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1- Introduction

Compounds such as diborides, carbides, and nitrides of
transition metals from groups 4 and 5 of the periodic table
that have melting temperatures above 3000°C are known
as ultra-high temperature ceramics (UHTCs). Among the
family of ultra-high temperature ceramics, diborides such
as zirconium diboride (ZrB2) and hafnium diboride
(HfB2) have a unique combination of mechanical and
physical properties including high melting point (melting
point above 3000 °C), high electrical and thermal
conductivity, chemical neutrality towards molten metals,
and high thermal shock resistance. Hence, they are more
attractive options for high temperature structural
applications at temperatures greater than or equal to 2000
°C. Given that on the one hand, transition metal diborides
such as HfB2 are an attractive choice for very high
temperature applications and on the other hand, their
carbides have a very high melting point (about 3900 °C),
this study investigated the oxidation resistance of the four-
component boride-carbide composite HfB,-HfC-TiC-B4C
with and without the presence of niobium additive. For this
purpose, four composites with molar ratios of 1:1:1:1 and
7:1:1:1 were sintered with and without the addition of 2
wt.% niobium using spark plasma. Since one of the
methods for evaluating the oxidation resistance of
ceramics is to measure their weight changes, the oxidation
resistance of the sintered samples was evaluated using
simultaneous thermogravimetric analysis (TGA) and
differential thermal analysis (DTA) up to 1200 °C.

2- Experimental Procedure

In this study, initial powders of HfB, (with an average
particle size of 1 um), HfC (with a particle size smaller
than 1 um), TiC (with a particle size smaller than 10 pm),
B4C (with an average particle size of 10 pm), and Nb (with
a particle size of 15 pum) were prepared. Then, four
composites with chemical composition of 70 vol% HfB,-
10 vol% HfC-10 vol% TiC-10 vol% B4C, 25 vol% HfB»-

25 vol% HfC-25 vol% TiC-25 vol% B4C, 70 vol% HfB»-
10 vol% HfC-10 vol% TiC-10 vol% B4C with 2 wt%
niobium and 25 vol% HfB,-25 vol% HfC-25 vol% TiC-25
vol% B4C with 2 wt.% niobium were sintered by spark
plasma method and named as 7HHTB, HHTB,
7HHTB/Nb and HHTB/Nb respectively. After weighing
the initial powders, the milling process was carried out for
three hours in wet form. The samples were sintered using
spark plasma at 2000 °C for 20 min and under a pressure
of 40 MPa in a graphite mold with a diameter of 15 mm.
The relative density of the samples was measured by the
Archimedes method. To evaluate the thermal behavior of
the samples, simultaneous thermal analysis (STA)
including thermogravimetric and differential temperature
tests in air atmosphere with a flow rate of 10 ml/min was
used. For this purpose, the samples were heated from 50 to
1200 °C at a heating rate of 15 °C/min and then held at the
final temperature for 20 min. Also, the microstructure of
the samples before and after oxidation was studied by
scanning electron microscopy (SEM). In addition, X-ray
diffraction (XRD) analysis was used to identify the oxide
phases formed. The prediction and probability of
thermodynamic reactions were also investigated by HSC
software.

3- Results and Discussion

Figure 1 shows the microstructure of all composite
samples after the sintering process. As can be seen, the
HHTB/Nb sample has a denser microstructure than the
other composites, which is consistent with the relative
density values obtained for it (Table 1).
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B4C+402=2B203+CO2 (g) 5)
2Nb+5/202=Nb20s (6)
2Nb+3/202=Nb:03 )
B2053(1)=B203(g)>1100°C 8)

Figure 1: Scanning electron microscope images of the
microstructure of composite samples sintered at 2000 °C.

Table 1: Relative density values of sintered samples

at 2000 °C
HHTB/Nb | 7THHTB/Nb HHTB 7THHTB | Sample
99.4+0.2 98.8+0.5 97.7#05 | 97.1+0.3 | R.D%

The XRD patterns of all samples after oxidation to
1200 °C and holding at this temperature for 20 minutes are
presented in Figure 2. It can be seen that in all four
samples, the identified phases include hafnium oxide and
boron oxide. According to thermodynamic studies using
HSC software, the initial phases HfB,, HfC, TiC, B4C and
Nb in the mentioned temperature range, during reactions
(1) to (7), cause the formation of oxide phases HfO,, TiO»,
B,03, Nb,Os or Nb,Os and carbon monoxide or carbon
dioxide gas. It should be noted that the presence of the
aforementioned initial phases in the sintered samples has
been confirmed by XRD analysis in the authors’ previous
paper [4]. While, in the XRD patterns obtained after
oxidation, only the oxide phase of HfO, and a small
amount of the B,O3 phase were detected, and none of the
TiO,, Nb,Os or Nb,Os phases were detected. According to
reaction (8), B,Os is evaporated at temperatures above
1100°C [5] and as a result, the oxide phase of B,O3 does
not remain in the microstructure of the samples or remains
in a small amount.

In the case of the oxide phases Nb,Os or Nb,Os, due to
the small amount of niobium raw material (2 wt.%), it is
not possible to identify these phases by XRD analysis. The
oxide phase TiO; is also not detected by XRD analysis,
since TiC penetrates into the crystal lattice of HfB, and
HfC and forms a solid solution [4]. Therefore, during the
oxidation process, the solid solution is actually oxidized
and the titanium oxide phase is dissolved in hafnium oxide
and cannot be identified.

HfB2+5/20=Hf0,+B20(1) )
HfC+ 202=Hf0,+CO2 (g) ?2)
TiC + 202=TiO2+COx2 (g) 3)

B4C+7/20:=2B203+CO (g) )
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Figure 2: X-ray diffraction patterns of composite samples
after oxidation at 1200 °C for 20 minutes.

On the one hand, the formation and growth of
protective oxide layers cause an increase in the weight of
the oxidized sample, and on the other hand, the formation
of gas phases that exit the sample causes a decrease in the
sample. The result of this increase and decrease in weight
is given in the form of curves of percentage changes in
weight depending on temperature in Figure 3. As is clear
from Figure 3, in the equal molar ratio of the components,
an increase in weight occurred, and in the ratio of 7:1:1:1,
a weight decrease occurred during heating in the presence
of an oxidizing atmosphere. It seems that in the HHTB and
HHTB/Nb samples, the oxidation resistance has improved
with the formation of protective oxide layers. Also, in the
ratio of 7:1:1:1, the presence of niobium has improved the
oxidation resistance. In this way, in the 7HHTB/Nb
sample, the weight loss has decreased compared to the
7HHTB sample.

Figure 4 presents the weight change curves and their
derivatives with respect to temperature. In the 7HHTB and
7HHTB/Nb samples, a weight loss is observed at a
temperature of about 750 °C, which, according to the
results reported by Aifer [6], is related to the oxidation of
B4C and the formation of the CO; gas phase. A similar
trend occurs during the oxidation of HfB,. This means that
HfB; reacts with oxygen according to equation (1) and
produces HfO; and B,0O3. The formed B,Oj3 evaporates and
leaves the sample, similar to what was said for B4C, and as
a result, causes a weight loss. In general, it can be
concluded that in compounds containing boron (such as
HfB, and B4C) and during their oxidation process, the
volatile compound B,Os3 is formed, the oxidation of the
sample is accompanied by a weight loss.
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Figure 3: Percentage weight change curves of oxidized
samples depending on temperature.

DTA tests were performed from 50 to 1200 °C at a heating
rate of 15 °C/min in an oxidizing atmosphere. The DTA
curves show that the exothermic reaction of B4C oxidation
and the formation of B,Oj3 (liquid) and CO» (gas) occurs at
low temperatures (about 650 to 750 °C). Also, according
to the temperature difference curves in Figure 5, in the
sample containing 25 mol% B4C, the heat of oxidation
reaction is much higher than that of the sample containing
10 mol%. The values of the heat of reaction, or in other
words, the heat released due to the oxidation reaction, are
calculated from the area under the peak related to the
exothermic reactions. In the DTA curves in Figure 5, the
baseline is not flat before the thermal event is due to the
difference in heat capacity and thermal conductivity of the
unknown sample and the control sample during the
temperature difference test. By choosing a suitable control
sample, this deviation from the baseline can be minimized.

THHTB/ND

Figure 4: Weight change curves and derivative of weight
change of oxidized samples with respect to temperature.
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Figure 5: Differential thermal analysis curves of oxidized
samples according to temperature.

4- Conclusion

1- In samples with a molar ratio of 7:1:1:1, due to the
higher amount of boride compounds, the weight
change trend is decreasing and in samples with an
equal ratio, it is increasing.

2- Considering the amount of weight change in samples
with an equal ratio (HHTB is 1.6% and in the
HHTB/Nb sample is 3%) compared to samples with a
molar ratio of 7:1:1:1, (8.5% in the 7THHTB sample and
6.2% in the 7THHTB/Nb sample), it was concluded that
the oxidation resistance is higher in equal ratios.

3- It is clear that the presence of niobium in both series of
samples (equal ratio of compounds and ratio 7:1:1:1)
has improved the oxidation resistance.

4- The sample containing niobium with an equal molar
ratio (HHTB/Nb) showed the highest oxidation
resistance.

5- In all samples, an exothermic peak was observed in the
range of 650 to 800 °C, which is due to the oxidation
of HfC and B4C compounds.
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Investigation of Oxidation Resistance of the HfB,-HfC-TiC-B4C Quaternary Composite
Parisa Chenari Zohre Balak Vahideh shahedifar

Abstract In this research, the oxidation resistance of HfB,-HfC-TiC-B,4C four-component composites with equal ratio
(1:1:1:1) and 7:1:1:1 ratio with 2 wt% niobium and without it has been investigated. For this purpose, four composites
70HfB,-10HfC-10TiC-10B4C, 70HfB,-10HfC-10TiC-10B4C/Nb, 25HfB,-25HfC-25TiC-25B,C, and 25HfB,-25HfC-
25TiC-25B4C/Nb were sintered by the spark plasma (SPS) method at a temperature of 2000 °C, holding time of 25 min,
under the pressure of 35 MPa. The oxidation resistance of the samples was investigated simultaneously at 1200 °C and
20 min holding time by Thermo-gravimetric analysis (TG) and DTA methods. Phase identification and microstructural
investigations were done using X-ray diffraction (XRD) and scanning electron microscopy (SEM) methods. The results
showed that the oxide scale formed in all samples is the HfO, phase. It was found that samples with an equal ratio
(1:1:1:1) have higher oxidation resistance than samples with a 7:1:1:1 ratio. The presence of niobium also causes the
formation of a denser oxide shell rather than without niobium, and thus improves oxidation resistance.

Keywords Oxidation resistance, Simultaneous thermal analysis, Ultra high temperature ceramic, Spark plasma sintering.
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