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Abstract

This study investigates the effects of the processing-induced defect population on

the dynamic compressive strength and failure of a hot-pressed boron carbide. Quan-

titative microscopic analysis was used to determine the distributions of three types of

processing-induced inhomogeneities: aluminum nitride, small graphitic particles and

pores, and larger graphitic disks. Scanning electron microscopy of fracture surfaces

identifies the graphitic disks as fracture initiation sites. The size, orientation and num-

ber density of the graphitic disks are then quantified using image processing techniques.

We use these defect statistics, in conjunction with recent scaling models, to explore our

experimentally measured dynamic compressive strength results.

Keywords: compressive strength; defect statistics; brittle failure; experimental

mechanics; microstructure design

Email address: jdhogan@ualberta.ca (James David Hogan)

Preprint submitted to Acta Materiala September 15, 2015

*Text only
Click here to download Text only: BC_Paper_Revision.pdf Click here to view linked References

http://ees.elsevier.com/am/download.aspx?id=936807&guid=56ce3459-1984-4a2a-940e-3e5f64d9f1d3&scheme=1
http://ees.elsevier.com/am/viewRCResults.aspx?pdf=1&docID=33399&rev=1&fileID=936807&msid={0FA6D69F-2585-48D7-BF6C-2DA7408592C6}


 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

1. Introduction1

Designing new advanced ceramic materials for protective systems requires a funda-2

mental understanding of high-rate failure mechanisms, and of the effects of microstruc-3

ture on these mechanisms. The dynamic behavior of several advanced ceramics has been4

investigated (e.g., silicon carbide [1, 2], aluminum nitride [3], titanium diboride [4]) in5

terms of mechanisms such as dislocation activity [3], amorphization [5] and fracture6

and fragmentation [6]. In this study, we extend previous works on dynamic brittle fail-7

ure in ceramics by investigating the links between the defect population and the uniaxial8

compressive strength and failure of a commercially available hot-pressed boron carbide.9

The compressive failure of brittle materials is generally a result of the initiation,10

propagation and coalescence of cracks originating from defects (such as grain bound-11

aries, inclusions, pre-existing micro-cracks and surface flaws). During quasi-static com-12

pression, a small number of relatively large flaws (or ‘defects’- used interchangeably13

throughout) are activated and the resulting crack growth rate leads to rapid structural14

failure. During dynamic compression, the rate of loading is too large to be relaxed by15

crack growth of a few relatively large activated flaws. This results in the activation of16

additional, smaller defects, and this process also manifests as an increase in strength for17

increased rates [7–10].18

The rate-sensitivity of the compressive strength of brittle materials has been shown19

to be strongly dependent on defect distributions [9, 11–13]. For example, a model devel-20

oped by Paliwal and Ramesh [11] coupled the initial defect distribution, the dynamics21

of crack growth and crack-crack interactions, considering flaw size and flaw number22

density. Recent work by Hu et al. [12] extended this formulation to include anisotropic23

damage and the effect of flaw orientation on the dynamic failure of brittle materials.24
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Graham-Brady [13] extended the work of Paliwal and Ramesh [11] to include the effect25

of the localized flaw density on the dynamic compressive failure of brittle materials.26

More recently, Kimberley et al. [9] developed a scaling relation to describe the rate-27

dependent compressive strength of brittle materials that incorporates the interaction of28

a distribution of preexisting flaws and crack growth dynamics. Their analytical model29

was shown to provide reasonable agreement with simulation results using the Paliwal30

and Ramesh [11] model.31

In this paper, we examine the links between the microstructure and the dynamic32

uniaxial compressive strength and failure of a hot-pressed boron carbide. We give par-33

ticular attention to characterizing the defect populations (e.g., size, orientations and flaw34

density) and linking these with strength measurements. We then incorporate the defect35

statistics into the scaling relation developed by Kimberley et al. [9] to explore its appli-36

cability to boron carbide, including our hot-pressed material and a pressureless sintered37

material studied previously by Sano et al. [14].38

2. Experimental Setup39

Quasi-static and dynamic uniaxial compression experiments were performed on a40

hot-pressed boron carbide from Coorstek (Vista, California), with a Young’s modulus41

of 430 GPa, a density of 2,510 kg/m3, and a Poisson ratio of 0.16-0.17 (as determined42

by the manufacturer). The boron carbide material was received as tiles (conceptualized43

in Figure 1a) with dimensions of 305 mm in length, 254 mm in width, and 8 mm in44

thickness. Experiments were performed by loading sectioned specimens both parallel45

(termed ”through-thickness”: TT) and normal (termed ”in-plane”: IP) to the plate thick-46

ness, which is the hot-pressing direction (Figure 1a). The cuboidal specimens used in47

the compression tests were 5.3 mm in length, 3.5 mm in width and 4.0 mm in height.48

3
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These are conceptualized on the right in Figure 1a. The use of cuboidal specimens49

allows visualization of failure during dynamic loading.50

Quasi-static uniaxial compression experiments were performed with an MTS servo-51

hydraulic test machine with a controlled displacement rate at a nominal strain rate of52

appoximately 10−4 s−1. The dynamic uniaxial compression tests were performed using53

a modified Kolsky bar apparatus. Kolsky bar testing has been previously used to study54

the dynamic behavior of a variety of ceramic materials [1, 15–17], and experimental55

design is discussed therein. The nominal strain rates achieved in the dynamic tests were56

between 350 to 1,000 s−1. The incident and transmitted bars were 12.7 mm in diameter57

and made of maraging steel (VascoMax C-350) with a yield strength of 2.68 GPa, a58

Young’s modulus of 200 GPa, a Poisson’s ratio of 0.29 and a density of 8,100 kg/m3.59

Impedance-matched tungsten carbide platens were jacketed by Ti-6Al-4V alloy sleeves,60

and were inserted between the sample and the bars to act as a buffer and protect against61

sample indentation. A small amount of high-vacuum grease was applied to the end faces62

of both platens and specimen to reduce friction resulting from the mismatched Poisson63

ratio. A Kirana high-speed video camera filming at 5 Mfps with a 500 ns exposure time64

was used to capture sample failure. A pulsed laser was used to illuminate the specimen65

surface. Output pulses from the camera were used to synchronize the camera images66

with the stress-time history recorded with the strain gauge on the transmitted bar.67

2.1. Microstructural Characterization68

The inclusions and defects in the microstructure were characterized using a Zeiss69

optical microscope with an AxioCam MRC camera and a TESCAN MIRA3 field emis-70

sion Scanning Electron Microscope (SEM) equipped with a fully automated electron71

backscatter diffraction (EBSD) analysis system and Energy Dispersive Spectroscopy72

4
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(EDS) capabilities. The word ”defect” is used to denote a microstructural feature that73

may serve as a failure initiation site (examined later) and ”inclusion” to denote a feature74

that is not believed to contribute to failure (at least not under the stress-states studied75

here). The processing-induced inclusions and defects are most easily seen in optical mi-76

croscope images such as those shown in Figure 1b and c. The image on the left is taken77

on the TT face, while the image on the right is taken on the IP face. Note the different78

scale bars. Large approximately circular dark features are observed in the TT images79

in Figure 1b. These have been confirmed as carbonaceous/graphitic in composition80

with EDS measurements. Also highlighted in Figure 1b are smaller and more circular81

features. These are primarily smaller graphitic defects, with other smaller features con-82

sisting of cavities/pores (confirmed with SEM/EDS). Brighter phases are also noted in83

Figure 1b which appear to be primarily comprised of aluminum nitride (AlN) and boron84

nitride (BN) (confirmed with SEM/EDS). These inclusions are facetted structures less85

than 20 µm in size, and are commonly observed at boron carbide grain boundaries.86

An image of the microstructure with normal in the in-plane (IP) direction is shown87

in Figure 1c (taken at 100× magnification). Larger elongated graphitic defects, smaller88

features (graphitic particles and pores) and the brighter AlN and BN phase are ob-89

served. Using the images in Figures 1b and 1c, we conclude that the mesoscale features90

are: larger disk-like graphitic defects, smaller features that are primarily comprised of91

graphitic, and AlN and BN inclusions. For clarity, we show the preferred orientation of92

the graphitic disks in the conceptualized tile in Figure 1a.93

The boron carbide grain structure is presented in the boron carbide grain morphology94

in the EBSD map in Figure 2. Prior to EBSD, the sample was polished with diamond95

lapping films with grit sizes of less than 1 µm, and then ion-milled for 10 minutes96

at 3.5 kV. The resulting maps were analyzed with the OIMT M software from EDAX97

5
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TexSem Laboratories (TSL). Boron carbide in the OIMT M software was defined using98

a rhombohedral lattice system, R3m̄ symmetry space group, with lattice constants (a =99

0.5653 nm and c = 1.215 nm), as reported in Sologub et al. [18]. In addition, a validation100

procedure using single crystal boron carbide of known crystallographic orientations was101

used to ensure that the crystallographic orientation of grains was indexed properly. The102

inhomogeneities (i.e., possible secondary phases, inclusions or grain boundary films)103

were not the subject of interest in the EBSD analysis, therefore they are not indexed in104

the map in Figure 2. The mapping was performed in the IP direction with a step size of105

0.2 µm.106

The map shown in Figure 2 is a combined inverse pole figure (IPF), image quality107

(IQ) and grain-boundary maps of the hot-pressed boron carbide. Figure 2 shows that the108

structure consists of equiaxed grains with close to random crystallographic orientations.109

The measured average area-weighted grain sizes is approximately 5 µm (range of 4110

to 10 µm in size). Almost all the grains are surrounded by boundaries with a high111

misorientation angle (>15◦).112

3. Experimental Results113

In this section, links will be made between the defects and the strength and failure114

of a hot-pressed boron carbide. Dynamic uniaxial compressive strength measurements115

are presented, and some of the key types of defects governing failure are identified.116

Statistics of the defect size and orientation are then presented.117

3.1. Uniaxial Dynamic Compressive Failure118

Figure 3 shows a stress-time history curve (left) for a dynamic uniaxial compressive119

experiment together with time-resolved (1 to 4) high-speed camera images (right). The120

6
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material is being tested in the IP direction and imaged on the TT face. The loading and121

imaging orientations are shown as an inset in the stress-time plot. Highlighted in image122

1 is the loading orientation, as well as an example of a near-circular black feature on123

the surface, corresponding to a larger graphitic inclusions previously described in the124

optical microscope image. In this experiment, the peak stress is 4.7 GPa and this occurs125

at image 1. The stress rate, σ̇, is 210 MPa/µs and this is determined from the slope of126

the stress-time plot between 10 and 90 % of the peak stress. For reference, the dashed127

line in the stress-time curve is this linear fit between 10 and 90 % of the peak stress.128

The corresponding strain rate, ϵ̇, is obtained by dividing the stress rate by the Young’s129

modulus. In this experiment, the strain rate is 480 s−1.130

There are no visible features on the imaged surface in images 1 and 2. Cracks have131

likely formed elsewhere in the sample, and this is why the stress has decreased be-132

tween images 1 and 2. Image 3, which is approximately 3 µs after peak stress, shows a133

horizontal axial crack that has propagated partially across the face of the sample (high-134

lighted with arrow). In image 4, approximately 4 µs after peak stress, several additional135

axial cracks grow across the sample, which causes the stress in the material to collapse136

further. Also observed in image 4 is an example of a larger graphitic disk that appears137

to grow an axial crack (highlighted with arrow). On average, these surface-breaking138

axial cracks appear to propagate at a projected speed of 5.0 ±1.1 km/s for the in-plane139

direction and 3.2±1.1 km/s for the TT direction. These are obtained by tracking the140

displacement of the crack tip of the first few axial cracks over a multiple camera frames.141

Cracks that form and grow beyond 8 µs after peak stress are not considered in the analy-142

sis. Crack speeds are likely higher when the material is loaded in the in-plane direction143

because of the fewer defects in their path as a result of preferred orientations, and the144

increased strength in that direction (presented later in this subsection). We note that145

7
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these cracks are higher in speeds than those reported in Hogan et al. [6], which were 2.0146

±0.3 km/s when the material was loaded in the TT direction. This may be due to higher147

camera resolution and better specimen surface quality since those experiments, as well148

as averaging over more experiments.149

3.2. Rate-Dependent Uniaxial Compressive Strength150

Next, we present a summary of the rate-dependent uniaxial compression strength151

measurements for the IP (squares) and TT (indicated as dots) directions in Figure 4.152

In Figure 4a, the uniaxial compressive strength is plotted against strain rate. From the153

plot, we see that the IP strengths are larger than the TT strength for both strain rates,154

with the IP values also exhibiting less scatter. The strain-rate dependent strength data155

is normalized (terms to be presented) and compared against the rate dependent strength156

model of Kimberley et al. [9] in Figure 4b. The Kimberley et al. [9] model incorporates157

fundamental physics related to crack initiation, growth, and interaction. The model is158

sensitive to key microstructural (e.g. defect size) and material parameters (e.g. Young’s159

modulus), and has the form:160

σc

σ0
= 1 +

(
ϵ̇

ϵ̇0

)2/3

. (1)

Here, σc is the strain-rate dependent compressive strength and ϵ̇ is the applied strain161

rate. σ0 is a characteristic compressive strength term (taken here as the quasi-static162

compressive strength) which depends on the internal flaw distribution through:163

σ0 = α
KIc

s̄η1/4 , (2)

where KIc is the Mode I fracture toughness (Pa
√

m), s̄ is the average flaw size (m), and164

η is the areal flaw density (m−2). The term α is a dimensionless proportionality constant.165

8
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The corresponding characteristic compressive strain rate, ϵ̇0, is defined as:166

ϵ̇0 = α
vcKIcη

1/4

s̄E
(3)

where vc is a limiting crack growth speed (m/s), and E is the Young’s modulus (Pa).167

Kimberley et al. [9] have shown that this model captures the behavior of a large number168

of brittle materials. We compare experimental results from this study with their model in169

Figure 4b. First, to compare the results of the unconfined compression experiments with170

this model, values of σ0 and ϵ̇0 must be determined. σ0 is taken here as the average of171

the quasi-static experimental strength data. ϵ̇0 is then determined using a least-squares172

fit for equation 1 with the experimental data. Values for σ0 and ϵ̇0 are presented in Table173

1 for both loading orientations, and these values are contrasted later in the discussion. In174

Figure 4b we see that the experimental strength results can be adequately described by175

the scaling law form. However, the small experimental range of strain rates (up to 400176

s−1) in comparison to the characteristic strain rate (>9x103 s−1 from Table 1), together177

with the scatter in the data, makes it challenging to test the power law fit of equation 1.178

Our experimental results are in a relative rate-sensitive domain.179

3.3. Dominant Defect Contributing to Failure180

We now consider which defects contribute to the uniaxial compressive failure of181

boron carbide by examining SEM images of fracture surfaces from a dynamic experi-182

ment in Figure 5. Initially, we investigate a fracture surface for the TT loading orienta-183

tion in Figure 5a to identify the mode of fracture. The loading orientation is denoted.184

The surface in Figure 5a is relatively smooth, suggesting that transgranular fracture is185

the dominant failure mode, and it contains relatively few debris. We examine the high-186

lighted region on the surface in a higher magnification image in Figure 5b. Highlighted187

9
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in Figure 5b are graphitic disks emerging from the fracture surface. New fracture sur-188

faces are also observed to be growing perpendicular to both ends of one of elongated189

graphitic disks, suggesting these particles may serve as fracture initiation sites. These190

features are similar in character to that expected from the wing-crack mechanism that is191

used to explain the compressive failure of brittle materials [19, 20].192

Next, we examine fracture surfaces from a fragment from dynamic experiment per-193

formed in the IP orientation in Figure 5c and d. The SEM image in Figure 5c is taken at194

a lower magnification. The compressive loading direction is also indicated. The surface195

is again transgranular in nature, and is generally not as smooth as the TT loading orien-196

tation. A higher magnification image of the highlighted area in Figure 5c is shown in197

Figure 5d. As before, graphitic disks are observed protruding from the fracture surface,198

with some evidence of initiation from these defects as indicated by the scabs features.199

Wing-crack growth is not as apparent, and this is likely because of the orientation of the200

graphitic disks.201

3.4. Defect Statistics: Size and Orientation202

Now that the graphitic disks have been identified as sites for fracture initiation,203

statistics (i.e., size and orientation) of these defects are considered. Quantification of204

defects has not been considered in great detail in past studies investigating strength and205

failure of boron carbide (e.g., [21–24]), or many other advanced ceramics. It is believed206

that improved interpretations of failure mechanisms and strength measurements can be207

obtained when flaw populations are more carefully considered, especially considering208

that ”boron carbide” materials vary from study to study and year to year. An optical209

microscope image of the microstructure taken in a plane normal to the IP direction at a210

100×magnification is shown in Figure 6. We use image processing tools in Matlab [25]211

10
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to convert the images to monochrome by thresh-holding. A sample monochrome image212

is also shown in Figure 6. Measurements of the defects (now appearing as white), such213

as the major axis dimension (2s) 1, orientation 2 (θ), and areal defect density (#/m2) are214

then determined. This image processing routine is done for a total of 350 images at a215

magnification of 100×. We also match the pixel values of the white features to those216

values in the original image, and this allows us to get an average pixel color intensity.217

We associate high greyscale intensity with the AlN and BN phases.218

The methods outlined in Figure 6 are used to compute the defect statistics for the219

aluminum nitride and boron nitride, the smaller graphitic defects/pores, and the larger220

graphitic disks. These methods were developed in the paper by Hogan et al. [6], and221

preliminary analysis was applied in Farbaniec et al. [20]. In this current paper we only222

present measurements for the graphitic disks, which we considered as those carbona-223

ceous defects that have aspect ratios > 2.5. Smaller than 2.5 are considered as the224

smaller graphitic defects, and these form their individual subset. The brighter phases225

are removed from the total flaw population based on their grayscale color intensity. Us-226

ing these conditions, we are able to compute an average areal defect density (η: #/m2)227

of just the graphitic disk subset. Areal defect densities are computed by counting the228

total number of defects measured for a given image and dividing it by the image area.229

The average areal defect density for all defects (smaller and larger graphitic defects, and230

AlN and BN) is 1.06±0.28×1010 #/m2. The areal defect density for just the graphitic231

disks in the IP images (where the disks appear as ellipsoids) is 1.41±0.58×109 #/m2, and232

for TT direction (where the disks appear more circular) is 4.16±0.65×108 #/m2. One233

1The major axis dimension is taken as the longest spanning dimension of the white features in Fig-
ure 1d.

2The orientation of a white feature is taken in the direction of the major axis dimension. A zero degree
orientation is horizontal in the optical image and all orientation angles vary between ±90◦.

11
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can see how there appears to be less defects on the TT face (Figure 1). As a convention,234

we associate the loading direction with the defects that are encountered in that direction,235

and thus define ηTT =1.41±0.58×109 #/m2 and ηIP=4.16±0.65×108 #/m2.236

Next, the statistical distributions of graphitic disk size and orientation are considered237

in the probability plots of Figures 7a and b. Histogram forms of this data have been238

previously reported in Farbaniec et al. [20], although that information is not in as readily239

useable. The probability plot is used for assessing whether or not an empirical data240

set, here it is the defect size/orientation, follows a given reference distribution (e.g.,241

lognormal, normal). In a probability plot, the y-axis is scaled accordingly to make242

the selected reference distribution appear as a straight line. Differences between the243

reference line and the data set indicate a lack of fit. Mathematically: consider an ordered244

set of data:245

x̄(1), x̄(2), ...x̄(m) (4)

with probability distribution g(x̄). The cumulative distribution function, G(x), is given246

as:247

G(x) =
∫ x

0
g(x̄)dx̄ (5)

where G(x) ranges between 0 and 1. From this, we are then able to compute percentile248

values of G(x). For example, then 35th percentile of the data set occurs when G(x)=0.35.249

If F(y) is the cumulative distribution of a reference distribution f (ȳ) (e.g., f (ȳ) is log-250

normal or normal), then we are able to contrast expected percentiles for both the data251

(G(x)) and reference cumulative distributions (F(y)). If the experimental data trends252

with the reference distribution then the two overlay eachother on the probability plot.253

The distribution of graphitic disk size (s) is plotted as a probability plot in Figure 7a.254

Note here that the total length of the disk is 2s, but we present the half-size as this is255
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the convention for computational modelling [8]. In Figure 7a, the sizes are compared256

against a lognormal reference distribution in the form:257

f (x)ℓog =
1

xσℓog
√

2π
e−(log(x)−µℓog)2/2σ2

ℓog (6)

where µℓog and σℓog are the mean and standard deviation of the data’s logarithm, and258

these are obtained from a least squares fit of the data. The lognormal distribution fit259

the data the best when compared to others (e.g., Weibull, normal). From Figure 7a,260

we see that the sizes are adequately described using a lognormal distribution when261

µℓog=1.30±0.02 µm andσℓog=0.53±0.02 µm. Note that the minimum size of the graphitic262

disks is 0.40 µm, the maximum is 40 µm, and the mean is s=4.22 ± 2.54 µm. These263

are obtained for the set of images taken at 100 x magnification. Also note that we have264

also observed a few larger carbonaceous defects. They were approximately 200 µm in265

size on fracture surfaces, but these were not captured in the set of images used to com-266

pute these defect statistics. While these defects may be nucleated during compressive267

loading, especially for quasi-static loading, our current size distributions would indicate268

that all defects with 2s>100 µm represent much less than 1 % of the total graphitic disk269

population statistics. Thus, we feel as though our data is complete. The mean size of270

the aluminum nitride is 0.64 ± 0.53 µm, and for the faceted graphitic particles and/or271

pores the mean is 2.10 ± 1.26 µm.272

Orientation distributions for the graphitic disks as viewed on IP face are considered273

next in Figure 7b. Again, a defect will have an orientation of 0◦ if its major axis is274

aligned parallel with the horizontal in an optical microscope image. A normal distribu-275

tion in the form of:276

fn(x) =
1

σn
√

2π
e−(x−µn)2/2σ2

n (7)
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is used as the reference distribution in Figure 7b. Other distributions did not fit the277

data. Here, µn is the mean and σn is the standard deviation of the orientation data set.278

If the measured orientation distributions follow the hashed line then it has a normal279

distribution with a mean of 0±1◦ and a standard deviation of 20±1◦. As can be seen, the280

graphitic disks are well described by the normal distribution for orientations of ±20◦, re-281

affirming that most of the disks lay perpendicular to the hot-pressed direction. Although282

not shown, the disks have no preferred orientation in the TT direction because they are283

near-circular (Figure 1b). Lastly, the orientation distributions are also random for the284

aluminum nitride and the facetted graphitic features because they are close to spherical.285

4. Summary and Discussion286

In this final section, defect quantification, strength measurements and failure char-287

acterization are bridged with the scaling law by Kimberley et al. [9] to better understand288

our experimental results, as well as results by Sano et al. [14] who investigated the289

dynamic strength of a pressureless sintered boron carbide.290

4.1. Defects and Failure291

The wing-crack mechanism is typically used to describe the compressive failure of292

brittle materials [19]. In this mechanism, tension cracks are nucleated at the tip of in-293

dividual inclined flaws (modelled as slit flaws) and grow to maximize the mode I stress294

intensity factor [26]. In our hot-pressed boron carbide, it appears that graphitic disks act295

to nucleate the so-called wing-cracks (Figure 5b) because of their relative size, orienta-296

tion, and aspect ratio. Initiation from the graphitic disks is believed to be a result of the297

relative ease of sliding of parallel graphitic surfaces due to a relatively low coefficient298

of friction. When the material is loaded in the TT direction, the wing-crack-like failure299
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is apparent (Figure 5b). This is described further in Farbaniec et al. [20]. When the ma-300

terial is loaded in the in-plane direction, failure is still believed to be initiated from the301

graphitic disks, although there is effectively a smaller number of defects in that plane302

(compare images Figure 1a and b). The fracture mode is predominantly transgranular303

in this boron carbide material, as is suggested by the relatively smooth surfaces for both304

loading orientations.305

In order to better understand strength and failure, as well as to more closely char-306

acterize the material, defect statistics were examined for the graphitic disk population.307

The graphitic disks represent less than 15 % of the total flaw population and have pre-308

ferred orientations in the horizontal of the in-plane direction. The preferred orientation309

is likely a result of the pressure-aided densification process used to produce the mate-310

rial. Graphitic disk size distributions (s) were found to be well described by a lognormal311

distribution (µℓog= 1.30±0.02 µm, σℓog=0.53±0.02 µm). Power-law functions are com-312

monly used to describe flaw size distributions [13, 27–29], but do not describe this313

boron carbide flaw size distributions data well. In their study on carbon inclusions in314

silicon carbide, Bakas et al. [2] used a Jayatilaka and Trustrum [30] probability distri-315

bution function to fit histograms. The choice of function by Bakas et al. [2] did not316

describe the larger tail of the distribution well for their data and fits of histograms are317

biased towards bin centre locations. Adequately defining larger flaw families is impor-318

tant because of the relative importance of the larger defects on brittle failure, especially319

at quasi-static rates.320

4.2. Rate-Dependent Strength321

As the compressive loading proceeds, new cracks will be activated, existing cracks322

will continue to grow and the material will continue to absorb strain energy (and it323
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will also contain additional kinetic energy under dynamic loading because of release324

waves), until a critical rate of damage is achieved. At this point the peak stress (i.e.,325

compressive strength) is reached, the material begins to lose its load-carrying capacity326

and massive failure ensues. During failure, the damage rate increases rapidly as more327

cracks are nucleated, crack coalescence occurs, and structuralization follows (i.e., the328

onset of fragmentation). The rate-dependent strength of this hot-pressed boron carbide329

was explored for two orientations, one with the loading direction along the hot-pressing330

direction (TT), and the other with the loading direction in the plane of the plate (IP)331

(Figure 1). The scaling law proposed by Kimberley et al. [9] (equation 1) was found332

to adequately describe the experimental data with σ0 TT = 3.26 GPa and ϵ̇0 TT = 9×103
333

s−1 for the through-thickness loading orientation, and σ0 IP= 4.23 GPa and ϵ̇0 IP= 3×104
334

s−1 for the in-plane loading orientation. In what follows, we explore the applicability of335

the functional forms of the Kimberley et al. [9] characteristic terms to predict values for336

the characteristic strength and strain rate, and then explore why there are differences in337

strength and characteristic strain rates for both loading orientation.338

4.2.1. Applicability of Scaling Relationship with Quantified Defect Population339

Our experimental measurements of the characteristic strength (σ0) and characteris-340

tic strain rate (ϵ̇0) for the through-thickness orientation are compared to the predictions341

from equations (2) and (3), which are estimated using the flaw statistics (s̄ and η) mea-342

sured in this study. Here the example is taken for the through-thickness orientation be-343

cause of the similarity of its failure to the wing-crack mechanism [20]. Using σ0=3.26344

GPa (measured), KIc=2.5 MPa
√

m, η=1.41×109 #/m2 and s̄=4.22 µm (both measured345

here), α is computed from equation (2) as α=1.06, indicating that the model is satis-346

factory at estimating the quasi-static strength when the defect populations and material347
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properties are known. The theoretical value of ϵ̇0 is then estimated as ϵ̇0=9×105 s−1 using348

the measured crack speed of vc=3,200 m/s and a stiffness of E=430 GPa. This is two349

orders of magnitude larger than the highest experimental strain rate. Thus the model350

suggests, based on the flaw statistics, that the strength should be relatively insensitive to351

strain rates over the experimental range of rates. This is what is observed.352

4.2.2. Orientation Effects on Strain-Rate Dependent Strength353

In this subsection, the defect measurements are used to explore why the characteris-354

tic strength and characteristic strain rate are greater in the in-plane direction than in the355

through-thickness direction (σ0 IP= 4.23 GPa vs. σ0 TT = 3.26 GPa, and ϵ̇0 IP= 3×104
356

s−1 vs. ϵ̇0 TT = 9×103 s−1). First, fewer properly orientated defects are available when357

the material is loaded in the in-plane direction (Figures 1 and 7b), and this allows us to358

define an expected increase in the quasi-static strength for the in-plane direction based359

on equation (2) from Kimberley et al. [9] (assuming KIc and s̄ are the same for both360

orientations):361

σ0 IP

σ0 TT
∝
η1/4

TT

η1/4
IP

= 1.35 (8)

This expected increase based on the defect density compares favorably with the exper-362

imentally measured differences in quasi-static strength of σ0 IP/σ0 TT =4.23 GPa/3.26363

GPa=1.29, suggesting that the decrease in effective flaw density is likely partially re-364

sponsible for the increase in strength in the through-thickness direction.365

Next, we consider the effect of the hot-pressing direction on the characteristic strain366

rate. Assuming fracture toughness, stiffness and defect size are the same, then the ratio367

of the theoretically predicted characteristic strain rates according to the scaling law is:368

ϵ̇0 IP

ϵ̇0 TT
∝

( vc IP ηIP

vc TT ηTT

)
= 1.21 (9)
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The scaling law would predict that that characteristic strain rate should be higher for369

the IP direction than the TT direction. This is also noted experimentally, where the IP370

characteristic strain rate is greater than in the TT direction. Additional differences be-371

tween the theoretical and experimental predictions are associated with differences in s̄,372

E, and Kc, as well as our inability to truly measure the characteristic strain rate because373

our experimentally available rates are much lower than those characteristic strain rates.374

4.2.3. Strength Comparison with Literature375

With the idea that the scaling laws by Kimberley et al. [9] may be used to under-376

stand the relationships between experimental strength measurements and the defect pop-377

ulation, we now contrast dynamic uniaxial compressive strength measurements from378

our hot-pressed pressure aided densified (PAD) boron carbide with those from Sano et379

al. [14] who studied a pressureless sintered (PS) boron carbide (Figure 8). Note that the380

experiments were performed for similar strain rates (around 400 s−1), except our quasi-381

static experiments which are noted in Figure 8. Also note that the PS specimen sizes382

were the same as the PAD specimens, so size effects are not significant here (note that383

the scaling law does not explicitly account for the effects of size). However, we know384

from experiments [31] and micro-mechanical models [13] that larger samples tend to385

be stronger in dynamic loading regimes. This is related to finite crack velocities, and386

larger samples taking longer to fail in dynamic loading. As a consequence, the applied387

stress will be greater in the larger sample and the strength will be higher. The opposite is388

true for quasi-static loading: larger samples have a greater probability of larger defects,389

and these tend to dominate quasi-static failure [32]. The summary of dynamic strength390

measurements with standard deviation are plotted in Figure 8, and are listed in Table 2.391

Initially, we comment on the smaller standard deviation in the IP orientation than in392
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TT for our PAD material: In a study by Graham-Brady [13] the effect of the local flaw393

density on the rate-dependent compressive strength of brittle materials was investigated.394

Graham-Brady showed that the spatial distribution of defects can affect the standard de-395

viation (or covariance), where the standard deviation of strength is greater when flaws396

are uniformly dispersed throughout a microstructure than when flaws are clustered to-397

gether. In our experiments, the defects are more uniformly distributed on the in-plane398

face. Thus it is expected that experiments performed in the TT loading direction would399

show the greater standard deviation, and this is what we observe in the small sample set.400

Next, we consider the difference of strengths between the PAD results and the PS401

results. To accomplish this, we show an optical microscope image of the pressureless402

sintered boron carbide microstructure in Figure 8 (right). This image is used to highlight403

the greater number of defects in this material (almost 45×more) than in our current hot-404

pressed material. We compile a table of some relevant mechanical properties in Table 2,405

which includes the material density (ρ), Young’s modulus (E), dynamic compressive406

strength (σ f ) (which we are comparing) and Knoop hardness (HK). Values for the PS407

material are taken from the paper by Sano et al. [14]. In addition, a summary of the408

microstructure characteristics for each boron carbide are shown in Table 3, including409

the average boron carbide grain size (ℓ′), the average defect size (s̄), and the areal flaw410

densities of carbonaceous defects for s >0.5 µm (η). Here we have performed our own411

characterization of the PS to get ℓ′, s̄ and η. Using the values of mechanical proper-412

ties and microstructure characteristics, we can explore the expected change in dynamic413

strength between the two boron carbides. First, the expected change in the quasi-static414
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strength between the PAD and the PS material obtained from equation (2) as:415

σ0 PAD

σ0 PS
∝

s̄PS η
1/4
PS

s̄PAD η
1/4
PAD

(10)

Note that this assumes that K1c is the same for each material, which is not likely the416

case. We do not investigate the change in the characteristic strain rate because the PS417

tests were only performed at one strain rate, and we do not know the value of ϵ̇0 for418

the PS material. Values for the estimated theoretical difference in quasi-static strength419

computed from equation 2 are shown in Table 4. We note that because the characteristic420

strain rates for these materials are of the order 104 s−1, and we are comparing the exper-421

imental strength measurements at ϵ̇=400 s−1, then the theoretical differences in dynamic422

strength are essentially equal to the theoretical differences in quasi-static strength. Com-423

paring results in Table 4, the experimental results show that the experimental strength is424

on average 1.27× greater for the PAD TT direction than the PS (but not statistically sig-425

nificant), while the theoretical prediction suggests that the PAD should be 1.74× greater426

than the PS. The discrepancy could be due to a reduced K1c for the PS material, the pref-427

erential activation of certain defects, or possibly due to porosity in pressureless sintered428

ceramic.429

The totality of the experimental results highlight the challenges in (1) evaluating430

statistically significant effects for compressive strength between two materials, and (2)431

obtaining a near-complete set of measurements for the mechanical properties and de-432

fect populations. Simulations are also needed to better explore the competition between433

these material properties and microstructure characteristics in terms of the dynamic uni-434

axial compressive strength and the performance of these materials in application.435
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5. Concluding Remarks436

In this study, the effects of the microstructure and hot-pressing orientation on the437

compressive strength and failure of boron carbide was investigated. Scanning electron438

and optical microscopy identified the various types of defects in the microstructure:439

aluminum nitride and boron nitride, spherical graphitic defects and pores, and graphitic440

disks. Graphitic disks were observed to be promoters of fracture, and we used image441

processing techniques to determine their size and orientation, and their number density.442

Measurements of the defect statistics were used to explain the orientation effects on the443

compressive strength in this hot-pressed boron carbide, as well as to explain differences444

between this boron carbide and the pressure-less sintered boron carbide investigated by445

Sano et al. [14]. All together, the measurements and methodologies developed provide446

guidelines for future improvements of ceramic performance through microstructural de-447

sign and simulation.448
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Table 1: Estimates for the characteristic stress (σ0) and the characteristic strain-rate (ϵ̇0), that provide the
best fit of the experimental data to the strength model. In-plane loading orientation: IP, through thickness
loading orientation: TT.

Loading σ0 ϵ̇0
Orientation (GPa) (s−1)

IP 4.23 3×104

TT 3.26 9×103

Table 2: Mechanical properties for our hot-pressed pressure aided densified material (PAD) and a pres-
sureless sintered (PS) boron carbide, including material density (ρ), Young’s modulus (E), the com-
pressive strength (σ f ) at 400 s−1 (unless indicated). QS: quasi-static (∼ 10−4 s−1), IP: in-plane loading
orientation and TT: through-thickness loading orientation.

Material ρ E σ f at 400 s−1 HK

(kg/m3) (GPa) (GPa) (GPa)
PAD 2,510 430 QS: 2.98 ± 0.60 (TT) and 4.23 ± 0.29 (IP) at 20.5±1.4

Dyn: 3.70 ± 0.30 (TT) and 4.47 ± 0.18 (IP)
PS 2,460 425 3.34 ± 0.30 19.8±1.2

Table 3: Microstructure characteristics for our hot-pressed pressure aided densified material (PAD) and a
pressureless sintered (PS boron carbide, including: ℓ′: average boron carbide grain size, s̄: average defect
size, and η: areal defect density (#/m2) for s>0.5 µm.

Material ℓ′ s̄ η:s>0.5 µm
(µm) (µm) (#/m2)

PAD 16.0 ± 2.1 4.22 ± 2.54 1.41±0.58×109

PS 2.1 ± 0.3 2.83 ± 2.57 6.44 ± 0.46 ×1010

Table 4: Comparison of theoretical and measured changes in strength between PAD and the PS boron
carbide materials. σ0: characteristic strength, and σ f : compressive strength at 400 s−1, PAD: pressure-
aided densificated, and PS: pressure-less sintered.

σ0 PAD/σ0 PS σ f PAD/σ f PS

(theoretical) (experimental)
1.74 1.27
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10 μm

Large graphitic defects 

Smaller circular graphitic 

flaws and cavities

b)

a)

305 mm

254 mm
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Aluminum nitride and boron nitride inclusions

Large elongated graphite defects

Small cavities/circular graphite defects

c)

Hot-Pressing Direction

Through-thickness (TT)

In-plane (IP)

TT
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Specimen Orientations

Fig. 1: (a) Conceptualized as-received tile of the hot-pressed boron carbide plate with through-thickness
(TT) (in the hot-pressing direction) and in-plane directions (IP) labelled. Optical microscope images of
the boron carbide microstructure in the (b) through-thickness (at 10× magnification) and (c) in-plane
direction (100× magnification) with the various types of inclusions and defects.
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Fig. 2: Combined inverse pole figure (IPF), image quality (IQ) and grain-boundary maps of hot-pressed
boron carbide obtained with electron back-scatter diffraction analysis. Dark regions correspond to inclu-
sions and defects present in the microstructure.
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Fig. 3: Stress-time history of dynamic uniaxial compression of boron carbide with time-resolved high-
speed video images showing mesoscale failure mechanisms. The loading orientation and the imaging
face is shown as an inset. The black dashed line in the stress-time plot is the linear fit of 10 and 90 % of
the peak stress and this corresponds to the stress rate σ̇=210 MPa µ/s.
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Fig. 4: (a) Uniaxial compressive strength plotted against strain rate for in-plane and through-thickness
directions. (b) Normalized uniaxial compressive strength data for in-plane and through-thickness direc-
tions for hot-pressed boron carbide samples compared with the strength scaling model of Kimberley et
al. [9]. Each orientation is normalized by their respective characteristic strength and characteristic strain
rate shown in Table 1.
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Loading

10 μm

graphitic disks
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Fig. 5: SEM images for through-thickness loading orientation: (a) blocky fragment with a relatively
smooth fracture surface, suggesting transgranular fracture, and (b) fracture surface highlighting fracture
initiation from the graphitic disks. IP loading orientation: (c) larger blocky fragment with surfaces show
transgranular fracture, and (d) magnified image showing fracture intersecting the graphitic disk on the
surface surface. The compressive loading directions are noted in (a) and (c).
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Fig. 6: Optical microscope image with inset of converted monochrome image obtained through image
processing that is used to determine the defect major axis size (2s), which is the longest spanning dimen-
sion of the white feature, and orientation (θ), which is defined as the direction of the major axis dimension.

32



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

10
−1

10
0

10
1

10
2

0.0001

0.0005
0.001 

0.005 
0.01  

0.05  
0.1   

0.25  

0.5   

0.75  

0.9   
0.95  

0.99  
0.995 

0.999 
0.9995

0.9999

Defect Size (s: μm)

P
ro

b
ab

il
it

y

 

 

Log with μ=1.30 ± 0.02 μm σ= 0.53 ± 0.02 μm  
log log

−100 −75 −50 −25 0 25 50 75 100

0.0001

0.0005
0.001 

0.005 
0.01  

0.05  
0.1   

0.25  

0.5   

0.75  

0.9   
0.95  

0.99  
0.995 

0.999 
0.9995

0.9999

Defect Orientation (θ : °)

P
ro

b
ab

il
it

y

 

 
n n

Normal with μ= 0 ± 1° σ= 20 ± 1° 

b)a)

Fig. 7: (a) Probability plot of graphitic size with lognormal reference curve and fits (hashed-lined: µℓog=
1.30±0.02 µm, σℓog=0.53±0.02 µm). (b) Probability plot of graphitic disks orientations (as viewed in the
in-plane direction) with normal reference curve and fits (hashed-lined: µn= 0±1◦, σn= 20±1◦).
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Fig. 8: (a) A comparison of strength measurements between this study and Sano et al. [14]. PAD:
pressure-aided densification (hot-pressed), and PS: pressure-less sintered. (b) Optical microscope im-
age of the PS material microstructure used in Sano et al. [14].
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Stress-time history (left) with high-speed image (right) showing axial cracking
intersecting large graphitic defect in the hot-pressed boron carbide.
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SEM image confirming graphitic defects site for fracture initiation (left).
Image processing techniques are used to determine their size and number (right). 

Using measured defect populations, we explore experimental measurements of rate-
dependent compressive strengths using the Kimberley et al. 2013 (Acta Materiala) scaling law.
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