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Ultrafast pressure sintering of B4 C-based composites via 

direct Joule heating 
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. Introduction 

B4 C ceramics have high potential for use in aerospace, military, 

uclear energy, and other fields owing to their excellent properties 

uch as low density, high melting point, high hardness, high chem- 

cal stability, excellent wear resistance, and good neutron absorp- 

ion ability [ 1–3 ]. However, the fracture toughness (1.9 MPa ·m1/2 ) 

f B4 C is poor [ 2 ]. Furthermore, the low diffusion coefficient asso- 

iated with the strong covalent bond of B4 C makes it very difficult 

o achieve densification through traditional pressureless sintering. 

or example, after the pressureless sintering of B4 C at 2375 °C for 

 h, Roy et al. [ 4 ] achieved a relative density of only 87 %. 

The sinterability and fracture toughness of B4 C can be improved 

y introducing sintering aids such as Al, Ti, Al2 O3 , ZrO2 , and TiSi2 

 3 , 5 ]. Among them, TiSi2 is a relatively ideal choice since TiB2 and

iC formed in the in situ reaction between TiSi2 and B4 C can main- 

ain the good inherent characteristics of B4 C, such as high hard- 

ess and low density [ 5 ]. However, even with the use of TiSi2 , ob-

aining dense B4 C-based ceramics through traditional pressureless 

intering requires a sintering temperature of 2200 °C and a long 

sothermal duration of 1 h, because of sluggish atomic diffusion 

 5 ]. Hot pressing (HP) is an effective method to reduce the sin-

ering temperature and sintering duration. For example, Xia et al. 

 6 ] obtained a relative density of 98 % by adding 11 vol% TiSi2 

o B4 C and hot-pressing the pellets under conditions of 20 0 0 °C- 

0 min-30 MPa. Similarly, Wang et al. [ 7 ] sintered B4 C with 17

ol% TiSi2 at 2050 °C for 15 min under 20 MPa through HP and 

chieved a relative density of 100 %. Despite the reduced sintering 

emperatures used in these studies, the temperatures still exceed 

0 0 0 °C. Furthermore, the sintering duration of conventional HP 

anges from several to tens of hours because of the low heating 

nd cooling rates, resulting in low efficiency and high energy con- 

umption [ 6 , 7 ]. By contrast, Liu et al. [ 8 ] added 10 vol% TiSi2 to B4 C

nd reduced the sintering temperature and holding time in spark 

lasma sintering (SPS) to 1800 °C and 5 min (40 MPa). However, 

he high currents (thousands to tens of thousands of amperes) re- 

uired for SPS lead to substantial energy consumption. 

In 2020, Hu et al. [ 9 ] developed a novel ultrafast high- 

emperature sintering (UHS) technique, and heat was transferred 

y radiation and conduction. Owing to high heating rates ( ∼103 –

04 °C/min) and high temperatures ( ≥ 1500 °C), dense oxide ce- 

amics such as YSZ and Al2 O3 could be obtained after sintering for 

 very short time ( ∼10 s). Subsequently, we expanded the applica- 

ion of UHS to various oxides (including single and high-entropy 

xides [ 10 , 11 ]) and non-oxides (including high-entropy carbides 

 12 ], borides [ 13 ] and nitrides [ 14 ]). Recently, Grasso et al. [ 15 , 16 ]

repared dense Li Al Ge P O and Li Al Ti (PO ) ceram- 
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cs using UHS. However, densifying ceramics with high melting 

oints remains challenging using conventional UHS. While inte- 

rating a pressurization device into existing UHS equipment offers 

 potential solution, the softness of the graphite felt relative to the 

ample can cause issues. Direct pressure application can lead to 

eformation and even hole formation at contact points, resulting 

n non-uniform heating and damage to the graphite felt. 

In this study, we present a novel Ultrafast Pressure Sintering 

UPS) technique ( Fig. 1 (a)) using direct Joule heating to achieve 

apid densification of hard-to-sinter B4 C-based composites at lower 

emperatures. The pellet was heated at a rate of 150 °C/min to 

550 °C, and maintained at this temperature for less than 2 min 

nder a pressure of 30 MPa. Rapid and significant densification 

as achieved because of the formation of transient liquid phases 

n the reaction between B4 C and TiSi2 and pressure-guided parti- 

le rearrangement. 

. Materials and methods 

.1. Ultrafast pressure sintering 

Commercial B4 C (95 wt% purity with C and B2 O3 as the main 

mpurities, D50 = 1.5 μm, Dunhua Zhengxing Abrasive Co., Ltd., 

hina) and TiSi2 ( ∼95 wt% purity with free Si as the main im- 

urity, D50 = 2 μm, Shanghai Naiou Nano Technology Co., Ltd., 

hina) powders were used as the raw materials. The two powders 

ere uniformly mixed in designed proportions (B4 C-0/6/12/18 vol% 

iSi2 (based on B4 C)) through ball milling in a WC–Co jar. Subse- 

uently, cylindrical pellets with dimensions of φ10 mm × 3 mm 

ere obtained under a uniaxial pressure of 400 MPa. The graphite 

elt was cut into the shape shown in Fig. 1 (b). The center of the

raphite felt was first cut to form a depression with dimensions of 

2 mm × 25 mm × 5 mm, which was then split in the middle to 

orm an open column space (diameter: ∼20 mm; length: 25 mm) 

hat extended down through the middle of the felt. Since this car- 

on column had higher electrical resistance than its vicinity, a con- 

entrated zone of Joule heating could be formed. A B4 C pellet was 

laced at the center of the lower BN block. The upper and lower 

N blocks (with diameters of 20 mm) were inserted into the center 

ole of the graphite felt and were tightly wrapped by the graphite 

elt. This positioning ensured the B4 C pellet remained at the cen- 

er of the assembly. The outer surfaces of the upper and lower 

N blocks were connected to corresponding graphite dies, which 

ere further connected to stainless steel dies. After the furnace 

as evacuated to a vacuum of 5 Pa, a direct current was passed 

hrough the graphite felt and pressure was exerted on the sample 

ccording to the predetermined program. Once the desired tem- 

erature and pressure were reached, they were maintained for 0–

 min. Subsequently, the current was reduced to cool the sample 

nd the pressure was decreased. 
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Fig. 1. (a) Schematic of the ultrafast pressure sintering (UPS) device from a sectional view, (b) the structure of graphite felt, (c) typical sintering and pressure curves, and 

(d) typical photographs taken during the UPS process. 
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Fig. 1 shows the structure of the graphite felt, typical sinter- 

ng and pressure curves, and a schematic of the UPS device. The 

urface temperature of the graphite felt in the central region was 

easured using an infrared thermometer (E1RH, Fluke, U.S.A., tem- 

erature range: 10 0 0–30 0 0 °C). All temperatures reported in this 

aper refer to the actual sintering temperatures of the samples af- 

er calibration. Details of the temperature calibration method and 

ata are provided in Supplementary Materials (Figs. S1 and S2). 

.2. Sample characterization 

The chemical composition and phase structure of the sam- 

les were identified using an X-ray diffractometer (XRD; D/Max 

500 PC, Rigaku, Japan). The theoretical density of the sample was 

alculated using the formula: 

th =
mtotal 

m1 

ρ1 
+ m2 

ρ2 
+ · · · mn 

ρn 

, (1) 

here ρth is the theoretical density, mtotal is the total mass, 

ii = 1, 2, ···n ) is the mass of each phase, and ρ i (i = 1, 2, ···n) is the den- 

ity of each phase. It is important to note that phase quantifica- 

ion differed based on reaction completion. For samples with in- 

omplete reactions, the amount of each phase (excluding Si and 

) was determined from the XRD patterns. Conversely, for sam- 

les with complete reactions, the quantity of each phase was cal- 

ulated using the law of mass conservation. The actual densities of 

he samples were measured using the Archimedean method, and 

he relative densities were determined by calculating the ratio be- 

ween the actual and theoretical densities. Additionally, the aver- 

ge porosity of each sample was estimated by observing ten ran- 

omly selected locations at a magnification of 200 × using an op- 

ical microscope (DSX-HRSU, Olympus Corporation, Tokyo, Japan). 

he reported relative densities represent the average values ob- 

ained from both the Archimedean method and porosity measure- 

ents. 

Microstructural analysis was conducted using a field-emission 

canning electron microscope (FESEM; JSM-7900F, JEOL, Japan) 

nd a transmission electron microscope (TEM, JEM-2100F, JEOL, 

apan) equipped with an energy dispersive spectrometer (EDS). The 

eaction temperature was determined using a differential scan- 
189
ing calorimetry (DSC) analyzer (SDT Q600, TA Instruments, USA). 

ano-hardness and elastic moduli of the sintered samples were 

easured using a nanoindentation instrument equipped with a di- 

mond Berkovich tip (G200, KLA-Tencor, USA). Microhardness of 

amples was determined using a Vickers hardness tester (HVD- 

0 0 0MP, Shanghai Jvjing Precision Instrument Manufacturing Co., 

td., Shanghai, China) at a load of 9.8 N. Finally, fracture toughness 

as calculated using the Anstis equation [ 17 ] 

IC = 0 . 016

(
E 

H 

)1 / 2 
P 

c3 / 2 
, (2) 

here P is the applied load, E is the elastic modulus (obtained 

rom the nanoindentation result), H is the Vickers hardness, and c 

s the radial crack length (measured from the indentation center). 

. Results and discussion 

.1. Phase formation and densification 

As a control, a B4 C pellet without any sintering aid was first sin- 

ered using pressureless ultrafast high-temperature sintering. This 

rocess involved sandwiching the B4 C pellet between two Joule- 

eated graphite felts, as described in our previous work [ 10 ]. How- 

ver, even after sintering at 2100 °C for 2 min, the relative den- 

ity of the sample reached only 57 %. In order to improve sinter- 

bility, TiSi2 (melting point: 1489 °C) was added to the B4 C pellet 

nd the experiment was repeated. As shown in Fig. S3, the rela- 

ive density of the B4 C-18 vol% TiSi2 composite reached 65 %. XRD 

esults (Fig. S4) confirmed that TiSi2 had completely reacted with 

4 C to form SiC and TiB2 . The limited improvement in the den- 

ity of B4 C, despite the introduction of TiSi2 , is likely attributed 

o insufficient particle rearrangement under pressureless sintering 

onditions, since liquid-phase TiSi2 was short-lived. 

In order to further improve the sinterability, we developed the 

PS technique with the device schematically shown in Fig. 1 (a). 

he B4 C-18 vol% TiSi2 system was chosen to examine the effect 

f applied pressure ( P ). Fig. 2 (a1 –a4 ) demonstrates that increasing 

he applied pressure significantly increased the relative density of 

he B C pellet. Notably, at a sintering temperature ( T ) of 1550 °C 
4 
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Fig. 2. Optical micrographs of polished surfaces of samples sintered (a1 –a4 ) under different applied pressures and (b1 –b4 ) with different TiSi2 contents (1550 °C, 2 min; 

secondary phases are white or grey in color, while pores are darker; RD means relative density). 

Fig. 3. (a) FESEM image of the sintered sample, (b) FESEM image and the corresponding element distribution map of the sample in the BSE mode, and (c) XRD patterns of 

(1) TiSi2 powder, (2) B4 C powder, and (3) the sintered sample (1550 °C, 18 vol% TiSi2 , 30 MPa, 2 min). 
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nd a pressure ( P ) of 30 MPa, the relative density of the specimen

pproached 100 % ( Fig. 2 (a4 )). 

To investigate the effect of TiSi2 content, the temperature, pres- 

ure, and dwell time (the duration for which temperature and 

ressure were maintained) were fixed at 1550 °C, 30 MPa, and 

 min, respectively. Under these conditions, the relative density of 

 pure B4 C sample after UPS was 86 % ( Fig. 2 (b1 )). With an increase

n the TiSi2 content, the relative density increased ( Fig. 2 (b1 –b4 )). 

hen the TiSi2 content reached 18 vol%, the sample was almost 

ully densified ( Fig. 2 (b4 )). SEM and XRD analyses ( Fig. 3 ) indicate

hat secondary phases (SiC and TiB2 ) were present in the sample, 

nd TiSi2 had been completely consumed. To further investigate 

he microstructure with higher resolution, TEM analyses were per- 

ormed, and the results are presented in Fig. 4 . These analyses con- 

rmed the presence of B4 C, SiC, and TiB2 , consistent with the SEM 

nd XRD findings. 

.2. Mechanisms for reaction and densification 

Fig. 5 (a) depicts the DSC curve of the as-pressed B4 C-18 vol% 

iSi2 pellet. An exothermic peak and an endothermic peak are 

pparent at T = 660 °C and 1338 °C, respectively. The exother- 

ic peak may be attributed to the surface oxidation of B4 C pow- 

er, while the endothermic peak is possibly related to the eutec- 

ic reaction between TiSi2 and Si (eutectic temperature: 1330 °C 

Fig. S5)). 
190
In order to determine the reaction process during UPS, we 

nterrupted the experiments at several representative stages 

y switching off the power and unloading the applied pressure. 

ig. 5 (b and c) shows no significant reaction between B4 C and TiSi2 

t temperature below 10 0 0 °C (note that the measurement range 

f the infrared thermometer used in this study is 10 0 0–30 0 0 °C.

herefore, for temperatures below 10 0 0 °C, the exact values cannot 

e accurately determined, and the term “T < 10 0 0 °C” is used 

o represent these cases). At 1200 °C, the intensity of the TiSi2 

eak decreased, while that of the Si peak increased ( Fig. 5 (b)), and

mall amounts of TiB2 and SiC were observed locally ( Fig. 5 (d)). 

etween 1350–1400 °C, TiSi2 was completely consumed, and the 

ontent of TiB2 , SiC, and Si increased ( Fig. 5 (b)). In addition, at 

350 °C, distinct TiB2 -SiC agglomerates appeared around the pores 

 Fig. 5 (e)), likely due to the formation of a TiSi2 -Si eutectic liquid

hase (eutectic temperature 1330 °C). This liquid phase then 

owed outward and reacted with surrounding B4 C particles. At 

450 °C, fine SiC phases were observed at the edges of the B4 C 

articles in addition to blocky TiB2 -SiC phases ( Fig. 5 (f)). After 

he sample was sintered at 1550 °C under 30 MPa, XRD analysis 

 Fig. 5 (b)) revealed the presence of only B4 C, SiC, and TiB2 . 

Based on these results, the proposed reaction process involves 

1) Solid-state contact reaction between B4 C and TiSi2 to form TiB2 , 

iC, and Si ( B4 C + 2TiS i2 → 2Ti B2 +SiC + 3Si ); (2) Eutectic reaction 

etween TiSi2 and Si (from impurities and the solid-state reac- 

ion) as temperature and pressure increase, forming a liquid phase 

hat accelerates the reaction with B C; (3) Reaction of molten Si 
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Fig. 4. (a) TEM image and corresponding elemental distribution of the sintered sample, (b) partially enlarged TEM image of (a), (c–e) SAED patterns and (f–h) HRTEM images 

(1550 °C, 18 vol% TiSi2 , 30 MPa, 2 min). 
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 T > 1410 °C) with C to form SiC ( Si(l) + C → SiC ), with C sourced

rom B4 C raw powder impurities; (4) Rapid consumption of TiSi2 

nd transformation into TiB2 and SiC, as supported by thermody- 

amic calculations (Fig. S6). 

The formation of the TiSi2 -Si eutectic liquid phase played an 

mportant role in the densification of B4 C during UPS. As shown 

n Fig. 5 (g, i–iii), in the case of a high heating rate (150 °C/min),

igid ceramic skeletons could not form between B4 C particles be- 

ore the formation of the eutectic liquid phase. The eutectic liquid 

hase, which served as a lubricant, reduced the friction during the 

otation and sliding of B4 C particles. As a result, B4 C particles rear- 

anged significantly under the action of pressure. Furthermore, the 

ood wettability between B4 C and the eutectic liquid phase facili- 

ated the infiltration of the liquid into the gaps between B4 C par- 

icles and promoted the reaction [ 8 ]. Therefore, when the sinter- 

ng temperature was increased from 1200 to 1400 °C, the relative 

ensity of the sample increased significantly from 49 % to 89 % 

Fig. S7). With a further increase in the sintering temperature to 

550 °C, the Si liquid phase filled residual pores and reacted with 

 ( Fig. 5 (g, iv)). Consequently, nearly fully dense B C was obtained 
4 

191
fter sintering at 1550 °C without any dwelling stage ( Fig. 5 (g, v)

nd S7). 

.3. Mechanical properties 

The hardness, elastic moduli, and fracture toughness of samples 

ith different TiSi2 contents were determined using the indenta- 

ion method. With an increase in the TiSi2 content, the nano- and 

ickers hardness of the sintered body decreased, while the elastic 

odulus and fracture toughness increased ( Table 1 ). The decrease 

n the hardness is primarily attributed to the relatively lower in- 

rinsic hardness of the newly formed SiC and TiB2 phases ( Table 1 ). 

he elastic modulus of B4 C is close to that of SiC but significantly 

ower than that of TiB2 ( Table 1 ). Consequently, increasing the 

iB2 content led to higher elastic moduli of the sintered samples. 

he enhancement of fracture toughness is mainly attributed to 

wo aspects. First, crack deflection caused by the newly formed 

iB2 phase played a significant role. In the pure B4 C sample, crack 

ropagation was relatively straight; whereas in the B4 C-TiB2 -SiC 

ample, crack deflection occurred at phase boundaries ( Fig. 6 ). 
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Fig. 5. (a) DSC curve of the B4 C-18 vol% TiSi2 pellet (Ar atmosphere, flow rate: 20 ml/min, heating rate: 10 °C/min), (b) XRD patterns of samples from interrupted experi- 

ments, (c–f) FESEM images and corresponding elemental distribution of samples from interrupted experiments, and (g) schematic of reaction and densification processes. 
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his phenomenon may be related to the residual stress between 

ifferent phases, as the thermal expansion coefficients (TECs) of 

4 C and SiC are similar, while those of B4 C and TiB2 differ signifi- 

antly ( Table 1 ). As a result, crack deflection occurred around TiB2 

articles, dissipating most of the fracture energy and increasing 

he fracture toughness. Second, the intrinsic fracture toughness 
192
f SiC is higher than that of B4 C ( Table 1 ), which is conducive to

he improvement of fracture toughness [ 8 ]. Furthermore, residual 

tresses generated during cooling from elevated temperatures can 

nfluence mechanical properties. The phase with a higher TEC 

xperiences tensile stress, potentially promoting crack propagation 

nd reducing hardness and fracture toughness. In contrast, the 
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Table 1 

Mechanical and thermal properties of B4 C, TiB2 , and SiC (obtained from the literature) and mechanical properties of B4 C and B4 C-based composites prepared through UPS. 

Material 

Vickers 

hardness (GPa) 

Nano-hardness 

(GPa) 

Elastic modulus 

(GPa) 

Fracture toughness 

(MPa ·m1/2 ) 

Thermal expansion 

coefficient (K-1 ) 

B4 C 32 [ 18 ] – 445 [ 18 ] 1.9 [ 2 ] 4.5 × 10–6 [ 8 ] 

TiB2 25 [ 19 ] – 671 [ 21 ] 3.3 [ 22 ] 8.1 × 10–6 [ 8 ] 

β-SiC 26 [ 20 ] – 420 [ 21 ] 4.5 [ 20 ] 4.4 × 10–6 [ 8 ] 

B4 C 32.6 ± 1 39.8 ± 2 430 ± 13 1.6 ± 0.3 –

B4 C-6 vol% TiSi2 31.8 ± 1 39.2 ± 2 436 ± 13 2.0 ± 0.2 –

B4 C-12 vol% TiSi2 31.2 ± 1 38.5 ± 2 444 ± 14 2.6 ± 0.3 –

B4 C-18 vol% TiSi2 30.5 ± 1 37.3 ± 2 448 ± 14 3.1 ± 0.2 –

Fig. 6. (a, b) Vickers indentations and (a1 , b1 ) crack propagation in pure B4 C and B4 C-TiB2 -SiC (from B4 C-18 vol% TiSi2 ) samples. 
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hase with a lower TEC undergoes compressive stress, which can 

uppress crack propagation and enhance these properties [ 23–26 ]. 

lthough the effects of residual stresses are not as pronounced as 

he intrinsic phase properties, they may contribute to the observed 

ifferences in mechanical properties compared to those reported 

n the literature. 

. Conclusions 

We developed a new method, termed ultrafast pressure sinter- 

ng (UPS), to achieve the low-temperature and ultrafast densifica- 

ion of B4 C-based ceramics. The green bodies were directly heated 

t a rate of 150 °C/min using the Joule heat generated by the elec- 

rified graphite felt. Under a 30 MPa pressure, nearly fully dense 

4 C was obtained at 1550 °C within 2 min. The rapid densifica- 

ion is mainly attributed to the relatively high heating rate of UPS, 

article rearrangement and pore filling caused by the combined ef- 

ects of pressure and transient liquid phases, as well as mass trans- 

ort promoted by the rapid reaction between B4 C and TiSi2 . In 

articular, the newly formed TiB2 and SiC phases significantly en- 

anced the fracture toughness of B4 C. The proposed UPS method 

ffers several advantages, such as simplicity, efficiency, and energy 

avings, and paves the way for the rapid densification of bulk ce- 

amics. 
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