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ABSTRACT 

 

Due to a unique combination of properties including high hardness, low density, 

chemical and thermal stability, semi-conductivity, and high neutron absorption, boron 

carbide (B4C) is a potential candidate for various applications involving extreme 

environment. However, B4C’s current application is limited because of its low fracture 

toughness. In this study, a hierarchical microstructure design with features including 

TiB2 grains and graphite platelets was used to toughen B4C by simultaneously utilizing 

multiple toughening mechanisms including crack deflection, bridging, and micro-crack 

toughening. Using field-assisted sintering technology (FAST), B4C composites with 

dense and hierarchical microstructure were fabricated. Previously, the fracture 

toughness of fabricated B4C composites was measured at micro-scale using micro-

indentation to have up to 56% improvement. In this work, the B4C composites’ fracture 

toughness was characterized at macro-scale using four-point bending methods and 

compared with previous results obtained at micro-scale. Micromechanics modeling of 

fracture behaviors for B4C-TiB2 composites was also performed to evaluate the 

contributions from experimentally observed toughening mechanisms. From four-point 

bending tests, B4C composites reinforced with both TiB2 grains (~15 vol%) and graphite 

platelets (~8.7 vol%) exhibited the highest fracture toughness enhancement from 2.38 

to 3.65 MPa∙m1/2. The measured values were lower than those obtained using micro-

indentation but maintained the general trends. The discrepancy between the indentation 

and four-point bending test results originated from the complex deformation behaviors 

triggered by the high contact load during indentation tests. Through micromechanics 

modeling, introduced thermal residual stress due to thermal expansion mismatch 

between B4C and TiB2, and weak interphases at B4C-TiB2 boundaries were identified 

as the main causes for experimentally observed toughness enhancement. These results 

proved the effectiveness of hierarchical microstructure designs for B4C toughening and 

can provide reference for the future design of B4C composites with optimized 

microstructures for further fracture toughness enhancement. 
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INTRODUCTION 

 

Boron carbide (B4C) possesses a unique combination of properties including high 

hardness (~29.1 GPa [1]), high stiffness (Young’s modulus: ~448 GPa [2]), high 

melting point (~2450 ℃ [3]), low density (2.52 g/cm3 [1]), wear and corrosion 

resistance, semi-conductivity [1], and high neutron absorption capability [4], making it 

a suitable candidate for applications including body armor, radiation shielding, and 

protective coating. However, due to its intrinsically low fracture toughness (KIC: ~ 2.9 

MPa∙m1/2 [5]), applications of B4C are currently limited. 

Conventionally, secondary phases including various transitional metal carbides and 

borides such as titanium diboride (TiB2) [6–10] and zirconium diboride (ZrB2) [11] have 

been used to reinforce B4C through toughening mechanisms like crack deflection, crack 

bridging, and micro-crack toughening [12]. More recently, various studies have pursued 

toughening of B4C via carbon-based nanofiller reinforcement including carbon 

nanotubes (CNTs) [13,14] and graphene platelets (GPL) [15,16]. There have also been 

investigations on novel toughening mechanisms triggered by nanoporosity and nano-

crystallinity [17–21], which demonstrated a fracture toughness increase up to ~75% 

(from 3.6 to 4.7 MPa∙m1/2) through deformation mechanisms like grain boundary sliding 

and nanopore compression/collapse [17]. 

In our study, toughening of B4C was pursued via a hierarchical microstructure 

design (see Figure 1) which utilizes both secondary reinforcement phases (TiB2) and 

‘soft’ grain boundary phases (graphite platelets and nanocrystalline B4C phase) [22,23]. 

In addition to the baseline monolithic B4C samples, three types of B4C composites, 

micro B4C-TiB2 composite with micron-sized TiB2 particulate reinforcement, 

micro/nano B4C with sub-micron graphite platelets, and micro/nano B4C-TiB2 both sub-

micron TiB2 and graphite platelet reinforcements respectively, were fabricated. The 

hardness and fracture toughness of these composites were measured using micro-

indentation. Compared with the baseline B4C sample (KIc: 2.98 MPa∙m1/2), the 

fabricated micro/nano B4C, micro B4C-TiB2, and micro/nano B4C-TiB2 samples 

exhibited enhanced fracture toughness of up to 4.16, 4.67, and 4.65 MPa∙m1/2
 

respectively due to toughening mechanisms including graphite delamination, crack 

deflection/bridging. While the micro/nano B4C and micro B4C-TiB2 samples showed 

hardness degradation from 32.46 GPa to 18.19 and 29.43 GPa, the micro/nano B4C-

TiB2 samples maintained high hardness (31.88 GPa) while demonstrating toughness 

enhancement. 

Figure 1. Schematics of hierarchical microstructures of B4C composites [23]. 



Here, we will address two main challenges that remained: 1) the fracture toughness 

enhancement was measured at micro-scale using indentation methods and may not 

translate to macro-scale toughening behaviors, 2) multiple toughening mechanisms 

coexist for the fabricated B4C composites with hierarchical microstructures, making it 

difficult to identify the toughening effects of individual toughening mechanisms. First, 

macro-scale standardized fracture toughness measurement via four-point bending tests 

was carried out for macro-scale microstructure-property relations of hierarchical micro-

structured B4C composites. Second, micromechanics modeling of fracture behaviors 

was performed on B4C composites reinforced with TiB2 reinforcements using a 

micromechanics analysis code MAC/GMC with an embedded crack-band model. 

Effects of weak B4C-TiB2 interfaces and thermal residual stresses created by the large 

coefficient of thermal expansion (CTE) mismatch were investigated. 

 

 

MATERIALS AND METHODS 

 

Macro-scale Fracture Toughness Characterization 

 

Field-assisted sintering technology (FAST) was used to fabricate B4C composite 

samples for macro-scale standardized fracture toughness characterization. For baseline 

monolithic B4C samples, commercially available B4C micro-powders (H.C. Stark, 

Grade HS, particle size: ~0.6-1.2 µm) were sintered at 2100 ℃ with 100 ℃/min heating 

rate and 45 MPa applied pressure for 20 minutes. For micro/nano B4C samples, 10 and 

20 vol% of B4C-C nano-powders (US-Nano Inc, 55 wt% B4C and 45 wt% graphitic 

carbon, particle size: ~45-55 nm) were used to introduce graphite platelets between B4C 

grains and sintered under the same condition as the baseline B4C samples. For micro 

and micro/nano B4C-TiB2 composites, the introduction of TiB2 reinforcement was 

achieved using an in-situ reaction approach according to reaction (1). 

 

B4C + 2 TiO2 + 3 C → 2 TiB2 + 4 CO (1) 

 

Three micro B4C-TiB2 composites with 5, 10, and 15 vol% TiB2 reinforcements 

were sintered using B4C micro-powders, TiO2 nano-powders (US-Nano Inc, particle 

size: ~40 nm, anatase phase), and carbon black nano-powders (Alfa Aesar, particle size: 

~42 nm).  For micro/nano B4C-TiB2 composites, B4C-C nano-powders were used to 

provide the carbon source for reaction (1) instead of the carbon black powders to form 

sub-micron sized TiB2 grains of 5, 10, and 15 vol% as well as introducing graphite 

platelets between B4C grains. For all the fabricated samples, the starting powders were 

mixed in methanol using a planetary ball-mill (Tencan XQM-0.4A) at 600 rpm for one 

hour before drying in air at 110 ℃ for 12 hours. FAST sintering was performed using a 

25-ton loading capacity FAST unit (FCT HP D25). 

In our previous works [22,23], the fabricated micro and micro/nano B4C-TiB2 

composites exhibited micro-structure inhomogeneity after the reactive sintering 

process. The cause of such behavior was identified previously by Huang et al to be 

incomplete partial reaction due to early application of pressure [9,10]. The intermediate 

products, boron trioxide (B2O3) and carbon, formed according to reaction (2) at 

~1600 ℃ require a higher ~2000 ℃ temperature to form B4C according to reaction (3) 



via carbothermal reduction [24–26]. The applied pressure resulted in higher reaction 

rate and better densification behaviors near the edges of the samples, inhibiting 

complete reaction at the center, thus causing the observed inhomogeneity. 

 

2.5 B4C + 3 TiO2 → 3 TiB2 + 2 B2O3 + 2.5 C 

 

(2) 

2 B2O3 + 7 C → B4C + 6 CO (3) 

 

To enable fabrication of samples with homogeneous microstructures for macro-

scale fracture toughness testing, a modified sintering profile with a 9-minute degassing 

step (see Figure 2) was used for reactive sintered micro and micro/nano B4C-TiB2 

composites. With the updated sintering profile, samples with near full density and 

homogenous microstructures were successfully fabricated. Detailed density values of 

sintered samples can be found in our previous works [23,27]. 

Macro-scale fracture toughness measurement was carried out using the surface 

crack four-point bending method according to ASTM standard C-1412 [28]. Using a 

Figure 2. Representative sintering profile with a degassing step. 

Figure 3. (a) Schematics of test fixture, specimen, and pre-crack location. (b) four-point bending test set-up, (c) 

image of a beam sample and pre-crack location, (d) a typical Knoop indentation impression on sample surface, 

(e) typical pre-crack geometry observed after bending tests 



Knoop indenter tip, a surface pre-crack was created with a 2 kgf load on the surface with 

4 mm width on each machined beam specimen (25 mm × 4 mm× 3 mm), perpendicular 

to specimens’ long axis (see Figure 3). After pre-cracking, the indented surface was 

polished to remove the indentation impression and residual stress layer near the surface. 

The four-point bending tests were conducted after drying the specimens at 110 ℃ for 

at least one hour in air using an MTS Criterion electro-mechanical universal tester. 

Using a bending fixture with 20 mm and 10 mm outer and inner roller spans, the samples 

were loaded through a constant 0.02 mm/s crosshead speed equivalent to ~70-80 N/s 

loading rate. At least five beam specimens were tested for each type of sample. After 

fracture, the pre-crack geometry for each beam specimen was examined using optical 

microscopy and used to calculate fracture toughness according to equation (4). 

 

𝐾𝐼𝑠𝑐 = 𝑌 [
3 𝑃𝑚𝑎𝑥(𝑆𝑜 − 𝑆𝑖)10−6

2 𝐵𝑊2
] √𝑎 (4) 

 

Where KIsc is the fracture toughness measured using the surface crack method, Y is 

the stress intensity factor calculated from the pre-crack geometries, Pmax is the maximum 

force (fracture load), So and Si are the outer and inner spans of the bending fixture, B 

and W are the width and thickness of the beam specimens, and a is the depth of the pre-

crack. 

 

Micromechanics Modeling of Fracture Behaviors 

 

Micromechanics modeling of fracture behaviors was conducted for B4C composites 

reinforced with TiB2 (micro and micro/nano B4C-TiB2 composites) using the high-

fidelity generalized method of cells (HFGMC) [29–31] incorporated in the 

micromechanics analysis code (MAC/GMC) developed by NASA Glenn Research 

Center [32,33]. To model the progressive failure of B4C-TiB2 composites, crack band 

model, which was initially developed to model failure of concrete [34] and later used 

for polymer and ceramic failure modeling [35–37], was used in this study. 

2-D representative volume elements (RVEs) constructed from SEM images of 

fabricated micro and micro/nano B4C-TiB2 were used for the fracture modeling. The 

original SEM images of B4C-TiB2 composites were first converted into two-phase 

RVEs using ImageJ’s binary function. As B4C exhibited mostly trans-granular fracture 

due to its strong grain boundaries [23], the two-phase RVEs which ignored the 

polycrystalline morphology are sufficient for the failure modeling in this study. Using 

an in-house Matlab code, weak interphases were introduced at B4C-TiB2 interfaces 

Figure 4. Representative process for the construction of RVEs from SEM images for a micro/nano B4C-TiB2 

composite with ~15 vol% TiB2 introduction 



covering ~25% of the B4C-TiB2 interfaces to form three-phase RVEs (see Figure 4) to 

study the effects of the “soft” carbon phases on the failure behaviors of B4C-TiB2 

composites. 

To simplify the model, all three phases (B4C, TiB2, and weak interphase) modeled 

were treated as linear elastic, isotropic materials before failure. For B4C and TiB2, the 

elastic modulus, Poisson’s ratio, coefficient of thermal expansion (CTE), and fracture 

toughness from previous literature were used (see Table 1). To model the failure 

behavior of B4C and TiB2, only mode-I fracture under tensile loading with linear 

softening traction-separation behaviors were used. The input parameters for the crack-

band model, the slope of the softening traction-separation curves, were calculated using 

the selected failure strength and the mode-I critical energy release rate calculated from 

the materials’ fracture toughness. As micro-scale strength values of B4C and TiB2 are 

not readily available, a parametric trial study was used to determine the 0.5% and 0.4% 

failure strain used for B4C and TiB2 respectively, a combination that resulted in trans-

granular fracture in the modeled RVEs resembling the observed fracture behaviors. For 

the weak interphases, the same elastic, thermal, and post-failure softening slope were 

used, with failure strain/strength reduced to 60% of the strength of B4C matrix. 

The RVEs were subjected to uniaxial tensile strain up to 0.5% under plane strain 

condition to model the mechanical responses of the B4C-TiB2 composites. The residual 

stress created by the large CTE mismatch between B4C matrix and TiB2 reinforcements 

was modeled through a cooling load from 1000 to 23 ℃ without application of external 

loading before the uniaxial tension. Since constant CTE values were used for B4C, TiB2 

and the weak interphases, the starting temperature of the cooling section was selected 

to create similar levels of tensile residual stress (~1.5 GPa) observed in past studies at 

B4C-TiB2 interfaces [6]. To study the effects of weak interphases and thermal residual 

stress, three cases were modeled for the micro B4C-TiB2 composite RVEs with ~15 

vol% TiB2: 1) without cooling, without weak interphases, 2) with cooling, without weak 

interphases, and 3) with cooling, with weak interphases. The effect of individual 

deformation mechanisms was studied by comparing the stress-strain relations, 

stress/strain fields obtained from the modeling. 

 

 

RESULTS 

 

Macro-scale Fracture Toughness Measurement 

 

Using updated sintering profiles with the degassing step, B4C composites with 

homogeneous microstructure and near full density (> 97% relative density) have been 

successfully fabricated. More details on the density values, grain size, and 

microstructure of the sintered B4C composites can be found in our previous work 

[22,23,27]. The fracture toughness results obtained from four-point bending tests for 

  E (GPa) ν α (K-1) ε fail 
σ fail 

(GPa) 

KIc 

(MPa∙m1/2) 

GI 

(J/m2) 

Sub-cell size 

H (µm) 

B4C [1,2] 432.6 0.151 5.7 × 10-6 0.5 2.16 2.9 19 0.1 

TiB2 [38] 584.7 0.106 8.7 × 10-6 0.4 2.34 5.7 54.9 0.1 

Interphase 432.6 0.151 5.7 × 10-6 0.3 1.30 1.7 6.8 0.1 

Table 1. Mechanical and thermal properties of B4C and TiB2 used for MAC/GMC modeling 



fabricated B4C samples were summarized and compared with fracture toughness 

previously measured using micro-indentation method in Figure 5. 

For micro B4C samples with densely packed grains of ~3 µm ferret diameter, the 

average fracture toughness measured by four-point bending was 2.38 MPa∙m1/2 (2.98 

MPa∙m1/2 by micro-indentation). With 10 and 20 vol% addition of B4C-C nano-

powders, the micro/nano B4C samples demonstrated enhanced fracture toughness of 

2.62 and 2.85 MPa∙m1/2 respectively. The increase can be attributed to the increasing 

volume fractions of graphite formed from the nano-sized graphitic carbon in the B4C-C 

nano-powders which triggered toughening mechanisms including crack deflection and 

graphite delamination. Higher toughness enhancement was achieved for micro and 

micro/nano B4C-TiB2 composites with fracture toughness values up to 3.32 and 3.65 

MPa∙m1/2 for micro and micro/nano B4C-TiB2 composites with 15 vol% TiB2 

respectively. Such improvement resulted from crack deflection by the tougher TiB2 

Figure 5. Fracture toughness measured using micro-indentation and four-point bending 

methods for fabricated B4C composites [27] 

Figure 6. Images of fractured surfaces at pre-crack location of (a-c) micro B4C-TiB2 with ~5, 10, 15 

vol% TiB2, (d-f) micro/nano B4C-TiB2 with ~5, 10, 15 vol% TiB2 



phases as well as the micro-crack toughening triggered by the large CTE mismatch 

between B4C matrix and TiB2 reinforcements, both mechanisms previously confirmed 

using SEM and TEM inspection on indented samples [23]. The enhanced crack 

deflection behavior by higher volume fraction of TiB2 was also further confirmed by 

the rougher fractured surfaces observed on B4C-TiB2 composites tested using four-point 

bending with higher TiB2 volume fractions (see Figure 6). The higher fracture toughness 

measured for micro/nano B4C-TiB2 composites compared to its micro B4C-TiB2 

composite counterparts potentially resulted from the additional toughening effect of 

formed graphite platelets. 

Comparing the fracture toughness values measured using the micro-indentation and 

the macro-scale four-point bending tests, the overestimation of fracture toughness was 

observed consistently for all sample types. Such behavior may be caused by the 

additional deformation behaviors triggered by the high compressive load (in the range 

of ~30 GPa) beneath the indentation impressions including shear band formation in B4C 

grains and in-elastic deformation/dislocations inside TiB2 grains which provided more 

energy absorption mechanisms that are absent during four-point bending tests (with ~ 

400 MPa tensile load near pre-crack locations). 

 

Effects of Thermal Residual Stress and Weak Interphases on Fracture Behaviors 

 

Previous modeling studies on fracture behaviors of B4C-TiB2 composites suggested 

two main contributing factors for the observed fracture toughness enhancement: weak 

interphases and thermal residual stress [6,38,39]. By modeling the fracture behaviors of 

micro B4C-TiB2 composites with 15 vol% TiB2 under three conditions, 1) without 

cooling, with weak interphases, 2) with cooling, without weak interphases, and 3) with 

cooling, with weak interphases, the effects of weak interphases and residual stress were 

analyzed. 

First, without thermal cooling and introduction of weak interphases, the micro B4C-

TiB2 composite RVEs (15 vol% TiB2) behaved in a mostly linear elastic manner before 

Figure 7. Representative stress-strain and modulus-strain results of a B4C-TiB2 composite (~15 vol% TiB2) RVEs (a, 

d) with no cooling and no weak interphases, (b, e) with cooling but no weak interphases, and (c, f) with both cooling 

and weak interphases. 



onset of fracture at ~0.41% tensile strain (~1800 MPa tensile stress, see Figure 7 (a, d)). 

High stress level originated from the stiffness contrast between B4C and TiB2 and the 

irregular shapes of TiB2 grains can be seen inside and near TiB2 particles right before 

fracture initiation (see Figure 8 (a)). Further loading led to limited progressive failure 

behavior in the form of micro-crack formation at B4C-TiB2 interfaces (see Figure 8 (d)) 

before coalescence of the micro-cracks that led to complete fracture of the RVEs. 

Without thermal residual stress and weak interphases, the modeled micro-cracking 

behavior was limited and could be solely attributed to the stress concentration around 

TiB2 grains due to grain geometry and stiffness/strength contrast. 

Second, when cooling load was applied, the micro B4C-TiB2 composite RVEs 

(without weak interphases) exhibited enhanced non-linear stress-strain behaviors (see 

Figure 7 (b, e)). Fracture initiation happened at a lower tensile strain of ~0.21%. While 

the RVEs for the case without thermal load only sustained limited in-elastic deformation 

before complete fracture, with the applied cooling load, the RVEs sustained ~0.2% 

increase in tensile strain before complete failure at ~0.4% tensile strain. From the 

stress/strain field results (Figure 8 (b, e)), high residual stress can be identified with 

tensile stress up to ~2.0-2.4 GPa inside and near TiB2 grains and compressive stress of 

~500 MPa in B4C matrix surrounding the TiB2 grains. The high contrast in stress state 

triggered early onset of fracture and the contained micro-crack growth followed, 

contributing to the enhanced progressive failure behavior. 

Third, when both thermal residual stress and weak interphases were introduced, 

micro-cracking initiated at a low tensile strain of ~0.1% (see Figure 7 (c, f)) due to the 

low failure strain of the introduced weak interphases. When further loaded, the RVEs 

experienced progressive failure through micro-crack growth at tensile strain between 

0.1% and 0.3%. Like the case with cooling load but without weak interphases, the 

micro-crack coalescence was delayed by the compressive stress in the B4C matrix 

surrounding the TiB2 grains (see Figure 8 (c, f)). However, compared to the case without 

weak interphases, the RVEs with weak interphases demonstrated much higher local 

Figure 8. Representative stress (before fracture iniation) and strain (before complete fracture) field results of a B4C-

TiB2 composite (~15 vol% TiB2) RVEs RVEs (a, d) with no cooling and no weak interphases, (b, e) with cooling 

but no weak interphases, and (c, f) with both cooling and weak interphases. 



strain in the tensile direction within the weak interphases (up to ~3.0%, see Figure 8 (f)) 

despite the lower global tensile strain. 

While the micro-cracking and transgranular fracture behaviors observed in 

fabricated B4C-TiB2 composites were captured in all three cases modeled in this study, 

the extensive progressive failure behaviors were only achieved with the introduction of 

thermal residual stress. The high tensile residual stress of ~1.5 GPa inside TiB2 grains 

and at B4C-TiB2 interfaces promoted micro-cracking, while the compressive residual 

stress of ~500 MPa within the surrounding B4C matrix delayed the coalescence of 

micro-cracks. Such progressive failure behavior was further enhanced by the existence 

of weak interphases along B4C-TiB2 boundaries which allowed micro-crack initiation 

at lower load. These modeled behaviors aggreed with experimental observations and 

offered insights for further fracture toughness improvement for B4C-TiB2 composites.  

 

 

CONCLUSION AND FUTURE WORK 

 

In this study, hierarchically micro-structured B4C composites with homogeneous 

microstructures were fabricated and tested for fracture toughness using macro-scale 

standardized four-point bending method. For micro/nano B4C samples with graphite 

platelet formation, micro B4C-TiB2 composites with micron-sized TiB2 grains, and 

micro/nano B4C-TiB2 composites with both sub-micron sized TiB2 grains and graphite 

platelets, fracture toughness enhancement from 2.38 MPa∙m1/2 to 2.85, 3.32, and 3.65 

MPa∙m1/2 were observed respectively. These results obtained from macro-scale testing, 

while exhibiting the same trends, were lower than the values previously measured using 

micro-indentation method. We attributed such discrepancy to the mixed-mode fracture 

behaviors and comples deformation mechanisms triggered by the high compressive load 

during the indentation tests. Using micromechanics modeling, the effects of thermal 

residual stress and weak interphases on fracture behaviors of B4C-TiB2 composites were 

investigated. The residual stress originated from the high CTE mismatch between B4C 

and TiB2 was found to contribute to enhanced and sustained micro-cracking behavior. 

Such behavior was further improved when weak interphases were present which led to 

early onset of micro-cracking, thus more extensive progressive failure behaviors. These 

results, combined with our previous works on hierarchically microstructured B4C 

composites [22,23], can provide useful reference for the future design of strong and 

tough B4C composites. 

For future work, other material properties including impact resistance, thermal, and 

electrical properties for the hierarchically micro-structured B4C composites can be 

measured to establish more in-depth microstructure-property relations. Micromechanics 

modeling of fracture behaviors can also be conducted on RVEs with polycrystalline 

microstructures to include the effects of grain boundaries and anisotropic properties of 

individual grains. Based on existing experimental and simulation data, the proposed 

microstructure designs for hierarchically micro-structure B4C composites can also be 

further optimized to realize fracture toughness enhancement while preserving materials’ 

high hardness and strength. 
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