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Effect of Sic Particle Size on The Microstructural, Mechanical And 

Oxidation Properties of In-Situ Synthesized Hfb2-Sic Composites 

 

Highlights 

❖ Production of HfB2-SiC composites was carried out by the spark plasma sintering (SPS) method using HfO2, 

B, and SiC as starting powders. 

 

 Graphical Abstract 

In-situ synthesis and densification of HfB2-SiC ceramic composites were studied by the spark plasma sintering (SPS) 

method using HfO2, B, and SiC as starting powders.  

 

 

 

 

 

 

 

 

Figure 1. Graphical abstract 

Aim 

Production of HfB2-20 vol% SiC composites by using HfO2, B and SiC starting powders by SPS method under 

predetermined conditions. 

Design & Methodology 

Powders were mixed in a planetary ball mill, and the sintering process was carried out in SPS furnace. 

Originality 

Different from the literature, our study mainly contains with both synthesis and densification of HfB2-SiC ceramics in 

two step SPS process. Another difference is that as starting powders we introduced HfO2 elemental B and two different 

SiC powders 

Findings and Conclusions 

The formation of the HfB2 was completed at 1000 ° C and the HfB2-SiC composite was formed. This composite is 

stable up to 1810 ° C. 

Fine SiC and higher sintering temperature provided higher densification, mechanical properties and oxidation 

resistance. 
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 SiC Partikül Boyutunun Yerinde Sentezleme Yöntemi 

ile Üretilen HfB2-SiC Kompozitlerinin Mikroyapısal, 

Mekanik ve Oksidasyon Özellikleri Üzerine Etkisi  
Araştırma Makalesi / Research Article 
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(Geliş/Received : 30.01.2020 ; Kabul/Accepted : 20.04.2020) 

 ÖZ 

Hafniyum diborür-silisyum karbür (HfB2-SiC) seramik kompozitlerinin sentezlemesi ve yoğunlaştırılması, başlangıç tozları olarak 

HfO2, B ve SiC kullanılarak spark plazma sinterleme (SPS) yöntemi ile incelenmiştir. SiC partikül boyutunun (∼2µm ve ∼10µm) 

üretilen kompozitlerin mekanik özellikleri ve oksidasyon direncine etkisi kapsamlı olarak araştırılmıştır. Elde edilen sonuçlara göre 

ince SiC partikül takviyesi ile en yüksek yoğunluk (∼% 95 TY) elde edilmiştir. İnce SiC içeren kompozitlerin ölçülen Vickers 

sertliği ve kırılma tokluğu sırasıyla 14.3 GPa ve 5.42 MPa.m1/2 olarak hesaplanmıştır. Kırılma türü tane içi halden tane sınırları 

şekline değişmiş olup, toklaştırma mekanizması olarak çatlak saptırmanın aktif olduğu gözlenmiştir. Oksidasyon testi sonucundan, 

ince SiC partiküllerine sahip kompozit yapının kaba SiC içeren kompozit yapıya kıyasla homojen olmayan oksit tabakası içerdiği 

gözlemiştir.   

Anahtar Kelimeler: Aşırı yüksek sıcaklık seramikleri, HfB2-SiC, yerinde sentezleme, SPS.  

Effect of SiC Particle Size on the Microstructural, 

Mechanical and Oxidation Properties of In-situ 

Synthesized HfB2-SiC Composites 

ABSTRACT 

In-situ synthesis and densification of hafnium diboride - silicon carbide (HfB2-SiC) ceramic composites were studied by the spark 

plasma sintering (SPS) method using HfO2, B, and SiC as starting powders. Influence of SiC particle size (∼2 µm and ∼10 µm) 

on mechanical properties and oxidation resistance of in-situ composites were extensively investigated. According to the achieved 

results, the highest densification (∼95 % TD) was obtained with fine SiC particle reinforcement. The measured Vickers hardness 

and fracture toughness of the composites containing fine SiC were 14.3 GPa and 5.42 MPa.m1/2, respectively. The fracture mode 

changed from transgranular cleavage to a mixed-mode, and the crack deflection was believed to be the primary toughening 

mechanism. From oxidation test result, the composite with fine SiC particles exhibited more inhomogeneous oxide scales compared 

to that of coarse SiC containing composite.  

Keywords: Ultra high temperature ceramics, HfB2-SiC, in-situ synthesis, SPS.

1. INTRODUCTION 

The development of hypersonic-atmospheric re-entry 

vehicles and nuclear facilities increased the demand for 

materials that are resistant to extremely high 

temperatures and oxidizing environments. Ultra-High 

Temperature Ceramics (UHTC) based on transition metal 

borides meet above-mentioned requirements due to their 

high melting temperature and good thermo-physical 

properties. Nowadays, HfB2 attracts more attention 

among the researchers than other UHTC members due to 

its high thermal conductivity and chemical stability [1-

3]. A number of studies were reported on the synthesis or 

synthesis/densification of micron and nano-sized HfB2 

powders by using solid-state carbothermal/borothermal 

reduction, mechanical alloying, self-propagation high-

temperature synthesis (SHS), pressureless sintering, 

spark plasma sintering (SPS), and hot pressing (HP) 

methods [4-9]. However, high covalent bonding, low 

self-diffusion coefficient, as well as the presence of oxide 

impurities limit full densification of monolithic HfB2 

using the above-mentioned techniques. 

HfB2 oxidation preferentially occurs at low temperatures 

(<1000ºC) according to the reaction (1). The oxide scale 

provides an effective barrier to oxygen diffusion up to 

1100°C owing to the filling of pores with molten B2O3 

[10]. However, oxidation of HfB2 starts around 1400 °C 

resulting from the rapid evaporation of B2O3 due to its 

high vapor pressure. 

HfB2 + 5/2 O2 = HfO2 + B2O3(s,l)         (1) 

Some earlier studies [11-17] focused on improvement of 

oxidation resistance of these ceramics showed that the 

presence of SiC ranging from 10 to 30 vol% was required 
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for achieving high oxidation resistance at elevated 

temperatures. Presence of SiC in HfB2 ceramics led to 

reduction of their oxidation rates by the formation of 

protective glassy borosilicate scale in the oxidizing 

conditions. This glass layer was found to be protective 

against non-air flowing atmosphere up to 2000°C. The 

studies showed that SiC addition also improved 

microstructural and mechanical properties of HfB2 

ceramics at high temperatures.  

Spark Plasma Sintering is one of the most preferred 

methods of sintering such highly covalent bonded 

materials. The full or nearly full-density consolidation, 

low sintering temperature, very short sintering time, and 

products with improved mechanical and thermal 

properties were the main advantages of the process [18]. 

Similar to SPS, reactive spark plasma sintering (R-SPS) 

also allows simultaneous synthesis and sintering in single 

process step, when appropriate reactants were used. Up 

to now, sintering temperature, sintering techniques and 

effect of SiC amount in matrix have been extensively 

investigated [19-25], whereas there are limited in-situ 

synthesis studies that discuss the oxidation behavior of 

UHTC-SiC composites [26, 27]. 

For that reason, present study focuses on the production 

and investigation of mechanical and oxidation properties 

of HfB2-20 vol% SiC composites by using HfO2, B and 

SiC starting powders by SPS method under 

predetermined conditions. The scope of present study 

includes; (i) estimation of possible reaction products by 

using FactSage thermochemical modeling software [28]; 

(ii) comparison of the effect of different SiC particle size 

on microstructural, mechanical and oxidation features of 

the composites. 

 

2. MATERIALS AND METHOD  

2.1. Powder preparation and SPS process 

Commercially available HfO2 (ABCR-GmbH, Germany, 

d50: 1 μm), B (Pavezyum Inc., Turkey, d50: 200 nm) and 

two different SiC (UF05, HC Starck-Germany, d50: 1.4 

μm and Saint Gobain-France, d50: 12 μm) powders were 

selected as starting powders. Calculated weight percent 

and molar amount of starting powders were given in 

Table 1 on the basis of targeting 20 vol% SiC of  

HfB2-SiC composite. 

 

Powders were mixed in a planetary type ball mill 

(Pulverisette, P6, Fritsch) in 2-propanol using Si3N4 

grinding media at 450 rpm for 90 min and dried in a 

rotary evaporator at 60°C. To break up agglomerates; the 

powders were sieved under 250 μm. In-situ synthesis of 

HfB2-SiC composites was utilized under the vacuum 

atmosphere in an SPS furnace (HPD- 50, FCT GmbH, 

Germany). The powders were put into a graphite die 20 

mm in diameter and a graphite foil coated with h-BN 

particles was incorporated to prevent reaction between 

graphite die and th powders. Temperature was increased 

with a controlled electric current and measured on the 

graphite die surface with an optical pyrometer. To 

minimize the heat loss, graphite die surface was covered 

with a graphite blanket 2 mm in thickness. A two-step 

heating profile was designed regarding the 

thermochemical data obtained from the “Equilib” module 

of FactSage 7.1 by predicting the possible reaction 

products combined with the displacement data obtained 

from the SPS software. All gas, liquid and the 

stoichiometric solid phases were selected from the 

FactPS database. Temperature was raised up to 1000°C 

and kept constant for 10 min in order to promote  

borothermal reduction of HfO2 under 15 MPa uniaxial 

pressure. Then  temperature was further raised up to final 

sintering temperatures which were selected as 1950°C. 

The specimens were held at the maximum sintering 

temperature for 30 min under 50 MPa uniaxial pressure. 

2.2. Material characterisation 

The bulk densities of sintered samples were determined 

by using the Archimedes method based on theoretical 

density of HfB2 (11.2 g/cm3) and SiC (3.2 g/cm3) after 

removing surface layer of graphite by grinding. For  

X-Ray Diffraction (XRD) analysis samples were crushed 

and milled under 63 μm particle size. Qualitative phase 

analysis was accomplished by using an X-Ray 

diffractometer (Rigaku Rint2200 series) at a scan speed 

of 1°/min. Polished surfaces of samples were examined 

by using a scanning electron microscope (Supra 50 VP, 

Zeiss–Germany) equipped with an EDX detector (Oxford 

Instruments, UK). The Vickers hardness (Hv10) from the 

polished surfaces of the sintered samples was measured 

by using an indenter (EMCOTest, M1C-Germany) under 

a load of 10 kg applied for 5 sec. At least five indentations 

were applied for each sample. The fracture toughness 

(KIC) of the samples was evaluated from radial cracks 

formed during the indentation test [29].   

2.3. Oxidation analysis 

Tests were carried out on samples in dry air at 

temperature of 1650°C for 1h in a bottom-loading 

furnace. Rectangular bars with dimensions of 10 mm x 4 

mm x 4mm were sliced from SPS pellets and 

mechanically polished up to 1 m diamond finish. Oxide 

scales formed on samples after isothermal oxidation tests 

were examined by SEM and EDX. Oxide scale 

thicknesses were averaged out of measurements from 

about 5 different locations. 

 

3.  RESULTS AND DISCUSSIONS 

3.1. Thermodynamical, phase and microstructural 

evaluation 

Samples were designated as HSc and HSf, respectively 

which ‘c’ and ‘f’ corresponds to the particle size of SiC 

powders (coarse and fine). SEM (BSE) images depicting 

Table 1.  Calculated weight percent and molar amount of 

starting powders 

Starting Powders HfO2 B SiC 

weight % 79,67 13,66 6,67 

molar amount 0.37 1,26 0,17 
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the microstructures of HSc and HSf were given in Figure 

1.a and Figure 1.b., respectively. A uniform distribution 

of the constituent phases with formed HfB2 phase 

appearing brighter than SiC due to lower atomic number 

of the latter phase. Identification of phases in these 

images has been based on qualitative confirmation of 

composition by EDX analysis. It was clearly observed 

that, HSf has denser microstructure despite observed 

porosities for both samples. As a matter of fact, the 

relative density values of HSc and HSf measured by 

Archimedes were calculated as 90% and 95%, 

respectively. 

 

   

 

 

 

 

 

                           

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Calculated densities and SEM images confirmed that 

density of the samples prepared by using finer SiC was 

much higher than the samples prepared by using coarser 

SiC. The average particle size of HfB2 calculated from 

the SEM images was ∼2 µm for HSf and ∼10 µm for 

HSc, respectively. It was clearly observed that, size of 

HfB2 grains was directly related with the initial size of 

SiC particles in the final microstructure.  Some pull out 

defects were also observed in both microstructures 

(shown with red arrows). It is well known that applied 

uniaxial pressure, high heating and cooling rate  induce 

internal residual stressduring SPS  due to the thermal 

anisotropy, thermal stresses are developed within the 

composite microstructure during cooling[7, 22, 26, 30, 

31]. With the addition of SiC, tensile stresses develop at 

the HfB2 grains while compressive stresses develop with 

in the SiC particles due to the difference of thermal 

expansion coefficient between HfB2 (= 6.3*10-6 K-1)[2] 

and SiC (= 4.7*10-6 K-1)[32]Consequently, high 

residual stresses which come up at the HfB2-SiC 

interfaces is resulted the microstructural defects. These 

type of defects induced by high residual stresses for HfB2 

based composites have been confirmed by many 

studies[7, 22, 26]. 

It was clearly observed that the average particle size of 

starting SiC powder has a significant effect in controlling 

the final microstructure of samples, including managing 

HfB2 grain size. In Figure 1.a microstructure containing 

smaller grains were obtained by using fine SiC particles 

for in-situ synthesized and sintered HfB2-SiC 

composites. Also, these results were in accordance with 

that grain growth was inhibited with SiC addition in ZrB2 

and TiB2 ceramics due to the pinning effect [33, 34]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. a)Comparative XRD patterns of HSc and HSf b) 

magnified view at 30-40° 2θ angle range.  

 

XRD patterns of the samples HSc and HSf were given in 

Figure 2.a. HfB2 (ICDD 38–1398) was detected as the 

only crystalline phase. The patterns of the SiC phases 

were not distinguishable due to the very small quantities 

based on the mass ratio of SiC in the total mass amount. 

For that reason, between 30-40° 2θ angle range low speed 

XRD analysis was conducted in Figure 2.b. The minor 

Figure 1. SEM (BSE) images taken from the polished surface 

of the a)HSc and b)HSf 
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patterns of SiC phase were observed at the specified 2θ 

angle range. Another remarable point in the XRD 

patterns was observation of the peaks with lower 

intensity at the right side of the main peaks, especially for 

the peaks 2θ>55°. It has been interpreted that these small 

peaks formed belong to non-stochiometric hafnium 

boride phases (HfxBy) caused by the addition of excess 

amount of B and/or C in borothermal/boro-carbothermal 

reduction. Formation of the same peaks has also observed 

at the study of Ni et all [7]. This result was confirmed in 

the many study[35, 36]. 

Although the use of three different powder mixtures as 

starting powders obviously caused many complex 

reactions, no other peaks were observed beyond HfB2 

and SiC. Figure 3.a. illustrates FactSage graph of the 

molar amount of variations of the with respect to 

temperature up to 2000°C under a vacuum of 10-2 mbar. 

Molar ratios were taken as 0.37 mol HfB2 and 0.17 mol 

SiC, assuming that whole HfO2 transformed to HfB2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. a) FactSage graph of the molar amount of variations 

of the with respect to temperature up to 2000°C b) 

magnified view of rectangular region under a vacuum 

of 10-2 mbar. 

According to the thermodynamically predictions, formed 

HfB2 and starting SiC phases were stable up to around 

1810°C. Then, SiC was sharply consumed above 1810°C 

and Si(g), C(s), SiC(g) and Si2C(g) formations were 

occurred. (clear in magnified view of Figure 3.b). This 

result can be supported with calculated volume percent 

of samples with using Scandium Software, which was 

9.6%, and 8.56% for HSc and HSf, respectively. 

Considering these ratios, dissociation of SiC was 

observed during the formation of composite. This result 

was also consistent with the literature, that silicon carbide 

did not melt when heated to elevated temperatures rather, 

it sublimates and/or dissociates under atmospheric 

pressure[37-39]. Another observation was the increasing 

of HfC(s) and B(g) contents at higher temperatures which 

could be explained by the replacement of carbon by 

boron in HfB2 phase. However, similar with the XRD 

results, no other phases than HfB2 and SiC were observed 

in the SEM images. Especially, possible formations of Si, 

C and HfC according to the thermodynamical 

predictions, were not detected. This result can be 

explained with (i) formation of these phases require 

longer times along with higher temperature and (ii) 

amount of these phases cannot be detectable with used 

technique. Figure 3.b. which was the magnified views of 

selected locations as insets of Figure 3.a. indicated that 

weight amount of Si, C and HfC increases with the 

increasing of temperature up to 2000°C. Despite their 

increasing amount these phases, their maximum amount 

was calculated as 4 gr from the FactSage (Fig. 3.b) based 

on the starting molar ratio. This amount is very low for 

detection in the present analysis techniques. 

Notwithstanding these results gave a general information 

about the system, several processing-related parameters 

including uniaxially pressure, heating rate might cause 

alteration of reaction kinetics before the 

thermodynamically results. Nevertheless; a more 

detailed study was still required to understand the role of 

pressure in reaction kinetics of these kind of systems. It 

was well known that uniaxial pressure has a direct effect 

on particle re-arrangement and hence decrease the 

reaction and/or sintering temperature. In addition, 

particle size was associated with the driving force which 

was contribution of the pressure. In this study, increase 

in pressure and contribution of finer SiC particle size 

increased the reaction formation kinetics before the 

thermodynamically conditions. Also, HfB2 degradation 

and formation of HfC may be related with the applied 

pressure along with temperature. Indeed, such pressure 

effect on the formation of reactions during the pressure 

assisted formations have been also observed on different 

studies [30, 40-42]. 

 

3.2. Mechanical properties 

Measured hardness and the indentation fracture 

toughness of samples were summarized in Table 2.  

Table 2.  Measured hardness and the indentation fracture 

toughness of the samples 

Sample Name 
Hardness-Hv10 

(GPa)  

Fracture Toughness 

(MPa.m1/2) 

HSc 13.22 ± 0.22 3.84 ± 0.21 

HSf 14.3 ± 0.31 5.42 ± 1.09 

a)  

b)  
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The microhardness values of HSc and HSf were 

calculated as 13.2 and 14.3 GPa, respectively, which 

were quietly lower than the previous studies [33, 43, 44]. 

Both grain size and relative density could affect the 

microhardness. The increasing microhardness values for 

a decreasing SiC particle size could be a result of 

decreasing grain boundary dislocation frequencies and 

being intrinsic higher stress values for deformation to 

occur. Additionally, relative density also affects 

microhardness of materials directly. When pores were 

observed in the ceramic microstructures, lower 

microhardness values were obtained due to the absence 

of any resistance under the applied stresses of the pores, 

as expected.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The fracture toughness values of the HSc and HSf were 

calculated as 3.84 to 5.42 MPa.m1/2 respectively, which 

were quite similar with the previous studies [44]. The 

microhardness and fracture toughness were converse 

features to each other, as it was mainly accepted. 

However, the fracture toughness of the HSf sample was 

substantially higher than that of HSc sample due to the 

presence of microstructural defects like pull-out and 

porosity. SEM (SE) images obtained from the fracture 

surfaces of the HSc and HSf were illustrated in Figure 4.a 

and 4.b, respectively. For the sample HSc, transgranular 

crack propagation has been observed and this result 

explains low fracture toughness value (3.84 MPa.m1/2). 

However, HSf sample have exhibited a mixed fracture 

mode from transgranular to transgranular/intergranular 

fracture. This formation led to achieve higher fracture 

toughness value (5.42 MPa.m1/2). Comparative crack 

paths induced during the Vickers indentation of HSf1950 

were given in Figure 5. It indicated that  crack deflection 

of the SiC particles was also an important mechanism. 

Because of the weak bonding of both HfB2-HfB2 and 

HfB2-SiC grains, fracture toughness of composites has 

enhanced due to energy dissipation during the fracture of 

ceramics [45, 46]. 

 

 

 

 

 

 

 

 

 

3.3. Oxidation tests 

The oxidation reactions and products for both HSc and 

HSf have been analyzed to understand their oxidation 

mechanisms. SEM images of the cross section of oxide 

scale formed on HSc and HSf by exposure at 1650°C for 

1h were shown in Figure 6.a., and 6.b., respectively. 

Magnified views of the selected locations which were 

shown with red rectangular in these images were shown 

in Figure 6.c., and 6.d., respectively. A SiO2-rich layer 

was occurred at the top and then followed by SiC-

depleted layer which containing a mixture of SiO2 and 

HfO2 according to the EDX analysis. Comparison of 

these oxide scales for both samples in magnified images, 

SiO2-rich layer for HSc was made of a more continuous 

and smoother than HSf sample. Also, oxide scales for 

both samples appear porous with the average pore size 

and amount seems higher for HSf sample. The relatively 

rough regions with the higher magnifications in  

Figure 6.c., and 6.d., have been found by EDX analysis 

as HfO2-SiO2. Cracks and discontinuities were clearly 

visible in these locations of the oxide scale. In contrast to 

study of Hu et al. [47] oxide scales of sample containing 

of coarse SiC (HSc) exhibits more homogeneous and less 

porous microstructure. It was concluded that the 

decreasing of SiC content as a result of siliconization 

during the in-situ synthesis altered the oxidation 

mechanism of samples. As mentioned before, determined 

SiC volume ratio was lower for both samples compared 

with starting ratio and HSf has also lower SiC volume 

fraction. For a low SiC content, the amount of formed 

silica glass was not enough to fill the pores, cracks and 

grain boundaries and resulted lower oxidation resistance. 

Moreover, inhomogeneous distribution of SiC particles 

was also a reason for the more porous and less continuous 

SiO2 layer in the HSf as well as SiC amount and particle 

size.  

 

 

Figure 4. SEM(SE) images obtained from the fracture 

surfaces of the a)HSc and b)HSf      

Figure 5. Crack paths induced during the Vickers indentation 

of HSf1950 
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Oxygen transport in grain boundaries was faster than 

grains, so intergranular SiC particles exhibit higher 

oxidation rate than intragranular SiC particles. This 

caused the locally high SiO2 formation on the oxide 

scales in regions with containing rich SiC as observed 

HSf. Quanli et al. [46] have also shown effect of SiC 

particle size on the oxidation behavior. According to their 

results, nano-SiC particles exhibits higher mass gain and 

faster oxidation in same oxidation conditions compared 

with the micro-SiC. So, obtained results were in 

agreement with observations. 

The thickness of individual layers of oxide scales formed 

on HSc and HSf, as assessed by analyzing SEM images 

of cross sections were shown in Table 3. At least five 

measurements were taken for each sample. Comparison 

of the results in this table indicates that SiC depleted 

layers containing mixture of HfO2 and SiO2 have almost 

similar thickness for both samples, while the SiO2-rich 

top layer of HSf was approximately two times thicker 

than the layer of HSc. As a consequence of this result, a 

faster silica-rich layer on the surface of the oxidized 

HfB2-SiC composite was formed [11, 46, 48]. 

 

5.CONCLUSIONS 

Different from the relevant literature, fabrication of 

HfB2-SiC composites was achieved by using HfO2, B, 

and SiC as starting powders by SPS. Effect of SiC 

particles size on microstructural, mechanical and 

oxidation properties was extensively investigated. 

Results revealed that denser microstructure, higher 

hardness and fracture toughness were obtained by using 

fine SiC. The primary toughening mechanism was found 

to be crack deflection for composite containing fine SiC. 

Unlike mechanical properties, composite containing 

coarse SiC was more resistant to oxidation at the same 

oxidation conditions despite formed higher grain size. 

Both samples exhibited similar oxidation scales on the 

cross section of oxidized samples, fine SiC added 

composite was more susceptible to damage contrary to 

literature. It was found that reduction of SiC amount due 

to siliconization and non-uniform distribution of SiC 

particles was caused to detrimental effect on the 

microstructures. 
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Table 3. Thicknesses of the layers within the oxide scales 

formed on HSc1950 and HSf1950, subjected to 

exposure at 1650°C for 1h. 

Sample Name 
SiC-depleted layer 

(m) 

SiO2 rich layer 

(m) 

HSc 24.57 ± 6.48 5.19± 1.62 

HSf 24.39 ± 3.52 10.06 ± 5.17 

Figure 6. SEM (BSE) images of the polished cross-section 

surface after the oxidation test for 1h at 1650°C in 

the flowing dry air of a) HSc and b)HSf c) magnified 

view of red rectangular area of HSc and d) 

magnified view of red rectangular area of HSf 

samples.  
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