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ABSTRACT OF THE DISSERTATION 

 

In situ Scanning Electron Microscopy Based Uniaxial Compression of Sub-Micrometer-Size 

Transition-Metal Carbide Single-Crystalline Pillars 

 

 

by 

 

Angel Cortez Aleman 

Doctor of Philosophy in Mechanical Engineering 

University of California, Los Angeles, 2023 

Professor Suneel Kumar Kodambaka, Co-Chair 

Professor Nasr M. Ghoniem, Co-Chair 

 

 

The B1-structured group 5 transition metal carbides (VC, NbC, and TaC) are refractory 

compounds that exhibit a remarkable mixture of ionic, covalent, and metallic bonding. They are 

attractive materials for numerous and diverse applications and are of great interest to the 

scientific community. In this dissertation I investigated their mechanical behavior, observed 

plasticity at room-temperature, measured anisotropic yield strengths as a function of crystal 

(pillar) size, and determined their deformation mechanism. With in situ scanning electron 

microscopy based uniaxial microcompression testing, I show that single-crystalline sub-

micrometer-size transition-metal carbides exhibit orientation- and size-dependent room-

temperature plasticity. I find that for all the group 5 carbides, the yield strength increases with 

decreasing pillar size. For NbC(001) pillars, I observed that the extent of plastic deformation 



iii 

 

increases with increasing diameter. Surprisingly, in the smallest pillars the {110}11̅0 slip 

system is activated and for relatively larger pillars, the {111}11̅0 slip system is activated, 

indicating a transition in slip system based on size. I show that the largest pillars sustain 

extended plastic deformation. For VC, I present the microcompression test results of 001, 110, 

and 111 crystal orientations, where I have identified the operation of up to three slip systems 

dependent on the crystal orientation. I find that the mechanical behavior for VC(001) is similar to 

that of NbC(001) with a size-dependent transition in the operating slip systems. In VC(110) 

pillars, for all sizes, I observed minimal local plastic deformation followed by local fracture 

resulting in several large slip bands and is therefore described as brittle. In VC(111), the pillars 

exhibit size-dependent plasticity that increases with increasing diameter, however to a lesser 

extent than VC(001). For TaC, I investigated the mechanical responses of 110- and 111- oriented 

pillars. Similar to VC(110), the TaC(110) pillars are brittle. The TaC(111) pillars exhibit 

plasticity, however, to a lesser extent than in VC(111) pillars. Surprisingly, the largest diameter 

TaC(111) pillars are brittle. I have identified the operation of two slip systems dependent on the 

crystal orientation and pillar diameter, and also the observation of a transition in slip system for 

both orientations. My results also point to the exciting possibility of designing refractory TMCs 

with superior plasticity by optimizing the grain sizes, orientations, and compositions that 

promote the activation of desired slip systems. 
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CHAPTER 1 

Introduction 

B1-structured group 4 and 5 transition-metal carbides (TMCs) exhibit remarkable 

combination of properties due to a mixture of ionic, covalent, and metallic bonds [1, 2]. They are 

refractory solids with some of the highest known melting temperatures (2900 ~ 4300 K), where 

TaC has the highest melting point (4256 K) of the carbides just below the sublimation point of 

graphite (4273 K), high hardness (10-30 GPa) between alumina and diamond, good thermal and 

electrical conductivities, good thermomechanical and chemical properties, and excellent 

resistance to wear, ablation, and corrosion [1]. TMCs are attractive materials within ultra-high 

temperature ceramics for a wide variety of applications as hard protective coatings [3], high-

temperature structural components in aerospace vehicles [2] and automobiles [3], high thermal 

conductivity substrates for electronic circuits, coatings for semiconductor devices, and as light 

emitting diodes in optoelectronics [3]. Most recently, their electrochemical properties have 

gained attention for applications in Li-ion and Na-ion batteries, supercapacitors, and 

electrocatalytic reactions (oxygen evolution and reduction reactions, and hydrogen evolution 

reactions) for energy storage and conversion [4]. TMCs possibly have applications as materials 

for magnetic storage devices and superconductors replacing current materials because of their 

superior properties [5, 6]. Given the application potential for TMCs, knowledge of the 

mechanical stabilities of these materials, especially at room-temperature, is desirable.  

Until recently, TMCs have been considered to be brittle under uniaxial loading at low 

temperatures, even though they are known to exhibit local plasticity during room-temperature 

microindentation [1, 7]. They are ductile at elevated temperatures (> 0.3Tm, where Tm is the 
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melting point in Kelvin) [1]. At high temperatures, the primary slip system for B1-structured 

TMCs is generally expected to be {111}[110] [1]. However, studies have shown that other slip 

systems can be activated depending on temperature, orientation, and the transition-metal [1, 8]. 

1.1 Microhardness 

A "brittle" solid will break in a conventional (macroscopic) mechanical test. However, 

when the same material is placed in a microhardness indentation test, local plastic flow can 

occur. It is believed that the high hardness of the carbides is intrinsic. The mobility of 

dislocations in the carbides is expected to be very low at room temperature due to a high Peierls 

stress resulting from exceptionally strong bonding in the carbides [9]. Furthermore, ionic 

materials that are cubic with rocksalt structure, similar to TMCs are considered brittle due to 

surface and volume defects [10].  

The plastic nature of the microhardness impression in TiC was demonstrated by authors 

of Ref. [11], where slip steps on the inside of the impression were detected by electron 

microscopy. Additionally, the anisotropic microhardness of TiC, ZrC, VC, and NbC have been 

demonstrated by Hannink et al. [8]. These findings indicate that these TMCs have anisotropic 

mechanical properties and dislocations participate in the room-temperature deformation as 

observed in microhardness tests. 

1.2 Carbon to metal ratio 

Transition metals of groups 4 and 5 can easily form monocarbide compounds with a wide 

homogeneity range. The chemical formula widely used is MeCx, where Me represents a 

transition metal, C is carbon, and x is the carbon-to-metal ratio. The value of the carbon ratio (x) 
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varies from approximately 0.5 to 0.97. As such, the monocarbides are carbon-deficient, 

nonstoichiometric compounds, having several percentage vacancies. These vacancies affect the 

mechanical, transport, and many other properties. Some properties (hardness, electrical, and 

magnetic etc.) are extremely sensitive to vacancies on both metal and nonmetal lattice sites. The 

insidious factor of porosity contributes to a detriment on the mechanical properties because of its 

adverse impact as the porosity increases in the sintered samples [1].  

Interestingly, Figure 1.1 shows how the hardness of TMCs depend on carbon content. 

From the figure it is apparent that hardness of group 4 carbides increases almost linearly with 

carbon content up to stoichiometry while the hardness of group 5 carbides decreases after a 

carbon-to-metal ratio of approximately x = 0.82 [2].  

 

Figure 1.1: Hardness of TMCs as a function of the metal-to-carbon ratio, adapted from Ref. [3]. 

1.3 Microcompression 

The extremely high melting points of the carbides made them difficult to prepare in 

single crystal form and all mechanical property measurements reported prior to 1960 were on 

hot-pressed or sintered carbides. These specimens suffered from impurity segregation at grain 
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boundaries and poorly characterized carbon-to-metal ratios calling into question the transport 

and mechanical properties. Fracture was common and dislocation studies were impractical. Then 

the advent of several crystal-growth techniques was established and successfully applied to 

carbides to pave the way for reliable studies [1]. 

Microcompression testing has attracted considerable interest in the study of size effects 

on mechanical properties [12-15]. Microcompression studies in experiments and simulations 

have shown differences in mechanical properties of materials at the sub-micrometer scale 

compared to their bulk counterparts [14-16]. Therefore, crystal size, orientation [17, 18], 

composition [1], and choice of microstructure must be considered when comparing the 

mechanical properties of materials. 

1.4 Motivation 

Although it has been shown that microcompression can be successfully employed to 

suppress cracking due to the small sample dimensions, little data is available in the literature on 

experiments with single crystal TMCs. Microcompression tests conducted on carefully prepared 

TMC single-crystals of different sizes can provide new insights into the mechanical behavior of 

this class of materials.  

Furthermore, while TMCs have been considered promising materials for a variety of 

structural applications, their practical use has, however, been limited because relatively little is 

known concerning the fundamental mechanisms controlling their mechanical behavior. 

Understanding the atomic-scale processes underlying deformation in TMCs can, in principle, 

open opportunities for their use at low-temperatures. This requires the realization, and further, 

the design of low-temperature plasticity in TMCs. 
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Therefore, the motivation of my research is the fundamental understanding of the size- 

and orientation-dependent mechanical behavior of the TMCs. This information will help develop 

an understanding of the mechanical behavior and provide insight into the intrinsic plasticity in 

this class of materials. 

1.5 Purpose of the Study (Hypothesis) 

TMCs are known to be ductile at elevated temperatures and are considered to be brittle at 

low temperatures. This has limited their use as structural materials for room temperature 

applications. The underlying hypothesis is that TMCs are intrinsically ductile and the observed 

brittleness in this class of materials is due to extrinsic defects such as voids, porosity, and surface 

cracks. Such extrinsic defects are a direct result of the manufacturing processes and large sample 

sizes. To validate this hypothesis, single-crystalline pillars of group 5 TMCs (VC, NbC, and 

TaC) of desired orientations and crystal sizes will be fabricated. Then their intrinsic plasticity 

should manifest at the small scale because significantly less amounts of defects (internal and 

external) are present.  

1.6 Research Objectives 

In this dissertation, I have completed the following tasks: 

Task 1: Microfabrication of TMC single-crystalline pillars via focused ion-beam (FIB) milling of 

bulk crystals 

Task 2: In situ microcompression testing of TMC pillars 

Task 3: Determined the mechanical behavior for up to three low-index orientations: yield 

strength, extent of plasticity, and deformation mechanism 
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Sub-micrometer single-crystalline, with up to three unique low-index crystal orientations, 

TMC pillars that are substoichiometric with diameters in the range of ~250 - 750 nm are 

fabricated by FIB milling. Then, their mechanical behavior is determined as a function of size 

and crystal orientation using in situ scanning electron microscopy (SEM) based 

microcompression tests. From the compression data, I determined the yield strength, extent of 

plasticity prior to fracture, and the active slip systems that are controlling the mechanical 

deformation. 

In summary, cubic rocksalt structured group 5 TMCs are ultra-high melting temperature 

ceramics with high hardness and intrinsic plasticity. Their mechanical properties make them 

attractive materials for the aerospace industry and many other applications. Single-crystalline 

pillars of group 5 TMCs (VC, NbC, and TaC) of three unique orientations and sub-micrometer 

sizes are studied. 

1.7 Brief summary of results 

In chapter 3, I present results from in situ microcompression tests of NbC(001) pillars at 

room temperature. This work is published in Acta Materialia, 221, 117384 (2021). Using a 

combination of X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), and 

transmission electron microscopy (TEM), I determined the crystallinity, composition, and 

microstructure of the pillars. The NbC pillars are substoichiometric, 001-oriented single crystals 

with B1 structure. I find that the pillars deform plastically with large strains and the compressive 

yield strength of the pillars increases with decreasing diameter. Throughout this dissertation, any 

mention of yield strength refers to a compressive yield strength and the values reported here 

should not be used in the common form of the word that refers to a tensile test. From electron 

microscopy images, I identify the operation of two slip systems {110}11̅0 and {111}11̅0 in 
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the smaller and relatively larger pillars, respectively, indicating a transition in the slip system 

based on size. Furthermore, the extended plasticity of the larger pillars is a result of a growing 

presence of dislocations and their sources with larger pillar sizes. This allows for further plastic 

deformation with the use of multiple slip systems. 

In chapter 4, I present results from in situ microcompression tests of VC (001), (110), and 

(111) pillars at room temperature. The three unique crystal orientations allow for an anisotropic 

mechanical responses study. I find that each orientation exhibits unique behavior. I find that two 

orientations of the pillars deform plastically with large strains and the compressive yield strength 

for all orientations of the pillars increases with decreasing diameter. From the SEM images, I 

have identified the operation of up to three slip systems dependent on the crystal orientation. The 

VC(001) pillars are the most plastic and I observed a transition in slip system based on pillar 

diameter. The VC(110) pillars are described as relatively the hardest because they do not exhibit 

plastic deformation and are described as brittle. The VC(111) pillars can sustain plastic 

deformation, however to a lesser extent than VC(001). The mechanical behavior of VC(111) is 

described as a combination of both VC(001) and VC(110) crystal orientations, mainly hard and 

with the ability to plastically deform. From the SEM images, I have identified the operation of up 

to three slip systems dependent on the crystal orientation. The large plasticity in VC crystals at 

room-temperature is a direct consequence of the simultaneous presence of multiple slip systems 

within the respective orientation. 

In chapter 5, I present results from in situ microcompression tests of TaC (110) and (111) 

pillars at room temperature. The two unique crystal orientations allow for an anisotropic 

mechanical responses study. I find that each orientation exhibits unique behavior. I find that the 

pillars deform plastically with moderate strains and the compressive yield strength of the pillars 
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increases with decreasing diameter. From the SEM images, I have identified the operation of two 

slip systems dependent on the crystal orientation and pillar diameter, and also the observation of 

a transition in slip system for both orientations. At room-temperature, the relatively more brittle 

TaC(110) is a result of only one active slip system per size while the moderate plasticity in 

TaC(111) crystals is a direct consequence of the simultaneous presence of two slip systems. 

In chapter 6, I explore further the many facets of TMCs and how they influence the 

mechanical behavior. The topics of chemical bonding, temperature, composition, microstructure, 

and the slip systems are covered briefly to remind the reader of how important every facet is to 

the behavior of TMCs making their study complex and interesting. The beauty of their 

complexity is the ability to engineer each of these facets allowing TMCs to be designed and very 

attractive for various applications. 
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CHAPTER 2 

Experimental Methods 

All of my experiments are carried out using the following bulk single-crystals, all 

purchased from Applied Physics Technologies: a NbC(001) single crystal (2 mm thick and ~3 

mm diameter, single-side polished circular disk) with a nominal composition ~NbCx = 0.94; 

VC(001), VC(110), and VC(111) single-crystals (2 mm thick, 2 mm diameter, single-side 

polished circular disks) with a nominal composition ~VCx = 0.90; and TaC(110) and TaC(111) 

single-crystals (2 mm thick, 2 mm diameter, single-side polished circular disks) with a nominal 

composition ~TaCx = 0.87 (actual range given is 0.80 < x < 0.93).  

2.1 X-Ray Diffraction 

 An X-ray diffraction (XRD) 2‒ scan is obtained from the bulk crystal using a Bede D1 

high-resolution diffractometer following the procedure described in Ref. [1]. The crystal is 

mounted on a miscut Si(001) wafer to eliminate background signal from the diffractometer stage. 

The optics of the detector and X-ray are aligned to achieve maximum straight-through intensity. 

The position and inclination of the sample are calibrated with respect to  and  (out-of-plane 

rotation perpendicular to ) of the desired TMC single-crystal reflection, which for NbC(001) 

crystals in my experiments is 002 reflection observed at 2 = 40.55o. 2‒ scan for 2 values 

between 20o and 100o is acquired with a step size of 0.02o and a dwell time of 1 s. An ω scan was 

obtained for ω values between 5° and 35°. An ω scan of the NbC 002 reflection spanning 30o is 

acquired with 2 = 40.67o, a step size of 0.02o, and a dwell time of 1 s. 
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2.2 X-Ray Photoelectron Spectroscopy 

 X-Ray Photoelectron Spectroscopy (XPS) data are acquired from the same TMC crystal 

using Kratos Analytical AXIS Ultra DLD. In order to accurately determine the bulk composition 

and minimize the contribution to the XPS signal from surface contamination, the crystal surface 

is etched using 3.8 keV Ar+ ion-beams (with Ar gas pressure at 4 × 10-5 Pa) rastered across 1.7 × 

1.7 mm2 using an extractor current of 100 A for 20 min. With these parameters, I estimate an 

etch rate of ~ 0.02 nm/s (corresponding to a depth of ~24 nm), assuming that the etch rates are 

comparable to TaCx thin films [2]. Higher resolution C 1s and Nb 3d spectra are acquired with a 

step size of 0.1 eV and dwell time of 1 s per step. For NbC(001), the relative concentrations of 

Nb and C are determined from the ratios of the high-resolution Nb 3d5/2 and C 1s spectral peak 

areas, measured using CasaXPS software and defined with a Shirley background type [3], 

corrected by their respective relative sensitivity factors, 1.752 and 0.278. Similar analysis carried 

out on ZrC thin film samples were found to be accurate to within 14% [4]. 

2.3 Scanning Electron Microscopy 

 Scanning electron microscopy (SEM) characterization of the TMC pillars before, during, 

and after compression testing is carried out using the FEI Nova 600 NanoLab DualBeamTM-

SEM/FIB system operated with an accelerating voltage of 10 kV and a working distance of 5 

mm. 

2.4 Focused Ion-Beam 

 All of the pillars used in my compression tests described below are prepared via focused 

ion-beam (FIB) milling of the bulk crystals in a FEI Nova 600 NanoLab DualBeamTM-SEM/FIB 
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system using 30 keV Ga+ in two steps: initial coarse milling is carried out with an ion beam 

current of 3 nA, followed by finer milling using 30 pA ion beams. This milling procedure yields 

vertical pillars with wider bases and narrower tops with circular cross-section; the tapering angle 

is < 5°. Note that there is no correlation between the extent of tapering and the diameter of the 

pillars. I prepared a minimum of 108 such pillars (total of all TMCs) for testing (excluding 

practice and defective pillars) with initial lengths lo between 0.9 and 2.2 µm and up to six 

different sets of top diameters D approximately 0.25, 0.35, 0.45, 0.50, 0.60, and 0.75 µm with 

average aspect ratios between 2-5 depending on group size. 

2.5 Cross-sectional Transmission Electron Microscopy 

 Cross-sectional transmission electron microscopy (XTEM) characterization is carried out 

on electron-transparent specimens prepared via focused ion-beam (FIB) milling of compressed 

pillars using 30 keV Ga+ ions in an FEI Nova 600 NanoLab DualBeamTM-SEM/FIB system. 

Prior to milling, the pillar is protected by electron-beam-assisted deposition of ~2 µm thick layer 

of platinum (Pt) from trimethyl platinum (C9H16Pt) using 30 kV and 0.1 nA. XTEM images of the 

pillar cross-sections are acquired in a FEI Titan 80-300 kV scanning TEM (S/TEM) operated at 

300 kV. 

2.6 Microcompression 

 The microcompression tests are carried out in situ in the FEI Nova 600 NanoLab 

DualBeamTM-SEM/FIB dual system using a Hysitron PI-85 PicoIndenter with a flat-end, 5-m-

wide diamond punch. Each of the pillars is uniaxially compressed at a constant rate of 

displacement of 1 nm/s. Out of the total amount of TMC pillars, I found that a minimum of five 

pillars buckled, see for example Figure 2.1. I suspect that the buckling among these pillars, 
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which were all prepared via FIB milling in the same session, is likely due to uneven milling at 

the base of the pillars and/or slight variation in the tilt of the pillar, which resulted in 

misalignment of the pillars with respect to the punch. Here, I present only data obtained from the 

compression of a total of 108 pillars for VC, NbC, and TaC, none of which exhibited noticeable 

buckling [5]. During each test, load vs. displacement δ data and video-rate (4 frames/s) 

secondary-electron SEM images are acquired simultaneously with the SEM operated at an 

accelerating voltage of 10 kV. The resolution in these in situ SEM images is ~2.2 nm/pixel. The 

duration of the compression is limited based on the mechanical response of each pillar. In those 

pillars exhibiting large displacement bursts (relative macroscale shear) that can potentially result 

in complete fracture, the test is immediately ended following the shear event to preserve the 

pillar for imaging its post-compression morphology and the determination of slip plane(s). In 

case the pillar undergoes plastic deformation via multiple smaller-scale slip events instead of 

large strain bursts, then the compression is continued until the larger displacement event. In these 

experiments, the extent of all of the individual displacements δ vary and the range encompassing 

all of the pillar displacements is approximately 50 nm to 610 nm. 

2.7 Post-compression Scanning Electron Microscopy 

Higher-resolution scanning electron microscopy (HRSEM) images of the pillars are 

acquired after the compression tests using Through the Lens Detector in the same FEI Nova 600 

NanoLab DualBeamTM-SEM/FIB dual system operated at 10 kV. From the SEM images, using 

the SEM software, I measure D, orientations ' [= (90-)] of the slip bands with respect to the 

pillar axes, and the pillar lengths, l0 and lf, before and after the compression tests, respectively. 

The angles ' are measured after the SEM images are tilt-corrected for cross-section using the 
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SEM software. (I define  as the angle between normal to the slip band and the pillar axis.) To 

avoid potential artefacts associated with measuring orientations of tilted slip traces from SEM 

images of cylindrical pillars, I acquired images of the pillars at several different rotations. Here, I 

present only those SEM images, in which slip traces appear normal to the viewer. Based on my 

measurements, the angles  reported here are accurate to within 2°. All pillars have measurement 

uncertainties associated with the D values that can vary between 5 and 40 nm, depending on the 

pillar, as a result of which errors in applied stresses σ ( 1/D2) can be between 0.6 and 17.4%. 

Note that the tip displacement δ, as recorded by the indenter software, may differ from the actual 

deformation induced changes in the lengths of the pillar. In my experiments, I find that the 

accuracy in δ values is inversely proportional to the duration of the test. Therefore, to minimize 

the errors in determination of plastic strain εp = (l0 − lf)/l0, I rely on direct measurements of both 

l0 and lf of a given pillar from SEM images acquired before and after the compression test. I 

realize that accurate determination of the pillar lengths (l0 and lf) is not straightforward because 

bases of the pillars are not well-defined due to variations in depths caused by the FIB milling 

around the pillars. To minimize the uncertainties in pillar lengths, I measure both l0 and lf from 

the same arbitrarily chosen reference point near the base to the pillar top before and after 

compression, respectively. With this approach, the decrease in pillar length (l0 − lf) due to 

compression is accurate to within ± 5 nm, irrespective of the uncertainties in l0 and lf and the 

errors in εp are < 3%. Note that these errors are considerably larger than what can be accounted 

for using, for example, Sneddon's correction [6].  
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2.8 Yield Strength Calculation 

Yield strengths, σy, are determined from the σ(δ) curves as follows: first, I choose 

portions of the σ vs. δ data that are well within the linear elastic and nonlinear plastic regions. (In 

the linear elastic regime, I limit my analysis to σ > 2 GPa and discard the spurious non-linear 

variations in δ observed at lower σ ( 2 GPa) values caused by inhomogeneities at the tip-pillar 

contact interfaces during the early stages of loading.) Next, the two sets of σ vs. δ data, plotted 

on a logarithmic scale, are fit using linear least-squares analysis. The linear fits are extended 

such that they intersect, and the point of intersection is defined as σy. (An alternate approach to 

determining σy involves use of a plastic strain offset to make the lines intersect. This approach 

results in slightly higher σy values but the observed trend in σy(D) will be the same.) The errors in 

σy values are determined by varying the ranges of the elastic and plastic portions of the σ vs. δ 

data and are ± 0.4 GPa. 
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2.9  Figures 

 

 

Figure 2.1: Example of buckling observed for a NbC(001) pillar. The bending of this pillar is a 

good example of plasticity in NbC. The pillar could have continued to deform further, however, 

the compression test was ended to preserve the pillar and document the observation. 
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CHAPTER 3 

Size-dependent Mechanical Responses in NbC(001) Single-Crystals 

3.1 Introduction 

 Among the group 5 TMCs, niobium carbide (NbC) is a hard (∼22 GPa), high Young’s 

modulus (E ∼510 GPa), and high melting point (Tm = 3873 K) solid with good electrical 

conductivity (∼3 × 106 Ω−1 m−1 at 300 K) and Hall coefficient (-1.3 × 10−10 m3/K) [1]. 

Microindentation tests [2-4] carried out at room-temperature on bulk 001-oriented NbCx single-

crystals with 0.75 ≤ x ≤1 revealed hardness anisotropy and the operation of two slip systems, 

{110}11̅0 + {111}11̅0, at room-temperature [2]. Four point bending tests conducted on bulk 

polycrystalline NbC samples revealed ductile-brittle transition at 1750 K [5]. However, there are 

no reports on mechanical responses of NbC subjected to uniaxial loading at room-temperature. 

Here, as a first step, I focus on uniaxial compression of 001-oriented NbC single-crystals at 

room-temperature. To avoid potential influence of extrinsic factors such as voids and cracks on 

the mechanical behavior of bulk NbC crystals, I use carefully prepared sub-micrometer size 

pillars. Micro-compression tests [6] conducted on non-metallic materials that are generally 

considered to be brittle have provided valuable insights into the influence of size on plasticity [7-

16]. Among the TMCs, previous studies have shown that small-scale single-crystals of ZrC and 

TaC can undergo plastic deformation under compression [17]. 

 In this chapter, I present results obtained from X-ray diffraction (XRD), X-ray 

photoelectron spectroscopy (XPS), and microcompression of a commercially available NbC(001) 

single-crystal. I determined that the bulk sample is nearly stoichiometric and B1-structured 

NbC(001) single-crystal. Compression of sub-micrometer-scale NbC(001) pillars reveal 
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considerable plasticity, strain hardening, and size-dependent yield strengths. From electron 

microscopy characterization of the deformed pillars, I identify {110}11̅0 and {111}11̅0 as the 

two active slip systems in these small-scale pillars. 

3.2  Results 

Figure 3.1(a) is an XRD 2θ-ω scan obtained from the bulk NbC(001) sample. I find two 

peaks at 2 = 40.55 ± 0.02° and 87.52 ± 0.02°, identified as the 002 and 004 reflections, 

respectively, of B1-NbC. From these peaks, expected of a 001-oriented single-crystal, I measure 

a lattice constant of 0.4446 ± 0.0002 nm, ~ 0.6% smaller than the reported value for 

stoichiometric NbC bulk[1, 18]. Inset in Figure 3.1(a) shows an ω scan of the 002 reflection with 

a full width at half maximum Γ of 0.04 ± 0.02°, indicative of a high-quality crystal. Based on C-

concentration dependent variations in NbCx lattice parameters [18], the measured lattice 

parameter corresponds to substoichiometric NbCx with x = 0.78. 

The composition of the NbC bulk is also quantified by XPS. Figure 3.1(b) shows high 

resolution XPS data around C 1s and Nb 3d peaks from the NbC(001) sputter-etched surface, 

represented by red and green circles, respectively. Within the C 1s spectrum, I identify at least 

two peaks, one associated with C-Nb bonds (at ∼282.8 eV) and the other characteristic of C-C 

bonds [19], shown using blue and black curves, respectively. (The C-C peak is in principle a 

convolution of peaks due to sp2 and/or sp3 bonded carbon, expected at ~284.3 and ~284.7 eV, 

respectively [20].) The peaks observed at binding energies between 201 and 211 eV correspond 

to Nb 3d5/2 and Nb 3d3/2, respectively. From the areas of the C-C, Nb 3d5/2 and C-Nb peaks and 

assuming that the C-C peak is solely due to free-carbon, the determined bonded C content, x = 

0.99, i.e. NbC0.99. However, the depth-dependent XPS data (not shown here) reveal that the 
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amount of free C with respect to the total C content decreases from ~47 at.% to < 7 at.% with 

increasing etching time from 5 to 20 min. This discrepancy in C-content values could arise due 

to rather large uncertainty (up to 14 at.%) associated with the XPS quantification procedure [21]. 

In the following section, I first focus on mechanical responses of FIB-milled pillars 

subjected to uniaxial compression in situ in the SEM. Fig. 3.2 shows representative SEM images 

acquired from the bulk NbC(001) single-crystal with pillars of top diameters D = (a) 0.24 µm, 

(b) 0.46 µm, and (c) 0.76 µm (top panel) before and (bottom panel) after compression. For each 

of the pillars, lengths lo and lf, before and after compression, are shown using white arrows. 

Clearly, lengths of all the three pillars decreased, while their average diameters increased upon 

compression, i.e. the pillars deformed plastically. This behavior is typical of four out of five 

pillars with D  0.25 µm and D  0.50 µm and all eight pillars with D  0.75 µm. The other two 

pillars fractured without significant deformation. (Note that buckling observed in Figure 2.1 is 

also indicative of plasticity.) For those unfractured pillars, I estimate plastic strains εp between 2 

and 6% for D ~ 0.25 µm, 3 and 10% for D ~ 0.50 µm, and 2 and 30% for D ~ 0.75 µm. (see, for 

example, Figure 3.2. 

Engineering stress σ vs. displacement δ data obtained during the in situ compression of 

all the 18 pillars are plotted in Figures 3.2(d), (e), and (f) for pillars with D around 0.25 m, 0.50 

m, and 0.75 m, respectively. The σ(δ) data corresponding to the pillars in Figures 3.2(a)-(c) 

are highlighted using red, green, and blue colors, respectively. During the initial stages of 

loading, I observed a linear elastic behavior; δ increases linearly with increasing σ up to the yield 

point σy, followed by a smooth transition to non-linear plastic deformation. At σ > σy, I observe 

two interesting phenomena: 1) sudden drops in σ, due to displacement bursts, whose amplitude 

appears to increase with decreasing D and 2) the rate of strain hardening appears to be higher in 
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pillars with smaller D ( 0.25 m) than in those with D ≳ 0.5 m. Similar size-dependent 

displacement bursts have been observed in single- and poly-crystals [22-26]; and size-dependent 

strain hardening rates have been observed in single-crystalline face-centered cubic Cu [27, 28] 

and single-crystalline body-centered cubic Mo, Ta, Nb, and W [29] pillars and attributed to size-

dependent dislocation dynamics [28], and dislocation avalanches [24]. 

Yield strengths σy of all 18 pillars are extracted from the σ vs δ curves in Figures 3.2(d-f) 

and plotted as a function of D in Figure 3.3(a). I find that σy increases as D decreases, from 9.7 ± 

0.7 GPa for pillars with D  0.75 µm to 17 ± 2 GPa for pillars with D  0.25 µm. 

To gain insights into the observed phenomena of size-dependent plastic deformation, I 

carried out post-compression electron microscopy investigation of the compressed pillars. 

Figures 3.4(a)-(c) are typical higher resolution SEM images obtained after compression of three 

pillars with D  (a) 0.24 µm, (b) 0.46 µm, and (c) 0.76 µm. In Figures 3.4(a) and (b), I observed 

localized deformation in the form of a slip band from the top surface and leading across the body 

of the pillars. In case of larger size pillars with D  0.75 µm, I did not find any such slip bands in 

the SEM image [Figure 3.4(c)], presumably due to deformation via continuous slip with smaller 

displacement amplitudes as seen in Figure 3.2(d). I noted that among all the pillars I have tested, 

two of the pillars with D  0.50 µm show clear evidence of slip but I have not identified slip 

traces in the larger size pillars (i.e., D  0.75 µm). In the smaller pillar [Figure 3.4(a)], I found 

that the shear band is oriented at '  45°, i.e.   45°. Since the pillar axis is [001], the possible 

slip planes that are oriented at 45° with respect to the pillar axis belong to {110}. Based on this 

result, I concluded that the operating slip system in this pillar is {110}11̅0. In the intermediate 

size pillar with D  0.46 µm [Figure 3.4(b)], I found that the slip trace is '  54° with respect to 
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the pillar axis, i.e.   36°, which I argue (and provide justification below) that is not 

a {110}11̅0 slip system. 

Figure 3.4(d) is a typical TEM image acquired from a FIB-milled electron-transparent 

cross-section of the compressed pillar with D  0.46 µm, shown in Figure 3.4(b). Inset in Figure 

3.4(d) is a selected area electron diffraction (SAED) pattern obtained from the same field of view 

with zone axis [001]. Note that both the TEM image and the SAED in Figure 3.4(d) are obtained 

using the same sample/beam tilt. NbC {200} and {220} reflections are highlighted using yellow 

and red circles, respectively. The observed 4-fold symmetry of the diffraction spots and the 

absence of any other reflections indicate that the compressed pillar remains single-crystalline 

with B1 structure. That is, I do not observe any deformation induced lattice distortions, phase 

transformation, and/or twinning in the pillars. I therefore do not expect any deviations in the 

orientations of the crystal planes measured from the images. I found slip traces in the images, 

which appear as darker contrast parallel sets of lines. Dashed and dotted green lines in Figures 

3.4(d) are drawn perpendicular to the visible slip traces. The [001] axis of the pillar is 

highlighted in the TEM images using solid yellow lines, drawn perpendicular to a dotted yellow 

line passing through the central (000) spot and {200} diffraction spots in the SAED (see Figure 

4(d) inset). The dotted green line passing through the (000) spot in the SAED does not intersect 

{220} spots, i.e. the observed slip traces do not correspond to {110} planes. I measure 1 = 56  

2° and 2 = 50  2° as the angles between the normals to the slip traces and the [001] pillar axis 

(see Figure 3.4d). In comparison, the angles between normal vectors of the (111) and (011) slip 

planes and [001] pillar axis, are 54.7° and 45°, respectively.  
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I found that 1 is, within the measurement uncertainties of 2°, comparable to 54.7°, i.e. 

the slip traces visible in Figure 3.4(d) are likely due to {111} slip planes. I attribute the visibility 

of {111} slip traces in the TEM image to thin cross-sectional specimen and possibly some 

misorientation/bending of the FIB-prepared sample during imaging. However, given that 2 is 

within 5° of both 45° and 54.7°, I cannot unequivocally confirm the crystallographic orientation 

of the observed slip traces solely from the 2 measurement. (While imaging with [011] zone axis 

is ideal for visualizing {111} planes, it was not possible to tilt the TEM sample to the desired 

angle.) In order to determine the orientation of the slip planes associated with 2, I rely on the 

interplanar angle , which I measure as 76  2°; this value is comparable to 70.5°, the angle 

between any two non-parallel {111} planes and considerably different from 35.3° and 90°, the 

two possible angles between {111} and {110} planes. Based on these measurements, I conclude 

that the slip traces observed in the TEM images are due to {111} planes, consistent with my 

interpretation of the slip trace angles measured from SEM image in Figure 3.4(b). With the 

assumption that 11̅0 is the slip direction, generally expected in B1 crystals, these results 

indicate the operation of {111}11̅0 slip system. 

3.3  Discussion 

While the operation of both {110}11̅0 and {111}11̅0 slip systems have been observed 

during microindentation of bulk NbC(001) and other group 5 TMC(001) single-crystals at room-

temperature [2], there are no reports of the activation of two slip systems during room-

temperature compression of 001-oriented group 5 TMC crystals. (Previous reports identified 

{110}11̅0 as the only slip system during uniaxial compression of 001-oriented single-

crystalline TaC pillars with D < 0.5 µm [30]; in 110-oriented Ta-C-N pillars, {111}11̅0 is 
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found to be the only active slip system [31]. I speculate that the observed differences between the 

two group 5 TMCs may be due to differences in pillar sizes, C-contents, and loading rates. 

Microcompression tests conducted on NbC(001) single-crystal reveal variations in σy 

with D, phenomena well-documented in the literature [26]. What I find surprising, however, is 

the extent of plastic strain εp observed during compression of NbC(001) pillars that is 

considerably higher than the strains reported in other B1-structured 001-oriented TMCs such as 

TaC(100) and ZrC(100) single-crystals subjected to similar microcompression tests [30, 32]. 

To consistently explain all of my observations -- size-dependent yield strengths, strain 

hardening, displacement burst amplitudes, extensive plastic strain, and the operation of multiple 

slip systems -- I propose that number of dislocations (or dislocation sources) scales with pillar 

size and assume that dislocation mobility is facile along {111}11̅0 slip system compared to 

{110}11̅0. In smaller size pillars (e.g., D ~0.25 μm), number of dislocations (and sources) 

within the bulk of the crystal is expected to be low and plastic deformation is likely to be 

controlled by the surface nucleation of dislocations [33] along energetically the most favorable 

slip system (i.e., {110}11̅0) [30, 32]. Consequently, slip events are expected to be finite and 

discontinuous resulting in displacement bursts with larger amplitudes and higher yield strength. 

With increasing pillar size, both surface nucleation and multiplication of internal dislocations 

lead to higher number of dislocations and the activation of {111}11̅0 slip system, which results 

in more continuous slip with smaller amplitude displacement bursts, larger plastic strain, and 

lower yield strength. Inherent in my model is the speculation that the {110}11̅0 and {111}11̅0 

slip systems are dominant in smaller and large-size crystals, respectively. Based on this model, 

using σy  17 GPa for small D and 9.7 GPa for large D pillars and with Schmid factors 110 = 
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0.50 for {110}11̅0 and 111  0.41 for {111}11̅0 slip systems, I estimate critical resolved 

shear stresses of  8.5 GPa for {110}11̅0 and  4 GPa for {111}11̅0 slip systems. 

Furthermore, the operation of two slip systems {110}11̅0 and {111}11̅0 in the smaller and 

relatively larger pillars, respectively, indicate a transition in the slip system based on size. 

Clearly, additional microcompression data from pillars of additional sizes within the sub-

micrometer range and TEM characterization of the slip bands are needed to verify size-

dependent activation of a specific slip system and to identify the likely existence of a transitional 

size, where both slip systems can be active. 

3.4  Conclusion 

In summary, I determined the crystallinity, composition, and micromechanical responses 

of a commercially available bulk NbC(001) single-crystal. From X-ray photoelectron 

spectroscopy and X-ray diffraction measurements, I measure Nb/C ratio as ~1.01 and B1 lattice 

parameter as 0.4446 ± 0.0002 nm. In situ SEM based compression of cylindrical NbC(001) 

pillars with sub-micrometer size diameters revealed that the pillars deform plastically with large 

strains and diameter-dependent yield strengths that increase with decreasing diameter. From 

electron microscopy images, I identify the operation of two slip systems, {110}11̅0 and 

{111}11̅0. Based on my results, I suggest that the unexpectedly large plasticity in NbC(001) 

crystals at room-temperature is a direct consequence of the easy slip along {111}11̅0. My 

results also point to the exciting possibility of designing bulk refractory TMCs with superior 

plasticity by optimizing the grain sizes, orientations, and composition that promotes the 

activation of desired slip systems. 
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3.5 Figures 

 

Figure 3.1: (a) X-ray diffraction (XRD) ω-2θ scan obtained from a bulk NbC(001) single-

crystal. Inset shows an ω scan of the 002 reflection and measure the full width at half maximum 

 = 0.04  0.02o. (b) High resolution X-ray photoelectron spectra (XPS) acquired around C 1s 

(red circles) and Nb 3d peaks (green circles) from the same bulk sample. The green, blue, and 

black curves represent Nb 3d peaks, C-Nb, and C-C components, respectively. The brown curve 

denotes the background signal in the spectra. 
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Figure 3.2: (a-c) Representative SEM images acquired from the bulk NbC(001) with pillars of 

top diameters D = a) 0.24, b) 0.48, and c) 0.76 m before (top panel) and after compression 

(bottom panel). In the images, lo and lf refer to lengths of the pillars before and after 

compression, respectively, measured from the top with respect to the same arbitrarily chosen 

reference points near the bases of the pillars. (d-f) Plots of engineering stress (σ) vs. 

displacement (δ) data obtained during in situ compression of three sets of pillars with D around 

(d) 0.25, (e) 0.50, and (f) 0.75 µm. The σ(δ) data corresponding to the pillars in (a), (b), and (c) 

are shown using red, green, and blue curves, respectively. 
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Figure 3.3: Plot of yield strength σy vs. D, extracted from compression tests of 18 pillars from 

Figure 3.2. 
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Figure 3.4: (a-c) Typical SEM images (60°-tilt) acquired after the compression of three different 

NbC(001) pillars with D  (a) 0.24 μm, (b) 0.46 μm, and (c) 0.76 μm. Dashed red and green 

lines, respectively, in (a) and (b) highlight the orientations ' [= (90-)] of the slip bands with 

respect to the [001] pillar axes, where  is the angle between normal to the slip trace and the 

pillar axis. (d) Representative bright field transmission electron microscopy (TEM) image 

obtained from an electron-transparent cross-section of the compressed pillar shown here in (b). 

Associated selected area electron diffraction (SAED) pattern with zone axis [001] of the same 

area of the pillar is shown as inset. Yellow and red circles indicate NbC {200} and {220} 

reflections, respectively. Solid yellow line denotes pillar axis and is drawn perpendicular to a 

dotted yellow line passing through the central (000) spot and {200} diffraction spots in the 

SAED. Dashed and dotted green lines are drawn perpendicular to darker contrast parallel sets of 

lines highlighted by white arrows, which I identify as slip traces. The angles, 1 = 56  2°, 2 = 

50  2°, are measured between normals to the slip traces and the pillar axis and  = 76  2° is the 

angle between the two sets of slip traces based on which I conclude that {111} are the slip 

planes. 
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CHAPTER 4 

Anisotropic Mechanical Responses in VC Single-Crystals 

4.1 Introduction 

Transition metal carbides (TMCs) of group 4 and 5 with B-1 type structure have a 

mixture of ionic, covalent, and metallic bonds [1-3]. They are considered ultra-high temperature 

ceramics with some of the highest known melting temperatures (Tm > 2900 K), extremely stiff 

(elastic moduli > 250 GPa), extremely hard (>10 GPa) with good thermal and electrical 

conductivities, good thermomechanical and chemical properties that exhibit resistance to wear, 

ablation, and corrosion [1]. TMCs are used for hard protective coatings [3] and attractive for 

high-temperature structural components in aerospace and automotive applications [2, 3]. 

However, given that these materials exhibit superior properties, their low temperature 

applications have seen limited use because of their inherent bonding and ceramic-like nature. 

TMCs are generally considered brittle at room-temperature, however, local plasticity under 

room-temperature microindentation has been reported [4] and for temperatures as low as 77 K 

[5]. Although TMCs are considered brittle under uniaxial loading or bending at low 

temperatures, they behave ductile at elevated temperatures (> 0.3Tm) [1]. While it is generally 

expected that the primary slip system for B1-structured TMCs is {111}[110] at high 

temperatures [1], other slip systems can be activated depending on temperature and the 

transition-metal [6].  

Vanadium carbide is among the most commonly used of the cubic transition metal 

carbides. Its applications include it as an important structural component of alloyed steels widely 

used in the aircraft and automobile industries, as a grain growth inhibitor in tungsten carbide 
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based hard metals [3, 7], and as a nanocrystalline vanadium carbide as a catalyst for high 

temperature hydrogen separation [8]. Most studies of TMCs are limited to high temperatures and 

few at room temperature. Even less available are the studies on mechanical behavior of VC and 

these are based on Knoop and Vickers microindentation [6, 9]. These studies are used to measure 

and determine the material hardness, hardness anisotropy, and infer the deformation mechanism. 

Given that these materials are promising for structural applications at low temperatures, it is 

surprising that there are no reports on mechanical responses of VC subjected to uniaxial loading 

at room-temperature. Here, as a first step, I focus on uniaxial microcompression of 001-oriented 

VC single-crystals at room-temperature to measure their strength, determine the extent of 

plasticity, and determine the deformation mechanism. 

4.2 Results 

4.2.1 VC(001) 

Figure 4.1 shows representative SEM images from the bulk VC(001) single crystal of 

three sub-micron pillars, before (top panel) and after (bottom panel) compression. The SEM 

images are 10°-tilted views of the pillars with top diameters D ≈ a) 0.23 m, b) 0.43 m, and c) 

0.75 m. From these images, the height of the pillars noticeably decreased, while their average 

diameters increased upon compression, i.e. the pillars deformed plastically. Specifically, the 

pillar with the largest diameter, fig 4.1(c), is showing the largest changes in height and diameter 

and its shape can be described as a barrel. This behavior is typical of three out of five pillars with 

D ≈ 0.23 m, four out of five pillars ≈ 0.43 m, and all five with D ≈ 0.75 m. The other two 

pillars deformed slightly followed by fracture. For the unfractured pillars their estimated plastic 
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strains are between 7 and 9% for D ≈ 0.23 m, 9 and 12% for D ≈ 0.43 m, and 2 and 20% for D 

≈ 0.75 m. 

Similarly, figure 4.2 shows representative SEM images from the bulk VC(001) single 

crystal of three intermediate sizes of pillars to those shown previously, before (top panel) and 

after (bottom panel) compression. The SEM images are 10°-tilted views of the pillars with top 

diameters D = a) 0.33 m, b) 0.52 m, and c) 0.59 m. From these images, the height of the 

pillars noticeably decreased, while their average diameters increased upon compression, i.e. the 

pillars deformed plastically. This behavior is typical of two out of five pillars with D ≈ 0.33 m 

and three out of five pillars with ≈ 0.52 m, and four out of five with D ≈ 0.61 m. The other 

pillars deformed slightly followed by fracture. For the unfractured pillars their estimated plastic 

strains are between 3 and 14% for D ≈ 0.33 m, 15 and 21% for D ≈ 0.52 m, and 9 and 21% for 

D ≈ 0.61 m. 

Engineering stress vs. displacement data obtained during the in situ compression of all 30 

pillars are plotted in Figures 4.1 and 4.2 in (d), (e), and (f) for their corresponding sizes. The () 

data corresponding to the pillars in Figures 1 and 2 (a)-(c) are highlighted using red, green, and 

blue colors, respectively. In the initial region of the compression test I observe a linear elastic 

behavior, and the pillars undergo elastic deformation:  increases linearly with increasing  up to 

the yield point y, followed by a smooth transition to non-linear plastic deformation for the 

smaller pillars with diameters up to D ~ 0.43 m while an abrupt transition followed by the non-

linear plastic deformation can be seen for the larger pillars having diameters D ~ 0.52 m and 

greater. At  > y I observe the following: 1) sudden drops in , large and small, due to 

displacement bursts, where the amplitudes appear to increase with decreasing D and 2) the rate 
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of strain hardening appears larger for pillars with diameters up to D ~ 0.43 m than in those with 

diameters D ~ 0.52 m and greater.  

The yield strength y of the 30 pillars is extracted from the  vs  curves in Figs 4.1 and 

4.2 (d) – (f) and plotted as a function of D in Figure 4.3. From the profiles, the observed trend is 

that y increases as the D decreases, from 12.7 ± 1.7 GPa for pillars with D ≈ 0.75 μm to 18 ± 1 

GPa for pillars with D ≈ 0.23 μm. One data point in the largest diameter set is deviating from the 

trend and can be explained by looking at Fig 4.1(f). The compression test of the first pillar was a 

conservative effort and prematurely ended to preserve the pillar after observing a stress burst in 

the profile. The profile is the shortest in displacement, ~ 150 nm, of the five profiles. 

Consequently, the yield stress was underestimated from that profile and appears like an outlier.  

To further characterize the observed behavior of size dependent plastic deformation, the 

compressed pillars were imaged with electron microscopy. Figures 4.4 and 4.5 are typical higher 

resolution SEM images obtained after compression of the same representative pillars from Figs 1 

and 2 for each set with D ≈ 4(a) 0.23 μm, 4(b) 0.43 μm, 4(c) 0.43 μm, and 4(d) 0.75 μm and D ≈ 

5(a) 0.33 μm, 5(b) 0.52 μm, and 5(c) 0.59 μm. In figs 4 and 5 all of the pillars exhibited localized 

plastic deformation shown by the slip bands from the top surface and leading across the body of 

the pillars with the exception of Figure 5(c). The pillar of Figure 5(c) with D = 0.59 μm did not 

show any slip bands, however, it plastically deformed likely due to deformation via continuous 

slip with minimal displacement amplitudes as seen in fig 4.2(f). Many of the pillars that were 

tested show clear evidence of slip and only a few do not. Dashed red, green, and blue lines, 

respectively, in Fig 4.4: (a), (b), (c) and (d) highlight the orientations of the slip bands with 

respect to the [001] pillar axes, where the angle shown is the angle between normal to the slip 

trace and the pillar axis and equivalently the angle between pillar axis normal surface and the slip 
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trace. In fig 4.4(a), the shear band is oriented at ~ 54°. Since the pillar axis is [001], the possible 

slip planes that are orientated at 54° with respect to the pillar axis belong to {111}. Based on this 

result, the operating slip system in this pillar is {111}〈110〉. In fig 4(b), the slip band is oriented 

at ~ 45° with respect to the pillar axis [001] and suggests that the possible slip planes belong to 

{110}. Based on this result, the operating slip system in this pillar is {110}〈110〉. Similarly, 

following the same argument for an orientation and its corresponding slip plane, the slip systems 

for the pillars shown in fig 4.4(c) and (d) and in fig 4.5(a) and (b) can also be identified as either 

a (110) slip plane if the orientation angle is ~ 45° or (111) slip plane if the orientation angle is ~ 

54°. In all of the images of fig 4.4, two unique slip systems have been captured between the 

different sizes. Most interesting is the result that two different slip systems are also shown within 

two same sized pillars (D ~ 0.43 m) and can be seen in figs 4.4(b) and (c). The range of pillar 

sizes helps facilitate the observation that a transition in slip system may occur based on the size 

of the crystal. Here I observed the slip plane change from (111) fig 4.4(a) in the smallest pillar 

(0.23 μm) to (110) for a larger pillar fig 4.5(a) (0.33 μm) to both (110) and (111) for larger 

pillars of fig 4.4(b) and (c) (0.43 m), respectively, to (110) for larger pillars fig 4.5(b) 0.52 m, 

and fig 4.4(d) of 0.75 μm. This change in slip system is opposite to that observed in NbC. Here 

the VC slip system changes from the (111) glide plane to (110) as crystal size increases, while 

the NbC slip system changes from the (110) glide plane to (111) with increasing crystal size. 

Fig 4.4(e) is a typical bright TEM image acquired from the FIB-milled electron-

transparent cross-section of the compressed pillar with D ~ 0.43 m, shown in fig 4.4(c). The 

inset in fig 4.4(e) is a selected area electron diffraction (SAED) pattern obtained from the same 

field of view with zone axis z = {112}. Note that both the TEM image and the SAED in fig 

4.4(e) are obtained using the same sample/beam tilt. VC {220} and {111} reflections are 
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highlighted using yellow and green circles, respectively. The observed 2-fold symmetry of the 

diffraction spots and the absence of any other reflections indicate that the compressed pillar 

remains single-crystalline with B1 structure. That is, I do not observe any deformation induced 

lattice distortions, phase transformation, and/or twinning in the pillar. Therefore, I do not expect 

any deviations in the orientation of the crystal planes measured from the images. Slip traces are 

also found in the images, which appear as darker contrast parallel sets of lines. Green arrows in 

fig 4.4(e) are drawn perpendicular to the visible slip traces. A dashed green line in fig 4.4(e) inset 

is drawn passing through the (000) central and {111} diffraction spots in the SAED. The dashed 

green line is then transferred to the TEM and placed over the largest slip trace along with a solid 

green line that is perpendicular. The solid green line is parallel to the observed slip trace and 

corresponds to the {111} slip planes. This is consistent with our angle based identification of the 

{111} slip trace from the SEM image in fig 4.4(c). Based on these measurements, I conclude that 

the slip traces observed in the TEM image are due to {111} planes. With the assumption that 

〈110〉 is the slip direction, generally expected in B1 crystals, these results indicate the operation 

of both {110}〈110〉 and {111}〈110〉 slip systems. 

4.2.2 VC(110) 

Figure 4.6 shows representative SEM images from the bulk VC(110) single crystal of 

three sub-micron pillars, before (top panel) and after (bottom panel) compression. The SEM 

images are 10°-tilted views of the pillars with top diameters D = a) 0.28 m, b) 0.46 m, and c) 

0.75 m. From these images, the height of the pillars and their average diameters slightly 

changed upon compression. Furthermore, a more typical observation of all the pillars is the 

formation of slip bands at the top section i.e., the pillars experienced local plastic deformation. 
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Specifically, the pillar with the largest diameter, fig 4.6(c), is showing the greatest amount of 

plastic deformation and the largest slip bands. This behavior is typical of all five pillars with D ≈ 

0.27 m and three out of five with D ≈ 0.47 m, and three out of five with D ≈ 0.75 m. The 

other two pillars in each size deformed slightly followed by fracture. For the unfractured pillars 

their estimated plastic strains are between 5 and 7% for D ≈ 0.27 m, 1 and 9% for D ≈ 0.47 m, 

and 2 and 14% for D ≈ 0.75 m. 

Engineering stress vs. displacement data obtained during the in situ compression of all 14 

pillars are plotted in Figure 4.6(d), (e), and (f) for their corresponding sizes. The () data 

corresponding to the pillars in Figures 4.6(a)-(c) are highlighted using red, green, and blue 

colors, respectively. During the initial stages of loading, the profile indicates a linear elastic 

behavior:  increases linearly with increasing  up to the yield point y, and a non-linear plastic 

deformation region is not observed. At  > y I observe the following: 1) sudden drops in  with 

a large displacement increase indicating a large slip event or sudden fracture i.e., the pillars 

exhibit brittle behavior.  

The yield strength y of the 14 pillars is extracted from the  vs  curves in Fig 4.6(d) – 

(f) and plotted as a function of D in Figure 4.7. From the profiles, the observed trend is that y 

increases as the D decreases, from 17.4 ± 1.3 GPa for pillars with D ≈ 0.75 μm to 22.9 ± 0.9 GPa 

for pillars with D ≈ 0.27 μm. One data point in the smallest diameter set is missing from the 

trend. The first pillar was damaged prior to the compression test and eliminated from the data set. 

To further characterize the observed behavior of size dependent plastic deformation, the 

compressed pillars were imaged with electron microscopy. Figure 4.8 (a-c) are typical higher 

resolution SEM images obtained after compression of the same representative pillars from Figure 
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4.6 with D ≈ 4.6(a) 0.28 μm, 4.6(b) 0.46 μm, and 4.6(c) 0.75 μm. In fig 4.8 all of the pillars 

exhibited localized plastic deformation shown by the slip bands at the top surface and in fig 

4.8(c) the pillar also has slip bands across the body of the pillar. Many of the pillars that were 

tested show clear evidence of slip and only one or two in each set fractured. Dashed red, green, 

and blue lines, respectively, in Fig 4.8: (a), (b), and (c) highlight the orientations of the slip bands 

with respect to the [110] pillar axes, where the angle shown is the angle between normal to the 

slip trace and the pillar axis and equivalently the angle between pillar axis normal surface and the 

slip trace. In fig 4.8(a-c), the shear bands are oriented at ~ 35°. Since each pillar axis is [110], the 

possible slip planes that are orientated at 35° with respect to the pillar axis belong to {111}. 

Based on this result, the operating slip system in these pillars is {111}〈110〉. In all of the images 

of fig 4.8, only one unique slip system has been captured between the different sizes. The range 

of pillar sizes help to identify that a transition in slip system does not occur based on the size of 

the crystals. 

4.2.3 VC(111) 

Figure 4.9 shows representative SEM images from the bulk VC(111) single crystal of 

three sub-micron pillars, before (top panel) and after (bottom panel) compression. The SEM 

images are 10°-tilted views of the pillars with top diameters D ≈ a) 0.25 m, b) 0.44 m, and c) 

0.74 m. From these images, the height of the pillars noticeably decreased, while their average 

diameters increased upon compression, i.e. the pillars deformed plastically. Furthermore, a more 

common observation of all the pillars is the formation of slip bands at the top section and across 

the body of the pillars i.e., the pillars experienced plastic deformation, and can be seen in fig 

4.9(a) and (c). Also, the pillar with the largest diameters, fig 4.9(c), is showing the greatest 
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amount of plastic deformation and more slip bands than the smaller pillars. This behavior is 

typical of all five pillars with D ≈ 0.24 m and all five with D ≈ 0.44 m, and four out of five 

with D ≈ 0.74 m. The other pillar in the largest size deformed and fractured. For the unfractured 

pillars their estimated plastic strains are between 10 and 20% for D ≈ 0.24 m, 4 and 12% for D 

≈ 0.44 m, and 9 and 12% for D ≈ 0.74 m. Here the smallest pillars seem to experience the 

greatest amount of plastic deformation, however, the other pillars could have been further 

compressed and also experienced extended plastic deformation. The goal was also to preserve 

the pillars to characterize their slip systems, and this prevented the extended compression times. 

Engineering stress vs. displacement data obtained during the in situ compression of all 15 

pillars are plotted in Fig 4.9(d), (e), and (f) for their corresponding sizes. The () data 

corresponding to the pillars in Fig 4.9(a), (b), and (c) are highlighted using red, green, and blue 

colors, respectively. During the initial stages of loading, the profiles indicate a linear elastic 

behavior:  increases linearly with increasing  up to the yield point y, followed by a smooth 

transition to non-linear plastic deformation for all pillars. At  > y I observe the following: 1) 

small and large frequent drops in  due to displacement bursts, where the amplitudes appear to 

increase with decreasing D and 2) the rate of strain hardening appears to increase with 

decreasing D. 

The yield strength y of the 15 pillars is extracted from the  vs  curves in Fig 4.9 (d) – 

(f) and plotted as a function of D in Figure 4.10. From the profiles, the observed trend is that y 

increases as the D decreases, from 16.1 ± 0.8 GPa for pillars with D ≈ 0.74 μm to 23.0 ± 0.6 GPa 

for pillars with D ≈ 0.24 μm. All pillars are included in the data set for the (111) surface 

orientation. 
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To further characterize the observed behavior of size dependent plastic deformation, the 

compressed pillars were imaged with electron microscopy. Figure 4.11 (a), (c), and (d) are 

typical higher resolution SEM images obtained after compression of the same representative 

pillars from Figure 4.9 with D ≈ 9(a) 0.25 μm, 9(b) 0.44 μm, and 9(c) 0.74 μm. Fig 4.11(b) is a 

second pillar of the smallest size having also a D ≈ 0.25 μm. In fig 4.11 all of the pillars 

exhibited plastic deformation shown by the slip bands across the body of the pillars and in fig 

4.11(d) the pillar also has multiple slip bands across the body of the pillar and is a great example 

for the comparisons of size differences. All of the pillars that were tested show clear evidence of 

slip and only one pillar in the largest diameter size set fractured. Dashed red, green, and blue 

lines, respectively, in fig 4.11(a) and (b), (c), and (d) highlight the orientations of the slip bands 

with respect to the [111] pillar axes, where the angle shown is the angle between normal to the 

slip trace and the pillar axis and equivalently the angle between pillar axis normal surface and the 

slip trace. Following the same procedure of measuring the angle of the slip band as in figs 4.4, 

4.5, and 4.8 I can identify the slip system for each pillar. In fig 4.11(a) the two large parallel 

shear bands are oriented at ~ 54°, indicating a (001) slip plane, and a smaller shear band can be 

seen near the top surface. In fig 4.11(b) a large slip band can be seen across the entire body of the 

pillar at ~ 35°, indicating a (110) slip plane, as well as multiple parallel slip bands near the top of 

the pillar but are not seen across the body of the pillar. Also, in fig 4.11(b) a slip band is seen at 

the top of the pillar on the backside and is responsible for detaching a majority of the top of the 

pillar. In fig 4.11(c) I observe two different orientations of the slip bands. A large slip band 

across the entire body of the pillar at ~ 54° and several faint slip traces are present on the surface 

at ~ 70°, indicating that the (001) and (111) respective slip planes, are active. In fig 4.11(d) 
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multiple parallel slip bands are present across the entire body of the pillar at ~ 54°, indicating a 

(001) slip plane, and a shear band is present at the top left side. 

Overall, since each pillar axis is [111], the three different angles indicate the three slip 

planes are active. Based on this result, the operating slip systems in these pillars are {001}〈110〉, 

{110}〈110〉, {111}〈110〉. Furthermore, the range of pillar sizes help to observe that a common 

slip system, {001}〈110〉, occurs throughout the three sizes of crystals. 

The yield strengths y of the 59 pillars from all orientations in Figures 4.3, 4.7, and 4.10 

are combined and plotted as a function of D in Figure 4.12. From the profiles, the observed trend 

is that y increases as the D decreases and each orientation does so at different rates.  

4.3 Discussion 

The operation of the {110}〈110〉 and {111}〈110〉 slip systems have been reported on 

during microindentation of bulk VC(001) and other group 5 TMC(001) single-crystals at ambient 

and elevated temperatures [6], respectively. However, I note that there are no reports of the 

activation of two slip systems during room-temperature compression of 001-oriented group 5 

TMC crystals except in our previous report on NbC(001) [10]. Additionally, there are no reports 

of the activation of multiple slip systems during room-temperature compression of 110- and 111-

oriented group 5 TMC crystals. Furthermore, previous reports identified {110}〈110〉 as the only 

slip system during uniaxial compression of 001-oriented single-crystalline TaC pillars with D < 

0.5 m [11] while in 110-oriented Ta-C-N pillars, {111}〈110〉 is found to be the only active slip 

system [12]. The differences between the two group 5 TMCs can possibly be explained when 

considering their pillar sizes, crystal orientation, C-content, and loading rates. Here I have again 
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observed the activation of multiple slip systems in three different crystal orientations of sub-

micron pillars, also the simultaneous activation of two slip systems within the same pillar, and 

three slip systems within one crystal orientation. 

During compression of the pillars, yielding occurred via slip either by one or a 

combination of the following descriptions: locally at the top surface, across the body of the 

pillar, through multiple parallel slip bands creating multiple slip steps on the surface of the pillar, 

and/or continuously throughout the pillar as diffuse slip, allowing for extensive plastic 

deformation seen as the barreling effect on the larger pillars. From the post compression 

morphology shown in Figures 4.4(a-c), 4.5(a), 4.8(a) and (b), and 4.11(a) and (b), it is apparent 

that I can observe localized deformation as shear bands on the top surfaces. In the pillars of 

Figures 4.4(d), 4.5(b), 4.8(c), and 4.11(a-d) I observe the shear bands across the body of the 

pillars. In the pillars of Figures 4.1(c), 4.2(b) and (c), and 4.9(c) I observe barreling of the pillars. 

The observed behaviors are characteristic of plastic deformation that is typically observed in 

FCC bulk and microcrystals of metals [13]. The localized deformation behavior is typically 

observed in ionic crystals [14].  

The explanation that was presented for the NbC(001) results [10] also applies for the VC 

pillars. That is, the number of dislocations and/or dislocation sources scales with pillar size. In 

smaller size pillars (D ≈ 0.25 m), the number of dislocations (and/or sources) within the pillar is 

expected to be low and plastic deformation is likely to be controlled by the surface nucleation of 

dislocations [15] along energetically the most favorable slip system. As a result, slip events are 

expected to be finite and discontinuous resulting in displacement bursts with larger amplitudes 

and higher yield strength. With increasing pillar size, both surface nucleation and multiplication 

of internal dislocations lead to higher number of dislocations and the activation of a second slip 
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system {110}〈110〉, which results in more continuous slip with smaller amplitude displacement 

bursts, larger plastic strain, and lower yield strength. For the VC(001) crystal, inherent in my 

model is the speculation that the {111}〈110〉 and {110}〈110〉 slip systems are dominant in 

relatively smaller and large-size crystals, respectively. In the case for VC(110) crystal the 

{111}〈110〉 slip system is the only one activated for all sizes and is therefore the dominant slip 

system. In VC(111) a combination of the three slip systems can be active depending on size. For 

example, the {001}〈110〉 and {110}〈110〉 slip systems are active for the set of pillars with D ≈ 

0.24 m, the {001}〈110〉 and {111}〈110〉 slip systems are active for the set of pillars with D ≈ 

0.44 m, and only the {001}〈110〉 slip system is active for the set of pillars with D ≈ 0.74 m. I 

note that the {001}〈110〉 slip system is active for all sizes indicating a dominant role. 

The aforementioned observations indicate that the three crystal orientations of VC, 001, 

110, and 111 are experiencing plasticity or brittle behavior. To elaborate, the VC(001) pillars 

experience the most plastic deformation as characterized by their - curves in Figs 4.1 and 

4.2(d-f) and are considered plastic with the ability to sustain extended plastic deformation with 

larger diameters D ≈ 0.75 m. The VC(110) pillars do not experience plastic deformation as 

characterized by their - curves in Figs 4.6(d-f) and are considered brittle in these experiments. 

The VC(111) pillars also experience plastic deformation as characterized by their - curves in 

Figs 4.1 and 4.9(d-f) and are considered plastic with the ability to sustain further plastic 

deformation (but limited compared to VC(001) pillars) with larger diameters D ≈ 0.74 m. 

The possibility that a transition in slip system may occur based on the size of the crystal 

was further explored here in the VC(001) crystal by including more pillar sizes within the sub-

micron range. This is supported for the 001 orientation with a larger range of sizes because I 
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again observe only one slip system, {111}〈110〉, for the smallest pillars (D ≈ 0.25 m) and a 

transition occurs at (D ≈ 0.43 m) where two slip systems are activated {111}〈110〉 and 

{110}〈110〉,  followed by the activation of only the second slip system {110}〈110〉 in the larger 

pillars for D ≥ 0.52 m. In the VC(110) crystal a transition is not observed because only one slip 

system is active within the sub-micron range. The VC(111) pillars have the most interesting 

behavior since three slip systems are identified as active. A transition in slip system is not 

necessarily observed, rather a combination of slip systems occurs throughout the sub-micron 

range. The (001) and (110) slip planes are present for pillars with D ≈ 0.24 m while the (001) 

and the (111) slip planes are present for pillars with D ≈ 0.44 m. The (001) slip plane is present 

in all three sizes and contributes to the plastic nature of the VC(111) pillars as seen in Figure 

4.11.  

Figure 4.12 compares the mechanical yield strengths of the three pillar orientations. 

Clearly, there is an increase in yield strength as the diameter is decreased for all orientations and 

at different rates for each orientation. The strength of the VC(001) pillars increases the least and 

is considered the “soft” orientation, relatively speaking, because earlier it was described that the 

VC(001) pillars experienced the most plastic deformations and extended deformation in the 

larger pillars. The strength of the VC(110) pillars increases at the highest rate and is considered 

the “hard” orientation because earlier it was stated that the VC(110) pillars did not experience 

plastic deformation and was described as brittle. The strength of the VC(111) pillars also 

increases at a higher rate than VC(001) pillars and is characterized as having dual behavior of 

both VC(001) and VC(110) pillars. Specifically, the VC(111) pillars have the combination of 

allowing for plastic deformation similar to VC(001) pillars and higher yield strengths like that of 
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VC(110) pillars compared to VC(001) pillars making it the orientation of choice for mechanical 

applications. 

4.4 Conclusion 

The micromechanical responses of VC with 001, 110, and 111 orientations were carried 

out to characterize each and determine their active slip systems. In situ SEM based compression 

of cylindrical VC(001) pillars with sub-micrometer size diameters revealed that the pillars 

deform plastically with large strains and diameter-dependent yield strengths that increase with 

decreasing diameter. From the SEM images, I have identified the operation of up to three slip 

systems dependent on the crystal orientation along with the observation of a transition in slip 

system for the 001 orientation. The 110 orientation is the hardest of the three because it does not 

exhibit plastic deformation and is described as brittle. The 111-oriented pillars also experience 

plastic deformation and are considered plastic with the ability to sustain further plastic 

deformation (but limited compared to VC(001) pillars) with larger diameters. 

Based on these results, I suggest that the large plasticity in VC crystals at room-

temperature is a direct consequence of the simultaneous presence of multiple slip systems within 

the respective orientation. These results again support the exciting possibility of designing 

refractory TMCs with superior plasticity by optimizing the grain size, orientations, and 

compositions that promotes the activation of single or multiple desired slip systems. 
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4.5 Figures 

 

Figure 4.1: (a-c) Representative SEM images acquired from the bulk VC(001) with pillars of top 

diameters D = a) 0.23 m, b) 0.43 m, and c) 0.75 m before (top panel) and after compression 

(bottom panel). (d-f) Plots of engineering stress (σ) vs. displacement (δ) data obtained during in 

situ compression of three sets of pillars with D around (d) 0.23 m, (e) 0.43 m, and (f) 0.75 µm. 

The σ(δ) data corresponding to the pillars in (a), (b), and (c) are shown using red, green, and blue 

curves, respectively. 
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Figure 4.2: (a-c) Representative SEM images acquired from the bulk VC(001) with pillars of top 

diameters D = a) 0.33 m, b) 0.52 m, and c) 0.59 m before (top panel) and after compression 

(bottom panel). (d-f) Plots of engineering stress (σ) vs. displacement (δ) data obtained during in 

situ compression of three sets of pillars with D around (d) 0.33 m, (e) 0.52 m, and (f) 0.61 µm. 

The σ(δ) data corresponding to the pillars in (a), (b), and (c) are shown using orange, cyan, and 

magenta curves, respectively. 
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Figure 4.3: Plot of yield strengths σy vs. D, extracted from compression tests of all VC(001) 

pillars from Figures 4.1 and 4.2, ranging in diameter from 0.23 to 0.76 µm. 
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Figure 4.4: (a-d) Typical SEM images (60°-tilt) acquired after the compression of four different 

VC(001) pillars with D  (a) 0.23 μm, (b) 0.43 μm, (c) 0.43 μm, and (d) 0.75 μm. Dashed red, 

green, and blue lines, respectively, in (a), (b), (c) and (d) highlight the orientations of the slip 

bands with respect to the [001] pillar axes, where the angle shown is the angle between normal to 

the slip trace and the pillar axis and equivalently the angle between pillar axis normal surface and 

the slip trace. In (d), the inset image is a rotated view of the pillar’s opposite side. (e) 

Representative bright field transmission electron microscopy (TEM) image obtained from an 

electron-transparent cross-section of the compressed pillar shown here in (c). Associated selected 

area electron diffraction (SAED) pattern with zone axis z = {112} of the same area of the pillar 

is shown as inset. Green and yellow circles indicate VC {111} and {220} reflections, 

respectively. Dashed green line is drawn passing through the central (000) spot and {111} 

diffraction spots in the SAED. Dashed green line is transferred to the image and a perpendicular 

solid green line is drawn indicating the parallel slip plane is the (111). Several other darker 

contrast parallel sets of lines are highlighted by green arrows and are identified as (111) slip 

planes. 
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Figure 4.5: (a-c) Typical SEM images (60°-tilt) acquired after the compression of three different 

VC(001) pillars with D  (a) 0.33 μm, (b) 0.52 μm, and (c) 0.59 μm. Dashed orange and cyan 

lines, respectively, in (a) and (b) highlight the orientations of the slip bands with respect to the 

[001] pillar axes, where the angle shown is the angle between normal to the slip trace and the 

pillar axis and equivalently the angle between pillar axis normal surface and the slip trace. 
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Figure 4.6: (a-c) Representative SEM images acquired from the bulk VC(110) with pillars of top 

diameters D = a) 0.28 m, b) 0.46 m, and c) 0.75 m before (top panel) and after compression 

(bottom panel). (d-f) Plots of engineering stress (σ) vs. displacement (δ) data obtained during in 

situ compression of three sets of pillars with D around (d) 0.27 m, (e) 0.47 m, and (f) 0.75 µm. 

The σ(δ) data corresponding to the pillars in (a), (b), and (c) are shown using red, green, and blue 

curves, respectively. 
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Figure 4.7: Plot of yield strengths σy vs. D, extracted from compression tests of all VC(110) 

pillars from Figure 4.6, ranging in diameter from 0.25 to 0.76 µm. 

 

  



56 

 

 

Figure 4.8: (a-c) Typical SEM images (60°-tilt) acquired after the compression of three different 

VC(110) pillars with D  (a) 0.28 μm, (b) 0.46 μm, and (c) 0.75 μm. Dashed red, green, and blue 

lines, respectively, in (a), (b), and (c) highlight the orientations of the slip bands with respect to 

the [001] pillar axes, where the angle shown is the angle between normal to the slip trace and the 

pillar axis and equivalently the angle between pillar axis normal surface and the slip trace. 
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Figure 4.9: (a-c) Representative SEM images acquired from the bulk VC(111) with pillars of top 

diameters D = a) 0.25 m, b) 0.44 m, and c) 0.74 m before (top panel) and after compression 

(bottom panel). (d-f) Plots of engineering stress (σ) vs. displacement (δ) data obtained during in 

situ compression of three sets of pillars with D around (d) 0.24 m, (e) 0.44 m, and (f) 0.74 µm. 

The σ(δ) data corresponding to the pillars in (a), (b), and (c) are shown using red, green, and blue 

curves, respectively. 
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Figure 4.10: Plot of yield strengths σy vs. D, extracted from compression tests of all VC(111) 

pillars from Figure 4.9, ranging in diameter from 0.18 to 0.74 µm. 
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Figure 4.11: (a-c) Typical SEM images (60°-tilt) acquired after the compression of four different 

VC(111) pillars with D  (a) 0.25 μm, (b) 0.25 μm (c) 0.44 μm, and (d) 0.74 μm. Dashed red, 

green, and blue lines, respectively, in (a), (b), (c), and (d) highlight the orientations of the slip 

bands with respect to the [001] pillar axes, where the angle shown is the angle between normal to 

the slip trace and the pillar axis and equivalently the angle between pillar axis normal surface and 

the slip trace. Note that here in Figure 4.11(c) there are several faint slip traces present on the 

surface of the pillar above and parallel to the 70° dashed green line. 
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Table 4.1: Slip planes and corresponding Schmidt factors based on a 〈110〉 slip direction.  is 

the angle between the slip plane normal and the loading direction. *This slip plane can only be 

activated in the 〈001〉 slip direction.  

 

Loading Direction Slip Plane Schmidt Factor  (deg.) 

[001] {001} 0 0 

  {110} 0.5 45 

  {111} 0.408 54.7 

[110] {001} 0.353 45 

  {110} 0.25 60 

  {111} 0.408 35.3 

[111] {001} 0.471 54.7 

  {110} 0, 0.408* 0, 35.3* 

  {111} 0.272 70.5 
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Figure 4.12: Plot of yield strength σy vs. D, summarizing all compression tests of VC (001), 

(110), and (111) pillars ranging in diameter from 0.18 to 0.74 µm from Figures 4.3, 4.7, and 

4.10. 
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CHAPTER 5 

Plasticity and Mechanical Responses in TaC Single-Crystals 

5.1 Introduction 

Tantalum carbide (TaC) is probably one of the most commonly used TMCs in a variety 

of important technical applications: as an alloying addition to tungsten carbide-cobalt cemented 

carbides [1], to inhibit tungsten carbide grain growth, and with tungsten carbide-cobalt cutting 

tools to improve the cutting characteristics, shock resistance, high-temperature hardness, 

cratering, and wear and oxidation resistance [2]. With its extremely high melting temperature of 

Tm ~ 4236 K, TaC is an attractive candidate for applications in aerospace, structural, and as 

protective coatings [1, 3]. It is also attractive as an Ohmic contact in high-temperature electronics 

[4] and as a spectrally selective coating for solar thermal absorbers [5]. 

In this Chapter, I present results from in situ SEM-based microcompression of TaC(110) 

and TaC(111) single-crystals. The choice of these two particular orientations is motivated by 

Kiani and co-workers' earlier studies [6] on in situ TEM-based compression tests conducted on ~ 

200-500 nm size TaC(001) and TaC(110) single-crystalline pillars. 

5.3 Results 

5.3.1 TaC(110) 

Figures 5.1 (a-c) show representative SEM images from the bulk TaC(110) single crystal 

of three sub-micron pillars, before (top panel) and after (bottom panel) compression. The SEM 

images are 10°-tilted views of the pillars with top diameters D ≈ a) 0.27 m, b) 0.41 m, and c) 
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0.70 m. The height of the pillars and their average diameters do not noticeably change upon 

compression based on these images, i.e. it is not visually apparent that the pillars deformed 

plastically. The three sets of pillars reach a displacement of 150-175 nm before fracturing. This 

behavior is typical of two out of four pillars with average D ≈ 0.27 m, three out of five pillars 

with D ≈ 0.41 m, and three out of five pillars with D ≈ 0.69 m. The other six pillars deformed 

slightly followed by fracture and one pillar was omitted from compression testing due to an 

artifact. For the unfractured pillars their estimated plastic strains are between 3 and 5% for D ≈ 

0.27 m, 1% for D ≈ 0.41 m, and 0.3 and 2% for D ≈ 0.69 m. Here the smallest pillars seem 

to experience the greatest amount of plastic deformation based on the  vs  curves and the 

estimated strain values. The unfractured pillars of the D ≈ 0.41 and 0.69 m sets could have been 

further compressed. However, the goal was to preserve the pillars to capture and characterize 

their slip systems, thereby limiting the extent of compression. 

Engineering stress vs. displacement data obtained during the in situ compression of the 

14 pillars are plotted in Figures 5.1 (d), (e), and (f) for their corresponding sizes. The - data 

corresponding to the pillars in Figures 5.1 (a) – (c) are highlighted using red, green, and blue 

colors, respectively. In the initial stages of loading and the - profiles, I observe a linear elastic 

behavior, and the majority of the pillars undergo elastic deformation:  increases linearly with 

increasing  up to the yield point, y, followed by a smooth transition to non-linear plastic 

deformation for the smaller set of pillars with diameters up to D ~ 0.27 m while a transition to 

the non-linear plastic deformation can be seen but does not fully developed for the pillars having 

diameters D ~ 0.41 m, and a non-linear plastic deformation region is not observed for the 

largest pillars with diameters D ~ 0.69 m. The largest pillars have sudden drops in  with a 
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large displacement increase, indicating a large slip event or sudden fracture i.e., the pillars 

exhibit brittle behavior. 

The yield strength y of the 14 pillars is extracted from the  vs  curves in Figures 5.1 

(d) – (f) and plotted as a function of D in Figure 5.2. From the profiles, the observed trend is that 

y increases as the D decreases, from 17.6 ± 4.1 GPa for pillars with D ≈ 0.69 μm to 22.1 ± 0.3 

GPa for pillars with D ≈ 0.27 μm. One data point in the smallest diameter set is missing from the 

trend. The pillar was omitted from compression testing due to an artifact and eliminated from the 

data set. 

To further characterize the observed behavior of size dependent plastic deformation, the 

compressed pillars were imaged with electron microscopy. Figures 5.3 (a) – (c) are typical higher 

resolution SEM images obtained after compression of the same representative pillars from Figure 

5.1 with D ≈ 1(a) 0.27 μm, 1(b) 0.41 μm, and 1(c) 0.70 μm. In Figure 5.3 all of the pillars 

exhibited localized plastic deformation shown by the slip bands at the top surface. Most of the 

pillars, if not all in each set that were tested, show clear evidence of slip and only one or two in 

each set fractured. Dashed red, green, and blue lines, respectively, in Figures 5.3 (a), (b), and (c) 

highlight the orientations of the slip bands with respect to the [110] pillar axes, where the angle 

shown is the angle between normal to the slip trace and the pillar axis and equivalently the angle 

between pillar axis normal surface and the slip trace. In Figures 5.3 (a) – (c), the shear bands are 

oriented at ~ 35° and ~ 45°. Since each pillar axis is [110], the possible slip planes that are 

orientated at 35° and 45° with respect to the pillar axis belong to {111} and {001}, respectively. 

Based on this result, the operating slip systems in these pillars are {111}〈110〉 and {001}〈110〉. 

The range of pillar sizes help to observe or exclude if a transition in slip system may occur based 
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on the size of the crystal. Since two unique slip systems have been captured in different sizes, 

perhaps a transition does occur and will be addressed in the discussion section. 

5.3.2 TaC(111) 

Figure 5.4 shows representative SEM images from the bulk TaC(111) single crystal of 

three sub-micron pillars, before (top panel) and after (bottom panel) compression. The SEM 

images are 10°-tilted views of the pillars with top diameters D ≈ a) 0.26 m, b) 0.42 m, and c) 

0.67 m. From these images, only the height of the pillar in Figure 5.4(b) noticeably decreased, 

while the other two pillars, in Figures 5.4 (a) and (c), and their average diameters do not 

noticeably change upon compression based on these images, i.e. it is not visually apparent that 

the pillars deformed plastically. However, a more common observation of all the pillars is the 

formation of slip bands at the top section and continuing across the body of the pillars i.e., the 

pillars experienced plastic deformation by large slip bands, and can be seen in Figure 5.4 (a) and 

(c). This behavior is typical of all five pillars with D ≈ 0.27 m and one out of five with D ≈ 0.41 

m, and three out of five with D ≈ 0.67 m. The other pillars deformed to a small extent and 

fractured. For the unfractured pillars their estimated plastic strains are between 1 and 8% for D ≈ 

0.27 m, 20% for D ≈ 0.41 m, and 2 and 4% for D ≈ 0.67 m. Here the smallest pillars seem to 

experience the greatest amount of plastic deformation based on the  vs  curves. The one pillar 

in the D ≈ 0.41 m group, has a rather large, estimated strain (~20%) due to a partial fracture 

resulting in the loss of about half of the top surface area of the pillar. This sudden application of 

a large load on a reduced area (~4x stress) created a sudden displacement burst and further 

deformation of the pillar as shown in Figure 5.6(b). The other pillars could have been further 
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compressed; however, the goal was to preserve the pillars to capture and characterize their slip 

systems, limiting the extent of compression. 

Engineering stress vs. displacement data obtained during the in situ compression of all 15 

pillars are plotted in Figure 5.4 (d), (e), and (f) for their corresponding sizes. The - data 

corresponding to the pillars in Figure 5.4 (a), (b), and (c) are highlighted using red, green, and 

blue colors, respectively. During the initial stages of loading, the profiles indicate a linear elastic 

behavior:  increases linearly with increasing  up to the yield point y, followed by a smooth 

transition to non-linear plastic deformation for the smaller set of pillars with  D ≈ 0.27 m and D 

≈ 0.41 m while a transition to the non-linear plastic deformation can be seen but does not fully 

develop for the larger set of pillars with D ≈ 0.67 m. Some of the largest pillars also have 

sudden drops in  with a large displacement increase following their undeveloped transition to 

plastic deformation, indicating a large slip event or sudden fracture i.e., these pillars also exhibit 

brittle behavior. At  > y I observe the following: 1) small and large frequent drops in  due to 

displacement bursts, where the amplitudes appear to remain constant with decreasing D and 2) 

the rate of strain hardening appears to increase with decreasing D. 

The yield strength y of the 15 pillars is extracted from the  vs  curves in Figure 5.4 (d) 

– (f) and plotted as a function of D in Figure 5.5. From the profiles, the observed trend is that y 

increases as the D decreases, from 13.6 ± 1.7 GPa for pillars with D ≈ 0.67 μm to 15.3 ± 4.6 GPa 

for pillars with D ≈ 0.27 μm. The smallest diameter set includes two values that are much lower 

than the others and decreases the average yield strength and increases the standard deviation. If 

the two values are omitted the average and standard deviation is 18.6 ± 1.1 GPa for pillars with 

D ≈ 0.27 μm. No anomalies were observed, and the low values can be attributed to variations in 
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the dislocation density and defect variations in the pillars. All pillars are included in the data set 

for the (111) surface orientation. 

To further characterize the observed behavior of size dependent plastic deformation, the 

compressed pillars were imaged with electron microscopy. Figures 5.6 (a), (c), and (d) are 

typical higher resolution SEM images obtained after compression of the same representative 

pillars from Figure 5.4 with D ≈ (a) 0.26 μm, (b) 0.42 μm, and (c) 0.67 μm. Figures 5.6 (d) and 

(e) are more pillars having D ≈ 0.27 μm and D ≈ 0.40 μm, respectively. In Figure 5.6 all of the 

pillars exhibited plastic deformation shown by the slip bands at the top surface and across the 

body of the pillars. The pillar in Figure 5.6(a) also has multiple slip bands across the body and is 

a great example for the comparison of size differences. All of the pillars that were tested show 

clear evidence of slip and five pillars fractured, three in the D ≈ 0.41 m set and two in the D ≈ 

0.67 m set. Dashed red, green, and blue lines, respectively, in Figures 5.6 (a) and (d), (b) and 

(e), and (c) highlight the orientations of the slip bands with respect to the [111] pillar axes, where 

the angle shown is the angle between normal to the slip trace and the pillar axis and equivalently 

the angle between pillar axis normal surface and the slip trace. Following the same procedure of 

measuring the angle of the slip band as in Figure 5.3, I can identify the slip system for each 

pillar. In Figure 5.6(a) there are several parallel shear bands across the body of the pillar, many 

are faint, and one is located by a red arrow. Also, in Figure 5.6(a) a slip band is seen at the top 

surface of the pillar extending to the backside, shown by a red arrow, and is responsible for 

shearing off the majority of the top of the pillar. The largest shear band shown is oriented at ~ 

54°, indicating a (001) slip plane. In Figure 5.6(b) a large shear band can be seen from the top 

surface and across the top portion of the pillar at ~ 54°, indicating a (001) slip plane in the 〈110〉 

slip direction. In Figure 5.6(c) I observe a large slip band across the entire body of the pillar at ~ 
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70°, indicating that the (111) slip plane is active. In Figure 5.6(d) three parallel slip bands are 

present across the body of the pillar at ~ 70°, indicating a (111) slip plane, and a separate set of 

multiple slip bands are visible and indicated by red arrows. In Figure 5.6(e) I observe two 

different orientations of the slip bands. A large shearing of the top portion of the pillar at ~ 70° is 

present and several parallel shear bands are present at ~ 54° located by the green arrows, 

indicating that the (111) and (001) respective slip planes, are active. 

With the assumption that 11̅0 is the slip direction, generally expected in B1 crystals, 

these results indicate the operation of the {001}11̅0 and {111}11̅0 slip systems. Furthermore, 

the range of pillar sizes help to observe that a common slip system, {111}〈110〉, occurs 

throughout the three sizes of crystals. 

5.4 Discussion 

While the operation of both {110}11̅0 and {111}11̅0 slip systems have been observed 

during microindentation of bulk TaC(001) and other group 5 TMC(001) single-crystals at liquid 

nitrogen temperature and room-temperature [7], I note that there are no reports for room-

temperature compression of group 5 TMC crystals, of the activation of two slip systems, and on 

different crystal orientations with the exception of one. The previous report by Kiani et al. 

identified {110}11̅0 as the only slip system during uniaxial compression of 001-oriented 

single-crystalline TaC pillars with D < 0.5 µm [6], while in 110-oriented Ta-C-N pillars, 

{111}〈110〉 is found to be the only active slip system [8]. The observed differences between my 

study and that of Kiani’s TaC results may be due to differences in pillar sizes, crystal orientation 

variations, C-contents and loading rates. Here I have again observed the activation of multiple 

slip systems in two different crystal orientations of sub-micron pillars, identified two slip 
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systems within each crystal orientation, and the simultaneous activation of two slip systems 

within the same pillar. 

During compression of the pillars, yielding occurred via slip either by one or a 

combination of the following descriptions: locally at the top surface, across the body of the 

pillar, and/or through multiple parallel slip bands creating multiple slip steps on the surface of 

the pillar. From the post compression morphology shown in Figures 5.3 (a) and (b), and Figures 

5.6 (a), (d) and (e), it is apparent that I can observe localized deformation as shear bands on the 

top surfaces. In the pillars of Figure 5.3(c), and Figures 5.6 (a) - (e), I observe the shear bands 

across the body of the pillars. The observed behaviors are characteristic of plastic deformation 

that is typically observed in FCC bulk and microcrystals of metals [9]. The localized deformation 

behavior is typically observed in ionic crystals [10]. 

The explanation given for the NbC, and VC results partly applies to the TaC pillars. The 

number of dislocations and/or dislocation sources scales with pillar size. In smaller size pillars 

(D ≈ 0.27 m), the number of dislocations (and/or sources) within the pillar is expected to be low 

and plastic deformation is likely to be controlled by the surface nucleation of dislocations [11] 

along energetically the most favorable slip system. As a result, slip events are expected to be 

finite and discontinuous resulting in displacement bursts with larger amplitudes and higher yield 

strength. With increasing pillar size, both surface nucleation and multiplication of internal 

dislocations lead to higher number of dislocations and the activation of a second slip system. 

However, this results in less plastic deformation perhaps because of dislocation entanglements, 

thereby creating brittle behavior with lower yield strength. For the TaC(110) crystal orientation, 

inherent in my model is the speculation that the {001}〈110〉 and {111}〈110〉 slip systems are 

dominant in relatively smaller and large-size crystals, respectively. In TaC(111) a combination of 
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two slip systems can be active depending on size. For example, the {001}〈110〉 and {111}〈110〉 

slip systems are active for the two sets of pillars with D ≈ 0.27 m and 0.41 m, and only the 

{111}〈110〉 slip system is active for the set of pillars with D ≈ 0.67 m. Also, the {111}〈110〉 

slip system is active for all sizes and is therefore considered the dominant slip system. 

These observations indicate that the two TaC orientations of 110 and 111 are 

experiencing plasticity or brittle behavior depending on their size. To elaborate, the 110 oriented 

pillars can experience plastic deformation and brittle behavior as characterized by their - 

curves in Figures 5.1 (d-f). They are considered brittle for larger diameters with the ability to 

sustain plastic deformation with smaller diameters D ≈ 0.27 m. The TaC(111) pillars can also 

experience plastic deformation and brittle behavior as characterized by their - curves in 

Figures 5.4 (d-f). The TaC(111) pillars are considered plastic with the ability to sustain further 

plastic deformation with decreasing diameters and are relatively brittle for larger diameters D ≈ 

0.67 m. Additionally, it is interesting to note that the - curves of the larger pillars are 

indicating a transitional behavior. At the end of the curves a slight bending is visible, which is 

indicative of a transition to the non-linear plastic deformation. Following this trend for pillars 

larger than D ≈ 0.67 m, I would expect that the pillars would behave in a brittle manner. And 

with further larger sizes, I would also expect the - behavior of both crystal orientations to 

eventually merge with that of a TaC(110) or TaC(111) bulk material. 

The possibility that a transition in slip system may occur based on the size of the pillar 

and crystal orientation was explored here in the TaC crystals. This is supported for the 110 

orientation because I observe only one slip system, {001}〈110〉, for the smallest pillars (D ≈ 0.27 

m) and another slip system for larger pillars of D ≈ 0.41 and 0.69 m. Perhaps a transitional 
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size exists between the two sizes (D ≈ 0.27 – 0.41 m) where two slip systems are activated 

followed by the activation of only the second slip system in the larger pillars for D ≥ 0.41 m. 

The 111 orientation has the most interesting behavior because the same two slip systems are 

active within two different pillar sizes of D ≈ 0.27 and 0.41 m. Here, a transition seems to be 

occurring in the smaller pillars with D ≈ 0.27 and 0.41 m where two slip systems, {001}〈110〉 

and {111}〈110〉, are active followed by the activation of only one slip system, {111}〈110〉, in 

the larger pillars of D ≈ 0.67 m. It is interesting to note that since a transition seems to be 

occurring at D ≈ 0.27 m perhaps then at smaller pillar diameters only the (001) slip plane could 

be active. Furthermore, the (111) slip plane is present in all three sizes and is contributing to the 

plastic nature of the 111 oriented pillars as seen in Figure 5.6. The observation of the plasticity 

increasing with decreasing diameter can be attributed to the presence of two slip systems 

allowing for extended deformation. In the larger diameters only one slip system is active thereby 

limiting the amount of plastic deformation compared to the smaller pillars. As mentioned in the 

previous paragraph, because of the presence of only one slip system at larger sizes, for both 

crystal orientations, I would expect that the pillars would behave in a brittle manner and with 

further larger sizes, the mechanical behaviors eventually merging with that of the bulk TaC(110) 

or TaC(111) material. 

Figure 5.7 compares the mechanical yield strengths of the two pillar orientations. Clearly, 

for all orientations there is an increase in yield strength at different rates for each orientation as 

the diameter is decreased. Here, the strength of the 111 orientation increases at a faster rate and 

is considered the “soft” orientation, relatively speaking, because earlier it was described that the 

111 orientation experienced the most plastic deformations. The strength of the 110 orientation 

increases at the slowest rate and is considered the “hard” orientation because earlier it was stated 
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that the 110 orientation did not experience plastic deformations until reaching the smallest pillar 

diameters and was described as brittle. Specifically, the 111 orientation has the combination of 

allowing for plastic deformation and higher yield strengths, approaching the values of the 110 

orientation for the smallest diameters, making it an attractive orientation for mechanical 

applications.  

5.5 Conclusion 

The micromechanical responses of TaC with 110 and 111 orientations were observed and 

analyzed to characterize each and determine their active slip systems. In situ SEM based 

compression of TaC(110) and TaC(111) is carried out on pillars with sub-micrometer size 

diameters. The results revealed that the pillars deform plastically with moderate strains, 

compared to NbC and VC, and diameter-dependent yield strengths that increase with decreasing 

diameter. Interestingly, the pillars exhibit more plastic deformation as the diameter is decreased. 

From the SEM images, I have identified the operation of two slip systems dependent on the 

crystal orientation and pillar diameter, and also the observation of a transition in slip system for 

both orientations. Based on these results, I suggest the relatively more brittle TaC(110) is a result 

of only one active slip system per size while the moderate plasticity in TaC(111) crystals at 

room-temperature is a direct consequence of the simultaneous presence of two slip systems. 

These results again support the exciting possibility of designing refractory TMCs with superior 

plasticity by optimizing the grain size, orientations, and composition that promotes the activation 

of single or multiple desired slip systems. 
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5.6 Figures 

 

 

Figure 5.1: (a-c) Representative SEM images acquired from the bulk TaC(110) with pillars of 

top diameters D = a) 0.27 m, b) 0.41 m, and c) 0.70 m before (top panel) and after 

compression (bottom panel). (d-f) Plots of engineering stress (σ) vs. displacement (δ) data 

obtained during in situ compression of three sets of pillars with average D of (d) 0.27 m, (e) 

0.41 m, and (f) 0.69 µm. The σ(δ) data corresponding to the pillars in (a), (b), and (c) are shown 

using red, green, and blue curves, respectively. 
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Figure 5.2: Plot of yield strengths σy vs. D, extracted from compression tests of all TaC(110) 

pillars from Figure 5.1, ranging in diameter from 0.27 to 0.70 µm. 
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Figure 5.3: (a-c) Typical SEM images (60°-tilt) acquired after the compression of three different 

TaC(110) pillars with D  (a) 0.27 μm, (b) 0.41 μm, and (c) 0.70 μm. Dashed red, green, and 

blue lines, respectively, in (a), (b), and (c) highlight the orientations of the slip bands with 

respect to the [110] pillar axes, where the angle shown is the angle between normal to the slip 

trace and the pillar axis and equivalently the angle between pillar axis normal surface and the slip 

trace. Note that in the figures there are other slip traces present on the surface of the pillars 

indicated by the arrows. 
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Figure 5.4: (a-c) Representative SEM images acquired from the bulk TaC(111) with pillars of 

top diameters D = a) 0.26 m, b) 0.42 m, and c) 0.67 m before (top panel) and after 

compression (bottom panel). (d-f) Plots of engineering stress (σ) vs. displacement (δ) data 

obtained during in situ compression of three sets of pillars with average D of (d) 0.27 m, (e) 

0.41 m, and (f) 0.67 µm. The σ(δ) data corresponding to the pillars in (a), (b), and (c) are shown 

using red, green, and blue curves, respectively. 
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Figure 5.5: Plot of yield strengths σy vs. D, extracted from compression tests of all TaC(111) 

pillars from Figure 5.4, ranging in diameter from 0.26 to 0.68 µm. 
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Figure 5.6: (a-e) Typical SEM images (60°-tilt) acquired after the compression of five different 

TaC(111) pillars with D  (a) 0.26 μm, (b) 0.42 μm (c) 0.67 μm, (d) 0.27 μm, and (e) 0.40 μm. 

Dashed red, green, and blue lines, respectively, in (a) and (d), (b) and (e), and (c) highlight the 

orientations of the slip bands with respect to the [111] pillar axes, where the angle shown is the 

angle between normal to the slip trace and the pillar axis and equivalently the angle between 

pillar axis normal surface and the slip trace. Note that in (d) there are several faint slip traces 

present on the surface of the pillar indicated by the red arrows. 
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Figure 5.7: Plot of yield strength σy vs. D, summarizing all compression tests of TaC (110) and 

(111) pillars ranging in diameter from 0.27 to 0.70 µm from Figures 5.2 and 5.5. 
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CHAPTER 6 

Further Discussions 

As mentioned in the introduction of this thesis, TMCs have an interesting combination of 

properties that span across the ceramic and metallic families. The reason for their hybrid 

properties can be best explained by considering many factors including their chemical bonding, 

composition, and their operating temperature. Each factor can vary their properties by activating 

or suppressing mechanisms that are inherent in their microstructure. The following sections are 

just a few, more apparent, and readily studied factors regarding the behavior of TMCs. These 

sections are by no means an extensive presentation of their properties and readily become 

beyond the scope of this study. I am presenting these topics here because it aides the reader to 

understand the bigger picture regarding the mechanical properties of TMCs. 

6.1 Chemical Bonding 

Chemical bonding is such an important aspect to better understand the behavior of TMCs 

that it is worth mentioning here. Understanding their behavior will allow for designing the TMCs 

appropriately and to prevent catastrophic failures. 

6.1.1 Covalent, Ionic, Metallic 

The chemical properties of TMCs have been studied through simulations [1] and 

mechanical experiments of microhardness [2] and bending [3], at room and high temperatures. 

TMCs owe their superior high temperature strengths and extreme hardness to their covalent and 

metallic bonding [4]. It is now well known that covalent bonding is dominant at low 

temperatures over their metallic bonding [2, 3, 5]. The carbon 2p states mix with the metal 3d or 
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4d atomic states near the Fermi energy to create the covalent component [1] while the ionic 

contribution results from partial electron transfer from metal to carbon while forming the 

compound. The metallic component likely includes d band bonding typical of transition metals, 

resulting from partial filling of the atomic d states while forming the compound [5]. The metal 

orbitals are likely of the d2sp3 hybridization because the typical octahedral grouping of the metal 

atoms centered on the carbon atom has six bonds to the six corners of the octahedron, favoring 

the M-C bond [6]. These studies indicate that the carbides intrinsically have a high Peierls stress 

that resist the dislocation motion giving them superior mechanical properties. Therefore, if the 

chemical bonding is altered, then it can change their properties. Just how the TMCs can be 

composed or altered to exhibit its hard ceramic-like behavior or ductile metallic property will be 

briefly discussed in the following sections.  

6.1.2 Electron Screening 

Within the chemical bonding present in the microstructure there is a particular feature 

that occurs when too many electrons are present and also alters the properties of the carbides. As 

the carbon content is increased, so do the number of electrons entering the metallic bonding 

orbitals and provide further strength to the carbide in the form of covalent bonding. A general 

approach to the electronic structure of transition metals and their compounds suggests that an 

optimum d band number of about 6 electrons is obtained for compounds of greatest stability [7]. 

If the number of electrons exceeds the optimum in the bonding orbitals, they begin to fill the 

anti-bonding orbitals causing a decrease in strength in some of the TMCs [8] and especially in 

the G5 carbides as shown in Figure 1.1.  
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The weakening of the carbides is described by [2] as an electron screening of the covalent 

bonding between the metal and carbon atoms. The dominant contribution to the weakening is a 

reduced effectiveness of the hybridized orbitals that form the covalent bonds by the efficient 

screening of the low effective mass (high mobility) s-electrons. With increasing temperature, the 

number of s-electrons and screening increases. 

The electron screening effect is a deterioration of the chemical bonding and affects the 

mechanical and electrical properties of the TMCs. Interestingly, the electron screening is 

temperature and compositionally dependent and affects the G5 carbides. 

6.2 Temperature (DBTT) 

The operating temperature also influences the mechanical properties of the carbides. At 

low temperatures, the {110}<110> is the dominant slip system where the carbides are considered 

brittle while at high temperatures (> 0.3Tm) the {111}<110> slip system is more dominant where 

they behave ductile [2]. This is a transition from covalent to metallic cohesion as temperature is 

raised. Therefore, there exists an approximate temperature where a transition takes place and is 

called the ductile-brittle transition temperature (DBTT). A decrease in the DBTT might also be 

expected as the carbon content is decreased [9].  

Furthermore, it was stated in the introduction that group 4 and 5 TMCs have similar slip 

system transitions that are temperature dependent. These temperature dependent slip systems are 

a consequence of the change in the chemical bonding controlling the strength. The DBTT is also 

related to the view that deformation at higher temperatures is influenced by diffusion of the 

transition-metal [9].  
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6.3 Carbon-to-Metal Ratio (Composition) 

The composition of the carbide is another factor to consider in designing the TMCs. It 

determines the microstructure and hence the mechanical and electrical properties. Another way 

to view the composition is through the vacancy concentration and is directly related to amount of 

carbon present in the carbide. Carbon vacancies can have short or long range order [9] affecting 

the microstructure along with the properties of the carbide [5, 6]. 

6.3.1 Critical composition 

There is a composition to which the hardness and mechanical properties of the carbides 

are maximized and is dependent on the group of the transition-metal. Figure 1.1 shows the 

relationship between the carbon content and the hardness of the TMC. The niobium and tantalum 

-carbides are group 5 carbides that have a non-linear relationship while titanium, zirconium, and 

hafnium -carbides are group 4 carbides that exhibit a linear relationship. The group 5 carbides 

exhibit a maximum hardness at a carbon-to-metal ratio of x ~ 0.83 [10] which is the M6C5 phase. 

This phase can be considered a critical composition or optimum similar in effect to the maximum 

number of electrons allowed in the limited number of bonding orbitals. It seems that for group 5 

carbides, adding more carbon (electrons) weakens the bonding by electron screening, and 

removing carbon weakens the bonding by reducing the amount of covalent bonds. Hence, at 

compositions higher or lower than x ~ 0.83 the hardness decreases as shown in Figure 1.1. Since 

the hardness is related to its strength, then the mechanical strength also decreases when the 

critical composition is offset from optimum. 
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6.3.2 Microstructure 

The microstructure is dependent on the composition. From the phase diagrams of the 

carbides [6], it can be seen that as the atomic percent carbon is increased from approximately 

40% the G4 carbides remain as substoichiometric carbides while increasing the atomic percent 

carbon beginning at approximately 30% the G5 carbides experience phase transformations in 

their microstructure [6, 10]. These phase transformations certainly affect their mechanical 

properties by increasing hardness and strength with an increase in carbon content as shown in 

Figure 1.1. Furthermore, as the phase changes, so do the active slip systems that determine its 

ductility [11]. 

6.4 Change of Slip System 

The change of slip system can be described as a transition in the chemical bonding. For 

example, as temperature is increased the electrons within directional (covalent) bonding are 

thermally activated and can transition into less localized metallic states, effectively reducing the 

directionality and strength of the bonds.  

6.5 Overall summary 

The stress-displacement behavior of the pillars depends on the transition metal, pillar 

size, and crystal orientation. 

The NbC(001) results revealed that the pillars (crystals) with sub-micrometer size 

diameters deform plastically with large strains and diameter-dependent yield strengths that 

increase with decreasing diameter. The largest pillars were able to sustain extended plastic 
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deformation without fracturing. NbC revealed itself to be the most plastic of the G5 TMCs 

regardless of the crystal size and orientation. 

The VC results revealed that the 001-oriented pillars deform plastically with large strains 

and diameter-dependent yield strengths that increase with decreasing diameter. The 110 

orientation is the hardest of the three because it does not exhibit plastic deformation and is 

described as brittle. The 111-oriented pillars also experience plastic deformation and are 

considered plastic with the ability to sustain further plastic deformation (but limited compared to 

VC(001) pillars) with larger diameters. 

The TaC(110) pillars exhibited minimal local plastic deformation while TaC(111) pillars 

show relatively more plastic deformation, both with moderate strains compared to NbC and VC, 

and diameter-dependent yield strengths that increase with decreasing diameter. The interesting 

result is their increasing plasticity with decreasing size is contrary to those of NbC and VC, 

where the smaller pillars show less plastic deformation. 

I find interesting that the Schmidt factor does not dictate and only indicates the 

occurrence of the preferred slip system. The secondary slip system can be activated alone, and 

the primary slip system can then be found within a different crystal size of the same TMC and 

orientation. The size dependence was explained by comparing the number of dislocations and 

sources available within the crystals. As the crystal size increases more dislocations and their 

sources are available and allows for plastic deformation. Less dislocations and their sources are 

available as the size decreases because they are readily annihilated to the free surfaces, then they 

have to be nucleated with larger forces to initiate or continue plastic deformation and hence 

described as a stronger pillar.  



89 

 

From literature reviews and in an attempt to describe the mechanical behavior of the 

TMCs on the atomic scale the following must be considered: The reduction of the covalent 

hardness to a metallic hardness over a wide temperature range is due to the thermal activation of 

electrons creating a transition in the chemical bonding. The transition creates changes in the 

carbide that are a result of the DBTT and a change in the slip systems. This relative softening is 

observed as ductile behavior that reduces the strength of the carbide. This DBTT serves as a 

reminder to designers of the dual nature of the carbides. Also, the composition of the carbides 

also affects their mechanical properties and the transition in the chemical bonding. These can be 

observed in the TMCs as phase and microstructural changes, carbon vacancies, and a change in 

the slip systems. 

Much of the TMC properties are tunable making them open to design and hence very 

attractive for various applications. All of the variables discussed in this section must be 

considered when designing TMCs for the many potential applications in the aerospace, 

automotive, electronic, energy, and biomedical industries.  
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CHAPTER 7 

Future Work 

7.1 Continuation 

Throughout the text for each TMC tested here, it was stated that additional 

microcompression data from pillars of additional sizes within the sub-micrometer range and 

TEM characterization of the slip bands are needed to verify size-dependent activation of a 

specific slip system and to identify the likely existence of a transitional size, where both slip 

systems can be active. Ideally, this data can be obtained in a similar manner as here or can be 

obtained through a simulation study. 

It remains to test the group 4 TMCs and their three low-index crystal orientations for 

comparison and characterization of their mechanical anisotropy. The 110 and 111 orientations 

remain to be tested for NbC. These orientations will allow for a comparison of their mechanical 

behavior. According to the results I have obtained here on the VC orientations, I predict the 

behavior of NbC will be similar. Mainly, the 001 orientation will be relatively softer and ductile, 

the 110 orientation will be stronger and relatively more brittle, and the 111 orientation will be a 

combination of both ductile and strong. 

Many facets affecting the mechanical properties of the group 4 and 5 TMCs can be 

studied to continue the work. The most important facets for each transition metal are its 

composition, crystal orientation, pillar size, and temperature. Many of these can be controlled by 

the user to design the experiment and create a systematic study of the carbide of choice. 
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7.2 Recommendations 

A difficult task to achieve is to determine the dislocation densities of each crystal to 

determine their role in the microstructure and on the plastic behavior of the transition metals. 

The group 4 TMCs can also be studied using microcompression to determine their 

anisotropic mechanical behaviors, i.e., yield strength, extent of plasticity, and deformation 

mechanisms, and then compare with those of the G5 TMCs. In addition, these further studies are 

required to compare the group 4 and 5 TMCs based on similar location in the periodic table, 

composition, crystal orientation, pillar size, and temperature. Much knowledge will be obtained 

to further understand their mechanical properties to aid and expand their use in technical 

applications. 




