively.
These researchers introduced the formed phases as new
protective coatings for ultra-high temperature ceramics,
as the oxygen diffusion coefficients were decreased and
the oxidation resistance of the composites was raised to
resist oxidation conditions for a long time. Thus, in this
research study, the addition of Nd.Os; to HfB,-SiC

composites probably led to the formation of HfO,, Nd-
HfOCy, and Nd-SiO,Cy oxycarbide compounds in the
oxide layer; thus, these compounds continuously reacted
with oxygen and oxidized, reducing the penetration of
oxygen-containing species into the composite. Therefore,
the composite would follow a stabilized trend at long
exposure times.

4. CONCLUSION

HfB,-30 vol. % SiC and HfB,-30 vol. % SiC-2 vol. %
Nd>Os; composite samples were oxidized for 16 hours in
a typical oxidation furnace to compare the oxidation
behavior at a temperature of 1400 °C. Two layers were
generated in each composite. The Si-based glass phase
was in all layers. Based on microstructural examinations,
no Si-depleted layer was discovered. After the oxidation
procedure, a SiO; layer was generated on the surface of
the oxidized HfB2-30 vol. % SiC composite locally. This
layer was extremely dense. The thickness of SiO, layer
was calculated to be around 25 pm. Because of its
increased porosity, the HfB,-30 vol. % SiC composite
indicated poor oxidation resistance, based on the
findings. The thickness measurements revealed that the
SiO generated layer on the surface of Nd2 was 5 pm
thick. After a 16-hour oxidation procedure at 1400 °C,
Nd2 exhibited a parabolic behavior, while HfB»-30 SiC
exhibited a linear one. The improved oxidation resistance
of this composite could be attributed to the formed Si-
based phase and the decreased porosity, generating
narrow, dense, adherent, and protective layers.
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