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DYNAMIC INDENTATION AND SCRATCH RESPONSE OF  

ADVANCED STRUCTURAL CERAMICS  
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Dipankar Ghosh 
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Plasma pressure compaction technique was used to develop boron carbide (B4C) 

and zirconium diboride-silicon carbide (ZrB2-SiC) composite. B4C ceramics are 

extensively used as body armor in military and civilian applications, and ZrB2-SiC 

composite has been recognized as a potential candidate for high-temperature 

aerospace applications. In this dissertation, processing parameters, quasistatic and 

high-strain rate mechanical response, and fundamental deformation mechanisms of 

these materials have been investigated.     

In the case of B4C, the rate sensitivity of indentation hardness was determined 

using a dynamic indentation hardness tester that can deliver loads in 100 µs. By 

comparing dynamic hardness with the static hardness, it was found that B4C exhibits a 

lower hardness at high-strain rate, contrary to known behavior in many structural 

ceramics. However, these results are consistent with the ballistic testing of B4C armors 

as reported in recent literature. This behavior was further investigated using a series of 

spectroscopic techniques such as visible and UV micro-Raman, photoluminescence 

and infrared. These studies not only confirmed that structural transformation occurred 

during indentation experiments similar to that in ballistic testing of B4C  but also 
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suggested a greater degree of structural changes under dynamic loading compared to 

static loading.   

 Due to the potential application as external heat shields in supersonic vehicles, 

scratch studies were conducted on the ZrB2-SiC composite. These studies revealed 

metal-like slip-line patterns which are indeed an unusual in brittle solids at room-

temperature. Utilizing classical stress field solutions under combined normal and 

tangential loads, a rationale was developed for understanding the formation of scratch-

induced deformation features. Also, an analytical framework was developed, combining 

the concept of ‘blister field’ and the ‘secular equation’ relating Raman peaks to strain, to 

measure scratch-induced residual stress employing micro-Raman spectroscopy. 

Transmission electron microscopic investigations confirmed the existence of 

dislocations within the ZrB2 phase. It has been argued here that readily detectable slip-

line patterns are reflection of metallicity in chemical bonding present in ZrB2 ceramics 

which has also been suggested in recent literature from chemical bonding and 

electronic structure investigations.  
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CHAPTER 1 
ADVANCED STRUCTURAL CERAMICS AND COMPSOITES 

1.1 Introduction 

Advanced ceramics and their composites with light weight, high strength and 

superior thermo-mechanical properties are central to the development of structural 

components for advanced military and aerospace applications. Among these, armor 

ceramics for personal and vehicle protection against impact threats,1 and ultrahigh 

temperature ceramics (UHTCs) for leading edge components in hypersonic and 

reusable launch vehicles have received considerable attention in recent years.2 In these 

applications, demand for materials with controlled and defect free microstructure is 

paramount. Therefore, the need for non-conventional processing techniques and 

advanced characterization techniques has increased rapidly. A major disadvantage of 

the traditional powder processing/sintering methods is that they do not lend themselves 

to rapid processing due to long processing times and elevated temperature 

requirements.3-5 Towards this end, a new processing method called “plasma pressure 

compaction”,6-9 also called “spark plasma sintering” (SPS), has been used to process 

two materials: (1) fine-grained boron carbide (B4C) ceramics (used for body armor), and 

(2) a zirconium diboride - silicon carbide (ZrB2-SiC) composite (a potential UHTC 

ceramic for applications in aerospace and military applications).2  

In this dissertation, mechanical response of fine-grained B4C ceramics has been 

investigated employing static and dynamic indentations where as the ZrB2-SiC 

composite has been subjected to scratch experiments. Several issues such as 

processing of advanced ceramics, localized phase transformation in B4C ceramics, 

deformation-induced residual stress measurements as well as evolution of 
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microplasticity in ZrB2-SiC composite have been explored throughout this dissertation. 

These two structural ceramics have different deformation mechanisms and hence, they 

have been discussed in separate sections and/or chapters.    

1.2 Materials 

1.2.1  Boron Carbide (B4C) 

Boron carbide (B4C) ceramic is an excellent candidate material for structural 

applications at room and high temperatures because of its high melting temperature 

(2450oC), high elastic modulus (450 GPa), high hardness (Vickers hardness > 25 GPa, 

next only to diamond and cubic boron nitride), high flexural strength (350-500 MPa), low 

density (2.52 g/cm3) and excellent wear resistance .10-16 B4C is used as grinding 

medium for hard materials, lightweight ceramic armor, wear resistant sandblasting 

nozzle material, and as neutron absorber in nuclear reactors.10,17  

Due to its low density (2.52 g/cm3), high strength and high hardness, B4C was 

expected to exhibit superior performance as armor ceramic for protection against 

projectile impact threats. However, under high velocity and high pressure conditions, 

B4C has been shown to undergo significant strength degradation.18 Using high 

resolution transmission electron microscopy (TEM) on the ballistic fragments of B4C, 

Chen et al.,18 revealed that B4C undergoes localized collapse of the crystal lattice due to 

solid-state phase transformation from crystalline phase to amorphous phase during the 

impact. The amorphous phase, being weaker than the crystalline phase, is argued to be 

responsible for the observed loss of impact resistance in B4C armor against high 

velocity projectile threats.  

The above fundamental studies are indeed of great value but the costs and time 

associated with such ballistic experiments and preparation of large B4C tiles (of several 
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tens of centimeters in dimensions) for impact experiments are expensive. In such 

situations, new experimental techniques that can induce similar deformation 

mechanisms in small specimen sizes (of 3-4 mm in size) can be of high economic 

value. Impact experiments not only involve high pressure but also high strain rates of 

loading which increases with projectile velocity.19-21 While the traditional indentation 

experiments with sharp point indenters can generate a large pressure at a moderate 

load within the materials, they are unable to capture high-strain rate effect comparable 

to impact experiments.22-26 Towards this end, a dynamic indentation method27,28 can be 

a better test technique to characterize the deformation mechanisms in armor ceramics. 

This technique not only delivers load in a controlled manner, similar to static indentation 

test method, but also produces strain rate of the order of 103/s which are essential to 

mimic ballistic impact tests in laboratory conditions. Thus, this dynamic indentation 

method (will be described later in detail) can be effectively used to augment the ballistic 

impact tests to uncover similar phenomena because of its ability to provide high 

pressure and high velocity loading into a small-localized region.  

1.2.2 Zirconium diboride – silicon carbide composite (ZrB2-SiC) 

Development of novel light weight and high strength materials which can withstand 

elevated temperatures (above 2000oC), and provide good thermal insulation properties 

are crucial to meet future demands of many civilian, defense and aerospace 

applications.29-31 Components (e.g., nozzles, propulsion components, leading edge 

materials for space vehicles and thermal protection systems) for future high 

performance aircrafts, hypersonic vehicles, kinetic energy interceptors and reusable 

space planes, etc. operate in severe reactive environments with temperatures well 

above the melting points of traditional materials. Few materials can withstand such high 
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temperatures and yet provide adequate mechanical strength.32 Ultra-high temperature 

materials (UHTMs) have been identified as the potential candidates for these 

applications.2,33,34 UHTMs are a class of materials that are chemically and physically 

stable at temperatures above 2000oC and in reactive atmospheres (e.g., monatomic 

oxygen). A sub-class of these materials is ultra-high temperature ceramics (UHTCs) 

which are borides, nitrides and carbides of transitional metals (e.g., Ta, Hf, Zr).2 These 

ceramic materials (e.g., ZrB2, ZrC, HfB2, HfN, HfC) have high melting point above 

3200oC. Other materials that may also fall in this UHTMs category are silicon carbide 

(SiC), graphite and rhenium (Re).29 Among these, Graphite and other carbon-based 

materials degrade rapidly at temperatures above 800oC due to oxidation. Rhenium has 

high strength and high melting point but is extremely dense (21 gm/cm3) and oxidizes 

easily.35,36  

In this family of UHTCs, zirconium diboride-silicon carbide (ZrB2-SiC) 

composites2,37-40 have drawn a special attention owing to their unique properties such 

as high melting point (> 3000oC), superior oxidation resistance above 1500oC, excellent 

thermal shock resistance, low density (6.09 gm/cm3) and good mechanical and 

chemical stability at elevated temperatures. Most of the recent investigations have been 

mainly focused on processing and oxidation behavior of ZrB2-SiC composites.37-48 

Mechanical characterization of ZrB2 has been limited to the determination of static 

hardness2,49,50 fracture toughness,2,47,49,50 Young’s modulus,2,50,51 creep response,52 

room and high temperature flexural strength,2,46,47,53 and high temperature arc jet 

testing.54 While in service (e.g., during takeoff, landing, or reentry in to atmosphere), the 

structural components in aerospace vehicles are prone to impact by meteorites and 



 

20 

atmospheric debris particles at very high velocities. Under such abrasion-dominated 

wear scenarios (abrasive wear), sharp particles impacting on the exposed surfaces can 

result in inelastic deformation and material removal. Therefore, evolution of damage and 

fundamental inelastic deformation mechanisms should be fully understood to evaluate 

the suitability of ZrB2-SiC composite for the above mentioned applications. Although 

these composites are intended to be used at high temperatures, investigation of 

mechanical responses at room temperature constitutes the first step towards a better 

understanding of their inelastic behavior in service.   

The rest of the dissertation is organized as follows. In Chapter 2, the processing 

method to consolidate B4C and ZrB2-SiC is discussed. The mechanical response of B4C 

ceramics under static and dynamic indentations as well as spectroscopic investigations 

of structural phase transformation are discussed in Chapter 3. Then, the scratch 

induced deformation features in ZrB2-SiC composite and residual stress measurements 

within the particulate phase (SiC), using micro-Raman spectroscopy, are discussed in 

Chapter 4. The transmission electron microscopic studies of the deformed regions of 

the ZrB2-SiC composite are discussed in Chapter 5. Finally, in Chapter 6 conclusions 

and future research directions are outlined.    

 

 



 

21 

CHAPTER 2 
PROCESSING OF ADVANCED CERAMICS 

2. 1 Introduction 

In this dissertation, two advanced structural ceramics, one for armor applications 

and other for high-temperature aerospace applications, have been developed. Due to 

their high melting temperature and strong covalent character of chemical bonding, 

processing of these ceramics is challenging. Use of traditional sintering methods 

requires high sintering temperature, moderate-high pressure, and often long 

consolidation time to produce sintered compacts with high density. In the following, 

literature on the processing of these ceramics, using conventional sintering techniques, 

is discussed first. Then, principle of a new and unconventional sintering technique 

called plasma pressure compaction (P2C) is discussed followed by separate 

discussions on processing of B4C ceramics and ZrB2-SiC composite employing P2C 

method.      

2.2 Literature on Processing of B4C Ceramics 

Processing of pure boron carbide, using traditional sintering techniques, is 

challenging due to the difficulty associated with sintering of the starting powder. This is 

attributed to the high covalent bonding and low self-diffusion.10 As a result, high 

temperatures and high external pressures are required to produce dense B4C ceramics. 

Traditionally, boron carbide has been consolidated using several sintering techniques 

such as (i) hot-pressing (HP) with and without sintering additives,10,55,56 (ii) hot isostatic 

pressing (HIP),10,57 (iii) pressureless sintering (PS) in the presence of sintering 

additives,10,11,13-15,58,59 (iv) pressureless sintering in a gaseous atmosphere of hydrogen 

and helium,60 and (v) microwave sintering.61 Among the above powder processing 
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techniques, hot-pressing and pressureless sintering are the most commonly employed 

methods to produce boron carbide ceramics with 95 - 99 % of theoretical density and 

with grain sizes in the range between 1.5 - 60 µm. However, in hot-pressing and 

pressureless sintering methods, the sintering temperatures used were relatively high (> 

2000oC) and the sintering times were on the order of hours. In these sintering 

techniques, sintering additives are often used which aid the densification of difficult-to-

sinter ceramic powders. However, the addition of sintering additives was found to 

reduce fracture strength moderately due to formation of weak glassy phases at the 

grain-boundary regions.59 Also, these sintered ceramics with sintering additives are not 

suitable for nuclear applications10 where high purity boron carbide is required for 

neutron absorption. Although, dense boron carbide ceramic can be produced at lower 

temperatures using hot isostatic pressing, this method is not suitable for bulk 

processing.10,57 Boron carbide powder heat-treated in a gaseous mixture of hydrogen 

and helium and then sintered in the presence of pure helium also requires sintering 

temperature above 2200oC.60 Microwave sintering has also been used to consolidate 

boron carbide (95 % density) in a short duration of time (12 min) but it also requires high 

temperatures above 2000oC.61 This limitation is overcome by using P2C technique as 

described in section 2.3. 

2.3 Literature on Processing of ZrB2-SiC Composite 

Ultra high-temperature ceramics such as ZrB2 is also a difficult-to-sinter material 

due to the highly covalent nature of chemical bonding.2 ZrB2 and its composites have 

been produced by several conventional consolidation techniques such as (i) 

pressureless sintering (PS), (ii) hot-pressing (HP) and (iii) reactive densification process 
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such as reactive HP. In these techniques, high sintering temperature (≥ 2000oC) and 

long consolidation periods are required to obtain dense ZrB2 ceramics. In PS method, 

using fine starting powder particles, dense ZrB2 ceramics (~95%) was achieved above 

2000oC sintering temperature in the presence of large amount of sintering additives.62,63 

In HP technique, high sintering temperature (>2000oC) and pressure (>25 MPa) along 

with long consolidation times were required to produce dense (>95% of theoretical 

density) ZrB2 ceramics.64-66 Some recent studies have produced 99% dense ZrB2 

ceramics at 1900oC (consolidation time of 45 min and pressure of 32 MPa).67 However, 

fine milled ZrB2 powder particles (500 nm) were used to reduce the sintering 

temperature. In reactive HP technique, synthesis and densification processes are 

combined utilizing in situ reaction and sintering processes to produce dense ceramics.2 

Although, this method has the advantage of producing extremely fine reactants due to in 

situ reaction, long consolidation times often result in significant grain coarsening at 

lower temperatures. Therefore, higher sintering temperatures are still required to 

produce dense ZrB2 ceramics. Using this reactive HP method, dense ZrB2 (99%) was 

produced at a sintering temperature of 2100oC.68 Some of the recent studies have 

shown the advantage of using sintering additives to reduce the sintering temperature.2 

However, owing to the intended high-temperature applications, use of sintering 

additives is detrimental as the presence of glassy phase in the sintered compact can 

reduce the strength at high-temperature considerably.       

In recent years, researchers have shown that only pure ZrB2 is not suitable for 

high temperature applications as it is prone to oxidation.2 Towards this end, ZrB2-SiC 

composites have received considerable attention due to their improved oxidation 
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resistance.2,37-40 Also, addition of SiC has been shown to improve the densification 

behavior and mechanical properties of ZrB2 considerably.2,47,50,53 Processing conditions 

to produce dense ZrB2-SiC composites mainly depend on the amount of SiC phase and 

the starting powder particle size. Using HP technique, ZrB2-SiC composites (from 10-

30vol% SiC content) have been sintered in the temperature range of 1800-1950oC (with 

pressure and consolidation time ranging from 20-50 MPa and 20-60 mins, respectively) 

to produce dense compacts.38,47,50,53,69 Chamberlain et al.,42 utilized reactive HP to 

produce dense ZrB2-30vol%SiC composite at 1700oC where a pressure of 40 MPa was 

applied over a period of one hour. However, as mentioned before, due to the in situ 

reaction the reactants were extremely fine (below 100 nm) and thus, reduced the 

sintering temperature considerably. Zhang et al.,70 produced ~98% dense ZrB2-SiC 

composite using reactive HP at 1900oC at a pressure of 30 MPa and over a 

consolidation period of one hour. In the current work, P2C technique has been utilized 

to produce a ZrB2-SiC composite at significantly lower temperature and processing time 

which will be discussed in the following section. 

2.4 Plasma Pressure Compaction Technique 

In recent years, plasma pressure compaction (P2C) has evolved as a promising 

powder consolidation method for sintering of metallic, ceramic and intermetallic 

particles.6-9 Unlike the traditional sintering techniques where consolidation times are on 

the order of several hours, in P2C method various materials, metals, alloys and 

ceramics, have been successfully sintered to full density in less than 10 minutes. 

Sintering via this technique involves plasma activation and localized resistive heating 

(i.e. Joule heating) of a powder compact through the application of a low voltage direct 
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current (DC).6-9 Bonding of the particles is accomplished in two stages: first an in-situ 

elimination of surface oxide and contaminates due to application of the pulsed DC 

voltage (~ 5 V), and then consolidation of the purified powder through “Joule” heating by 

application of continuous DC voltage.  

In this technique, powders are first compressed in a die (graphite, C-C, steel, or 

Mo-alloys) by external pressure to establish a current path and then pulsed DC voltage 

is applied for surface activation. As the effective current path is not established at the 

beginning, current does not flow freely through the powder compact. Thus, a charge, 

build-up at the interparticle gaps, causes polarity differences between the particles. As 

the charges accumulate, voltage difference becomes sufficiently large so that a spark is 

generated which triggers an ionization process i.e. interparticle plasma. The ions move 

toward the negatively charged particles where as electrons move toward the positive 

charged particles. These ionic and electron bombardments (impact of plasma) lead to 

the removal of oxide layer, impurities, moisture and adsorbed gas present on powder 

particle surfaces. This process, thus, results in cleaned particle surfaces for subsequent 

densification. Upon application of a DC voltage, current concentrates at the interparticle 

contact areas (which establish current path) and enormous heat is generated at these 

areas through “Joule” heating. This results in softening of those contact areas and result 

in plastic deformation as the external pressure is increased. Thus rapid densification, 

over a consolidation period of 5-10 mins, is facilitated through micro-welding and plastic 

yielding mechanisms. Surface purification and rapid consolidation result in a dense 

microstructure with minimum grain growth and contamination. A schematic of the P2C 

equipment is shown in Fig. 2-1.  
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2.4.1 Processing of Fine-Grained B4C Ceramics  

Commercially available B4C powder (Grade HS, H.C. Starck, Germany), with 

particles of sizes 100 - 500 nm, was used as the starting material.71 The powder was 

consolidated using P2C method under high vacuum (200-300 mTorr) without the use of 

any sintering aids. In the current work, the powder compact was consolidated at a 

constant low voltage (~5 V) direct current and a maximum current density of 4400 

amp/cm2. Simultaneously, an external pressure (88 MPa) was applied to assist powder 

consolidation. The sintered compacts were produced in the form of a cylindrical disk of 

51 mm diameter and 6.4 mm thickness, see Fig. 2-2. These disks were sintered either 

at a temperature of 1650oC or 1750oC and the consolidation time was varied between 2 

to 30 min. Table 2-1 shows the processing conditions for all the disks. Densities of the 

sintered disks were measured using Archimedes method. Microstructural analysis was 

performed on both fractured and polished surfaces. Polished specimens were prepared 

by using standard metallographic principles. The polished surfaces were etched 

electrolytically using 1% KOH solution at a current density of 0.03 amp/cm2 for 30 

seconds.71 From the electrolytically etched specimens, average grain size was 

determined (by the line intercept method) as per ASTM standard E 112-96. Table 2-1 

provides the density measurements and average grain sizes of the B4C ceramics. 

Sintered B4C compacts produced at 1650oC attained only 92-93 % of theoretical density 

and thus were not considered for further investigation.  

Upon increasing the sintering temperature to 1750oC a significant improvement in 

density was observed. Compacts consolidated for 2 min and 5 min at 1750oC attained 

densities around 96% and 99% of the theoretical value, respectively. When 
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consolidation time was increased to 30 min at this temperature, no further increase in 

density was noticed. The improvement in density (or decrease in porosity level) with 

increase in temperature is clearly evident from the SEM micrographs of the fractured 

surfaces shown in Fig. 2-3. Microstructures of the polished and electrolytically etched 

specimens from the three B4C disks produced at 1750oC are given in Fig. 2-4. Optical 

micrographs revealed nearly equiaxed and fine-grained microstructures with average 

grain sizes around 1.6 µm, 2 µm and 2.7 µm for the samples sintered for 2 min, 5 min 

and 30 min, respectively. Darker regions in the micrographs represent mostly grain pull-

outs during polishing. From the density and average grain size measurements it is clear 

that the processing parameters (temperature, pressure and consolidation time) adopted 

in the current work were appropriate for the production of dense fine-grained boron 

carbide ceramics.  

2.4.2 Processing of ZrB2-5wt%SiC Composite  

In the current work, commercially available ZrB2 powder (Grade HS, H.C. Starck, 

Germany), with particles of sizes between 3-7 µm, and polycarbosilane (–(SiHMe–

CH2)n–) powder were used as starting materials.72 Polycarbosilane (PCS) has a silicon-

carbon (Si-C) backbone and is used as a preceramic precursor for SiC.69 Initially, the 

powders were mixed in a shear mixture and the blend was calcined above 1000oC in an 

atmosphere of flowing argon where the PCS decomposed to cubic-SiC (β-SiC) and 

amorphous carbon. Then ZrB2 and heat-treated PCS mixture were further mixed, and 

consolidated using the P2C technique at a temperature of 1750oC and at a pressure of 

43 MPa over a short consolidation period of only 5 min.72 Density of the sintered ZrB2-

SiC composite was measured using Archimedes method. X-ray diffraction (XRD) 
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analysis was carried out on small specimens to investigate the phase content within the 

consolidated compact. Some fragmented pieces were examined using scanning 

electron microscope (SEM) to reveal the average grain size in the composite. Figure 2-5 

shows a ZrB2-5wt% SiC composite slab of 75mm×52mm×8mm was produced using 

(P2C) technique and Fig. 2-6 reveals low and high magnification SEM micrographs of 

fractured surfaces of the composite.  

XRD pattern collected from the sintered composite, shown in Fig. 2-7, revealed the 

presence of only two crystalline phases; hexagonal (H) ZrB2 and cubic (3C) SiC. 

Density measurements indicated a composite density 96% of theoretical value (5.84 

g/cm3). The theoretical density of the composite was calculated using the rule of 

mixture. SEM micrographs of the fragmented surface, shown in Fig 2-6, revealed a well-

consolidated composite and thus supported the high value of measured density. No 

porosity was detected within the ZrB2 matrix as well as at the ZrB2-SiC interface areas. 

However, some agglomerated regions (containing 3C-SiC and amorphous carbon) were 

observed in the sintered compact which probably resulted the measured 4% porosity. 

SEM micrographs revealed that the SiC phase (dark phase) was uniformly distributed 

within the ZrB2 matrix (gray phase). Nevertheless, microstructural observations 

indicated that P2C method was successful in producing a uniform and well-

consolidated ZrB2-SiC composite. From the SEM micrographs of the fractured surfaces, 

average grain size of the ZrB2 phase was estimated to be around 5 µm whereas the SiC 

particles were around 1 µm in size.      



 

29 

2.5 Conclusions 

Boron carbide powder sintered using the P2C technique resulted in near 

theoretically dense and fine-grained boron carbide ceramic disks at significantly lower 

processing time and temperatures than in conventional sintering methods. A 

polycrystalline ZrB2-5wt.%SiC composite, with a consolidated density above 96% of 

theoretical density, was produced using the P2C technique at a temperature of 1750 oC 

and at a pressure of 43 MPa over a short consolidation period of only 5 min. 

As outlined in Chapter 1, in the following chapters, mechanical responses of P2C 

processed B4C ceramics and ZrB2-5wt%SiC composite are discussed in detail. Since, 

the issues being investigated different, they are discussed in separate chapters. In the 

following Chapter 3, static and dynamic indentation response as well as phase 

transformation studies in B4C are discussed.   
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Figure 2-1. Schematic of a P2C equipment.  
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Figure 2-2. Consolidated boron carbide disk and test samples for indentation.
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Figure 2-3. SEM micrographs of sintered B4C samples at various processing 
temperatures and time.
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Figure 2-4.  Optical micrographs of the etched sintered B4C samples sintered at 1750oC 

for A) 2, B) 5 and C) 30 min. The average grain sizes are indicated on the 
optical micrographs. Darker regions in the micrographs represent mostly grain 
pull-outs during polishing. 
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Figure 2-5. A ZrB2-5wt%SiC composite sintered using P2C technique. 
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Figure 2-6.  A) SEM micrograph of the fragmented surface of ZrB2-SiC composite and 

B) a higher magnification SEM image revealing absence of any porosity 
within ZrB2 matrix as well as at the ZrB2-SiC interface areas. 
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Figure 2-7. XRD pattern collected from the sintered ZrB2-SiC composite. 
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Table 2-1. Processing conditions in P2C method for sintering of B4C compacts 
Sample ID Temperature  

(oC) 

Time  

(mins) 

Pressure 

(MPa) 

Density  (% theoretical) 

(g/cc) 

Grain size 

(µm) 

1650_5 1650  5 88  2.33 ± 0.002 (92.46 %) Not measured 

1650_30 1650 30 88   2.35 ± 0.003 (93.25 %) Not measured 

1750_2 1750  2 88 2.42 ± 0.002 (96 %) 1.6 

1750_5 1750  5 88   2.50 ± 0.004 (99.2 %) 2.0 

1750_30 1750 30 88   2.50 ± 0.004  (99.2 %) 2.7 
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CHAPTER 3 
DYNAMIC INDENTATION RESPONSE OF B4C CERAMICS 

3.1 Introduction 

In this work, strain rate sensitivity of boron carbide ceramics has been studied using 

dynamic and static indentation experiments. These experiments were conducted on the 

intact as well as on the split specimens (prepared using bonded-interface technique). 

Hardness measurements were performed on intact specimens where as the split 

specimens were utilized to probe, using a series of spectroscopic techniques, the 

subsurface damage regions of both types of indentations for structural phase 

transformation in B4C. Rest of the Chapter is divided into two sections. In the first part 

(section 3.2), results from the static and dynamic indentation studies are discussed 

followed by an in-depth discussion, in section 3.3, on spectroscopic investigation of 

structural phase transformation in B4C.     

3.2 Static and Dynamic Indentations 

3.2.1 Static Indentation Fracture  

Since the advent of fundamental pioneering concepts in fracture by Inglis,73 Griffith,74 

Irwin,75 and Orowan,76 the field of fracture mechanics has evolved into a mature subject 

and is regularly practiced in design of structures subjected to a wide range of loads. 

Advances in materials research and their applications in emerging fields continue to 

identify new fracture phenomena that challenge researchers to develop new analytical, 

computational and characterization tools, and provide further insight in to their failure 

behavior. In recent years, several mechanical characterization techniques such as 

instrumented nanoindentation, dynamic indentation and micro- and nano-scratch 

experiments have been successfully employed on brittle materials to unravel fundamental 
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mechanisms associated with fracture and material removal at nano- and micro-levels 

during high-speed grinding, dynamic wear and ballistic impact phenomena.  

Among many characterization techniques available, indentation fracture mechanics 

approach has been one of the most popularly used methods to evaluate the fracture 

resistance of brittle materials.19,22-26,77-79 The field of static indentation fracture mechanics 

has made significant contributions to our understanding of fracture behavior of brittle solids 

and material removal mechanisms during abrasion and wear. Investigations have ranged 

from indentation fracture mechanics of monolithic brittle solids to indentation of hard 

particles embedded in ductile materials (e.g., carbides in tool steels).80 In addition to their 

ability to extract fundamental fracture characteristics of brittle solids, indentation tests have 

often provided motivation for development and/or validation of sophisticated numerical 

models. However, this approach has been mostly applied to static loads and its use for 

dynamic deformation of materials has been limited.  

Numerous applications involve rapidly applied loads where dynamic or high strain 

rate effects become relevant. For example, in high-speed grinding of ceramics, the 

grinding grit is in contact with the work piece for only few tens of microseconds. During 

impact of a projectile on a confined ceramic target the interaction time between the two 

contact surfaces is on the order of few microseconds. Similarly, the rate effects may be 

important in applications such as dynamic wear between two rapidly moving surfaces, 

meteorite impact on space structures, runway debris impact on airplane structures, 

atmospheric particles impact on the protective tiles of a reentry vehicle, etc. In all these 

events, the interaction between the two contact surfaces can be considered as Hertzian,81 

however, the static indentation mechanics principles cannot be fully applied to analyze the 

dynamic inelastic deformation behavior that is germane to such dynamic events because 
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the contact time is on the order of few tens of microseconds. Materials under dynamic 

loads can experience strain rate well in excess of 103/s and, at such high strain rates, the 

deformation behavior in brittle materials, in general, is characterized by increased fracture 

strength27,82-90 and fracture toughness.28,91-100      

3.2.2 Dynamic Indentation Fracture 

Understanding of projectile-target interaction is central to the development of superior 

armor/anti-armor materials. For design of efficient composite armor systems such as 

metal/ceramic or polymer/ceramic armor, the interfacial characteristics as well as the 

deformation and fracture characteristics of individual components must be well 

understood. Fundamental investigations that have provided key insights into the 

interactions between a metal projectile and a ceramic target have been conducted by 

several researchers.1,20,21,101-114 A survey of candidate ceramic armor materials and the 

relevant experimental data have been compiled by Holmquist et al.115 Through proper 

target design, Hauver et al.,116,117 were able to increase the resistance to penetration of a 

ceramic target by extended lateral flow at the surface of the ceramic and thus recover 

intact ceramic target after the impact. This was achieved by confining the ceramic within 

steel case, by providing space for erosion products, and providing a shock attenuator and 

a steel plate at the entrance to the target. Under these conditions, microstructural analysis 

of the impacted ceramic targets has revealed similarities of fracture patterns to the ring 

cracks induced by static indentation of a hard sphere on a ceramic which clearly 

demonstrated the validity of “contact mechanics” approach to investigate the damage due 

to projectile impact on ceramics. Therefore, modeling efforts to describe impact damage in 

ceramics have centered around Hertzian contact theory coupled with brittle fracture 

models in compression.81,118,119 
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Although the similarities between induced-damage in a confined ceramic target due 

to projectile impact and that induced due to a static spherical indentation are well 

recognized, the rate effects that are germane to dynamic impact phenomena are not fully 

captured in static indentation investigations. In addition, modeling efforts that seek to 

estimate pressure induced in the target due to impact are limited by the existing elastic-

perfectly plastic models which fail to describe the stresses accurately in the comminuted 

region of the impact. Thus, the current contact mechanics approach to describe the 

physical phenomena ahead of a projectile suffers from some inherent limitations.  

To overcome these limitations, several experimental, analytical and numerical 

approaches have been adopted in the recent literature. Towards these developments, 

Subhash and co-workers27,28,120-122 have developed a dynamic indentation test method to 

investigate the rate-dependent indentation properties of ceramics and metals. Here the 

word ‘dynamic’ refers to the time of loading which is only around hundred microseconds. 

This technique is based on the momentum trapping principle developed by Nemat-Nasser 

et al.,123 for dynamic compression testing and is modified to impart a single indentation in 

to the specimen during dynamic indentation. The technique has been successfully utilized 

to determine the dynamic Vickers indentation hardness of metallic materials,27,122 bulk 

metallic glasses124,125 and several ceramics.27,28 The above studies on metals are very 

generic in the sense that the dynamic hardness has been found to be three times the 

dynamic yield strength of a metallic material. This result is similar to the static hardness-

yield strength relationship proposed by Tabor.126 Recently, such test method has been 

successfully used to detect negative rate sensitivity of hardness in amorphous alloys.125,127 

Also, in bulk metallic glasses, dynamic indentation revealed significant difference in shear 

band propagation phenomena compared to static indentation.125    
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3.2.3 Dynamic Indentation Tester 

Subhash and co-workers27,28 have adopted a dynamic indentation method to 

investigate rate-dependent indentation properties of metallic and brittle materials. In this 

technique, elastic stress wave propagation in a slender rod is utilized to deliver the desired 

load in 150 µs duration compared to static indentation where load is applied over 10-15 

seconds. This technique is parallel to the static indentation technique and therefore, a 

direct comparison between static and dynamic indentations can be made.  

The dynamic hardness tester consists of a slender rod with a Vickers indenter 

mounted at one end and a momentum trap (MT) assembly at the other end as shown 

schematically in Fig. 3-1 A high frequency load cell Kistler mounted on a rigid base 

measures the load. The specimen is sandwiched between the diamond indenter and a 

load cell. A short striker bar is launched from a gas gun towards the MT-end of the incident 

bar, thus generating a compressive stress pulse followed by a tensile pulse (due to MT) of 

known duration and amplitude in the incident bar. The MT assembly ensures that only a 

single compressive pulse reaches the indenter thus causing the indentation and then the 

tensile pulse retracts the indenter. Furthermore, all the successive wave reflections will be 

tensile while traveling towards the indenter end thus causing the bar/indenter assembly to 

retract further away from the specimen. Therefore, single dynamic indentation on the 

specimen is ensured. The dynamic hardness is calculated based on indentation diagonal 

size and load similar like the static hardness.   

3.2.4 Experimental    

Static and dynamic indentation studies were conducted on three different grain sizes 

of B4C ceramic produced by P2C technique as discussed in Chapter 2. Approximately 15 

static indentations were performed at each load of 2.94 N (300 gm), 4.9 N (500 gm) and 
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9.8 N (1000 gm) for 15 seconds on each grain size B4C specimen. Unlike the static 

indentation tests at fixed loads, the dynamic indentations were conducted utilizing the 

dynamic indentation tester at loads between 2.94 N to 14.7 N by increasing the velocity of 

the striker bar in the dynamic indentation tester. Around 25-30 tests per specimen type 

were conducted at load ranges similar to those under static indentation. 

3.2.5 Results of Indentation Experiments and Discussion 

A plot of static and dynamic hardnesses vs. indentation load for the three grain sizes 

is presented in Fig. 3-2. A wide scatter in the static hardness values was observed for all 

the grain sizes. The average static hardness values for 2 µm and 2.7 µm grain size 

specimens appeared in the same range (27.45±2 GPa and 27.45 ±2.5 GPa) for the loads 

considered in this investigation. On the other hand, the 1.6 µm grain size sample, having 

the smallest grain size, showed relatively lower average static hardness value of 25.41±1.0 

GPa. On the other hand, the dynamic hardness (HVd) was lower than the static hardness 

for all the grain sizes in this load range. Unlike the static hardness values, the dynamic 

hardness values exhibited a greater scatter for all the grain sizes as can be seen from Fig. 

3-2. The 1.6 µm grain size boron carbide showed a significant decrease in dynamic 

hardness compared to other two grain sizes. This decrease is probably due to the lower 

density (see Table 2-1) or higher level of porosity in these specimens. For the other two 

grain sizes, the trends between static and dynamic hardness values were difficult to 

conclude because of large scatter in the values and lack of sufficient number of data 

points.71   

Cracks extending from the corners of the static and dynamic Vickers indentations 

were used for fracture toughness (Kc) measurements. Numerous empirical fracture 
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toughness relations are available in the literature depending on the nature of crack 

systems.128 For half-penny cracks, the relationship between the half crack length c and 

load P is expected to be of type c = AP2/3 where as for Palmqvist cracks, the difference 

between the half-crack length c and the half-diagonal, a, i.e., l = c – a, is expected to be 

linear with respect to load, i.e., l = BP. In the current work, the above quantities were 

plotted and fitted to an equation of type y = bxn to determine the nature of the crack 

system. The c vs. P plots yielded n values in the range of 0.62-0.69 and therefore, 

matched the equation y = bxn closely. On the other hand, the plots of l vs. P did not result 

in a linear relationship between l and P as the n values were found to be in the range of 

0.68-0.92. These plots have been presented in Appendix A. Therefore, it was concluded 

that in the current work static and dynamic indentations resulted in half-penny crack 

system beneath the indentations. Accordingly, Evans and Charles fracture toughness 

equation,128  Kc = 0.0824P/c1.5, based on half-penny crack system has been used.  

A comparison of optical micrographs of the top surface of the indented regions of 2.7 

µm grain size specimen at an indentation load of 2.94 N is shown in Fig. 3-3. It can be 

seen that the dynamic indentations resulted in more severe damage compared to the static 

indentations. Measurements of crack lengths revealed that, in general, the half-median 

crack length (c) increased linearly with indentation load under both low and high strain rate 

loads. The average crack lengths were slightly longer under dynamic loads compared to 

static loads for all the grain sizes. Using the Evans and Charles equation, static and 

dynamic fracture toughness ( s
CK  and d

CK , respectively) values were calculated and plotted 

in Fig. 3-4. A wide scatter in the fracture toughness values was observed under both 

conditions. In general, fracture toughness was lower under dynamic loads compared to 

static loads.71  
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It is well-known that hardness increases with a decrease in grain size (the Hall-Petch 

relationship).129,130 Similarly, a decrease in residual porosity also improves the mechanical 

properties. But in the current work the 1.6 µm grain size boron carbide, having the smallest 

grain size, revealed the lowest static hardness which does not follow the well-known Hall-

Petch relationship. No significant variation in hardness was observed between 2 µm and 

2.7 µm grain size boron carbide specimens. The possible reason for such behavior may be 

the presence of higher level of residual porosity in small grain size boron carbide than that 

in the other two boron carbide specimens which have more than 99% theoretical density 

(see Table 2-1). This increase in porosity may offset the effect of smaller grain size on 

hardness. Since the larger grain size specimens did not show any variation in static 

hardness and they contain negligible porosity, it can be surmised that hardness is less 

influenced by the grain size variation (in the current grain size range) than porosity level at 

low strain rate loading. Under dynamic loading, hardness was observed to change 

significantly with grain size variation (Fig. 3-2 and Table 3-1). But as mentioned earlier, 

due to statistically insufficient amount of data, it is difficult to make any definitive 

conclusion except that the dynamic hardness for 1.6 µm grain size was significantly lower 

than static hardness. Again, the increased level of porosity might have offset the effect of 

smaller grain size which resulted in the observed drop in dynamic hardness in 1.6 µm 

grain size specimens. Therefore, it can be inferred that hardness of boron carbide is not 

only influenced by grain size and porosity level but also by strain rate. A significant 

lowering of dynamic hardness compared to static hardness in 1.6 µm grain size boron 

carbide indicates that residual porosity could be more detrimental to hardness under 

dynamic loading than under static loading. Similar conclusion can be made from the 
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fracture toughness measurements (Fig. 3-4 and Table 3-1) where a large drop in fracture 

toughness was observed for 1.6 µm grain size compared to other grain sizes under 

dynamic loading.71   

Clearly, boron carbide revealed lower hardness (Fig. 3-2) and lower fracture 

toughness (Fig. 3.4) under dynamic indentation than those under static indentation. But 

this trend in the loss of mechanical properties of boron carbide at high strain rates 

contradicts the established trend for many other engineering materials where an increase 

in hardness, yield strength, fracture toughness and fracture strength have been observed 

under higher strain rate loading. To investigate the underlying cause for this anomalous 

behavior in boron carbide, further studies employing several spectroscopic techniques 

were conducted in the indented regions beneath the surface which is discussed in section 

3-3. 

For these purposes, subsurface damaged regions of indentations were probed using 

several spectroscopic techniques. To study the subsurface regions of indentations, 

rectangular specimens were cut into two halves along the length, and these cut surfaces 

were polished using standard metallographic polishing techniques. They were then bonded 

with high-strength adhesive and kept clamped for few hours. The top surface containing 

the bonded interface was polished flat for static and dynamic indentations along the 

interface. The indentation was performed with one of the diagonals of the indenter aligned 

parallel to the interface. For these subsurface damage studies, indentations were 

intentionally performed at slightly higher loads (up to 21 N) so as to cause sufficiently large 

damage zone beneath the indentation. After indentation, the bonded surfaces were 

separated and scanning electron microscopy (SEM) was performed to observe the 

subsurface damage.71 



 

 47 

Scanning electron micrographs of the half indents (shown in Fig. 3-5) revealed that 

the subsurface damages for both types of indentations at similar load levels are 

significantly different. Under dynamic indentation the extent of damage in the lateral 

direction was significantly larger than static indentation and several cracks were observed 

to emanate from the boundary of the damage region as indicated in Fig. 3-5 (B). Such 

cracks are not evident under static indentations. These subsurface studies further confirm 

that boron carbide is more prone to damage under dynamic loading compared to static 

loading at similar load levels. Moreover, it is clearly seen that the damage zones appear to 

be half penny shaped beneath the indentation as previously assumed for calculation of 

indentation fracture toughness.71 In the following section, results of spectroscopic studies 

for structural phase transformation as well as effect of strain rate are discussed in detail. 

 3.3 Spectroscopic Investigation of Localized Phase Transformation 

3.3.1 Localized Phase Transformation 

The issue of localized amorphization in boron carbide ceramic has already been 

mentioned which was confirmed from transmission electron microscopy work.18 It has 

been suggested that such regions originated due to localized collapse of the crystal lattice 

as a result of the solid-state phase transformation from crystalline phase to amorphous 

phase.18,71,131,132 To reveal the exact mechanism behind such localized solid-state phase 

transformation, it is essential to understand the structure of amorphous B4C. However, the 

exact structure and the composition of these amorphous regions present within impacted 

B4C ceramics are still unclear.  

Ge et al.,131 from their Raman spectroscopic analysis on the nanoindented regions of 

polycrystalline B4C, have suggested the presence of sp2 hybridized carbon (C) within a-

B4C. From similar nanoindentation work conducted on single crystal B4C, Yan et al.,132 
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suggested the presence of sp2 C aromatic rings within a-B4C. They also suggested, from 

the temperature coefficient measurements of Raman bands, that boron (B) atoms can form 

B-clusters or can substitute C atom from the aromatic rings. However, no direct evidence 

of B-cluster formation was provided. Using Gibbs free-energy calculations, Fanchini et 

al.,133 interpreted that amorphization in B4C may trigger from the collapse of B12(CCC) 

polytype instead of B11C(CBC), and a-B4C may contain some segregated mixture of 

amorphous carbon (a-C) and boron icosahedrons (B12). But any experimental evidence of 

the formation of a-C and B12 within amorphous bands is still lacking. Also, B4C is widely 

accepted to have B11C(CBC) structures instead of B12(CCC).134,135 Therefore, the exact 

formation mechanism of B and C clusters within a-B4C is still not well understood.  

Spectroscopic techniques such as Raman spectroscopy, photoluminescence (PL) 

and Fourier transformed infrared (FTIR) spectroscopy are widely used to provide 

information and identification of chemical structures and physical forms.136,137 These 

methods are sensitive to the molecular vibrations and the electronic transitions. Since, 

every material has its unique vibrational and electronic transition characteristics (owing to 

chemical bonding features), spectroscopic techniques are widely used to identify the 

unknown structures. Although, Raman spectroscopy has provided some useful information 

on the phase transformation in B4C and the structure of a-B4C,71,131,132 only use of this 

technique may not be sufficient to unearth all the structural information. Therefore, the aim 

of the current work is to provide more insight in to the structure of amorphous regions 

formed within B4C ceramics. Here, spectroscopic evidence for the formation of a-C, 

created by static and dynamic indentations, has been provided along with the observed 

evidence of a-B cluster formation by dynamic indentation. This interpretation was 

rationalized based on a series of micro-spectroscopic techniques including Raman 
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spectroscopy (both uv and visible), photoluminescence, and Fourier transformed infrared 

spectroscopy. Before proceeding further with the experimental results and their 

interpretation, in the following, some of the fundamentals of vibrational and electronic 

spectroscopy are discussed briefly.  

3.3.2 Fundamentals of Spectroscopic Techniques 

3.3.2.1 Molecular vibration 

Raman scattering and infrared absorption are based on the fundamental normal 

vibrational modes of chemical bonds of molecules, in any form (i.e., solid, liquid or gas).136 

There are only certain types of atomic displacements (i.e., nuclear motion) during 

molecular vibrations which are allowed with well-defined frequencies. These are known as 

the normal modes of vibrations and some of the types of motions which contribute to the 

formation of a normal mode are given below, also see Fig. 3-6,136  

stretching motion between two bonded atoms (symmetric and asymmetric) 

bending motion between three atoms connected by two bonds  

out-of-plane deformation modes that change an otherwise planar structure into a 

non-planar one 

From a simple statement of Hooke’s law, frequency (υ ) of a simple fundamental 

normal mode of vibration of a molecular can be expressed as  

 

 

where c is the velocity of light, k is the force constant and ( µ ) is the reduced mass 

expressed as 1 2
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3.3.2.2 Raman and infrared spectroscopy 

Although both Raman and FTIR phenomena are fundamentally related to the 

vibrations of materials, the former is associated with the inelastic scattering event where as 

the latter is related to the absorption of light.136,137 During interaction of light with a matter, 

the photons present within the light can either be absorbed or scattered, or the interaction 

can be negligible. In vibrational spectroscopy, the changes in the energies of the incident 

photons, caused by the nuclear motion, are detected. If the scattering process involves 

only a distortion of the electron cloud, then the changes in the frequency of the scattered 

electrons are negligible. This is considered as elastic scattering and called Rayleigh 

scattering. In contrast, if the scattering process induces nuclear motion, then energy will 

either be transferred from photon to molecule or vice-versa. This is called Raman 

scattering which is considered as inelastic scattering because here the energies (or 

frequencies) of the incident and scattered photons are different.  

In any material, there are several electronic states present where each of the 

electronic states consists of a number of vibrational states. At room temperature, most of 

the molecules, in general, are present in the lowest energy vibrational level. In Raman 

spectroscopy, a material is irradiated with a light of single frequency and the resulting 

radiation due to the scattering process is detected. Figure 3-7 shows a simplified 

schematic of the Raman scattering phenomenon. As the material is irradiated with a 

source of radiation, electrons of the molecules, present in the ground electronic state, 

interact with the photons of the light source. During this event, Rayleigh process, see Fig. 

3-7, will dominate since most of the photons scatter this way. However, a fraction of the 

molecules, initially present at some low energy vibrational energy level (e.g., vo) will not 

return to the same level, rather, will come back to a higher energy vibrational level (e.g., 
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v2). As a result, the scattered photons will have lower energies compared to incident 

photons. This is called Stokes Raman scattering. In contrast, due to thermal energy at 

room temperature, some molecules initially may be present at higher energy vibrational 

level (e.g., v2) which will return to the lower energy level (e.g., vo) by releasing the extra 

energy. Therefore, the scattered photons will have higher energy compared to the incident 

photons. This is called anti-Stokes Raman scattering. However, at room temperature, 

number of the molecules present at an excited vibrational state instead of really low energy 

ones will be extremely small. Therefore, compared to Stokes scattering, anti-Stokes 

scattering is weak and becomes further weaker as the frequency of vibration increases 

owing to the decreased population of the excited vibrational states.136            

In contrast to Raman scattering, in infrared spectroscopy, a material is subjected to 

an infrared light source, consisting of a range of frequencies, and the absorbed 

frequencies from the light source are detected.136,137 Here at any frequency, within the 

infrared range, the absorption of light corresponds to a promotion of a molecule to an 

excited vibrational state. For example, Fig. 3-8 illustrates a simplified schematic of the 

absorption mechanism encountered in the infrared spectroscopy.     

In any molecule, there are several types of normal modes of vibrations present, 

however, not all the vibrations are Raman or infrared active. As a result, there are several 

materials which are either Raman or infrared inactive or both.136,137 Therefore, there are 

some selection rules which govern the ability of a normal mode to be detected by Raman 

or infrared spectroscopy. In any molecule, there could be some net dipole moment present 

as a result of polarized bonds or interaction with an electromagnetic radiation can create 

dipole moments by inducing polarization of the bonds. For example, Fig. 3-9 illustrates 

some simple schematics of chemical bonds where there is no net dipole moment present 
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at equilibrium position. However, when exposed to electromagnetic radiation, net dipole 

moments are induced depending on the type of bond stretching. During the symmetric 

stretching, the net dipole moment still remains zero, however, the asymmetric stretching 

induces a net dipole moment within the molecule. A vibration to be Raman active, 

polarizability of the molecule must change with vibrational motion. Similarly, a vibration to 

be IR active, there should be a net change in the dipole moment of the molecule during 

vibrations of bonds.    

3.3.2.3 Photoluminescence  

Similar to vibrational characteristics, materials can also be identified by their 

electronic structure i.e., the so-called energy gap or band gap. All the electrons from their 

constituent atoms in a material are not bound with the same energy and thus, several 

electronic states are available for the electrons leading to a band structure.138 Now, at 

room-temperature, some of the electronic states are occupied (called bonding electronic 

states or molecular orbitals) where as rest of them (anti-bonding electronic states or 

molecular orbitals) remains empty. Energy gap between the highest occupied electronic 

state (or valence band) and the lowest unoccupied electronic state (conduction band) is 

called band gap which can be utilized for characterization of materials except metals and 

some other materials (e.g, graphite) which do not have any band gap due to overlap of 

valence and conduction bands.  

In a simplified description, let us assume that the ground electronic level as the 

valence band where as the next higher electronic energy level as the conduction band, see 

Fig. 3-10. When a material is optically excited, photon(s) having higher energy than the 

band gap energy can be absorbed which will raise electron(s) from the valence band to the 

conduction band across the forbidden energy gap. Electrons will initially relax some of the 
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excess energy by nonradiative decay process and will come to rest at the lowest energy in 

the conduction band. Eventually, electrons will fall back down to the valence band and the 

energy difference (or band gap energy) will be emitted from the material as luminescent 

photons, see Fig. 3-10. Therefore, energy of the emitted photons is a direct measure of the 

band gap energy and this process of photon excitation followed by photon emission is 

called photoluminescence.  

From the above discussion, it is clear that these spectroscopic techniques are not 

only useful for characterization of known materials but also they can identify new and 

unknown phase(s). Apart from the advantage of high spatial resolution, these methods 

essentially detect the vibrational and the electronic characteristics of any phase in any 

form, and therefore, are not only restricted to crystalline structure of materials but also 

applicable to amorphous forms. It has been well realized that the phase transformation in 

B4C is a result of localized collapse of crystal structure to a disordered state.18 Also, it has 

been shown that the small collapsed regions do not have any crystallinity and therefore, 

they are referred as amorphous B4C. However, previous Raman spectroscopic 

work71,131,132 has detected newer peaks which are not associated with crystalline B4C. 

Therefore, it has been suggested that the a-B4C is not necessarily a disordered state of 

B4C, rather, it’s a mixture of newer phase(s) resulted from structural destruction. 

Therefore, in the current work, apart from visible Raman spectroscopy, uv Raman, PL and 

FTIR spectroscopic techniques were also utilized which are ideal for detection of newer 

phases based on the chemical bonding and electronic structure characteristics. It was 

expected that these studies will shed more light on the disordered state of B4C compared 

to only visible Raman spectroscopy.      
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3.3.3 Experimental  

In the current work, damaged regions beneath the static and dynamic indentations on 

a polycrystalline B4C, as discussed in section 3.2, were probed using (i) visible Raman 

(He-Ne laser, 632.8 nm, 1.96 eV), (ii) uv Raman (He-Cd laser, 325 nm, 3.80 eV), (iii) 

photoluminescence (He-Cd laser, 325 nm, 3.80 eV) and (iv) FTIR spectroscopy in a 

reflection mode under a microscope with a focusing diameter of ~10 µm, close to the 

diffraction limit of infrared wavelengths. 

3.3.4 Results of Raman Spectroscopy 

Figures 3-11 (A) and 3-11 (B) show the visible Raman spectra collected from the un-

indented polished surface and damaged regions, created by static and dynamic 

indentations, of polycrystalline B4C. Raman spectrum from the un-indented polished 

surface in the neighborhood of the indents is consistent with that reported in the literature 

for single crystal and polycrystalline boron carbide ceramics.132,134,135 The various peaks in 

the spectrum can be related to the crystal structure of boron carbide as follows. Boron 

carbide has a complex rhombohedral crystal structure containing eight icosahedrons and 

one linear chain of three atoms, see Fig. 3-12. Each icosahedron (B11C) consists of 11 

Boron (B) atoms and one Carbon (C) atom residing in one of the polar sites.71,132,134,135 

The linear chain consists of CBC atoms. The icosahedrons are located at the corners of 

the unit cell and one of the longest diagonals along the <111> direction contains the linear 

chain. Origin of the two broad peaks in the lower frequency range (at 275 cm-1 and 325 

cm-1) is not well understood in the field although they often appear in B4C ceramics.134 The 

appearance of the next two narrow peaks (at 478 cm-1 and 532 cm-1) have been assigned 

to the rotation of the CBC chain about an axis perpendicular to the [111] direction and the 

liberational mode of B11C icosahedron, respectively. Broad peaks in the high frequency 
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range (between 600-1200 cm-1) are associated with the B11C icosahedrons. Apart from 

these characteristic peaks, a small peak near 1580 cm-1 was observed in the Raman 

spectrum of the undamaged surface. This peak is attributed to the so-called G-peak 

(graphite peak),139,140 will be described in the following paragraph, due to the presence of 

free carbon in the boron carbide specimens.  

Similar spectra were detected from the areas damaged by static indentation as 

shown in the middle curve in Fig. 3-11 (A) with a new disorder-induced (D) peak (~1335 

cm-1) as shown in the magnified view of these spectra in Fig. 3-11 (B). The G and D peaks 

represent zone center phonons of E2g symmetry and K-point phonons of A1g symmetry of 

graphitic C, respectively.139,140 While the G-peak is associated with in-plane bond-

stretching motion of pairs of sp2 –bonded C atoms present either in olefinic chains or in 

aromatic rings, the D-peak corresponds to the breathing mode only from the aromatic 

rings, see Fig. 3-13.  

Significant changes are detected from the indented areas formed by dynamic 

indentation (top curve of Fig 3-11 (A)). Intense G and D peaks were detected at ~1590 cm-

1 and at ~1335 cm-1, respectively, as shown in the top spectrum in Fig. 3-11 (A). The 

evolution of both D and G peaks in Raman spectra are due to the creation of free C-rich 

phase and thus is well accepted as the indication of localized amorphization in 

B4C.71,131,132 The evolution of D-peak in the Raman spectra for both type of indentations 

clearly suggests the formation of sp2 hybridized aromatic C rings within the indented areas. 

Also, the stronger G and D peaks induced by dynamic indentation suggests a higher level 

of structural damage or amorphization of the polycrystalline B4C as compared to static 

indentation.2 This interpretation is also associated with the lower Raman shift of the 

characteristic breathing modes of the icosahedral B11C structures132,134,135 of crystalline 
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B4C at ~1082 cm-1 (for dynamic indentation) and at ~1089 cm-1 (for static indentation) due 

to the strain induced by the amorphization.  

More structural information can be obtained from the uv Raman spectra in Fig. 3-11 

(C). Similar features like visible Raman spectra were observed in the uv Raman spectra. It 

is interesting to note that the two low frequency peaks of visible Raman spectra in the 

range from 250-350 cm-1 did not appear in the uv Raman spectra. Our results suggest for 

the need of further investigation of B4C using uv Raman spectroscopy. In addition, the 

relative intensity of the G-peak (IG) is higher than the intensity of the D peak (ID) for both 

type of indentations. An opposite trend was observed in the visible Raman spectra as 

shown in Fig. 3-11. The ID/IG ratio is ~0.6 for uv Raman and is ~1.1 for visible Raman. The 

ID/IG values and deviation of ID/IG observed here (i.e., dispersion) are similar to that 

detected from hydrogenated and non-hydrogenated a-C films with sp2 –bonded C 

clusters.141,142 Also, D-peak disappears under uv excitation for disordered and 

nanocrystalline graphite but not for a-C.142 Apart from these, the diamond-like carbon films 

with pre-dominated sp3 –bonded C usually have low ID/IG values (< 0.3) and low ID/IG 

dispersion (< 0.3). This also suggests that a low sp3 hybridized C content in the a-C 

formed within the indented regions. Therefore, Raman spectroscopy confirmed the 

formation of sp2 –bonded aromatic carbon clusters by static and dynamic indentations due 

to amorphization of B4C.  

Similar to visible Raman spectroscopy, the results of uv Raman spectroscopy also 

indicate that dynamic loading results in a greater level of C cluster formation. In addition, 

dispersion of G-peak to higher frequency was observed in the visible (Fig. 3-11 (A)) and uv 

Raman spectra (Fig. 3-11 (C)) collected from the dynamically indented region compared to 

the static indented region. It was concluded that the greater level of C-cluster formation 
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under dynamic indentation compared to static indentation causes the observed G-peak 

dispersion.142,143 

3.3.5 Results of Photoluminescence Spectroscopy 

PL experiments were performed to further analyze the structures within the a-B4C. 

Figure 3-14 presents the PL spectra of B4C obtained from the un-indented surface and the 

indented regions of static and dynamic indentations. A weak PL band at 2.4 eV was 

detected from the un-indented surface (bottom curve and inset). This PL band is stronger 

for indented regions created by static indentation (middle curve) and strongest for areas 

damaged by dynamic indentation (top curve). A shoulder peak at ~2.05 eV was observed 

for the un-indented surface (shown clearly in the inset) and indented regions. Apart from 

these peaks, a new peak at ~3.05 eV was noted in the PL spectra from both type of 

indented regions. Similar to the 2.4 eV peak, this peak was also observed to be stronger 

under dynamic indentation compared to static indentation. PL band at ~2.05 eV is 

associated with the optical band gap of B4C.144 But the other two PL signals (at ~2.4 eV 

and ~3.05 eV) are well above the optical band gap of B4C and therefore, are not 

associated with the crystalline B4C structures. These PL bands are explained as the 

following. Amorphous carbon (a-C) and hydrogenated a-C (a-C:H) films have been 

observed to exhibit a broad PL band from ~1.8 eV to 3.7 eV.145 These a-C films contain 

sp2 - bonded carbon clusters embedded in the a-C matrix. Their band gaps depend on the 

size and distribution of the sp2 clusters. Since Raman spectroscopy suggested that the 

indented areas formed by static and dynamic indentations contain a-C structures, we 

rationalize that the PL spectra detected here are attributed to radiative recombination 

mechanism of photo-excited electrons and holes in localized tail states within sp2 

clusters.145 Similar to the Raman spectra, a stronger PL peak for dynamic indentation 
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compared to static indentation again indicates the presence of more aromatic sp2 C-

clusters within dynamically indented regions.  

3.3.6 Results of Infrared Spectroscopy 

 Discussion so far has suggested the formation of sp2 hybridized aromatic C clusters 

in the indented areas formed by static and dynamic indentations. However, these results 

did not provide any information about the existence of B-rich phase within the indented 

regions. Therefore, to further clarify the a-B4C structure, FTIR spectra were collected from 

the un-indented surface and damaged regions of static and dynamic indentations. Spectra 

collected from all un-indented and indented areas are merely similar (except one to be 

discussed later), see Fig. 3-15. These spectra exhibited FTIR peaks characteristic of 

crystalline B4C. The FTIR peak at ~1100 cm-1 corresponds to the B-C stretching 

vibration.146 As discussed before, B4C crystal contains linear CBC chain along one of the 

body diagonals of the rhombohedral unit cell, see Fig. 3-12.71,132,134,135 The end C atoms of 

the chain have sp3-like hybridization where as B exists presumably with an sp2-like 

hybridization.135 The stretching of these CBC chains144 is responsible for the peak around 

1590 cm-1. It could be observed from Fig. 3-15 that the intensities of these peaks gradually 

decrease in succession from the un-indented surface to static indentation to dynamic 

indentation. This trend clearly indicates structural distortion in B4C during indentation as 

also suggested by Raman spectroscopy. Lower intensity of FTIR peaks from static 

indentation to dynamic indentation suggests a greater amorphization or structural disorder. 

The only difference occurred in the FTIR spectra corresponding to the dynamically 

indented region which exhibited a new IR absorption band between ~760-830 cm-1 (shown 

clearly in the inset). This peak covers the known IR signals for free icosahedral B12 

molecules.147,148 Due to the broad spectra distribution, we think that it is more appropriate 
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to assign this IR band to amorphous B-clusters, in consistent with a reported data.148 

Therefore, FTIR clearly suggests the formation of a-B clusters within the a-B4C created by 

dynamic indentation. However, no such evidence was observed in the FTIR spectrum 

collected from the damaged region of static indentation.  

The localized solid-state amorphization in B4C is a shear driven phenomena.18,131 In 

ballistic impact experiments of B4C, amorphization was observed only above certain 

impact velocities.18 On the other hand, similar phenomena was observed for 

nanoindentation,131 static indentation and dynamic indentation.71 In indentation 

experiments, the sharp edges of the indenter develop large shear stresses compared to 

impact experiments, and thus such stress state promotes amorphization. In addition to 

high shear stresses, the high strain rate during dynamic indentation further facilitates the 

amorphization compared to low strain rate static indentation as revealed by the above 

spectroscopic results. High strain rate-induced amorphization has also been predicted 

from MD simulations for metallic nanowires.149 

Finally, we present a schematic of the formation of a-C and a-B clusters. 

Amorphization of each B4C unit cell (see Fig. 3-16 (A)), with eight B11C icosahedrons at 

the corners, will cause the collapse of this structure into two carbon atoms, one boron 

atom, and a B11C icosahedron per unit cell (Fig. 3-16 (B)). The possible mechanism could 

have been accompanied by the collapse of the B11C icosahedron, which is energetically 

more stable to release the carbon atom and replace with a boron atom. This process will 

reorganize into one amorphous B12 cluster, and one carbon atom that will form carbon 

clusters with adjacent carbon atoms (Fig. 3-16 (C)).  
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3.4 Conclusions 

Fine-grained boron carbide ceramics were subjected to static and dynamic 

indentations to study the influence of strain rate on hardness and fracture toughness.    

The boron carbide ceramics showed a consistent decrease in hardness and fracture 

toughness as well as a greater extent of damage under dynamic indentations than under 

static indentations. Presence of residual porosity was observed to lower dynamic hardness 

significantly compared to static hardness. Similar to indentation studies on intact 

specimens, subsurface studies employing split specimens also revealed greater extent of 

damage under dynamic indentation compared to static indentation. Spectroscopic studies 

revealed greater structural disorder or phase transformation under dynamic loading 

compared to static loading. In depth analysis of from Raman and PL spectroscopy results 

revealed that a-C clusters were formed within the indented regions. Also, FTIR analysis 

reveals the existence of a-B clusters within the dynamically indented region.   
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Figure 3-1. Schematic of experimental setup for dynamic indentation hardness 
measurements. 
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Figure 3-2. Comparison of static and dynamic hardness values for three grain sizes of 
B4C. 
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Figure 3-3. Optical micrographs of A) static and B) dynamic indents for 2.7 µm grain size 
B4C at 300 gm. Note longer cracks and more severe damage in dynamic indent. 

 

 

 
 
 
 
 
 
 
 
 
 
 



 

 64 

 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 
 

Figure 3-4. Comparison of static and dynamic indentation fracture toughness for three            
different grain sizes of boron carbide. 
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Figure 3-5. Subsurface damaged region beneath A) static indentation and B) dynamic 
indentation at a load of 19.6 N for 1.6 µm grain size boron carbide. 
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Figure 3-6. Different normal of mode of vibrations. 
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Figure 3-7. A simple schematic illustrating Rayleigh, Stokes and anti-Stokes Raman            

scattering phenomena. 
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Figure 3-8. A schematic of the infrared absorption spectroscopy.  
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Figure 3-9. Changes in the net dipole moment of a molecule during asymmetric stretching. 
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Figure 3-10. A schematic illustration of photoluminescence phenomenon. 
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Figure 3-11.  A) visible Raman spectra and C) uv Raman spectra from the un-indented 
surface and damaged regions beneath the static and dynamic indentations. B) 
Magnified view of two of the spectra in A.  
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Figure 3-12. Crystal structure of boron carbide (B4C). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Rhombohedral unit cell 

B  
C  



 

 73 

 
 
 
 
 
 
 

 

 

 

 

 

 

 

 
 
 

 
 
 
 
 
 
 
 
Figure 3-13. Origin of D-peak and G-peak. 
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Figure 3-14. Photoluminescence from the un-indented surfaces and damaged regions 
beneath the static and dynamic indentations.
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Figure 3-15. FTIR spectra from the un-indented surfaces and damaged regions 
beneath the static and dynamic indentations. 
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Figure 3-16. Schematic of A) a rhombohedral unit cell of B4C with eight B11C 

icosahedrons at the corners. B) Amorphization of each unit cell will 
form two carbon and one boron atoms and a B11C icosahedron. C) 
One B11C icosahedron and one boron atom will reorganize into one 
amorphous boron (a-B) cluster, and a carbon atom that form carbon 
clusters with adjacent carbon. 
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Table 3-1. Comparison of average dynamic and static hardness and fracture 

toughness values 

 

 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

Grain 

size  

(µm)  

HVs 

(GPa) 

HVd 

(GPa) 

% Change 

  (HVs–HVd) 

        HVs 

s
CK  

(MPa.m0.5)  

d
CK  

(MPa.m0.5) 

% Change 

  ( s
CK  – d

CK ) 

         s
CK  

1.6 25.41 ± 1.00 18.17± 2.00 28.49 3.39± 0.25 2.69± 0.27 20.65 

2.0 27.45± 2.00 26.15± 2.50 4.74 3.61± 0.30 3.00± 0.29 16.89 

2.7 27.45± 2.50 23.37± 3.00 14.86 3.22± 0.16 2.81± 0.36 12.73 
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CHAPTER 4 
SCRATCH-INDUCED DEFORMATION IN ZrB2-SIC COMPOSITE 

4.1 Introduction 

As mentioned in Chapter 1, during service, aerospace structural 

components such as heat-shields, nose cones, leading edges, engine cowl 

inlets, etc., are often subjected to abrasion-dominated wear scenarios (abrasive 

wear) due to the impact with atmospheric debris particles. As ultra high-

temperature ceramics (UHTCs), in recent times, have been identified as the 

potential candidates for the aforementioned aerospace applications, it is, 

therefore, important to investigate their fundamental inelastic deformation 

mechanisms. Among the available ultra high-temperature ceramics, zirconium 

diboride-silicon carbide (ZrB2-SiC) composites have received significant 

attentions owing to their improved oxidation behavior compared to ZrB2 ceramics. 

So far, most of the recent studies have been mainly focused on the processing 

and the oxidation behavior of the ZrB2-SiC composites.37-48 However, 

investigations on the evaluation of wear characteristics of UHTCs are limited. 

Similarly, studies on the fundamental deformation and fracture characteristics in 

polycrystalline ZrB2-SiC composites and other UHTCs are also not available.  

Indentation and scratch experiments have been effectively used to model 

deformation and damage mechanisms that evolve in ceramics during an 

abrasion process. While the scratch experiments involve both normal and 

tangential point loads, indentation experiments only apply a normal point load on 

the surface. Therefore, in this dissertation, scratch experiments were preferred 

for investigation of complex contact interactions and were used for wear 
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characterization of a ZrB2-5wt%SiC composite. Two types of experiments were 

conducted in the current investigation: (i) constant low-load and low-velocity and 

(ii) variable high-load and high-velocity scratches. The current dissertation mainly 

emphasizes on the results of low-velocity scratch experiments. The high-velocity 

scratch results have been discussed briefly.   

During scratch process, materials beneath the scratch tool undergo elastic-

plastic deformation. Directly beneath the indenter tool, a plastically deformed 

groove is formed which remains surrounded by the elastically deformed region. 

From experimental and theoretical studies, it has been shown that due to the 

strain-incompatibility between these two regions localized residual stresses are 

induced within the materials (will be discussed in more detail in section 4.3).150-152 

During the unloading phase, the accumulated deformation-induced residual 

stress causes lateral cracking. Initiation of such damage and consequent 

material removal from the surface due to these contact processes may result in 

lower mechanical reliability of the components made out of UHTCs. Therefore, 

quantification of mechanical residual stress due to scratch or abrasion 

phenomenon is necessary for a fundamental understanding of the material 

removal process and for design of abrasion-resistant materials.  However, no 

such studies in the ZrB2-SiC composites, so far, are available in open literature. 

In the current investigation, micro-Raman spectroscopic technique has been 

utilized for the measurement of scratch-induced residual stress in the ZrB2-SiC 

composite.       
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Rest of the Chapter is divided in to two parts. The first part, section 4.2, is 

mainly focused on the low-load and low-velocity scratch studies along with some 

results of high-load and high-velocity scratch investigations. This section 

describes the microstructural features as a result of the scratch process which 

rationalized in the context of elastic stress field resulting from application of 

combined normal and tangential point loads. In section 4.3, results from the 

scratch-induced residual stress measurements, employing micro Raman 

spectroscopy, are discussed. This section describes the Raman spectroscopic 

measurements which are explained on the basis of sliding blister field model for 

residual elastic stress field. Since, zirconium diboride ceramic is extremely week 

in Raman scattering (will be discussed latter in section 4.3), in the current 

investigation, the scratch-induced residual stress measurements were limited to 

the particulate phase (SiC) of the composite. The following discussion will start 

with the scratch studies in the ZrB2-5wt%SiC composite.  

4.2 Scratch Studies 

4.2.1 Experimental 

4.2.1.1 Constant low-load and low-velocity scratches  

  The scratch studies were conducted in a ZrB2-5wt%SiC composite, 

processed via (P2C) technique as discussed in Chapter 2. For scratch 

experiments, specimens of rectangular dimensions 6mm×3mm×4mm were cut 

from the rectangular slab of the processed composite using a low-speed 

diamond saw. One of the 6mm×3mm surfaces was first ground successively with 

120, 240, 320, 400 and 600 grit silicon carbide for around 10 min each and then 

polished for 15 min using 6 µm diamond paste. A MTS nanoindenter XPS 
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system was utilized to impart scratches on the polished surfaces at constant 

loads employing a Berkovich nanoindenter (tip radius ~ 100 nm) at a translational 

speed of 5 µm/s. Scratches of length 200 µm were conducted at five different 

constant loads of 50, 100, 150, 200 and 250 mN.72  

4.2.1.2 Variable high-load and high-velocity scratches  

The high velocity (~500 mm/s) scratch experiments were conducted in a 

custom-built instrumented scratch tester.153-158 A schematic of the scratch tester 

has been shown in Fig. 4-1. The specimen was held on top of a high frequency 

(200 kHz) load cell which was housed in a rigid steel block. This load cell 

measures the normal force (thrust) during the scratch process. The indenter tool 

(a diamond conical indenter with 90o included angle) was held in a pendulum 

holder that was supported by two high-precision ball-bearing bushings housed in 

a rigid steel frame. A pneumatically driven piston was used to swing the 

pendulum and cause the diamond tip to transverse a path of circular arc, and 

create a scratch of variable depth on the specimen surface. Total scratch length 

and maximum depth-of-cut of each scratch can be varied by changing the length 

of the tool in the pendulum holder. The residual scratch tracks from both types of 

experiments were then investigated using a scanning electron microscope (using 

JEOL JSM-6400 and JEOL JSM-6335F) to reveal the resulting scratch-induced 

deformation and fracture patterns in the composite. 

4.2.2 Results 

4.2.2.1 Microstructural features of constant load low-velocity scratches  

Figure 4.2 presents the typical constant low-load scratch patterns 

conducted at five different loads on the polished surfaces of the ZrB2-5wt%SiC 
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composite (here after referred to as ZrB2-SiC composite).72 Traces of plastically 

deformed grooves with intact edges along the length were observed at all load 

levels. The width of the scratches increased with load. Scratches at 50 and 100 

mN, see Figs. 4-2 (A) and 4-2 (B), were smooth and without any significant 

macroscopic damage. But as the load increased beyond 100 mN, damage (to be 

discussed in more detail later) was visible within the scratch grooves, see Figs. 

4-2 (C)-4-2 (E). In Figs. 4-3 and 4-4, the residual scratch path and the 

corresponding scratch-length vs penetration-depth profiles are shown for loads of 

50 mN and 250 mN, respectively. Magnified view of the small damaged regions 

along the scratch groove at 50 mN is also shown in Fig. 4-3. The fluctuations in 

the depth profiles, see Figs. 4-3 (A) and 4-4 (B), correspond to the regions where 

either grain pullout has occurred earlier during polishing or severe microscopic 

damage occurred ahead of the indenter tip during the scratch process. Clearly, 

greater fluctuations in the scratch-length vs penetration-depth profile for 250 mN 

correspond to greater extent of damage and material removal compared to that 

at 50 mN, as is evident from the comparison of Figs. 4-3 (A) and 4-4 (B). The 

increase in the penetration depth as the scratch load increased from 50 to 250 

mN can be seen clearly from Fig. 4-5. In the following, the deformation 

mechanisms and the nature of damage that occurred along the scratch grooves 

at different load levels will be analyzed in more detail.      

SEM micrographs in Fig. 4-6 show the deformation features developed 

within a scratch groove at a load of 250 mN. Figure 4-6 (A) reveals closely 

spaced parallel lines and microcracks within the ZrB2 matrix and Fig. 4-6 (B) 
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shows a magnified view of region (A) revealing the above deformation features. 

Cracks emanating from both sides of a SiC particle are seen in Fig. 4-6 (B). The 

closely spaced parallel lines, indicative of plastic deformation during the scratch 

process, were also observed within the scratch grooves at other load levels. 

These plastic deformation line features are akin to ‘slip line’ patterns observed in 

ZrB2 single crystal.159 On the other hand, microcracks oriented almost normal to 

the scratch direction, were mainly observed at scratch loads greater than 100 

mN. In Figs. 4-6 (A) and 4-6 (B), microcracks and slip line patterns were 

concentrated only on one side of the scratch either because of the asymmetrical 

orientation of the Berkovich indenter or due to slight inclination of the specimen 

with respect to the scratch plane. The material that is in contact with the sharp-

edge of the indenter experiences more severe deformation compared to the 

material that is in contact with the flat surface (on the opposite side) of the 

indenter. Accordingly an asymmetry in the deformation pattern was observed on 

two sides of the scratch. Note that the closely spaced parallel lines (slip lines) 

within the scratch groove in Fig. 4-6 (B) were oriented at an angle to the scratch 

direction and occurred only in the ZrB2 matrix phase. It is interesting to note that 

the slip line spacing and pattern were unaltered across any microcrack or across 

the cracks emanating from the SiC particle (shown in the white elliptical regions 

in Fig. 4-6 (B)). The cracks seem to slightly disturb only the continuity of the slip 

line patterns. Therefore, it is inferred that the slip lines must have formed before 

the microcracking during the scratch process. Figure 4-6 (C) reveals many sets 

of intersecting slip lines oriented randomly to the scratch direction. Slip lines were 
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present even well outside the scratch groove. Orthogonal microcracks were also 

seen at many other locations within the scratch groove where slip lines were 

absent, see Fig. 4-6 (C). The mechanistic rationale for the above sequence of 

formation of these slip lines and microcracks will be explored in the analytical 

modeling section. 

Figure 4-7 (A) shows an image of one of the damaged regions along the 

scratch groove at a load of 250 mN. Several damage features such as ZrB2 

grain-boundary fracture, microcracks within the ZrB2 grains and small scratch 

debris can be observed. Microcracks within a ZrB2 grain and the small scratch 

debris (~ 1 µm) clearly indicate transgranular fracture within the ZrB2 matrix. In 

Fig. 4-7 (B), microcracks originating from the ZrB2-SiC interface as well as 

microcracks almost orthogonal to the scratch direction are seen. Figure 4-8 

shows another region along the scratch groove at 250 mN where no slip bands 

were present but extensive microcracking normal to the scratch direction 

occurred within a single ZrB2 grain. It is speculated that the origin of these 

microcracks is different from those seen in Figs. 4-6 and 4-7. Clearly, the 

material removal mechanisms within the scratch groove of the ZrB2-SiC 

composite were a combination of transgranular and grain-boundary modes of 

fracture.   

4.2.2.2 Microstructural features of variable load high-velocity scratches   

Figures 4-9 (A)- (C) reveal a high velocity scratch path, extensive 

transgranular microcracks orthogonal to the scratch direction and the 

corresponding normal force vs. scratch length profile.160 At the beginning of the 
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scratch path, the load is small which resulted in a smooth plastically deformed 

groove without any significant brittle damage. As the load increased, severe 

macroscopic brittle fracture features such as extended lateral cracking and 

material removal occurred in the middle of the scratch groove where the load 

was maximum. A closer view of the scratch groove revealed orthogonal 

transgranular microcracking and flattened debris, see Fig. 4-9 (B). Note that in 

the previous constant low-load (50-250 mN) and low-velocity (5 µm/s) scratch 

experiments were resulted in the formation of smooth plastically deformed 

grooves with occasional transgranular microcracking. In the variable high-velocity 

and high-load (8 N, maximum load) scratch experiments, the intensity of 

microcracking was significantly higher compared to previous scratch studies. 

Microstructural analysis of the regions containing lateral cracks also revealed the 

predominance of transgranular fracture in the composite. Similar to the low-

velocity scratch experiments, microplasticity in terms of slip-line formation was 

also observed in these high velocity scratch grooves within the ZrB2 phase, see 

Fig 4-10. However, a majority of the regions containing slip lines were probably 

removed due to extensive lateral cracking and the associated material removal. 

Thus, these studies revealed that during high velocity scratch process, extensive 

transgranular microcracking and severe lateral cracking caused significant 

damage and material removal in the composite. The force profile (Fig. 4-9 (C)) 

reveals that the load is minimum at the beginning and reaches maximum at the 

center of the scratches, and then again falls down to zero towards the exit end. 

Similarly, the scratch width is also minimum at both ends and maximum in the 
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middle. The fluctuations in the force vs. distance profile are attributed to the 

brittle cracking and the associated material removal during the scratch process. 

It is interesting to note that plastic deformation features (slip-lines) were 

observed in a typical ceramic matrix composite. ZrB2 has a hexagonal closed 

pack (hcp) crystal structure.2,159 In hcp structures, many slip systems have been 

observed to operate during plastic deformation.35,159,161-165 Slip occurs on basal 

({0001}), prismatic ({1010} ) and pyramidal ({1011} ) planes. ZrB2 single crystals 

have been reported to undergo plastic deformation by prismatic slip during room 

temperature micro-indentation and basal slip during uniaxial high temperature 

experiments.159 The observed line patterns within the ZrB2-SiC composite in this 

study were similar to the residual slip-line patterns observed in the above studies 

on ZrB2 single crystals159 as well as in materials with hexagonal symmetry.165 

Therefore, it is inferred that the observed deformation patterns in terms of closely 

spaced parallel lines within the scratch grooves of ZrB2-SiC composite, 

presented in Fig. 4-6 and Fig. 4-7, resulted from activation of slip mechanism 

during the scratch experiments. But the identification of particular slip systems 

that were activated during the scratch process in ZrB2 requires more in-depth 

investigation using transmission electron microscopy (TEM) and was not pursued 

here. Note that these slip-lines were present only within the ZrB2 matrix but did 

not extend into SiC particles. In general, it has been found that deformation 

induced defects in SiC particles consisted of stacking faults166 which can only be 

discerned using TEM and other techniques. To our knowledge, the formation of 

slip-lines due to dislocation motion in SiC has not been reported.  
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4.2.3 Influence of Elastic Stress Field on the Scratch-induced Deformation  

 During a scratch event, the material beneath an indenter undergoes 

elastic-plastic deformation.150,151 In the current investigation, it was postulated 

that the observed transgranular microcracking orthogonal to the scratch direction 

within the ZrB2 phase might have resulted from the tensile stress field. On the 

other hand, the shear stress component could cause the observed plastic 

deformation. In the following, we will utilize the elastic stress field solutions to 

rationalize the evolution sequence of slip-lines and microcracking in ZrB2-SiC 

composite.  

The single-pass scratch process has been well studied in the literature.150-

158 It has been modeled as a sliding microindentation event where the point loads 

are applied simultaneously in normal (Fn) and tangential (Ft) directions on the 

surface of a specimen. Ahn et al.,150 modeled the scratch process by 

superposition of Boussinesq field (due to Fn), Cerruti field (due to Ft)167 and 

blister field solutions168 to rationalize various crack systems that evolve during 

the scratch event. Recently, Jing et al.,151 utilized a wedge indentation model and 

estimated the plastic zone size as well as the damage zone size during a scratch 

process. Subhash et al.,154 studied the influence of Boussinesq and Cerruti 

stress fields in the presence of a pre-existing microcrack and identified the most 

favorable orientation of cracks that activate during a scratch process. However, 

in all the above studies, the focus was always on crack activation in the wake of 

the scratch tip. The evolution of plastic deformation during the scratch process 

was never investigated. In our study, we have noticed both microcracks and slip 
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bands in the scratch groove. Therefore, we will focus on analyzing the stress 

components responsible for these inelastic features.  

 A schematic of the scratch process and the relevant stress fields are 

shown in Fig. 4-11. As the indenter moves forward on the specimen surface, it is 

assumed that a semi-cylindrical scratch groove of radius a is created which is 

surrounded by a semi-cylindrical inelastic zone of radius b as shown in Fig. 4-11 

(B). The elastic stress field is now constructed from the superposition of the 

Boussinesq field and Cerruti field. The Boussinesq field arises due to the point 

normal load (Fn) and its components on a x-y plane at a depth z = c below the 

surface are given by150,151,154,167 
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Similarly, the Cerruti field arises due to the point tangential load (Ft) and its 

components on the x-y plane at a depth z = c below the surface are given 

by150,151,154,167  
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where σ and τ  are the normal and the shear stress components and the 

superscripts n  and t  refer to the normal and tangential load directions. The 

Poisson’s ratio is denoted by ν  and the normalized variables x , y , z , ρ and r

are defined as 
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Also, 2 2 2r x y= +  and 2 2 2 2x y zρ = + +  define the distance from the point 

load to the field point in the x-y plane and the total distance, respectively. 

Furthermore, Fn and Ft are related by 

    t nF kF=                                                                                                 (4-8) 

where ‘k’ is defined as the friction coefficient or as a proportionality constant 

between normal and tangential point loads.150,151 Now the total normal ( xσ and 

yσ ) and shear stress ( xyτ ) components due to the combined Boussinesq and 

Cerruti fields can be expressed as             
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xy xy xyτ τ τ= + .                                     (4-9) 

 To rationalize the observed microcracking and plastic deformation 

patterns in our study, the maximum principal stress component ( 1σ ) and the 
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maximum shear stress component ( maxτ ) have been computed from xσ , yσ and 

xyτ . Our intent was to identify the regions with high tensile stress and high shear 

stress where microcracking and plastic deformation, respectively, can occur 

during a scratch process. In Fig. 4-11, along with a schematic of a scratch event, 

the distribution of the normalized maximum principal stress component, 

2
1 12 / nc Fσ σ π= , and the normalized maximum shear stress component, 

2
max max2 / nc Fτ τ π= , see Figs. 4-11 (A) and 4.11 (C), respectively, on the x y−

plane in the vicinity of the indenter tip are presented. For clarity, the 2-D 

distributions of the stress components along the x - axis for various ‘k’ values are 

presented in Fig. 4-12. The distribution of 1σ  as shown on the x y−  plane (see 

Fig. 4-11 (A)) as well as along the x - direction (see Fig. 4-12 (A)) indicate a 

stress singularity at the indenter tip. When 0k = , there is no tangential force 

component and the stress distribution is symmetric about the indenter position (

0x = , 0y = ). For 0k > , large tensile principal stress develops in the wake of the 

indenter tip and its amplitude increases with ‘k’ as shown in Fig. 4-12 (A). 

Assuming that the maximum principal stress criterion is appropriate for mode-I 

crack propagation in brittle materials, a crack initiates when the maximum 

principal stress exceeds the fracture stress of the material and mode-I cracks 

open up orthogonal to the direction of maximum principal tensile stress. In the 

experiments, the magnitude of the maximum principal stress component was not 

large enough at lower scratch loads (e.g., ~ 50 mN) to cause significant 

microcracking. But as the load increased, a greater extent of microcracking was 
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observed as a result of the increased maximum tensile principal stress in the 

wake of the indenter. These observations are rationalized on the basis of 

increased tensile stress in the wake of the indenter with increasing ‘k’ as shown 

in Fig. 4-12 (A). The orientation of the principal tensile stress in the wake of the 

indenter, shown in Fig. 4-11 (D), causes the crack to open perpendicular to the 

scratch direction as shown in Figs. 4-6 – 4-9.      

To explain the formation of slip-lines, we focus on maximum shear stress 

distribution during the scratch process. Figure 4-11 (C) shows the maximum 

shear stress distribution in the vicinity of the indenter tip. Note that the amplitude 

of maxτ  is symmetric about the x - axis and highest in the regions ahead of the 

indenter position and slightly away from the x - axis. The projected locations of 

the highest maximum shear stress and the maximum tensile principal stress on 

the scratch plane are shown at the bottom of Fig. 4-11 (C). The distribution of 

normalized maximum shear stress along the x - direction is plotted for various 

values of ‘k’ at 0y =  in Fig. 4-12 (B) and at 0.5y = ± in Fig. 4-12 (C). These 2-D 

plots clearly reveal that the maximum shear stress, ahead of the indenter tip, 

increases with increasing ‘k’, similar to the normalized principal stress. Also, note 

that the maximum amplitude of maxτ  occurs not along x - axis but slightly away 

from the axis at 0.5y = ± . Depending on the intensity of loading (i.e., for large ‘k’), 

the maximum shear stress can extend beyond the scratch groove resulting in 

slip-line formation outside the scratch grooves as seen in Fig. 4-6 (C) and Fig. 4-

13. We postulate that the slip bands originate in these regions due to this high 

local shear stress during the scratch process. To validate this postulation, the 



 

 
 

92 

region near the exit-end of each of the scratches was observed in SEM. Recall 

that this end-region was never in the wake of the scratch tool and thus, was 

never subjected to high tensile stress shown in Fig. 4-11 (A) and Fig. 4-12 (A). 

On the other hand, this region must have experienced large maxτ  because this 

end-region was ahead of the indenter, see Fig. 4-11 (C) and Figs. 4-12 (B) and 

4-12 (C). Therefore, only slip-lines are expected in this region. Figure 4-13 shows 

a SEM micrograph of a scratch-end revealing only slip-lines present on both 

sides of the scratch in this region. This observation clearly confirms that slip 

bands are indeed formed ahead of the scratch tool due to the occurrence of 

maximum shear stress.   

 Therefore, it is concluded that slip bands initiate in the regions ahead of 

the indenter tip during the scratch process and then the same region will 

experience tensile stress in the direction of scratch after the indenter moves 

away (in the wake). This will cause microcracks to open up orthogonal to the 

scratch direction as observed in Figs. 4-6 – 4-8. The present mechanistic study 

confirmed the sequence of formation of slip bands and microcracking which is in 

agreement with the experimental observations. 

4.2.4 Discussion   

 In the current investigation on the ZrB2-SiC composite, two kinds of 

transgranular microcracks were observed in the ZrB2 matrix; (i) within the slip 

bands, see Figs. 4-6 (A-B) and Fig. 4-7 (B), and (ii) in regions where no slip 

bands were observed, see Fig. 4-6 (C), Fig. 4-7 (A) and Fig. 4-8. It is believed 

that the sources for occurrence of these microcracks are different. In brittle 
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materials, defects can be categorized to two types; (i) processing-induced 

(inherent) flaws and (ii) deformation-induced defects. As the nomenclature 

indicates, the former are inherent in the microstructure of the ceramic materials 

(once ceramics are processed) and the latter result from the mechanical loading. 

Processing-induced defects include inter- and intra-granular microcracks, grain-

boundary phases such as sintering aids, inhomogeneous grain size distribution, 

triple-point junctions, pores, agglomerates, impurities and weak interfaces along 

the second phase particles, etc. These defects are also referred to as ‘strength 

limiting’ flaws. On the other hand, mechanical deformation-induced defects 

include dislocations, twins, stacking faults, and regions of phase transformation 

and localized amorphization, etc. While the number of processing-induced 

defects remains constant in a given ceramic, the number of deformation induced 

defects continues to grow with the severity of deformation. Brittle materials, in 

general, show limited plasticity (i.e., microplasticity) due to limited number of 

favorable slip systems and low dislocation mobility.169,170 As a result, as soon as 

plasticity initiates, stress concentration occurs at dislocation pile-ups which can 

lead to microcracking to relieve the stress. On the other hand, processing-

induced microcracking most commonly occurs as a result of differential thermal 

expansion between the grains of same phase or multi-phase materials.171   

In ZrB2-SiC composite, thermal residual stress arises because of thermal 

expansion anisotropy within ZrB2 grains and due to difference in thermal 

expansion coefficients between ZrB2 and SiC phases.2 It is believed that the 

microcracks, facilitated by the tensile stress in the wake of the indenter and in 
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regions where slip bands did not develop, might have originated from the 

processing-induced defects to relieve the thermal residual stress (e.g., Fig. 4-8). 

On the other hand, the microcracks inside the slip bands are believed to have 

originated from the deformation-induced defects to relieve the stress associated 

with low dislocation mobility in the composite (e.g., Figs. 4-6 (A) and 4-6 (B) and 

Fig. 4-7 (B)). It is well-known that microcracking is the preferred mode of 

deformation in the absence of either well-defined slip systems or low dislocation 

mobility.169,170 Thus, microcracks outside the slip bands progress easily with 

further application of load and cause fragmentation as seen in Fig. 4-7 (A). 

However, such fragmentation or debris formation was not witnessed in the 

regions containing microcracks within slip bands.  

Apart from microcracking, the high-velocity scratch experiments caused 

lateral crack evolution and significant material removal in the composite which 

was almost absent in low-velocity scratches, see Fig. 4-2 and Fig. 4-9 (A). As 

mentioned before, numerous experimental and theoretical investigations have 

shown that the loading phase of scratch process causes elastic-plastic 

deformation within a brittle material. Therefore, upon unloading residual stress is 

generated within the material. It has been well-known that scratch-induced 

residual stress component perpendicular to the scratch surface causes lateral 

cracking (will be discussed in detail in next chapter).150 In Fig. 4-2, subsurface 

lateral crack growth within a constant load scratch groove at 250 mN can be 

observed. However, due to the low-load level used in these experiments, 

extension of the lateral crack up to the top surface was limited. During high 
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velocity scratches, the applied scratch load was significantly higher and resulted 

in extensive lateral cracking as seen in Fig. 4-9 (A).    

The above mechanistic rationale for slip-line formation and microcracking in 

ZrB2-SiC composite is also consistent with the well-known stick-slip mechanism 

studied in sliding interactions.172-178 The stick-slip mechanism arises from the 

changes in the frictional force during sliding contact due to the difference in static 

and kinetic friction coefficients. During a scratch process, pile-up of material 

ahead of the indenter-tip resists its motion and as a result, the indenter 

momentarily sticks to the material (or its motion is temporarily halted) resulting in 

an increased frictional force.152,172-178 This leads to an increased static friction 

coefficient and hence a greater force is required to overcome this resistance. 

Once the tangential force is large enough to overcome this frictional resistance, 

the indenter slips and moves forward. Thus the frictional force (or kinetic friction 

coefficient) is now decreased. This stick-slip mechanism continues during the 

scratch process which is reflected in the saw-tooth behavior of the frictional force 

as has been observed for several materials.176,178 During the stick-period, 

although the indenter motion is temporally halted, the indenter continuously 

pushes the material piled-up ahead of it causing the material to deform first 

elastically and then plastically.152,156,158,177 Atomistic-scale investigations using 

MD simulations have predicted dislocation generation in the pile-up 

regions.177,179-181  

As discussed in the previous section, the analytical model clearly revealed 

that large shear stress develops just ahead of the indenter during sliding motion 
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(Fig. 4-11, Figs. 4-12 (B) and 4-12 (C)) and leads to plastic deformation in ZrB2-

SiC composite as was confirmed by the experimental observations (Fig. 4-13). 

Although friction coefficient measurements during the scratch process were not 

considered in the current investigation, we argue that pile-up of material may 

occur in the ZrB2-SiC composite and large shear stress builds up in this region. 

Also, at a constant scratch load, the frictional force (and hence the friction 

coefficient) will increase due to the pile-up and as a result the induced shear 

stress will also increase as shown in Figs. 4-12 (B) and 4-12 (C). Eventually, the 

shear stress is relieved by the slip mechanism (dislocation generation) and the 

formation of slip-lines occurs within the ZrB2 phase as shown in Figs. 4-6 and 4-7 

(B).  

The changes in frictional coefficient may also influence the microcracking 

observed within the ZrB2 phase, see Figs. 4-6 – 4-8. If the stick-slip mechanism 

occurs during the scratch process, then the increase in friction coefficient (when 

the indenter is temporarily halted) will also increase the magnitude of maximum 

principal tensile stress behind the indenter (see Fig. 4-12 (A)) which can lead to 

greater microcracking orthogonal to the scratch direction.            

The above investigation reveals that the ZrB2-SiC UHTC can accommodate 

moderate ductility through initiation of slip bands at room temperature. This 

effect, in turn, can result in higher fracture toughness compared to traditional 

brittle ceramics. In pure ZrB2, the fracture toughness2 has been observed to be 

around 3.5-4.2 MPa.m1/2. In typical brittle ceramic materials such as boron 

carbide (B4C) fracture toughness71 values are lower than 3 MPa.m1/2. The higher 
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fracture toughness in ZrB2 ceramics can be a result of moderate ductility as 

observed in the current study. To investigate ductility in UHTC ceramics, future 

studies on the analysis of deformation behavior under elevated temperature are 

required. Such studies are expected to provide more insight on the deformation 

behavior these materials experience under more realistic operating 

environments.   

4.3 Residual Stress Measurement within SiC Grains in ZrB2-SiC Composite 

4.3.1 Micro-Raman Spectroscopy 

Raman spectroscopy has emerged as a useful nondestructive tool for 

residual stress measurements. The sensitivity of a Raman peak to mechanical 

stress (or more precisely the strain) was first reported by Anastassakis et al.182 In 

particular, micro-Raman spectroscopy (MRS) is useful in determining local 

residual stress due to its high spatial resolution (of the order of 1 µm).182-189 For 

example, in thin films and MEMS devices, micro-Raman spectroscopy is largely 

used for residual stress determination that arises as a result of coefficient of 

thermal expansion (CTE) mismatch between the substrate and the film 

materials.183,185,188,189 Indentation- and scratch-induced residual stress analyses 

have also been conducted using micro-Raman spectroscopy.186,187 In crystalline 

materials, the atomic vibrational frequencies depend on the interatomic force 

constants.188 In strain-free crystalline materials, interatomic force constants as 

well as the vibrational frequencies correspond to the equilibrium atomic spacing. 

Residual stress resulting from either thermal process (such as sintering) or 

mechanical deformation (such as indentation, scratch, etc.) causes a definitive 

residual strain which in turn changes the equilibrium atomic spacing within a 
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material and thus the interatomic force constants. As a result, Raman scattering 

wave numbers are also perturbed. Depending upon the tensile or compressive 

nature of the residual stress, bond lengths and force constants either increase or 

decrease compared to the equilibrium values. Accordingly, a Raman peak shifts 

to lower or higher frequency for tensile or compressive residual stress, 

respectively,182,183,188,189 though there is no unique general relationship between 

the Raman spectrum parameters (particularly the wave number shift) and the 

residual stress-state.  

One way to establish such relationships is the calibration procedure which 

correlates Raman peak shift in a material with the known applied stress. Then 

using the calibration curve, unknown residual stresses can be determined from 

the changes in Raman peak positions for that particular material. However, the 

resultant calibration curve also depends on the applied stress-state and 

therefore, there is no unique relationship between residual stress and Raman 

peak shift for a given material. On the other hand, explicit expressions relating 

Raman peak shift and residual stress have been derived for simple situations 

such as uniaxial stress-state, hydrostatic or equi-biaxial stress-state which can 

also approximate the residual stresses in materials.183,188,190 Therefore, 

expressions for appropriate scenario must be developed to estimate residual 

stress within Raman active materials utilizing micro-Raman spectroscopy.  

Raman spectrum of ZrB2 ceramics is not available in open literature, 

however, the current investigation has revealed that ZrB2 is extremely week 

Raman active. On the other hand, SiC is known to be strong Raman active and 
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its characteristic Raman peaks, particularly for cubic SiC, are highly sensitive to 

the residual stress.190-192 Therefore, it is possible to determine the magnitude of 

the residual stresses from the stress/strain sensitive Raman peaks of SiC 

material. In this dissertation, changes in Raman peak positions of SiC grains, 

located within the scratch grooves of the ZrB2-5wt%SiC composite, have been 

measured as a function of the scratch load. Then, from these Raman 

spectroscopic measurements, a mechanics based expression has been derived 

to estimate scratch-induced mechanical residual stress within the SiC grains in 

the composite. 

4.3.2 Experimental  

In the current study, a micro-Raman spectrometer, Renishaw inVia Raman 

Microscope, was utilized for scratch-induced residual stress measurements. The 

Raman spectrometer consisted of a Si-laser (532 nm) to excite the specimen, a 

single spectrograph fitted with holographic notch filters, and an optical 

microscope (a Leica microscope with a motorized XYZ mapping stage) rigidly 

mounted and optically coupled to the spectrograph. The spectrometer was 

initially calibrated with a Si standard using a Si band position at 520.3 cm-1. A 

100× objective lens was used to focus the incident beam on the desired SiC 

grains and to collect the scattered beam from the specimen. The spot size of the 

incident beam on the specimen was in between 1-1.5 µm. A maximum 25 mW of 

the laser power was used. Raman spectra were collected from several SiC 

grains located within the scratch grooves present in the ZrB2-5wt%SiC 

composite. For comparison purposes, Raman spectra were also collected from 
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several SiC grains located outside the scratch grooves. All the Raman 

measurements were performed at room temperature.  

4.3.3 Results of Micro-Raman Spectroscopy 

Figure 4-14 reveals Raman spectra collected from the ZrB2 and the SiC 

phases of the composite. It can be clearly seen that the Raman peaks from ZrB2 

phase were significantly weaker compared to the Raman peaks from SiC grains. 

Therefore, the Raman peaks from ZrB2 were not further utilized in the current 

study for residual stress measurements. Fig. 4-15 shows the Raman spectra 

collected from the SiC grains located outside the groove and within the scratch 

grooves resulting from constant loads at 50, 150 and 250 mN. The Raman 

spectrum from SiC grains outside the scratch groove as shown in Fig. 4-15 is 

typical of 3C-SiC190-192 which consists of one transverse optical (TO) peak at 796 

cm-1 and one longitudinal optical (LO) phonon peak at 972 cm-1. These two peak 

positions have been consistently reported for many annealed 3C-SiC thin films 

and thus can be adopted to correspond to Raman peaks in stress-free 3C-

SiC.190-192 However, in the current study, SiC grains away from the scratch 

groves showed both the TO- and LO-peaks at higher wave numbers (around 

802.3 cm-1 and 978.9 cm-1, respectively) compared to stress-free 3C-SiC. 

Therefore, it was inferred that compressive residual stress is present within these 

SiC grains in the as-processed composite. The origin of compressive residual 

stress within the as-processed composite is due to the mismatch in Young’s 

moduli (E) and CTE (α ) between H-ZrB2 (E = 489 GPa, avgα ~ 5.9×10-6 K-1)2 and 

3C-SiC (E = 694 GPa, α ~ 3.5×10-6 K-1),193,194 as well as the difference between 
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room temperature (25oC) and sintering temperature (1750oC) of the composite. 

Because the CTE of polycrystalline ZrB2 is greater than that of 3C-SiC, cooling of 

the consolidated compact from sintering temperature will result in compressive 

residual stresses within SiC grains.        

With increasing scratch load, both the TO- and LO-peaks in the Raman 

spectra collected from the SiC grains within the scratch grooves progressively 

shifted to lower wave numbers compared to the Raman spectra collected from 

the SiC away from the scratches, see Fig. 4-15. With increasing scratch load, 

greater peak widening as well as asymmetry in peaks can be seen in these 

spectra. Raman peak shift to lower wave numbers indicates development of 

tensile residual stress in these SiC grains. The magnitude of the peak shift (and 

hence tensile residual stress) increased with scratch load. Figure 4-16 (A) shows 

the measured LO- and TO-peak positions for scratch loads of 50, 100, 150 and 

250 mN and Fig. 4-16 (B) shows the shift in TO-peak and LO-peak positions 

compared to the same peaks in stress-free 3C-SiC materials (796 cm-1 for TO-

peak and 972 cm-1 for LO-peak). At 50 mN scratch load, both the TO-peak and 

LO-peak were lower than the stress-free position indicating the presence of 

compressive residual stress in SiC grains. As the scratch load increased beyond 

50 mN, both the peaks further shifted to lower wave numbers indicating 

development of a tensile stress state within these grains. In SiC grains, present 

within the scratch grooves, the total residual stress-state ( Rσ ) is the sum of 

processing-induced thermal residual stress ( R
tσ ) and scratch-induced mechanical 

residual stress ( R
sσ ), i.e.,   
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           .R R R
t sσ σ σ= +                                                                               (4-10) 

Now, in the SiC grains that exist within the unscratched regions of the 

composite, R R
tσ σ=  which is compressive as indicated by the Raman 

spectroscopy. In contrast, the scratch process induces R
sσ  within the SiC grains 

and its magnitude increases with load.    

Peak broadening and peak asymmetry of the Raman spectra due to the 

scratch process, can clearly be observed in Fig. 4-15. This indicated a structural 

disorder inside the SiC grains.191 The extent of disorder increased with increasing 

scratch load. Stacking faults have been identified as the primary defects in SiC 

whiskers195 and in polycrystalline SiC.196 It has been reported that an increase in 

number of stacking faults caused Raman peak shift to lower wave numbers as 

well as peak broadening in 3C-SiC ceramics.191 Based on the bond polarizability 

model, Rohmfeld et al.,191 simulated the influence of stacking fault distance on 

the TO-phonon mode in 3C-SiC. It was shown that as the average stacking fault 

distance decreased (i.e., structural disorder increased with increase in stacking 

fault density), the peak shifted to lower frequencies and line-broadening was 

observed in the TO-phonon peak.  

In the current study, similar observations with increasing scratch load were 

noted in the Raman spectra collected from the SiC grains residing within the 

scratch grooves. Therefore, it is argued that as the scratch load increased, a 

greater number of stacking faults (i.e. structural disorder) was generated within 

the SiC grains which in turn caused an increase in the residual tensile stress. In 

the following, the shift in the Raman peak positions with scratch load will be 



 

 
 

103 

quantified in terms of residual stress within the SiC grains. The TO-peaks were 

relatively more symmetric compared to the LO-peak and therefore, we will 

consider only the TO-peak shifts for residual stress calculation.  

4.3.4 Evolution of Residual Stress Field 

Before embarking on the determination of residual stress from Raman 

spectra, first the processing-induced residual stress state within the composite197 

and residual stress field that evolves in a brittle material due to a scratch process 

have been discussed.150,151 Then, Raman peak shift has been correlated to the 

appropriate stress component to determine the scratch-induced residual stress.   

4.3.4.1 Residual stress in SiC grains of as-processed composite 

In the ZrB2-SiC composite, the SiC grains (which are assumed equiaxed 

and almost spherical as can be seen from Fig. 4-6) can be assumed as the 

elastic spheres of uniform size distributed in an infinite elastic continuum of ZrB2 

matrix.197 This results in axially symmetric stress distribution around SiC grains. 

Let us consider that the grain has an effective radius a and the surrounding 

matrix has a radius b. It has been shown that the ceramic grain will be under a 

uniform/hydrostatic pressure P which can be expressed as197                                                

( )
0.5 (1 ) (1 2 ) 1 2

(1 )

m p

m m p p

m p p

T
P

V
E V E

α α

ν ν ν

− ∆
=
 + + − −

+ −  

                                                   (4-11) 

 

where ν  is Poisson’s ratio, T∆  is temperature change, pV  is volume fraction of 

grains, and subscripts m  and p stand for matrix and grain. On the other hand, 
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radial (σrad) and tangential (σtan) stresses within the ZrB2 matrix and at a distance 

r from the center of grain are expressed, respectively, as197 

3

31rad p
p

P a V
V r

σ
 

= − −  
  and  

3

tan 31 2 p
p

P a V
V r

σ
 

= − + −  
.                               (4-12) 

Thus, from the above equations it can be seen that when m pα α> , as is the 

case for ZrB2-SiC composites, cooling of the composite from the sintering 

temperature will induce a uniform compressive stress within the SiC grains. The 

radial and tangential stresses within ZrB2 will be compressive and tensile, 

respectively, and both the stresses will be maximum at the ZrB2-SiC interface.   

4.3.4.2 Residual stress in SiC grains located within the scratch grooves 

The mechanical residual stress induced by the scratch process needs more 

in-depth analysis. As discussed before, single-pass scratch processes have been 

widely modeled150,151 as a sliding microindentation event where point loads are 

simultaneously applied in normal (Fn) and tangential (Ft) directions on the surface 

of a specimen as shown schematically in Fig. 4-11. Also, see Fig. 4-17 where 

various crack systems which evolve as a result of the scratch process are shown 

and will be further discussed latter in this section. The complete elastic stress 

field during the scratch process is constructed from the superposition of the 

Boussinesq field, Cerruti field150,151,167 and Yoffe’s blister field.168 The origin of 

Boussinesq and Cerruti elastic fields has been already discussed in section 4.2. 

The blister field is an inelastic stress field related to the residual stress due to 

loading and unloading of the point normal loads.  
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During the sliding process, due to the misfit strain of deformation between 

elastic and plastic regions, residual stresses are induced within the material 

during unloading of the scratch tool. According to sliding blister field model 

(SBFM)150,151 the normal residual elastic-stress components (σR) along x-, y- and 

z- directions are expressed as   

            

(4-13) 

     

 

(4-14) 

                               

 

             (4-15) 

 

where 2 2 2 2x y zρ = + +  and B is the blister field strength per unit length.150,151  

Figure 4-18 shows the 3-D distribution of the three normal residual stress 

components R
xσ , R

yσ  and R
zσ  (all normalized with 22

P
c

) for B/P = 0.005 on the x-y 

plane in the vicinity of the indenter tip during a scratch process.150 These normal 

residual stress components arise during a scratch process as the indenter moves 

from x = −∞  ( xx
c

= ) to its present location at 0x = . It is seen from Fig. 4-18 (C) 

that R
zσ  is highly tensile in the wake of the scratch tool whereas R

xσ  and R
yσ  are 

compressive directly behind the indenter along the x -axis. R
yσ  is slightly tensile 
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away from x -axis behind the indenter. R
zσ   reaches its maximum value just 

behind the indenter ( 0x < ), see Fig. 4-18 (C), and its magnitude is significantly 

larger than R
xσ  and R

yσ . From these 3-D scratch-induced residual stress 

distributions, it is clear that R
zσ  is the most dominant residual stress component 

and is known to contribute to subsurface lateral crack initiation150 which was also 

observed to some extent in the current study. With increasing scratch load, the 

strength B of the sliding blister field also increases and therefore, the magnitude 

of R
zσ  will also increase causing greater lateral cracking and material removal in 

brittle materials. Due to these reasons, in the following section, the above 

residual stress component R
zσ  will be correlated to the Raman peak shifts 

observed in Figs. 4-15 and 4-16, and magnitude of residual stress within the SiC 

grains residing within the scratch grooves will be quantified.  

4.3.5 Relationship between Mechanical Residual Stress and Raman 
Spectroscopy 

Recall that Raman peak shift is related to induced strain in a deformed 

specimen. If the Raman wave numbers of optical phonons, in the absence and 

the presence of strain, are denoted by woj and wj ( 1 3j = − ), respectively, then the 

strain-induced Raman shift, jw∆ , is expressed as183,188 

2
j

j j jo
jo

w w w
w
λ

∆ = − ≈                                                                                 (4-16)  

where jλ are the Eigen values of the well known “secular equation”, relating 

strain to Raman peak shift for diamond and zinc-blende structures,183,188,192,198 as     
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where p, q and r are the phonon deformation potentials which describe the 

change in effective spring constants induced by the strain, and Rε and Rγ  are the 

residual normal and shear strain tensor components, respectively. 3C-SiC has a 

zincblende crystal structure192 and the relation between residual strain and stress 

tensor components, for this structure, can be expressed according to Hooke’s 

law as189,199 
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where the S terms represent the compliances and Rσ and Rτ are the residual 

normal and shear stress components, respectively. For cubic structures, 

11 22 33S S S= = , 12 13 21 23 31 32S S S S S S= = = = =  and 44 55 66S S S= = .  

  As discussed previously, the magnitude of R
zσ  is significantly greater 

compared to the other two normal stress components and therefore, to simplify 

the residual stress calculations, we neglect all other residual normal ( R
xσ  and R

yσ ) 

and shear stress ( R
xyγ , R

yzγ  and R
xzγ ) components in the subsequent discussions. 

Accordingly, solving equation (4-18), the following relationships will be obtained 
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           13
R R
x zSε σ= ,  23

R R
y zSε σ= , 33

R R
z zSε σ= and 0R R R

xy xz yzγ γ γ= = = .          (4-19) 

Noting that 33 11S S= and 13 23 12S S S= = , the normal strain components in 

equation (4-19) can be rewritten as 

            12
R R
x zSε σ= , 12

R R
y zSε σ=  and 11

R R
z zSε σ= .                                      (4-20) 

  Thus, equation (8) reduces to  
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Solving for λ  and substituting R
xε , R

yε and R
zε from equation (4-20), the 

following expressions are obtained  

1 12 11{ ( ) },R
z S p q S qλ σ= + +       

2 12 11{ ( ) },R
z S p q S qλ σ= + +      

and      3 11 12( 2 ).R
z S p S qλ σ= +                                                          (4-22) 

Now, substituting the above 1λ , 2λ and 3λ  expressions in equation (4-16), 

the relation between Raman shift and residual stress can be expressed as 

1 12 11
1

1 { ( ) } ,
2

R
z

o

w S p q S q
w

σ∆ = + +                                                     (4-23) 

2 12 11
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w S p q S q
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σ∆ = + +                                                               (4-

24) 

and 
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3 11 12
3

1 { 2 } .
2

R
z

o

w S p S q
w

σ∆ = +                                                                     (4-25) 

Now the above equations will be used to calculate the residual stress from 

the observed Raman peak shifts shown in Fig. 4-16. In strained diamond cubic 

and zinc-blende crystal structures, a maximum of three Raman modes are 

possible, two TO- vibrations and one LO-vibration.198 The first two Raman modes 

( 1w and 2w ) correspond to TO-peaks whereas the third Raman mode ( 3w ) is 

associated with the LO-peak. Therefore, equations (4-23) and (4-24) can be used 

to calculate residual stress from TO-peak shift whereas equation (4-25) can be 

utilized to calculate residual stress from LO-peak shift. The values of p and q for 

3C-SiC are not available directly in literature. Therefore, these values have been 

calculated in the following way. The mode Grüneisen parameters for hydrostatic 

stress ( oγ ) and uniaxial stress ( sγ ) are defined as192  

  2

( 2 )
6o

o

p q
w

γ +
= −        and      2

( )
2s

o

p q
w

γ −
=                                                  (4-26) 

where ow  is the Raman peak in strain-free condition. The mode Grüneisen 

parameter for the TO-phonon ( TO
oγ ) in 3C-SiC is 1.56,192 but the value of TO

sγ  is 

not readily available. Although, for uniaxial and biaxial stresses, TO
sγ  and TO

oγ  

may differ, it has been assumed here that 1.56TO TO
s oγ γ= = . For the TO-peak, 

assuming ow = 796 cm-1, one obtains 6 20.623 10 / cmTOp = − ×  and 

6 22.634 10 / cmTOq = − × . Also, for residual stress calculation, the following values 

of compliances have been used: 13 2
11 3.7 10 cm /dynS −= ×  and 
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13 2
12 1.05 10 cm /dynS −= − × .200 The final expression for residual stress calculation 

from the TO-peak, using equation (4-23), is expressed as  

           1
1

12 11

2 251.66
{ ( ) }

R o
z TO

w w w
S p q S q

σ = ∆ = − ∆
+ +

 (MPa)                         (4-27) 

where TOw∆  is the shift in TO-peak position. From equation (4-27), it is clear that 

shift of TO-peaks to lower or higher wave number will result in tensile or 

compressive residual stress, respectively.   

4.3.6 Determination of Residual Stress  

Thermal residual stresses in the as-processed composite were calculated 

from equations (4-11) and (4-12) using the material properties and volume 

fractions of ZrB2 and SiC phases as given in Table 4-1, and assuming an 

average radius of 1 µm for SiC phase. The temperature difference, T∆ , used in 

equation (4-11) was 1725oC. The calculation revealed that the SiC grains were 

under a uniform compressive residual stress of 1.731 GPa whereas the 

compressive radial and tensile tangential stresses at ZrB2-SiC interfaces were 

1.731 GPa and 1.126 GPa, respectively. Magnitudes of these stresses decrease 

sharply away from the interface. The high tensile tangential stress at the interface 

can cause radial microcracking in the ZrB2 matrix surrounding the SiC grains and 

eventually act as potential sites for the development of larger cracks or critical 

flaws.  

Figure 4-19 shows the magnitude of mechanical residual stress within SiC 

grains (calculated from equation (4-27)) due to the scratch process as a function 

of applied scratch load. At 50 mN, residual stress was still compressive whereas 
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above 50 mN tensile residual stress was generated within the SiC grains and 

increased almost linearly in magnitude with scratch load. The highest 

mechanically-induced tensile residual stress at 250 mN within SiC grains was 

estimated to be around 2.6 GPa. Such large magnitude of residual stress has 

been reported on many material systems in the literature. Raman spectroscopic 

measurements have revealed tensile residual stress as high as 2.1 GPa in 

diamond films,201,202 up to 2 GPa in carbon thin films203 and up to 1.2 GPa in 

porous Si films.183        

The calculated tensile residual stress (2.6 GPa) at 250 mN in the SiC grains 

was well above the reported tensile fracture stress of 0.9 GPa for polycrystalline 

3C-SiC.204 However, it was observed from the SEM micrographs that the SiC 

grains present within the grooves after the scratch, from which Raman spectra 

were collected, were crack-free at this scale. For example, Fig. 4-20 revealed 

that a SiC grain within a groove formed at 250 mN load was completely intact 

whereas the surrounding ZrB2 matrix was heavily microcracked due to the 

scratch process. Similar features were also observed at several locations within 

the scratch grooves. These observations indicate unusually high fracture strength 

of the SiC grains in the composite compared to a typical polycrystalline SiC 

ceramic. In this scenario, it may not be appropriate to directly compare the 

available fracture strength values of polycrystalline SiC ceramics to SiC grains 

present within the particulate phase distributed in the ZrB2-SiC composite. 

Besides, typical polycrystalline 3C-SiC ceramics contain large elongated grains 

with a high aspect ratio in the range 2-6,204 whereas the SiC grains present in the 
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composite were almost equiaxed. Microstructural investigations did not reveal 

any porosity within SiC phase. Also, no sintering additive was used during the 

processing and hence no grain boundary glassy phase is expected. 

Polycrystalline SiC ceramics are known to exhibit predominantly intergranular 

fracture mode as opposed to transgranular fracture.204,205 The density of critical 

flaws or defects that can act as nucleation sites for crack propagation is expected 

to be much higher in a monolithic ceramic compared to the defect density within 

the isolated grains of same size in a composite. Therefore, in the absence of 

pores, secondary glassy phase and limited SiC-SiC grain boundary areas, 

transgranular fracture is expected to be the predominant mode to relieve the 

accumulated residual stress within the individual SiC grains.  

Possible sources of transgranular crack initiation will be the internal flaws 

present within these individual SiC grains. Fracture stress of a polycrystalline 

ceramic is limited by the critical flaw size which scales down with grain size. This 

in turn increases the macroscopic fracture strength. Based on this fact, a simple 

fracture mechanics based (using Griffith criterion) calculation was made to 

estimate the minimum fracture strength of these individual grains. Thus, if one 

considers crack initiation/propagation from a pre-existing critical flaw, then its 

maximum size will be equivalent to the grain size which will result minimum 

fracture strength. For a critical flaw size of c, assuming semielliptical surface 

flaws, the fracture strength ( fσ ) and mode I fracture toughness ( CK ) are related 

by206  

                                  
.

1.35
C

f
K

c
σ =                                                         (4-28) 
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Clearly, estimation of fσ  is dependent on the chosen CK  and the c values 

which are not readily known for this particular SiC phase present within the 

composite. Depending on the assumptions made on the nature of SiC phase 

(whether monocrystalline or polycrystalline) distributed within the ZrB2 matrix, the 

estimated fσ  can differ considerably. If it is considered that the SiC phase in the 

composite is to be made of several grains, then it is appropriate to consider a 

critical flaw size of the order of average grain size (~1µm) for the estimation of 

minimum fσ . The available fracture toughness values for polycrystalline SiC 

ceramics vary over a broad range (3.4-6.8 MPa.m1/2) and depend process 

conditions as well as microstructural features such as average grain size, shape, 

aspect ratio, etc.205,206 For these values, equation (4-28) results in a minimum 

fracture strength between 2.5-5 GPa. These values provide a conservative 

estimate of fσ . On the other hand, if one assumes SiC phase to be a single 

crystal, a more complicated situation arises. In a single crystal, typical 

processing- or deformation-induced defects are vacancies, interstitials, 

dislocations, stacking faults, twinning etc., which are significantly smaller in size 

than a grain level microcrack. In the current study, the measured Raman peak 

shift has been related to the development of deformation-induced stacking faults 

within the SiC phase. Therefore, it has been conjectured that stacking faults are 

the main source for crack nucleation. Based on the micrographs of stacking 

faults presented in Shih et al.,196 the width of the stacking faults are taken as 50 

nm. Using a CK  value of 3.2 MPa.m1/2 for a single crystal 3C-SiC thin film,207 a 
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fracture strength of 10.6 GPa was obtained. This value is only 2-4 times the 

conservative estimate made earlier based on microscopic flaw size. Therefore, it 

is argued that due to small size and high fracture strength, SiC grains dispersed 

within ZrB2 phase were able to sustain the large scratch-induced tensile residual 

stress without any fracture. 

Raman stress coefficients (defined as the change in Raman peak position 

per unit residual stress) for diamond, SiC and Si are in the range of 0.4-4 cm-

1/GPa.183,187-190,192,198,208-210 This indicates that small changes in Raman peak 

positions may result in large residual stress. In the current investigation large 

peak shifts to lower wave numbers, particularly at 250 mN, were observed (see 

Fig. 4-16). From the calculated tensile residual stress, the Raman stress 

coefficient was estimated to be 3.9 cm-1/GPa which is in the above range of the 

reported Raman stress coefficients for various materials. Also, residual stress 

measurements employing micro-Raman spectroscopy are highly dependent on 

spatial location within the grains (due to small spot size of the incident beam) and 

hence provides only localized residual stress values within small regions. 

Therefore, it should be noted that the estimated high tensile residual stress is 

only a localized value and not necessarily the average over the entire SiC 

grain(s).        

From the above discussion, it is clear that the SiC grains in ZrB2-SiC 

composite were initially in a state of residual compressive stress and the scratch 

process induces large residual tensile stress. Similar to the SiC, tensile residual 

stress is also expected to develop within the ZrB2 matrix, particularly at higher 
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scratch loads. Although the magnitude of residual stress was unknown in the 

ZrB2 phase as it is not Raman active, evolution of residual tensile stress-state 

within ZrB2 matrix was evidenced from the onset of lateral crack formation at 250 

mN. Although unknown, scratch-induced tensile residual stress within ZrB2 at 250 

mN is predicted to be close to its fracture strength (around 500 MPa).2 Since the 

ZrB2 phase is continuous and coarse-grained, it cannot sustain high tensile 

residual stress similar to the individual SiC grains. It is argued that up to 200 mN 

scratch load, the magnitude of tensile residual stress within the ZrB2 phase was 

probably below the fracture stress to cause any lateral cracking. But above 250 

mN, tensile residual stress can locally become comparable to or higher than the 

fracture stress of ZrB2 resulting in lateral cracking as seen in the experiments.   

The above model for scratch-induced residual stress estimation within SiC 

grains in a ZrB2-SiC composite is based on the sliding blister field model.150,151 

This analytical model was derived to predict the scratch-induced residual stress 

state in a homogeneous brittle material. But the scratch-induced residual stress 

state in a composite could be more complex and therefore, application of sliding 

blister model for residual stress determination may not yield exact values. 

Another major assumption was that Raman peak shift is related to the dominant 

stress component ( R
zσ ) in the scratch-induced residual stress field. Other stress 

components may also have some correlation to the observed Raman peak shifts 

in SiC grains. Nevertheless, the calculated values appear reasonable. Therefore, 

it was argued that the proposed model can be used for scratch-induced residual 
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stress determination in Raman active materials with diamond cubic or zinc-

blende crystal structures.   

4.4 Conclusions 

Scratch experiments in constant load mode, using a Berkovich 

nanoindenter, revealed that both the scratch depth and width increased with 

scratch load. At lower scratch load levels (50-100 mN), smooth plastically 

deformed scratch grooves were observed without any significant macroscopic 

damage. Above a scratch load of 100 mN, considerable amount of damage and 

material removal along the scratch path were observed. In high velocity scratch 

experiments, extensive transgranular lateral cracking caused severe brittle 

damage and material removal in the composite. ZrB2-SiC composite exhibited 

microplasticity in terms of multiple sets of slip-lines oriented at random angles to 

the scratch direction. This feature is attributed to the activation of multiple slip 

systems or occurrence of dislocation motion along preferred slip systems in 

randomly oriented grains. Different types of damage modes such as 

transgranular microcracking in ZrB2 phase (inside the regions containing slip 

bands as well as in regions without any slip-lines), extensive lateral cracking, 

grain-boundary fracture and interfacial cracking at the ZrB2-SiC interface were 

observed within the scratch grooves. The limited dislocation mobility is assumed 

to be responsible for the observed microcracks in the vicinity of slip-lines. On the 

other hand, microcracks observed outside the slip band regions are assumed to 

initiate from pre-existing (processing-induced) defects in the composite. Also, the 

microscopic observations indicated that slip-lines occurred first followed by 

microcracking. An analytical model, based on the elastic stress field solutions for 
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a single-pass scratch event, was utilized to rationalize the experimental 

observations. The analysis revealed that during the scratch process, 

considerable amount of shear stress develops ahead of the indenter tip whereas 

tensile stress develops in the wake of the indenter. From the mechanistic 

analysis, it was concluded that the shear stress resulted in slip-line formation 

ahead of the indenter, whereas orthogonal microcracks (with respect to the 

scratch direction) resulted from the tensile stress which develops in the wake of 

the indenter. The stress analysis also confirmed that the slip-lines formed first 

followed by microcracking. Micro-Raman spectroscopic measurements were 

conducted on 3C-SiC grains of as-processed ZrB2-SiC composite as well as on 

grains that lie within the scratch grooves. It is found that the TO-peak and LO-

Raman peak in 3C-SiC were shifted to increasingly lower wave numbers with 

increasing scratch loads. An analytical model was developed to relate the 

scratch-induced mechanical residual stresses within the SiC grains to the Raman 

peak shift in terms of phonon deformation potentials of 3C-SiC. Residual stress 

measurements using micro-Raman spectroscopy on SiC grains of ZrB2-SiC 

composite revealed that these grains were under compressive residual stress in 

the as-processed composite and then experience tensile residual stress due to 

scratch-induced deformation. The magnitude of residual compressive stress in 

the as-processed composite is around 1.731 GPa and the scratch-induced 

tensile residual stress increases linearly with load. At 250 mN scratch load, the 

magnitude of tensile residual stress can be as high as 2.6 GPa. 
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Figure 4-1. A schematic of instrumented high-velocity scratch tester. 
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Figure 4-2.  Residual scratch profiles on the polished surface of ZrB2-SiC 
composite at various load levels. 
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Figure 4-3. A) Penetration depth profile and B) the corresponding trace of 

residual scratch groove at 50 mN. Increase in scratch depth 
corresponds to the damaged regions as indicated by the white dashed 
circles in Fig. 4-3 B). Magnified SEM micrographs of the damaged 
regions along the scratch path revealed mostly voids, grain pull out, 
ZrB2 grain-boundary fracture and some microcracking.     
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Figure 4-4. A) Penetration depth profile and B) the corresponding trace of 

residual  scratch groove at 250 mN. Damaged regions along the 
scratch path are shown by the white dashed circles. 
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Figure 4-5. Scratch depth profiles during the nanoscratch experiments at different 

loads.  
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Figure 4-6.  A) Micrograph of scratch induced deformation features at a load of 
250 mN. B) A magnified view of the region (X) revealing the slip line 
patterns and microcracks along the scratch groove as well as cracks 
emanating from a SiC particle. C) Another region along the scratch 
path revealing several sets of slip lines oriented randomly with respect 
to the scratch direction.
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Figure 4-6.  Continued 
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Figure 4-7.  Fracture patterns within the scratch groove at a load of 250 mN: A) 

grain-boundary fracture, microcracking, and scratch debris and B) 
interfacial cracking between ZrB2 and SiC phases as well as 
microcracks perpendicular to the direction of the scratch path. 
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Figure 4-8.  Scratch-induced damage at 250 mN, revealing transgranular 
microcracking in ZrB2-SiC composite. 
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Figure 4-9.  A) A high velocity scratch groove, B) high magnification images of 

extensive transgranular microcracks orthogonal to the scratch direction 
and C) normal force vs. scratch length profile.  
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Figure 4-10.  Slip-line formation within ZrB2 phase during high-velocity scratch 
process.  
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Figure 4-11.  A) Normalized maximum principal stress distribution, B) schematic 

of the scratch process, C) normalized maximum shear stress 
distribution in the vicinity of indenter tip and D) plot of maximum 
principal stress contours and orientation in the wake of the indenter. 
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Figure 4-12.  Variation of A) normalized maximum principal stress ( 1σ ) at 0y =  

and B) normalized maximum shear stress ( maxτ ) at 0y =  and C) 0.5y =  
for various values of ‘k’. The black triangle indicates the indenter 
position. 
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Figure 4-13. Micrograph of the exit-end region of a scratch at 250 mN revealing 

numerous slip lines. The white dotted lines indicate the boundary of 
residual scratch exit-end. 

  



 

 132 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

Figure 4-14. Raman spectra collected from the ZrB2 matrix phase (see the inset 
also) and the SiC particulate phase present in ZrB2-SiC composite. 
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Figure 4-15. Raman spectra collected from the SiC grains present within and 

away from the scratch grooves. 
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Figure 4-16. A) LO- and TO-Raman peak positions of SiC grains within the 
scratch grooves at 50, 100, 150 and 250 mN loads. LO- and TO-peak 
positions at 0 mN correspond to the Raman spectra collected from SiC 
grains outside the scratch groove. B) Changes in peak positions to 
stress-free LO- and TO-positions. 
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Figure 4-16. Continued   
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Figure 4-17.   Schematic of the scratch process and different crack systems that 
evolve during the scratch process are shown. 
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Figure 4-18.  Distribution of normalized residual stress components; A) R
xσ , B) R

yσ  

and C) R
zσ on the x-y plane (B/P = 0.005). The black triangle indicates 

the position of the indenter whereas the black arrow indicates the 
scratch direction. 
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Figure 4-19. Evolution of residual stress within SiC grains as a function of scratch 
load.   
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Figure 4-20. SEM micrograph of a scratch groove at 250 mN revealing the 
uncracked SiC grain surrounded by the heavily microcracked ZrB2 
matrix. 
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Table 4-1 Material properties 

Material  E (GPa) α (K-1) ν Volume fraction (%) 

ZrB2 4892 5.9×10-6(2) 0.162 ~ 91  

SiC 694194 3.5×10-6(195) 0.17196 ~ 9  
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CHAPTER 5 
ROOM-TEMPERATURE DISLOCATION ACTIVITY IN UHTCS 

5.1 Introduction 

In Chapter 4, it has been shown that during scratch studies at room-

temperature readily detectable metal-like plastic deformation patterns called slip-

lines, uncharacteristic of hard ceramics, were observed in a polycrystalline 

zirconium ZrB2-5wt%SiC composite.72 Similar features were also noted from 

indentation experiments studies in ZrB2 and hafnium diboride (HfB2) ceramics.211 

Figures 5-1 (A) and 5-1 (B) reveal optical micrographs (in Nomarski illumination) 

of intense slip-line or surface-step formation in the vicinity of indented regions in 

a polycrystalline ZrB2 and a polycrystalline HfB2 ceramics, respectively. Slip-line 

features were also observed in the SEM micrograph as shown in Fig. 5-1 (C) for 

the HfB2 ceramic which are similar to those formed in ZrB2 as shown in Chapter 

4. Such macroscopic slip-steps are clear evidence of dislocation-induced plastic 

deformation and dislocation mobility at room-temperature in these ultra high-

temperature ceramics. At elevated temperatures dislocation assisted plastic 

deformation is expected to play a significant role in mechanical deformation 

compared to room-temperature. Therefore, it is important to investigate the 

nature of dislocations in these materials induced during mechanical deformation.  

Owing to the extremely high melting temperature of UHTCs as well as high 

covalent character in chemical bonding, such plastic behavior is unexpected.212 

Except the transmission electron microscopic (TEM) observation by Haggerty 

and Lee159 on the deformed regions of ZrB2 single crystals, dislocations have 

never been identified either in polycrystalline ZrB2 or in HfB2 ceramics. Therefore, 
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in this work, employing TEM, the room-temperature dislocation activity 

responsible for the observed slip-lines in ZrB2 ceramics has been investigated. 

Also, the possible slip systems activated during the mechanical deformation have 

been identified. Then, an attempt has been made to build up an understanding 

on the origin of room-temperature dislocation mobility in ZrB2 ceramics from 

crystal structure and chemical bonding perspectives. 

5.2 Experimental 

For identification of deformation features at a finer scale, transmission 

electron microscopy (TEM) was performed. A site specific cross sectional FIB 

(FEI Strata DB235) technique213 was employed to prepare TEM specimens from 

the low-velocity scratch groves. These groves were chosen because of the 

availability of larger smooth areas containing slip-lines in the vicinity of scratches. 

The FIB technique employs a focused Galium ion (Ga+) beam to prepare a thin 

TEM specimen of < 200 nm thickness (of approximate dimensions 15µm × 6µm) 

from the target material through sputtering action. Here a “lift-out” technique213 

was used where an electron transparent thin specimen is cut-out from the bulk 

material and analyzed directly in TEM.  

First the area of interest (i.e., the region within a scratch groove containing 

large number of slip-lines) was protected from any potential damage from the 

Ga+ ion beam by depositing a thin layer of platinum (Pt). Then, progressively 

deeper trenches were cut on either side to form a thin specimen as shown in Fig. 

5-2 illustrating a FIB-cut transverse cross-sectional sample within a constant load 

scratch groove of 250 mN. The specimen was then cut through the depth on two 
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ends (where the specimen is attached to the bulk of the material) so as to relax 

the residual stress (without cracking) which had developed as a result of elastic-

plastic deformation during the scratch process. The beam current was then 

reduced and milling was performed on both sides of the sample until thinned 

down to thickness of about 200 nm. The specimen was set free from the scratch 

groove and analyzed in a TEM (JEOL 200CX).   

5.3 Results and Discussion 

The TEM investigations revealed high density of dislocations within the 

deformed ZrB2 grains in the regions directly beneath the scratch groove. A low 

magnification bright-field image of the TEM specimen is shown in Fig. 5-3 (A) 

where as Fig. 5-3 (B) presents a high magnification bright-field TEM image, at 

[0001] zone, of a selected area from Fig. 5-3 (C) revealing highly deformed 

region beneath the scratch groove. Clearly, the TEM micrograph revealed dense 

dislocation activity and clustering within the deformed ZrB2 grains. Dislocations in 

three different orientations were clearly visible, suggesting slip on multiple 

planes. Similarly, multiple and intersecting slip-bands were observed at a 

macroscopic scale on the deformed surfaces, see Fig. 5-3 (C). These 

dislocations and slip bands, observed from the TEM and SEM images, 

respectively, appear to be at an orientation of approximately 60o to one another.  

At [0001] zone axis, the diffraction pattern contains three prismatic g 

vectors, �1010�, �1100� and �0110�. It should be noted here that the 〈112� �0〉� type 

directions are the closest-pack directions contained within the �1010�  type 

prismatic planes, �1011�  type pyramidal planes and (0001) basal plane. Also, 
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these directions are oriented 90o from the poles of these prismatic, pyramidal and 

basal planes. However, such intersecting dislocations at [0001] zone axis and 

their three-fold symmetry suggested prismatic or pyramidal slip in ZrB2 during 

mechanical deformation.  

To distinguish between prismatic and pyramidal slip, a simple two-beam 

analysis as described in the following was performed. These three sets of 

dislocations observed at [0001] zone axis were imaged in two-beam condition 

with prismatic g vectors. If the dislocations are of prismatic type, then one of the 

sets of dislocations will go out of contrast for each of these three diffracting 

conditions due to 𝒈𝒈��⃗ .𝒃𝒃��⃗ = 0.  Geometrically, this means that the direction of 

Burgers vector must lie in the plane responsible for the operating reflection. 

Therefore, pole of the plane will be perpendicular to the direction of Burgers 

vector. For example, pole of the (11�0 0), (𝒈𝒈��⃗ ), plane is perpendicular to the 

[112�0], �𝒃𝒃��⃗ �, direction (closets-pack direction). Therefore, 𝒈𝒈��⃗ .𝒃𝒃��⃗   will be zero. In 

contrast, if the dislocations are of pyramidal type, then all these three sets of 

dislocations will remain in contrast when imaged with prismatic g vectors 

𝒈𝒈��⃗ .𝒃𝒃��⃗ ≠ 0.  In the current work, it was indeed observed that one of the three sets of 

dislocations was always out of contrast for each of the three diffracting conditions 

with prismatic g vectors i.e.,  𝒈𝒈��⃗ .𝒃𝒃��⃗ = 0. These observations suggested prismatic 

slip within ZrB2 grains. As mentioned before that  〈112� �0〉� type of directions are the 

closest-pack directions, therefore, it was inferred that Burgers vectors of these 

dislocations are parallel to the 〈112� �0〉� directions. In ZrB2 crystal, [0001] is also a 

possible close-pack direction as the c/a ratio in ZrB2 is 1.114. However, the 
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possibility of [0001] as the Burgers vector for these three sets of dislocations 

observed at [0001] was excluded since these dislocations were clearly visible at 

[0001] zone axis, see Fig. 5-3 (A). Thus, �1010� 〈112� �0〉� slip system was inferred 

in this ceramic.        

The TEM investigations also revealed another slip system less commonly 

reported in HCP materials [161]. Figure 5-4 (A) and Fig. 5-4 (B) reveal a bright-

field image of dislocations, at [1�21�0] zone axis, and the corresponding selected 

area electron diffraction pattern, respectively. Burgers vector of these 

dislocations was determined in the following way. For this set of dislocations, 

however, Burgers vector cannot be of [1�21�0] type, closest-pack direction in ZrB2, 

(as was observed for the set of dislocations in Fig. 5-3 (B)) or parallel to this 

direction. If the Burgers vector of a set of dislocations is parallel to a zone axis, 

then those dislocations will be invisible at that zone axis. This is because all the 

planes at the zone contains the zone axis direction (or parallel) and therefore, for 

all the g vectors at the zone, 𝒈𝒈��⃗ .𝒃𝒃��⃗ = 0 will be zero. Since the dislocations shown 

in Fig. 5-4 (A) were visible at [1�21�0] zone axis, their Burgers vector cannot be 

parallel to this orientation, for they would be invisible.  

[1�21�0]  zone contains (0001),  (101�0) and (101�1) reciprocal lattice vectors 

(g), corresponding to basal, prismatic and pyramidal planes, respectively. 

Contrast experiments revealed that these dislocations (as seen in Fig. 5-4 (A)) 

remained in contrast when imaged with (0001) and (101�1) g vectors. For 

example, Fig. 5-4 (C) shows a bright-field image of the dislocations (seen in Fig. 

5-4 (A)) imaged in two-beam condition with (0001) g vector. That is for (0001) 
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and (101�1) g vectors,  𝒈𝒈��⃗ .𝒃𝒃��⃗ ≠ 0. This excluded the possibility of {0001} 〈112� �0〉� 

basal slip in ZrB2. This is because for basal slip, 𝒈𝒈��⃗ .𝒃𝒃��⃗  will be zero with (0001) g 

vector and dislocations will be invisible in two-beam condition. On the other hand, 

these dislocations were completely invisible when imaged with (101�0) g vector. 

As discussed above, [1�21�0] direction was excluded as the Burgers vector. Since 

the only other low-index direction perpendicular to the pole of (101�0) plane 

is [0001], the above contrast experiments suggested that the Burgers vector is 

parallel to [0001]. For further confirmation, the same set of dislocations was 

imaged with a (112�0) g vector (in [1�100] zone) because {112�0} type of planes 

(secondary prismatic type) only contain [0001] Burgers vector. It was observed 

that these dislocations went completely out of contrast when imaged with (112�0) 

g vector in two-beam condition. Therefore, the same set of dislocations was 

completely invisible when imaged with (101�0) and (112�0) g vectors. The only 

direction which is contained by (101�0) and (112�0) planes is [0001].  Both the 

(101�0) and (112�0) g vectors will dot to zero with [0001] vector. Therefore, it was 

concluded that Burgers vectors are parallel to [0001] direction. This Burgers 

vector has never been reported in open literature for ZrB2 ceramics.  

For dislocations with Burgers vector parallel to [0001],  the only possible 

close-pack slip-plane is of prismatic type, either {101�0} or {112�0}. The {101�0} 

primary prismatic planes have a higher planer density (0.727) compared to that 

(0.682) of the {112�0} secondary prismatic planes. Thus, {0001} [0001] is the 

most probable slip system compared to {112�0} [0001] in ZrB2. However, due to 

nearly comparable packing density of the primary and secondary prismatic 
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planes, slip may also occur on the {112�0} planes. Nevertheless, the current TEM 

investigations clearly revealed prismatic slip as the only identified room-

temperature plastic deformation mechanism in polycrystalline ZrB2. The above 

TEM studies are also consistent with the work by Haggerty and Lee in ZrB2 

single crystals.159  

There is also considerable evidence214,215 supporting that prismatic slip is 

favored over basal slip in ZrB2. Xuan et al.,214 performed Vickers microhardness 

measurements in ZrB2 single crystals, on basal,(0001) and prismatic planes, 

{101�0} and {112�0}, from room temperature to 1000oC. It was observed that over 

the entire temperature range, hardness was same on both types of prismatic 

planes but was lower than that on the basal plane. A similar result was also 

obtained in the work of Nakano et al.215. When a basal plane is indented, only 

possible slip planes are pyramidal planes. On the other hand, indentation on 

{101�0} and {112�0} planes can cause slip on other prismatic planes from {101�0} 

and {112�0} families as well as on pyramidal planes. Therefore, it is clear that in 

ZrB2 prismatic slip is more favorable. The work of Xuan et al.,214 and Nakano et 

al.,215 also suggested that dislocation motion is probably equally favorable on 

both {101�0} and {112�0} prismatic planes. The current TEM investigation clearly 

revealed that prismatic slip was the only identified mechanism responsible for 

room temperature plastic deformation in polycrystalline ZrB2.    

Having determined the nature of dislocations, in the following, it has been 

attempted to rationalize the room-temperature dislocation activity and mobility 

based on the properties, crystal structure, and chemical bonding present in these 
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ceramics. The nature of chemical bonding plays a dominant role in governing the 

properties of metals and ceramics. In general, the non-metallic character of 

bonding (mainly covalent) in structural ceramics is well reflected in their 

properties through high elastic modulus, chemical stability at room and high 

temperatures, extremely low electrical conductivity, and thus, corresponding high 

electrical resistivity in comparison to metals.216 In contrast, UHTCs have a unique 

combination of properties which are characteristics of both metals and ceramics.2 

As mentioned before, their high melting temperature (> 3000oC), high elastic 

modulus (> 400 GPa) and superior thermo-chemical stability are typical of 

ceramics. In addition, UHTCs have surprisingly high electrical conductivity (> 106 

S/m) and thus, low electrical resistivity (< 10-5 Ohm-cm), comparable to those of 

metals.2,217-225 These values are in contrast to the typical structural ceramics 

such as aluminum oxide (Al2O3), silicon carbide (SiC), and silicon nitride (Si3N4) 

as illustrated in Fig. 5-5. Such electrical properties are an indication of significant 

metallic nature (i.e., metallicity) in chemical bonding present in these ceramics.   

ZrB2 and HfB2 have AlB2-type (P6/mmm space group) hexagonal crystal 

structure2 where the unit cell contains a six-member graphite-like ring or a net of 

boron (B) atoms in two-dimension which alternates with close-packed layers of 

metal (M) atoms, see Fig. 5-6. Vajeeston et al.,226 studied electronic structure 

and nature of chemical bonding in AlB2-type ceramics using the self-consistent 

tight-binding linear muffin-tin orbital (TB-LMTO) method. Zhang et al.,227 utilized 

the first principles total-energy plane-wave pseudopotential (PW-PP) method and 

investigated the electronic structures and elastic properties of ZrB2 and HfB2 
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ceramics. The theoretical analysis of Vajeeston et al.,226 and Zhang et al.,227 

have revealed the existence of three types of chemical bonds in this crystal 

structure: (i) B-B, (ii) M-B and (iii) M-M (M=Zr, Hf).226,227 While the B-B bonds are 

purely covalent, the M-B bonds are a mixture of covalent and ionic characters. 

However, due to small difference in electronegativity values (1.33, 1.30 and 2.04 

for Zr, Hf and B, respectively), ionicity is less than 8%. In contrast, the M-M 

bonds are predominantly metallic due to nearly free-electron non-bonding d-

orbital states which attribute significant metallicity to these ceramics.226,227 Both 

of these bonds are known to exhibit strong influence on properties of materials. 

Here, it is argued that such metallic character of chemical bonding in ZrB2 and 

HfB2 ceramics is well reflected in their metal-like mechanical deformation 

behavior observed in indentation and scratch studies, see Fig. 5-1, at room-

temperature.72,160  

In the following, arguments for the origin of room temperature dislocation 

mobility in ZrB2 ceramic, may also be applicable for other TMB2 ceramics such as 

HfB2, are presented. During dislocation motion, chemical bonds constantly 

distort, break, and reform.228,229 The nature of chemical bonding (i.e., how tightly 

electrons are bound, their directionality, and symmetry) has a strong influence on 

dislocation mobility for a given crystal structure at room temperature. 

Gilman228,229 suggested that local or non-local nature of chemical bonding 

determines mobility at room temperature and proposed a simple but fundamental 

chemical approach to describe dislocation mobility in pure covalently bonded 

solids. In this approach, optical band gap, a measure of localized nature of 
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chemical bonding, is assumed to be related to glide activation energy. In a similar 

fashion, qualitatively, dislocation mobility can also be correlated to the local or 

non-local character of chemical bonding in ZrB2 and in other AlB2-type UHTCs as 

having a mixture of covalent and metallic bonds.226,227 Similar to the optical band 

gap, the electrical conductivity can also reflect the local or non-local nature in 

chemical bonding. While the exact mechanism of high electrical conductivity in 

ZrB2 and HfB2 ceramics is not known, Zhang et al.,227 suggested that their 

unusually high conductive nature is related to the Zr-Zr and Hf-Hf metallic 

bonding. It is argued that such bonding characteristics can also play a significant 

role in the room-temperature plastic deformation and the associated dislocation 

mobility in these ceramics.   

One of the reasons why such room-temperature macroscopic plastic 

deformation features are not readily observed in other structural ceramics (e.g., 

Al2O3, ZrO2, SiC, Si3N4) is that they possess strong covalent and ionic bonding 

instead of direct metal-metal bonds.230-233 Direct metal-metal bonding does not 

exist in these materials. Strong covalent and ionic bonding makes dislocation 

mobility extremely difficult, particularly at room temperature where availability of 

thermal energy is low. Dislocation mobility is strongly influenced by the width of a 

dislocation core which depends on the type of chemical bonding. While metallic 

bonding results in wide dislocation core, covalent bonding makes it narrow.230 

For wide dislocation core, consisting of non-directional metallic bonds, the energy 

barrier for dislocation mobility will be lower compared to that of a narrow core 

structure made up of highly directional covalent bonds.230 A classic example is 
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cubic-SiC which has the required number of independent slip-systems to exhibit 

room temperature plasticity but due to its pure covalent bonding, the width of 

dislocation core is narrow and thus, dislocations are immobile at room 

temperature.230  

An accurate description of dislocation core structure and its motion in ZrB2 

(or HfB2) crystal structure is complex, and requires a fully atomistic approach. 

However, for a prismatic slip in ZrB2, the dislocation core structure not only 

involves B-B and Zr-B bonds but also the Zr-Zr bonds. Existence of metallic 

bonds can make the dislocation core relatively wider compared to a core made 

up of only B-B or Zr-B bonds. Thus, the Zr-Zr bonds are assumed to play a 

crucial role in enhancing the dislocation mobility at room temperature by lowering 

the chemical barrier. Due to this non-localized nature of Zr-Zr bonds and the 

associated increased dislocation mobility during mechanical deformation, 

dislocations are not restricted to a small material volume (typical of ceramics) 

rather extend over a relatively larger region allowing the dislocation activity to be 

readily visible even at room temperature at distances further away from the 

region of load application as seen in Fig. 5-1.  

5.4 Conclusions 

ZrB2 and HfB2 ceramics were observed to exhibit metal-like slip-line 

patterns at room temperature when deformed by indentations and scratch loads. 

This deformation pattern indicated significant room temperature dislocation 

mobility in these ceramics. In-depth TEM analysis in a ZrB2-SiC composite 

revealed that dislocations were indeed generated within the ZrB2 phase as a 

result of mechanical deformation at room temperature. Prismatic slip was 
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identified as the major plastic deformation mechanism in polycrystalline ZrB2 

ceramic. Finally, a possible role of Zr-Zr metallic bonds in room temperature 

dislocation mobility in ZrB2 ceramics was discussed.   
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Figure 5-1. Optical micrographs revealing slip-lines formed in the vicinity of 
indented regions of A) ZrB2 and B) HfB2 ceramics.      
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Figure 5-2. FIB-cut TEM specimen within a constant load (250 mN) scratch 

groove.
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Figure 5-3.  A) A bright field TEM micrograph revealing dense dislocation activity 
on prismatic planes and B) multiple sets of intersecting slip-lines 
formed on the surface due to scratch load, resembling patterns 
observed in A). 
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Figure 5-4. A) Bright-field TEM micrograph at [1210]  zone axis and B) the 
corresponding selected area electron diffraction pattern. C) Bright-field 
TEM image of dislocations in two-beam condition with (0001) g vector.  
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Figure 5-4.  Continued 
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Figure 5-5. Electrical conductivity (filled symbols) and electrical resistivity (open 
symbols) of metals and ceramics.
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Figure 5-6.  Crystal structure of transition metal diborides.  

 

 

 

 

 

 

 

 

 

a 

TM 

B 

0001[ ]
1123[ ]

1120[ ]

c 

TM-TM bonding 

B-B bbonding 

TM-TM bonding 

TM-B bonding 

TM-B bonding 



 

160 

CHAPTER 6 
SUMMARY AND FUTURE WORK  

6.1 Conclusions 

Plasma pressure compaction technique has been utilized to process high-melting 

point and difficult-to-sinter materials such as boron carbide ceramics71 and zirconium 

diboride-silicon carbide composite.72 These materials have high covalent bonding 

characteristics and hence conventional methods which require high sintering 

temperature and pressure as well as long consolidation times are not suitable to 

produce dense compacts. In the current work, use of P2C technique successfully 

produced high density large sintered ceramic compacts at relatively lower temperature, 

lower compaction pressure, and over a shorter period of time compared to traditional 

techniques such as pressureless sintering and hot-pressing. Also, it was shown for 

boron carbide ceramics that grain growth was limited in P2C technique due to lower 

sintering temperature which aided in the production of fine-grained B4C ceramics.71   

Boron carbide ceramics with three different grain sizes were subjected to static 

and dynamic indentation experiments to reveal the influence of grain size and strain rate 

on mechanical properties. Static indentation experiments were conducted using a 

traditional Vickers indentation tester where as a dynamic Vickers indentation tester was 

employed to perform the dynamic hardness measurements. In static indentations load 

was delivered within a duration of 15 seconds which corresponded to a deformation rate 

on the order of 10-5/s. In contrast, dynamic loads were delivered within 100 µs resulting 

in a deformation rate of approximately 103/s. It was consistently observed that for all the 

B4C ceramics, dynamic hardness and dynamic fracture toughness were lower 

compared to static hardness and static fracture toughness.71  
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To reveal the subsurface region of indentation, bonded interface technique on split 

specimens was employed. Static and dynamic indentations at similar load levels were 

then performed along the interface of the bonded specimen. Microstructural 

investigation of subsurface regions of indentations revealed that dynamic loads resulted 

in significantly higher damaged regions beneath the indentations compared to the static 

indentations which are consistent with the hardness and fracture toughness 

measurements.71 For further investigations, these subsurface regions of indentations 

were probed using a series of spectroscopic techniques such as Raman, 

photoluminescence and infrared spectroscopy. These studies revealed newer peaks 

from the subsurface damaged regions which indicated that localized phase 

transformation due to structural changes occurred within these regions.234 It was also 

observed that extent of structural changes/disordering was significantly higher in 

dynamic indentations compared to static indentations. From in-depth analysis of Raman 

and PL spectroscopy, it was confirmed that amorphous carbon clusters were formed 

within the indented regions. Also, FTIR analysis revealed the existence of amorphous 

boron clusters within the dynamically indented region. Thus, the current studies clearly 

revealed the influence of strain rate on mechanical properties as well as structural 

changes in boron carbide.    

Scratch experiments were performed on a ZrB2-5wt%SiC composite to reveal the 

contact-induced damage and deformation mechanisms which can evolve in this ultra 

high-temperature ceramic during service. These studies revealed unique metal-like 

plastic deformation features in terms of slip-lines within the ZrB2 matrix phase which 

indicated room-temperature dislocation activity and mobility.72,160 Similar deformation 
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features were also noted from indentation experiments.160,211,235 Such room-temperature 

deformation patterns are highly unusual in ceramics having high melting temperature.212 

Apart from slip-lines, transgranular microcracks were observed to develop perpendicular 

to the scratch direction. To rationalize the experimental observations, elastic stress field 

solutions combining Boussinesq field and Cerruti field solutions for normal and 

tangential point contact loads, respectively, were utilized. From the elastic stress field 

distribution, it was shown that as the scratch progresses, considerable amount of shear 

stress is developed ahead of the indenter tip whereas tensile stress is developed in the 

wake of the indenter. Also, the maximum principal normal tensile stress was oriented in 

the direction of scratch. Thus, it was concluded that the shear stress ahead of the 

scratch tool resulted in slip-line formation whereas the normal tensile stress in the wake 

of the scratch resulted the orthogonal microcracks (with respect to the scratch 

direction).72 The stress analysis also confirmed that the slip-lines were formed first 

followed by microcracking.      

Deformation-induced residual stress is detrimental to any brittle materials and the 

magnitude of residual stress may increase as the deformation progresses. Towards this 

end, an analytical model was developed which can calculate scratch-induced residual 

stress from the Raman spectroscopic measurements.236 This analytical framework was 

developed by combining the well-known ‘secular’ equation for diamond-like or zinc-

blende crystal structure and the concept of ‘blister’ filed solutions. In this framework, 

residual stress is calculated from the Raman peak shift using phonon deformation 

potentials of a material. This model is applicable to materials having diamond-like or 

zinc-blende crystal structure. In the current work, this model was applied to the SiC 
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particulate phase of the composite which has zinc-blende crystal structure (3C-SiC) and 

the residual stress was calculated.236 Raman spectra were collected from the SiC grains 

residing within and outside of the scratch grooves. It was observed that the 

characteristic Raman peaks of 3C-SiC gradually shifted to the lower wave numbers with 

increasing scratch load indicating accumulation tensile residual stress. The 

measurements revealed that initially residual stress within the grains in the composite 

(outside of scratch groove) was compressive and gradually became tensile within 

increasing scratch load.236  

Existence of dislocations within the ZrB2 phase was confirmed through 

transmission electron microscopic analysis of deformed regions within the scratch 

grooves.160,211 Prismatic slip was identified as the plastic deformation mechanism in 

polycrystalline ZrB2. It was argued that similar to having extremely high electrical 

conductivity which is comparable to metals, formation of typical metal-like plastic 

deformation features at room-temperature was also a reflection of metallicity present in 

chemical bonding in these ceramics. In this context, a possible role of Zr-Zr metallic 

bonds, present in the ZrB2 crystal structure, which can favor dislocation mobility at 

room-temperature has been discussed.211  

In conclusion, two major findings can be drawn from this thesis: (i) development of 

a simple technique that can induce structural changes in B4C ceramics and similar to 

that observed in ballistically investigated ceramic tiles, and (ii) presence of unequivocal 

evidence for room-temperature dislocation mobility in UHTCs.          
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6.2 Future Work 

6.2.1 Determination of Transition Point of Phase Transformation in B4C  

In this dissertation, it has been shown that localized phase transformation or 

structural changes occurred during static and dynamic indentations. However, the 

question still needed to be answered is that if there a transition point in terms of 

indentation load or velocity or pressure, when the transformation initiates. Also, there 

are several factors such as microstructure, composition, and presence of graphite 

phase may have an influence on the extent of phase transformation. However, the use 

of extremely sharp indenters such as Berkovich and Vickers results in high enough 

pressure even at a low load to trigger localized phase transformation or structural 

disordering. Instead, use of spherical indenters with different tip radii can be helpful in 

capturing a possible existence of transition point for solid-state phase transformation in 

B4C as a function of load, indenter velocity, etc.     

6.2.2 Scratch Response of Oxidized Surfaces of ZrB2-SiC Composite  

It has been shown that the surface morphology of ZrB2-SiC composite changes 

with temperature due to oxidation of both the phases.2,37-40 In the temperature range of 

800 - 1200oC, oxidation rate of ZrB2 is higher than that of SiC. ZrB2 produces molten 

B2O3 (melting point ~ 450oC) and crystalline ZrO2 at 1000oC. This process results in a 

porous layer of crystalline ZrO2 and SiC above the unoxidized ZrB2-SiC composite. 

Thus, above 1000oC, the oxidized surface of the ZrB2-SiC composite consists of a 

porous ZrO2+SiC layer covered by a thin B2O3 amorphous layer.37-40 At this temperature 

range, further oxidation of unreacted ZrB2, present below the porous ZrO2+SiC layer, is 

controlled by the diffusion of oxygen (O2) through the thin glassy layer of B2O3. Figures 

6-1 (A), 6-1 (B) and 6-1 (C) show the cross-sectional areas of the ZrB2-5wt%SiC 
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specimens oxidized at 1000oC in ambient conditions for 1, 5 and 15 hours, respectively. 

It can be seen from Fig. 6-1 that upon oxidation different layers were formed from the 

top. As the oxidation time increases total thickness of the oxidized layers also 

increases. Surface morphology of ZrB2-SiC composite also changes as the temperature 

increases. At temperatures above 1200oC, the upper B2O3 layer starts to volatilize (i.e., 

2 3 2 3B O (l) B O (g)→ ) and oxidation of SiC results a thin SiO2-rich layer (it may also 

contained some B2O3 due to incomplete evaporation or continued oxidation of ZrB2) 

above the porous ZrO2 layer. Above 1400oC, the thickness of the outer SiO2 layer 

increases while the B2O3 content composition of reduces significantly. Clearly, at this 

temperature, the structure and the oxidized surface layer is considerably different than 

that at lower temperatures.37-40 For example, Fig. 6-2 shows a schematic of the cross-

section of ZrB2-SiC specimen oxidized at 1500oC.  

Thus, it is clear that the composition and morphology of the oxidized surfaces 

change with temperature. Recall that these ZrB2-SiC composites are used as thermal 

protection systems for leading edges and nose cones of hypersonic vehicles, and re-

entry vehicles which are subjected to intense erosion upon re-entry.2 Presence of outer 

porous layers of different compositions can drastically affect the overall mechanical 

response of the structure. Also, the thickness of the oxidized layers will vary with 

oxidation time. Therefore, it is also important to investigate the influence of oxide layer 

thickness on the wear properties. Therefore, future work should focus first on 

developing oxidized surfaces at different temperatures and at different oxidation times. 

Then these surfaces should be subjected to scratch studies to investigate wear 

properties of ZrB2-SiC composites.   
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Figure 6-1.  Cross-sectional areas of the ZrB2-5wt%SiC specimens oxidized for A) 1 B) 
5 and C) 15 hours. 
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Figure 6-2. Evolution of structures in a ZrB2-SiC composite during oxidation at 1500oC. 
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APPENDIX 
DYNAMIC INDENTATION RESPONSE OF B4C CERAMICS 

Figures A-1 and A-2 show the plots of c vs. P and l vs. P for dynamic indentations, 

respectively.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A-1. Variation of c vs. P in B4C ceramics for dynamic indentations. 
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Figure A-2. Variation of l vs. P in B4C ceramics for dynamic indentations. 
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