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ABSTRACT 

 Ultra high temperature ceramics (UHTCs), which typically comprise carbides, nitrides, 

and borides, are a class of materials associated with high melting temperatures and high 

hardness. These materials offer a range of mechanical responses, from being very brittle to 

exhibiting significant plasticity as a function of composition and loading temperature. The 

purpose of this investigation is to characterize the slip mechanisms in ZrB2, where slip has been 

inferred but not definitively quantified. This work confirmed prior studies that dense dislocation 

arrays, with straight dislocation lines, exist under room temperature indents and demonstrates 

that such networks are highly localized to the load region. For elevated temperature deformation, 

ZrB2 has been reported to have a drop in flexural strength from 390 MPa at 1200 °C to 110 MPa 

at 1600 °C.  Dynamical electron diffraction and image analysis confirmed basal, pyramidal, and 

prismatic slip which is rationalized by ZrB2’s hexagonal close packed c/a lattice parameter ratio 

of 1.11, which is less than the ideal ratio of 1.63.  The dislocation densities prior to and after this 

flexural strength drop were 1.3 x 10
13

 m
-2

 and 1.0 x 10
13

 m
-2

, respectively. This indicates that the 

reduction in strength was not significantly associated with increased dislocation nucleation but 

rather stress relaxation.  

 

 

 

  



iii 

 

 

ACKNOWLEDGEMENTS 

 I would like to take this time to thank my advisor, Dr. Gregory Thompson, and the other 

members of my committee, Dr. Mark Weaver and Dr. Paul Allison. Without their guidance this 

thesis would not have been completed. 

 I would especially like to thank Dr. William Fahrenholtz and Dr. Gregory Hilmas from 

Missouri University of Science & Technology for providing the materials for the elevated 

temperature study. 

I would like to thank the members of the Weaver research group and the Thompson 

research group for their insight and assistance. This research would also not have been possible 

without the financial support given by the Department of Metallurgical & Materials Engineering 

and an AFOSR Grant No. FA 9550-12-1-0104. 

Finally, I would like to thank my family and friends who always stood by me as I 

completed this work. 



iv 

 

LIST OF ABBREVIATIONS AND SYMBOLS 

°C  Degrees Celsius 

B  Boron 

B4C  Boron carbide 

BDTT  Brittle to ductile transformation temperature 

EBSD  Electron backscattered diffraction 

DFT  Density functional theory 

FCC  Face centered cubic 

FIB  Focused ion beam 

GGA  Generalized gradient approximation 

GSFE  Generalized stacking fault energy 

HCP  Hexagonal closed packed 

HfB2  Hafnium diboride 

LDA  Local density approximation 

m  Meter 

μm  Micron  

MPa  Megapascal 

ρ  Density 

SEM  Scanning Electron Microscope 

SiC  Silicon carbide 



v 

 

TEM  Transmission Electron Microscope 

TiB2  Titanium diboride 

UHTC  Ultra high temperature ceramic 

XRD  X-ray diffraction 

Zr  Zirconium 

ZrB  Zirconium boride 

ZrB2  Zirconium diboride 

  



vi 

 

 

CONTENTS 

ABSTRACT .................................................................................................................................... ii 

ACKNOWLEDGEMENTS ........................................................................................................... iii 

LIST OF ABBREVIATIONS AND SYMBOLS .......................................................................... iv 

LIST OF TABLES ....................................................................................................................... viii 

LIST OF FIGURES ....................................................................................................................... ix 

CHAPTER 1 LITERATURE REVIEW ...................................................................................... 1 

1.1 Ultra High Temperature Ceramics ................................................................................... 1 

1.1.1 Introduction to UHTCs ............................................................................................. 1 

1.1.2 Crystallography of Group IV Transition Metal Borides ........................................... 1 

1.1.3 Dislocation Activity and Slip Systems of Group IV Borides ................................... 3 

1.2 Motivation ............................................................................................................................. 9 

CHAPTER 2 EXPERIMENTAL .............................................................................................. 11 

2.1 Sample Preparation ........................................................................................................ 11 

2.2 Microstructural Characterization Techniques ................................................................ 14 

2.2.1 Scanning Electron Microscopy ............................................................................... 14 

2.2.2  X-Ray Diffraction ................................................................................................... 14 

2.2.3 Transmission Electron Microscopy ........................................................................ 14 

CHAPTER 3 RESULTS AND DISCUSSION ......................................................................... 18 

3.1 Room Temperature Indentation Investigation................................................................ 18 

3.2 Elevated Temperature Flexural Deformation Mechanisms ........................................... 22 

3.3 Phase Characterization ................................................................................................... 23 

3.3.1 EBSD Observations and Results ............................................................................. 23 

3.4 Crystal Structure for ZrB2 .............................................................................................. 23 

3.5 TEM Analysis ................................................................................................................ 25 

3.5.1 1000 °C Test Bar Slip Dislocation Quantification .................................................. 25 

3.5.2 1500 °C Test Bar Slip Dislocation Quantification .................................................. 27 

3.5.3 Dislocation Summary.............................................................................................. 28 



vii 

 

CHAPTER 4 CONCLUSION AND FUTURE WORK ............................................................ 31 

REFERENCES ............................................................................................................................. 33 

APPENDIX A ............................................................................................................................... 36 

APPENDIX B ............................................................................................................................... 38 

 

  



viii 

 

 

LIST OF TABLES 

Table 1.1. Experimental lattice parameters for group IV transition metal diborides ..................... 3 

Table 3.1. Planar packing densities for ZrB2 and ideal HCP along three planes .......................... 30 

Table A.1. Burgers vector identification table for both 1000 °C tilt experiments. ....................... 37 

Table B.1. Burgers vector identification table for the 1500 °C tilt experiment. ........................... 39 

 

  



ix 

 

 

LIST OF FIGURES 

Figure 1.1. Unit cell crystal structure of a transition metal diboride viewed down the (a) (0001) 

zone axis and (b) (1210) axis. The latter viewing direction clearly reveals the metal and 

nonmetal stacking sequence in the close packed planes. ................................................................ 2 

Figure 1.2. Representative hexagonal close packed (HCP) unit cell showing three separate slip 

planes. ............................................................................................................................................. 4 

Figure 1.3. Dislocation network found under scratch load [25] .................................................... 8 

Figure 1.4. Flexural strength of ZrB2 with increasing temperature [27]........................................ 9 

Figure 2.1. Representative image of a traditional FIB lift-out sample of a TEM foil ................. 12 

Figure 2.2. Representative sample size of four indents made across the sample indented 150 

times .............................................................................................................................................. 13 

Figure 2.3. (a) Local region of bent planes and (b) the projection of the dislocation contrast 

based on bent planes [31]. ............................................................................................................. 15 

Figure 2.4. (a) Kikuchi lines present at zone axis and (b) Associated two beam conditions....... 17 

Figure 3.1. Diffraction plot of room temperature ZrB2 plate. ...................................................... 19 

Figure 3.2. Room temperature fracture surface at 1000x. ........................................................... 20 

Figure 3.3. Bright field image directly under indent of room temperature sample. .................... 20 

Figure 3.4. Bright field images taken away from indent in single grain. ..................................... 21 

Figure 3.5. Test bar fracture surface at 1000x of (a) 1000 °C and (b) 1500 °C ........................... 23 

Figure 3.6. EBSD image showing phase content and grain orientation for (a-b) 1000 °C and (c-

d) 1500 °C. .................................................................................................................................... 24 

Figure 3.7. Diffraction pattern down the (0001) zone axis. ......................................................... 25 



x 

 

Figure 3.8.  Dislocation group for test bar at 1000 °C in a (a) visible condition at g = [1010]  and 

(b) invisible condition at g = [0001] ............................................................................................ 26 

Figure 3.9.  Dislocation group for test bar at 1000 °C in a (a) visible condition at g = [0001]  and 

(b) invisible condition at g = [1010] . ........................................................................................... 27 

Figure 3.10.  Dislocation group for test bar at 1500 °C in a (a) visible condition at g = [1011]  

and (b) invisible condition at g = [1101] . ..................................................................................... 28 

Figure A.1. BF-TEM images with associated two-beam conditions in the inset for 1000 °C 

sample. .......................................................................................................................................... 36 

Figure B.1. BF-TEM images with associated two-beam conditions in the inset for 1500 °C 

sample. .......................................................................................................................................... 38 



1 

 

 

CHAPTER 1 LITERATURE REVIEW 

1.1 Ultra High Temperature Ceramics 

1.1.1 Introduction to UHTCs 

Ultra high temperature ceramics (UHTCs) are a class of high melting temperature 

materials (above 3000 °C) that exhibit excellent mechanical and thermal properties [1]. UHTCs 

compose various transition metal carbides, borides, nitrides, and oxides. One of these subsets, 

zirconium diboride, is of particular interest because of its high hardness and oxidation resistance 

[2]. Due to excellent properties, borides have been used in many processes and industries 

including, but not limited to, cutting tool tips [3], thin films [4-6], and electrodes [7]. Though 

transition metal borides exist across different families of metals (Ta, W, Nb, etc), the literature 

review below focuses solely on group IV diborides as this thesis’ emphasis is on ZrB2, which is 

within this particular group.  

1.1.2 Crystallography of Group IV Transition Metal Borides 

The group IVB transition metal diborides crystal structure has P6/mmm (191) space 

group symmetry or a  hexagonal close packed (HCP) structure [8-11]. The crystal structure for a 

transition metal (TM) diboride can been seen in Figure 1.1, with the dark blue atoms being boron 

and the yellow atoms being the transition metal.
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Figure 1.1. Unit cell crystal structure of a transition metal diboride viewed down the (a) (0001) 

zone axis and (b) (1210) axis. The latter viewing direction clearly reveals the metal and 

nonmetal stacking sequence in the close packed planes. 

 

If the boride concentration is depleted, a ZrB phase can form and has a space group 

symmetry of Fm-3m, or face centered cubic (FCC).  Li et al. [8] computationally determined the 

lattice parameters and structures for both borides. It was found that the monoboride was a less 

energetically favorable structure. For the diboride, the computational findings revealed a c/a 

ratio, where c and a are the hcp lattice parameter, of approximately 1.11. One of the most 

common methods to manufacture transition metal diborides is by hot pressing from various 

powder [12-14].  The powders most commonly used in creating ZrB2 were B4C mixed with 

elemental Zr or starting powders of ZrB2. It has been reported that  a sintering aid such as carbon 

[15] or nickel [14] can help densify an otherwise porous material. Guo et al. experimentally 

processed zirconium hydride and boron powders by spark plasma sintering (SPS). SPS provides 

a rapid heat and sintering reaction of powders which yielded zirconium diboride. These samples 

were processed at different sintering temperatures that ranged from 1650 °C to 1800 °C. The c/a 

ratio of 1.11 was found to be in close agreement with the aforementioned computational data. 

The specific lattice parameter values found are given in Table 1.1. For the other group IVB 
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transition metals with boron yield a similar HCP diboride structure and can be processed in 

similar manners. Their experimentally determined lattice parameters are tabulated in Table 1.1  

Table 1.1. Experimental lattice parameters for group IV transition metal diborides 

Material Space Group Lattice parameters 

(Angstroms) 

c/a ratio   Ref. 

ZrB2 P6/mmm (191) 

Hexagonal 

a = 3.169 

c = 3.531 

1.11   [9] 

HfB2 P6/mmm (191) 

Hexagonal 

a = 3.144 

c = 3.479 

1.11   [10] 

TiB2 P6/mmm (191) 

Hexagonal 

a = 3.030 

c = 3.230 

1.07   [11] 

 

1.1.3 Dislocation Activity and Slip Systems of Group IV Borides 

With the diboride being an HCP structure, the proceeding section is an overview of the 

plasticity behavior for this symmetry as a literature review of prior work for the group IV 

transition metal diborides.  

In HCP symmetries, slip systems are commonly accommodated in three different ways: 

basal, prismatic, and pyramidal. Basal slip is defined as occurring in the (0001) plane, prismatic 

being in the (1010)  plane, and pyramidal being in the (1011)  plane. The ideal Burgers vector is 

the closest packed direction in the plane to minimize the elastic strain energy [16]. These slip 

planes are shown in a general hexagonal crystal in Figure 1.2. 
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Figure 1.2. Representative hexagonal close packed (HCP) unit cell showing three separate slip 

planes. 

 

It is well established that for a material to exhibit ductile behavior it must abide by the 

von Mises criterion [17]. The criterion states there must be five independent slip systems for a 

material to undergo ductile plasticity. To achieve five independent slip systems in this hexagonal 

crystal symmetry, c + a dislocations must exist. Typically the ease of slip from the closed packed 

planes of (0001) is largely controlled by the c/a ratio of the crystal [18]. If the c/a ratio is less 

than ideal (1.63), non-basal slip occurs more frequently. This is due to the prismatic and 

pyramidal planes becoming more closely packed as compared to the basal plane. The c/a ratio of 

the group IV diborides is less than ideal [9,15,19]; therefore, non-basal slip could be expected. 
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1.1.3.1 Slip in TiB2 

Ramberg and Williams [20] reported the slip behavior in TiB2 up to 2000 °C, where they 

found this material underwent 16% plastic deformation. Due to the high plastic deformation 

observed, it was suggested that there were five independent slip systems present. From their 

electron microscopy characterization, they reported no evidence of dislocation climb, grain 

boundary sliding, or twinning. This reasoning led to a calculation that the main slip systems 

operating were basal (0001) 1120   and prismatic {1010} 1120  . Pyramidal slip was 

foregone in favor of the {1010} [0001] slip system. Although uncommon in hexagonal 

structures, Ramberg and Williams believe it exists because of the small c/a ratio of TiB2. This 

small structure allows for minimal lattice distortion, leading to this being the fifth independent 

slip system that fulfills the von Mises criterion. Unfortunately, this work was speculative as no 

quantifiable dislocation studies were done. To date, no further work has been done to verify their 

results. 

Guo et al. [21] were able to experimentally characterize dislocations in TiB2 created by a 

hypervelocity impact of TiB2 particles at room temperature. After experiencing a tensile stress 

from the impact, the particles were examined under the TEM. Dislocation networks were found, 

leading to a dislocation equation of 1/3[1210]  + [0001] → 1/3[1213] .  They also identified the 

partial dislocation equation for another system: 1/3[1120]  + [0001] → 1/3[1123] . They assert 

the cooling from the high temperature of the impact, as well as a lowering of pressure, led to 

dislocation networks forming in order to reduce defect energy. The formation of dislocation 

networks and partial dislocations identifies the possibility of other slip systems other than basal 

slip. However, these slip planes were not identified, as the slip system was speculated from the 

quantified Burgers vector.  
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Other research into TiB2 slip has been conducted by other groups and their findings led to 

similar conclusions[13,22]. In summary, TiB2 has been reported to have multiple Burgers 

vectors, [0001], 1/3[1210] , and 1/3[1120] , while the specific slip plane for such vectors has 

been inferred.  The presence of prismatic slip, in place or in conjunction with the other systems, 

is still an active experimental and theoretical discussion. 

1.1.3.2 Slip in HfB2 

While TiB2 has had experimental investigations into the slip planes and Burgers vectors, 

HfB2 has had little quantitative research on dislocation mechanisms. Hardness anisotropy tests 

and computational research have been done to determine the slip systems active in HfB2. 

Nakano et al. [23] identified the slip systems of single crystal HfB2 using hardness 

anisotropy. The results found that basal slip, (0001) 1120  , and prismatic slip, (1010)

1210  , were prevalent in HfB2 near room temperature indents. A follow-up study by Zhang et 

al. [13] concurred with the efforts of Nakano et al. [23] using first principle calculations and 

density functional theory (DFT) of defect-free structures to determine the most favorable slip 

systems. After various calculations on tensile strength, elastic moduli, and shear strength, they 

were able to deduce the principal slip system involved in HfB2 were both basal and prismatic. 

Though most experimental and computational work suggest basal slip is the most energetically 

favorable, Vahldiek and Mersol [24] reported experimental results suggesting the primary slip 

system was prismatic while basal slip was secondary. Based on prior work and work done on 

other transition metal diborides, it seems unlikely. However, this could suggest a competition 

between basal slip and prismatic slip. 
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1.1.3.3 Slip in ZrB2 

  Ghosh et al. [25] investigated the dislocation activity and active slip systems of 

polycrystalline ZrB2 at room temperature to draw comparisons to the other group IVB diborides. 

They noted, macroscopically and microscopically, that under a room temperature indentation slip 

lines characterized by dense dislocation networks exist. This can be found in the image 

reproduced in Figure 1.3. They were able to identify three separate directions of slip lines and 

reasoned they were either prismatic or pyramidal given their orientation to each other. The first 

grouping of dislocations was imaged using dynamical electron two beam conditions noting the 

prismatic plane. It was further deduced that the closest packed direction relative to the prismatic 

plane was the [1120]  thus inferring {1010} [1120]  slip. However, they also found a relatively 

uncommon slip system after imagining a further set of dislocations with a Burgers vector parallel 

to the [0001] direction. The only possible close-packed planes with that Burgers vector are 

{1010}  and {1120}. Using planar densities, the group reasoned the most probable slip system 

was {1010} [0001] but did not rule out the possibility of {1120}[0001] slip.  Through TEM 

analysis, they were only able to identify one active slip system, prismatic. Their findings only 

acknowledged the existence of prismatic slip whereas TiB2 and HfB2 found both prismatic and 

basal slip.  

Haggerty and Lee [26] have also performed room temperature mechanism studies in ZrB2 

using a single crystal. Using two separate diffraction conditions, they were able to deduce two 

different Burgers vectors. They noticed half of the dislocations were out of contrast under the  

(0110)  diffraction condition while the other half were out of contrast in the (1010)  diffraction 

condition. By eliminating the possibility of a [0001] Burgers vector, due to the dislocations 
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Figure 1.3. Dislocation network found under scratch load [25] 

 

maintaining contrast, the only close packed directions left for the aforementioned planes was 

1120  . Though no experimental evidence was found, the authors did not discount the 

possibility for the existence of a [0001] Burgers vector. Other dislocations examined were found 

to have 2110   and 1120   type Burgers vectors without calculating a corresponding slip 

plane. These authors also performed a 4.5% compression study of the ZrB2 at 2125 °C where 

definitive basal slip was measured.  They concluded that prismatic slip was more prevalent at 

room temperature, in agreement with Ghosh [25], where basal slip became more prevalent with 

temperature. This suggests a temperature dependence on the slip mechanisms in the ZrB2 system.    

 In the work of Neuman et al. [27], reported that the flexural strength of ZrB2 decreased by 

up to 50% as the temperature increases from 1200 °C to 1600 °C, as plotted in Figure 1.4. They, 

as well as others who previously reported these values [28], speculated the cause of this decrease 

in flexural strength is a result of residual thermal stresses. These residual stresses are caused by a 

change in the lattice parameters from powder to composite at and below 1200 °C. Mathematical 

best fit curves were extrapolated for the composite and the powder and it was found the lattice 

parameters match at 1400 °C. This temperature corresponds with the resulting drop in strength. 

To date there have been no dislocation mechanism investigations into the drop in strength.  The  
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Figure 1.4. Flexural strength of ZrB2 with increasing temperature [27] 

 

drop in strength could also be associated with the onset of new slip activation allowing the 

system to deform more easily.       

1.2 Motivation 

 The objective of this research aims to answer three fundamental questions about 

zirconium diboride: 

 The first is whether room temperature indents, both away from and directly under, show 

dense pockets of dislocations as previous research has stated[25].  

 The second is whether the steep drop in strength reported by Neuman et al. [27], shown 

in Figure 1.4, is associated with some type of temperature dislocation mechanism 

behavior, as previously suggested by Haggerty and Lee [26]. To answer this question, it 
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is proposed to look at the types of dislocations at temperatures above and below this 

transition and measure the dislocation density. An increase in dislocation density would 

suggest an activation of more dislocations which could explain the reduction in flexural 

strength.  

 The last is to quantitatively identify the active slip systems in ZrB2 at elevated 

temperatures using traditional dislocation analysis techniques to help address the 

confusion of which types of dislocations exist in ZrB2. 
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CHAPTER 2 EXPERIMENTAL 

2.1 Sample Preparation 

 Two separate ZrB2 samples were acquired from Professors W. Fahrenholtz and G. Hilmas 

at Missouri University of Science and Technology. These samples were hot pressed ZrB2 

powders with a carbon additive to densify them [27]. From the sintered sample, bars of 45 mm x 

4 mm x 3 mm were machined from the hot pressed billet. Each bar was four point bend tested at 

a different temperature, 1000 °C and 1500 °C, and one half of the tested bar was sent to UA for 

analysis. The tests bars were then sliced at close proximity to the fracture surface by a diamond 

wire to a cross sectional thickness of roughly 300 microns. The 4 mm x 3 mm x 300 µm slices 

were then ground down on a series of SiC grinding papers with water as the lubricant. When the 

thickness of each slice reached between 100-150 microns, the slices were cut into 3 mm disks 

using a diamond tipped bit with an abrasive SiC slurry. After further grinding to 100 microns or 

thinner, the disks were dimpled to 10 µm using a 6 µm diamond paste. The dimpled samples 

were placed in a Gatan Model 691 precision ion polishing system (PIPS) to be ion milled. The 

ion guns were initially set to 8° and 4 keV from the top and bottom until it was perforated. The 

angles were then reduced to 4° on top and 2° on bottom at 2 keV for 15 minutes and 0.5 keV for 

5 minutes for cleaning purposes. 

 A hot pressed ZrB2 plate, which was also sintered with carbon, was provided by Dr. 

Stephen DiPietro of Exothermics Inc. (www.exothermicsinc.com) that served for the room 

temperature indent investigation.  A 0.5 inch by 1 inch section was cut out of the plate and 50 

http://www.exothermicsinc.com/
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indents were made across the sample. One of the indents were created by a Vickers 

microhardness tester under a 500 g load for 10 seconds. Using an FEI Quanta 3D Dual Beam, the 

indent was made into a TEM sample using the in situ lift-out method [29]. Figure 2.1 is a 

representative image of the lift-out procedure under an indent. The indent is first covered in a 

layer of platinum to avoid gallium ion damage. After the platinum is deposited, trenches are cut 

on both sides deep enough to get under the indent. The wedge is then lifted out using an 

Omniprobe attachment and attached to a post. The wedge is thinned down further in order for it 

to be used on the TEM. 

 

Figure 2.1. Representative image of a traditional FIB lift-out sample of a TEM foil 
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A separate mechanical sample was prepared by first cutting a 3 mm disk from the bulk 

ZrB2 plate. Once the disk was ground down to approximately 150 microns, it was indented 150 

times near the center in a rectangular pattern. The indents were created by a Vickers 

microhardness tester under a 300 g load for 5 seconds. The sample was then flipped over so that 

it could be dimpled and ion milled for use in the TEM. Figure 2.2 shows a representative subset 

of four indents used to make the 150 indent TEM sample. Due to the randomness of the 

placement of the dimple along with the perforation, more indents are used to ensure they are 

included in the TEM foil. 

 

Figure 2.2. Representative sample size of four indents made across the sample indented 150 

times 

 

The advantage of the FIB lift-out method is to allow for site specific TEM samples. 

However, it is more time consuming as well as a more delicate procedure to conduct. The array 

method of indents was done for its simplicity as well as a larger field of view where deformation 

at and away from an indent could be more readily observed. The disadvantage is the specific 

location directly under the indent may not be captured through the preparation. .  
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2.2 Microstructural Characterization Techniques 

2.2.1 Scanning Electron Microscopy 

 Each test bar sent from Missouri University of Science and Technology was analyzed 

using the JEOL 7000 field emission gun scanning electron microscope (SEM). The analysis of 

the ZrB2 phase was done via electron backscattered diffraction (EBSD)[30]. The EBSD samples 

were prepared by cutting a small section of the test bar, mounting it in epoxy, and 

metallographically polishing the sample to a mirror finish. The JEOL was also used to image the 

fracture surfaces of each sample studied. 

2.2.2  X-Ray Diffraction 

 The hot pressed ZrB2 plate, used for the room temperature indents, phase identification 

was done on a Bruker D8 Discover XRD using Cu K-alpha radiation at 45 kV and 40 mA.  

2.2.3 Transmission Electron Microscopy 

 Transmission electron images and selected area diffraction patterns were taken using the 

FEI Tecnai F-20 transmission electron microscope (TEM) operated at 200 keV. Dislocation 

density calculations as well as dynamical �⃗� · �⃗⃗� experiments were conducted using the TEM.  

Dynamical diffraction involves the interaction of a transmitted beam and a diffracted 

beam to interact to yield an image contrast that can be interpreted. Under these conditions, the 

interaction of these two beams with a microstructural feature, such as a defect, can alter the 

contrast observed by modifying the phase factor of the electron beam. This has been described 

by the Howie-Whelan equations [31]. A subset of those equations are given below which 

describe how the direct beam’s amplitude, φ0, and  the diffraction beam’s amplitude, φg, vary as it 

travels through the foil thickness, z, where s is the excitation error, ξ is the extinction distance, k 

is the wave vector and r is the lattice position vector.     
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𝑑𝜑𝑔

𝑑𝑧
=

𝜋𝑖

𝜉𝑔
𝜑0𝑒−2𝜋𝑖(𝑘·𝑟) +

𝜋𝑖

𝜉0
𝜑𝑔 (2) 

 
𝑑𝜑0

𝑑𝑧
=

𝜋𝑖

𝜉0
𝜑0 +

𝜋𝑖

𝜉𝑔
𝜑𝑔𝑒2𝜋𝑖(𝑘·𝑟) (3) 

The wave vector is written as the diffraction vector, g, plus the deviation parameter, s, from 

Bragg.  Considering that the lattice position vector is modified by a defect, it can be rewritten as 

 𝑟’ = 𝑟 + �⃗⃗� (4) 

where 𝑟 is unstrained and 𝑟′⃗⃗⃗ is strained. Note that a dislocation would strain the lattice parameter 

near the core of the dislocation, as shown in the schematic in Figure 2.3(a). Here, the ‘bent’ 

planes around the dislocation core cause the diffraction beam to deviate from the undistorted 

planes giving rise to the diffraction contract. This image also shows that the diffracted intensity 

around the dislocation core will yield a visible shift of where the dislocation is in the sample and 

its projection onto the imaging plane. 

 

Figure 2.3. (a) Local region of bent planes and (b) the projection of the dislocation contrast 

based on bent planes [31]. 
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By substituting r’ and the wave vector into equation 3, it can be seen how the diffracted 

beam interacts with the defect position vector (e.g. a dot product) and modifies the amplitude of 

the wave through the phase factor (the exponential term).   

The �⃗� · 𝑟 will be an integer because it satisfies Bragg’s condition [31] and, thus, does not 

alter the amplitude, 𝑠 · 𝑟 is a scalar and is associated with the electron column approximation 

[31], and 𝑠 · �⃗⃗� is the deviation from Bragg, which is small.  The latter two terms are generally 

ignored leaving the �⃗� · �⃗⃗� term as the primary contributor to modify the electron diffraction 

contrast.  �⃗⃗� for a dislocation is given by[32] 

 �⃗⃗� =
1

2𝜋
(�⃗⃗�𝜑 +

1

4(1−𝜈)
{�⃗⃗�𝑒 + �⃗⃗� 𝑥 �⃗⃗�(2(1 − 2𝜈) ln(𝑟) + cos 2𝜑)} (5) 

By substituting Equation 5 into Equation 3, it can be seen that the diffraction vector, �⃗�, is a dot 

product with the Burgers vector, �⃗⃗�, of the dislocation yielding the common �⃗� · �⃗⃗� used to describe 

the dynamical electron diffraction events. If �⃗� · �⃗⃗� is either zero or an integer, no modulation of 

the diffracted amplitudes occurs and the dislocation is invisible.  If the �⃗� · �⃗⃗� term is a fraction, 

the amplitude is modulated and the dislocation is visible.  By finding visible and invisible 

combinations, a Burgers vector can be deduced. Through these difference perspectives of 

imaging the visible dislocations, the projection of the diffraction beam and the dislocation allows 

the slip plane to be determined [33]. From Equation 2 and 3, only two electron beams are 

needed, a direct beam and a diffracted beam, in order to understand how the contrast is generated 

from a defect. 

A two beam condition can be achieved by titling the crystal off of a known zone axis, 

Figure 2.4(a), down a Kikuchi line [34] until only the direct beam and one diffracted beam are 

visible, Figure 2.4(b). By inserting the objective aperture to include only those two beams, a 

bright field image of the two beam condition is taken. By tilting down other Kikuchi lines of the 
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same zone axis or other zone axes, multiple two beam conditions, or g’s, are obtained and the 

conditions of visible and invisible imaging of the dislocation are obtained.  

 

Figure 2.4. (a) Kikuchi lines present at zone axis and (b) Associated two beam conditions. 
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CHAPTER 3 RESULTS AND DISCUSSION 

3.1 Room Temperature Indentation Investigation 

X-ray diffraction was first done on the received ZrB2 plate to ensure its composition. The 

resulting diffraction data is shown in Figure 3.1. The diffraction pattern confirms the diboride 

phase. The room temperature fracture surface was examined under the SEM as shown in Figure 

3.2. The fracture shows pores near the grain boundaries and appears to have a smooth surface 

topology. This smooth, transgranular cracking topology is indicative of a brittle fracture mode.  

Two samples were used to look at the effects on dislocations at two separate points 

related to the indents: directly under and away from. Figure 3.3 shows the sample lifted out from 

the FIB which was directly under the indent. The sample was heavily deformed under the indent 

with many slip lines running throughout. This result is consistent with the prior results reported 

by Ghosh et al. [25]  Both images reveal straight dislocations that appear to form a crisscross 

network pattern. Efforts were made to identify the slip plane using �⃗� · �⃗⃗�, but the strain in the foil 

was determined to be too large to obtain a viable diffraction pattern.  

A bright field image of a single grain from the sample made containing multiple indents 

is shown in Figure 3.4.  The dislocations are heavily localized across the single grain with 

regions free of dislocations. Attempts were done to quantify the dislocation character but, 

unfortunately, no invisibility conditions were found for these dislocations. What can be inferred 

from these micrographs is that dislocation propagation occurs but is highly localized to the 

deformation loading point and the material around the region does not easily accommodate 

plasticity.  This would be consistent with the smooth surface of brittle failure modes.  
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Figure 3.1. Diffraction plot of room temperature ZrB2 plate.
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Figure 3.2. Room temperature fracture surface at 1000x. 

 

Figure 3.3. Bright field image directly under indent of room temperature sample. 
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Figure 3.4. Bright field images taken away from indent in single grain.
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Since these results confirmed the prior study, e.g. showing dislocation activity at room 

temperature, with the slip planes previously identified [25], the balance of the research focused 

on addressing the dislocation types at elevated temperatures where little work has been 

completed. 

3.2 Elevated Temperature Flexural Deformation Mechanisms  

 As noted in Chapter 2, two samples were tested at 1000 °C and 1500 °C and provided for 

further characterization. The 1000 °C exhibited a flexural strength of around 400 MPa while the 

1500 °C bar exhibited a flexural strength of around 150 MPa [27], shown in Figure 1.4. The 

proceeding sections attempt to determine if the deformation mechanisms (slip systems) were 

different between these two temperature conditions and could explain the 50% decrease in 

flexural strength.  

Before the dislocation analysis was done, the fracture surfaces for each of the high 

temperature test bars were examined. Figure 3.5 shows the test bars fractured at (a) 1000 °C and 

(b) 1500 °C. Both fracture surfaces displayed signs of brittle fracture, evidenced by the smooth, 

transgranular cracking topology. It appears that as the temperature increased, the fracture 

mechanism remained the same. This indicates that there is no brittle to ductile transition up to 

1500 °C. A brittle to ductile transition had been seen previously at temperatures around 2000 °C 

with as much as 16% plastic deformation [20]. The lack of a BDT in these samples indicates the 

transition occurs between 1500 °C and 2000 °C. 
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Figure 3.5. Test bar fracture surface at 1000x of (a) 1000 °C and (b) 1500 °C 

 

3.3 Phase Characterization 

3.3.1 EBSD Observations and Results 

 Electron backscattered diffraction confirmed that the majority of the phase content for 

both samples was ZrB2, as seen in Figure 3.6. Interestingly, a monoboride phase grain was noted 

for the both samples, Figure 3.6(a) and Figure 3.6(c), but these are considered anomalies.  Using 

the linear intercept method, grain sizes of 12.1 ± 2.9 μm and 9.45 ± 2.5 μm were determined for 

specimens tested at 1000 °C and 1500 °C, respectively. 

3.4 Crystal Structure for ZrB2 

  Knowing that both samples were exclusively diboride, the single crystal diffraction 

patterns were made to assist in the TEM diffraction analysis. These patterns were made using the 

CaRIne Crystallography 3.1 software. Crystallographic data was compiled from CaRIne’s 

database and verified using Springer Materials’ catalog of crystallographic data [35-37]. The 

simulated diffraction patterns created in the software would aid in indexing the experimental 

patterns while the stereographic projections oriented the crystal. Figure 3.7 shows one such 

simulated diffraction pattern viewed from the (0001) zone axis.  
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Figure 3.6. EBSD image showing phase content and grain orientation for (a-b) 1000 °C and (c-

d) 1500 °C. 
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Figure 3.7. Diffraction pattern down the (0001) zone axis. 

 

3.5 TEM Analysis 

3.5.1 1000 °C Test Bar Slip Dislocation Quantification  

 Multiple samples were made from the four point tested bar at 1000 °C for �⃗� · �⃗⃗� 

experiments. Unlike the indented samples, the dislocation content was qualitatively much less. 

Approximately 25 dislocations were studied at this temperature range.  

Figures 3.8(a) and 3.8(b) show both a visible and invisible condition, respectively, along 

with the two beam condition associated with each. The invisible conditions observed were �⃗�′𝑠 of 

[0001] , [0001], and [1101]  planes. Using these invisibility conditions, the Burgers vector was 

determined to be 1/3[1120] . The stereographic projection looking down the (1210)  plane was 

used along with multiple visible conditions detailed in Appendix A, to determine the slip plane. 

The slip plane was found to be (1101) . While this slip plane is pyramidal, as opposed to more 
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commonly found basal and prismatic, many experiments on the dislocations found in this sample 

yielded this slip plane.  

 Another set of dislocations is shown in Figure 3.9. These dislocations exhibited opposite 

behavior then previous dislocations found in the same grain. As shown in Figure 3.9(a), the new 

set of dislocations were the only ones visible down the [0001]  �⃗�. However, in Figure 3.9(b), this 

new set is the only one not visible down the [1010]  �⃗�. The previous dislocation group identified 

can be seen in Figure 3.9(b). The Burgers vector was found to be 1/3[0001]. The slip plane was 

found to be prismatic, i.e. (1010)  plane. This slip corresponds with earlier room temperature 

results of prismatic slip [25].  This seems to slightly contradict previous results [26] which 

suggested that at a higher temperature, the material slips on the basal plane. This could not be 

confirmed nor denied as samples in this temperature regime showed no evidence of basal slip. 

However, these results do not necessarily negate prior work that noted basal slip, but does 

suggest it may not be the primary slip system at this temperature. 

 

Figure 3.8.  Dislocation group for test bar at 1000 °C in a (a) visible condition at g = [1010]  and 

(b) invisible condition at g = [0001] .  
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Figure 3.9.  Dislocation group for test bar at 1000 °C in a (a) visible condition at g = [0001]  and 

(b) invisible condition at g = [1010] . 

 

3.5.2 1500 °C Test Bar Slip Dislocation Quantification 

 Similar to the samples above, the TEM foils were extracted near the fracture surface of 

the test bar. Experiments were run, but only one quantifiable Burgers vector was found. Figure 

3.10(a) shows a visible condition for a series of dislocations with a [1011]  two beam condition. 

These dislocations disappear down the [1101]  two beam condition as shown in Figure 3.10(b). 

Other invisible conditions existed down the [1102]  and [2201]  two beam conditions. The only 

suitable Burgers vector that matches these conditions is 1/3[1120] . Further analysis was done by 

using the stereographic projection looking down the [2113]  zone axis as well as multiple visible 

conditions found in the Appendix B. Analysis showed that the slip plane was the (0001) basal 

plane. This result agrees with previous research that stated at higher temperatures in ZrB2 the 

primary slip system shifts from prismatic to basal [26]. 
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Figure 3.10.  Dislocation group for test bar at 1500 °C in a (a) visible condition at g = [1011]  

and (b) invisible condition at g = [1101] . 

 

3.5.3 Dislocation Summary  

 The dislocation density was calculated by using the line intercept method [38]. Using 

equation 6, the density of dislocations, ρ, is found by the number of random line intersections, N, 

occurring through its length, L, where t is the thickness of the sample. 

 𝜌 =
2𝑁

𝐿𝑡
 (6) 

The images used for each temperature regime were those that had no invisible 

dislocations under a two beam condition. This method gives a more accurate estimation of the 

dislocation density. The 1000 °C test bar had a calculated dislocation density of 1.3 x 10
13

 m
-2

. 

The dislocation density for the 1500 °C test bar was calculated to be 1.0 x 10
13 

m
-2

. These 

calculations  suggest a low dislocation content,  as a heavily cold rolled metal is on the order of 

10
14

-10
15

 m
-2

 [39]
.  

This lower dislocation content is indicative of a material that undergoes 
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significant plasticity which is in agreement with the type of fracture surface seen in Figure 3.5. 

The lack of significant dislocation density differences between the two temperature regimes 

(1000 
o
C and 1500 

o
C) despite a strength reduction appears not to be associated with the 

nucleation of more dislocations.  Quantitatively, the room temperature indented samples did 

display a higher concentration of dislocations than the flexural test bars. However this can be 

attributed to the difference in how the samples were loaded. The flexural load is relatively 

uniform over the bar length whereas the indent is a much more localized load. These results 

suggest that when deformation is not highly localized, the nucleation of dislocations will be 

much less and the boride exhibits limited plasticity.  

 In general, dislocations slip on the shortest Burgers vector, to minimize the strain energy, 

on planes that are the furthest spaced.  Table 3.1 shows the planar packing density of three slip 

identified planes for ZrB2 compared to an ideal c/a (=1.63) HCP ratio structure. The planar 

packing density is described as the number of representative atoms that lie on the area of the 

specific plane. The table shows that the planar packing density remains constant for the basal 

plane while the prismatic sees a 50% increase in packing density from ideal to the c/a = 1.11 of 

ZrB2. While the pyramidal plane sees an increase in packing density, it is slight when compared 

to the prismatic plane. These increases in planar packing densities would help to explain why 

non-basal modes of slip could become more favorable. The dramatic change in prismatic packing 

density would clearly allow such slip to become more favorable as the c-axis was reduced.  

However, the basal slip is still denser and should be the dominant form of slip (based on 

geometric arguments).  This is was not seen in our experiments at the lower temperatures.  

To rationalize this change from basal to non-basal slip, the nature of the bonding in the 

ZrB2 must be considered.  Based on the HCP structure, the diboride has an alternating stack of 
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metallic (Zr) and nonmetallic (B) atoms on the close packed planes.  This creates a mixed-bond 

environment out-of-the-plane.  One could assume that the covalent B-B (nonmetallic) bonding 

 

Table 3.1. Planar packing densities for ZrB2 and ideal HCP along three planes 

 

Slip Plane Planar Packing Density 

of ZrB2 (%) 

Planar Packing 

Density of Ideal HCP 

(%) 

Basal 90.7 90.7 

Prismatic 71.8 48.3 

Pyramidal 38.9 32.7 

 

 

would be the strongest than that of the  mixed out-of-plane Zr-B (metallic-non-metallic) ionic 

bonding or the Zr-Zr (metallic) bonding due to its higher electronegativity [40]. Ideally, the 

geometric arguments for dislocation slip are based on single element species structures, i.e. all 

the bonding strengths being equivalent.  In this complex multi-species bonding environment, the 

energy hierarchy of the bonds must also be considered in establishing the most favorable slip 

systems.  To the author’s knowledge, a computationally determined generalized stacking fault 

energy surface for all these planes has yet to be done. Such information could provide insights 

into these slip preferences. From this work, the system appears to favor non-basal then basal slip 

mechanisms with increasing temperature, where thermal energy could help active energetically 

more difficult systems. This change in slip is suspected to be associated with the nature of the 

multi-bonding complex bonding environment, which has been previously reported in carbides 

[41]. However the activation of such slip modes does not significantly impact the plasticity of the 

material, evident by the relative brittle response.  

  



31 

 

 

 

CHAPTER 4 CONCLUSION AND FUTURE WORK 

A series of room temperature indents were performed and confirmed prior research 

findings that a dense dislocation network can form. In this research, the dislocations were highly 

localized.  Based on these findings, subsequent studies were done at elevated temperatures to 

determine if the reduction of flexural strength could be associated with dislocation content and/or 

different, active slip systems. 

 The findings indicate a clearly quantifiable slip plane determination for dislocations at 

elevated temperatures.  The 1000 °C sample confirmed both pyramidal slip, 1/3[0001] (1010) , 

and prismatic slip, 1/3[1120] (1101) . The research conclusively determined these findings 

through Burgers vector and slip plane using TEM analysis. Though prior research was conducted 

at room and elevated temperatures, the slip system, e.g. plane, was only inferred from the 

Burgers vector. The c/a ratio for ZrB2 is 1.11 which is under the ideal case of 1.63 which would 

rationalize the presence of non-basal slip in this system. The dislocation density was 1.3 x 10
13

 

m
-2

. 

At 1500 °C, the ZrB2 sample only yielded basal, 1/3[1120] (0001), slip.  This finding 

appears to support Haggerty and Lee [26] which suggested a prismatic to basal transition with 

temperature.  Upon imaging several other dislocations, no other slip systems were observed. This 

research does not indicate other slip systems are not active; instead, the research could be 

indicative of an occurrence of a possible change in the primary slip mechanisms. Further 
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research through computational generalized stacking fault energy (GSFE) surfaces of each slip 

system will help clarify the energy hierarchy of the slip systems. Since basal slip is typically the 

most common in hcp structures, if not the primary slip system at lower temperatures, it does 

suggest that these mixed species (metal-nonmetal) borides bonding behavior is possibly 

alternating the energy landscape.  The dislocation density was 1.0 x 10
13

 m
-2

.  

Though the slip system changed, the lack of a change in dislocation content suggests that 

the drop in strength is not associated specifically with a dislocation nucleation event. Instead, 

since strength is directly related to the propagation of the dislocations, the reduction in stress 

may be associated with some intrinsic stress relaxation in the material. Future research is 

required to fully rationalize this behavior. However this thesis has provided additional 

information that helps eliminate one possible reason.  
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APPENDIX A 

 
Figure A.1. BF-TEM images with associated two-beam conditions in the inset for 1000 °C 

sample. 
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Table A.1. Burgers vector identification table for both 1000 °C tilt experiments. 
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APPENDIX B 

 
Figure B.1. BF-TEM images with associated two-beam conditions in the inset for 1500 °C 

sample. 
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Table B.1. Burgers vector identification table for the 1500 °C tilt experiment. 

 

 
 


