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ABSTRACT: Superhard materials such as diamond and cubic boron nitride (cBN) 

are becoming ever more scientifically and technologically important, and critical and 

fundamental knowledge about their constitutive properties and deformational 

mechanisms is in increasingly high demand. Although it has long been suggested by 

theoretical modeling that deformation of face-centered cubic superhard materials is 

dominated by Shockley partial dislocations and screw dislocations, there has been a 

glaring lack of experimental evidence. Here, we report in situ deformation 

experiments of nanocrystalline cBN (nc-cBN) samples at high pressures and 
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temperatures using a deformation-DIA (D-DIA) apparatus coupled with synchrotron 

X-ray diffraction techniques. Intrinsic stress-strain relations have been obtained for 

nc-cBN for the first time, and only elastic deformation occurred up to a strain of at 

least 14% at room temperature (RT), demonstrating its remarkable strength, which 

was undoubtedly enhanced by observed microscopic features such as the Lomer-

Cottrell (L-C) locks and low-angle GBs. While deformation at RT is dominated by 

brittle fractures and mechanic crushing induced by grain boundary twisting mediated 

by full dislocations, plasticity of nc-cBN at higher temperatures is controlled by grain 

rotation and twinning mediated by Shockley partial dislocations. At 4.0 GPa and 

1200 °C, accumulated shear strain resulted in the conversion of cBN to hBN at or 

near twisting GBs, releasing stress and mediating deformation in the process. We 

demonstrate the apparent agreement between the differential micro-stress derived 

from peak broadening analysis and differential macro-stress deduced from lattice 

strain analysis. 

 

 

 

 

 

 

 

 



Introduction 

Cubic boron nitride (cBN) as conventional superhard material is technologically 

significant because of its excellent physical and chemical properties1-9. It is widely 

used for cutting, grinding, drilling and coating under some of the harshest 

environments. Superior chemical inertness and thermal stability (~1380 °C)10 make 

cBN the only choice in place of diamond for high-speed cutting of hardened steel3. 

Furthermore, cBN is a promising candidate for use in the extreme conditions 

associated with hypersonic flight, scramjet propulsion, atmospheric reentry, and 

rocket propulsion11 due to its high melting temperature (>3000 °C)12, high thermal 

conductivity (740 W•K-1)13, high thermal shock resistance, low thermal expansion 

coefficient (1.2×10-6/°C)14, and excellent chemical inertness and mechanical strength 

(Vickers hardness of single crystal cBN: ~50 GPa)1-5, 9, 15. These potential applications 

demand a better knowledge of deformational and constitutive properties of cBN under 

extreme environment. However, as the second hardest material known to mankind, 

cBN is experimentally difficult to be deformed, particularly at room temperature (RT). 

Current knowledge of plastic deformation in cBN or other superhard materials is 

mainly based on theoretical simulations and experiments under uncontrolled stress 

conditions16-21. Traditionally, the strength of superhard material can be estimated 

using bending, indentation and grinding at ambient pressure20, 21 or via high-pressure 

experiments under nonhydrostatic compression22-26, but resultant compressional or 

tensile strength from these studies are generally inconsistent. In addition, the strength 

can also be derived from analyzing diffraction peak broadening during hydrostatic 



compression (i.e., no external stress field) of polycrystalline samples under high-

pressure and high temperature27-30. Because previous experimental methodologies 

could not define the stress applied during deformation, the intrinsic strain-stress 

relation, which is fundamentally important to understanding the elasticity and 

plasticity of cBN, has yet to be established under both room and elevated 

temperatures.   

The mechanical performance of materials is controlled by their intrinsic 

deformation mechanisms and dominant dislocation structures31-37. In-depth 

understanding of such microscopic processes or features is therefore imperative to 

improving effectively the mechanical properties of materials. Nanocrystalline (nc) 

materials have been demonstrated to be comparatively stronger than their coarse-

grained counterparts via work hardening. For example, nanotwinned cBN and 

diamond prepared at ultrahigh pressure and temperature have been shown to be twice 

as hard and several times as tough as coarse-grained cBN and diamond, respectively1, 

38. A slew of mechanisms including twinning, partial and screw dislocations emitting 

from grain boundaries (GBs), grain boundary sliding, dislocation slip, grain rotation 

and even superstructures have been proposed for the deformation of superhard nc 

materials33, 37, 39, 40. Conventional Read-Shockley model speculates that the partial 

dislocations at twin boundaries or a network of screw dislocations at a twist boundary 

govern the deformational behavior of materials with face-centered cubic (fcc) 

diamond structure41-44. However, the dominant deformation mechanism has been 

debated extensively in the theoretical literature due to lack of sufficient experimental 



evidence. Moreover, because a deformational screw dislocation is usually 

accompanied by large shear stress and mixed with local partial dislocations, 

interactions between screw dislocation and edge dislocations at grain boundaries 

ineluctably take place and even induce the formation of superstructure, phase 

transition and new transformation paths to relax shear-dominated stresses at 

concentrators45, 46. Understanding the effects of these interactions and the evolution of 

dislocations is conducive to designing nc materials with superior mechanical and 

physical properties.  

To address the aforementioned questions, we have systematically investigated 

the intrinsic strain-stress relations and evolution of deformation mechanisms of nc-

cBN at high pressures via in situ deformation experiments in a deformation-DIA (D-

DIA) apparatus
47-52

 and microscopic studies on the recovered samples using 

transmission electron microscopy (TEM). The main dislocation mode at RT is 

manifested as GB twisting mediated by full dislocations on       planes for nc-cBN 

without plastic yielding at uniaxial strains up to 14%. Cubic BN crystals showed 

remarkable ductile flow and plastic deformation at 1000 °C through GB twisting 

mediated by Shockley partial dislocations. Surprisingly, high shear stress even 

induced the formation of superstructures and local phase transition at higher pressure 

and temperature (4.0 GPa/1200 °C).  

Results and Discussion 

Experimental setups and procedures   Shown in Figure 1a is a schematic 

diagram illustrating the setups for uniaxial deformation experiments at high pressure 



and temperature using a D-DIA-type cubic anvil apparatus coupled with synchrotron 

x-radiation. Energy-dispersive XRD data were collected with a counting-time of ~10 

minutes using a ten-element Ge solid-state detector (SSD) on which all elements are 

arranged in a circle and each element is located at a fixed azimuth angle   (22.5° 

apart from 0° – 180°, plus one at 270°). To eliminate unwanted diffraction signals 

from materials surrounding the sample, a conical-slit system located between the 

sample and the detectors was employed to collimate and constrain the    angle of the 

diffracted x-rays. Radiographic images were also taken, with data collection toggling 

continuously between diffraction and imaging modes. An amorphous boron-epoxy 

cube was used as pressure medium, as shown in Fig. 1b. Dense Al2O3 pistons were 

placed at both ends of specimens, which were pre-compressed into pellets and packed 

into a hexagonal boron nitride (hBN) capsule; three 25-µm-thick tantalum disks were 

placed at the piston-specimen and specimen-specimen contacts as strain markers. The 

nc-cBN sample was first compressed to desired pressure at RT and then annealed at 

high temperature (~ 1000 
o
C) for 1 hour using enclosed resistive graphite heater. 

Figure 1c shows the       diffraction line of nc-cBN along the entire compression, 

annealing, and deformation path.  Figures S1a and b show all diffraction peaks of nc-

cBN at azimuth angles of 180° (axial direction) and 67.5° at various experimental 

stages and conditions. As the detector elements at the azimuth angles of 90° and 270° 

(radial direction) weren’t available during all experiments, signals recorded by the 

element situated at 67.5° are taken as the proxies for those from the radial direction in 

this study. Furthermore, because diffraction peaks (200), (220) and (311) were either 



very weak or even absent during high-pressure deformational experiments (Fig. S1), 

the stress analysis in this study is based on the diffraction peak (111) only. 

Stress-strain measurements and analyses  Total axial strains (  ) due to 

deformation under high pressure and temperature conditions are determined by 

measuring the length of the specimen defined by the strain markers (i.e., Ta foils) 

from the radiographic images according to the following formula:              , 

where    is the sample length at given stress and    the sample length at the onset of 

deformation. Microscopic deviatoric stress generated at grain contacts contributes to 

diffraction peak broadening. As the microscopic strain (  ) revealing the distribution 

of longitudinal strain parallel to the diffraction vector is the amount of line 

broadening
27-30, 48

, it can be calculated from the full width at half maximum (FWHM) 

of various diffraction lines based on the following formula: 

   √                                             
where      ,       and       are the observed diffraction line width of sample during 

deformation, the peak width of stress-free sample and the peak broadening 

contributions from the crystal size, respectively, and        the x-ray photon energy 

of corresponding lattice plane. In consideration of average grain size (~ 37 nm) of the 

raw nc-cBN samples, we estimated the microstrain contributed by grain size based on 

the Scherrer formula: 

                                      

where L is the grain size, k the Scherrer constant correlated to crystallite shape, 



normally taken as 0.9, h the Planck constant, and           the FWHM at a fixed 

wavelength  , in angular-dispersive mode. To calculate the FWHM (        ) at a 

given x-ray photon energy   in energy-dispersive mode, the Scherrer formula can be 

rewritten as follows via differentiating Bragg’s diffraction equation,           , 

with respect to E and   , respectively:                                      
 where grain size L is determined from representative TEM images of quenched 

samples. The microscopic stress, or micro-stress (m), is calculated as m =     , 

where   is the Young’s modulus of cBN (909 GPa
53

). The differential micro-stress is 

defined as the difference between the micro-stresses derived from the detector 

elements at azimuth angles of 0° and 90°, respectively. The macroscopic differential 

stress ( ), or macro-stress, defined as         where    and    are axial and radial 

stress, respectively, differs from the differential micro-stress and is manifested by the 

variations in lattice strain detected by all detectors situated along azimuth angle  . 

Based on the results of lattice strain theory developed by Singh et al.
26, 54, 55

, the 

macro-stress can be expressed as following equation:          〈      〉                      
where 〈      〉 denotes the average        value over all observed lattice reflections, 

and        is the aggregate shear modulus of polycrystalline sample for lattice plane    , which can be derived from single-crystal elastic constants for cBN. Equation 4 

can be further expressed as:                  [                           ]              



where         is the d-spacing of (   ) surveyed as a function of azimuth 

angel  ,          is the d-spacing under hydrostatic pressure. By fitting the variation 

of         versus             for cBN       peak (Fig. 1d-f) according to Eq. 5, 

the macro-stress can be determined from the slope
56

. All fittings to data collected at 

different pressure and temperature are presented in Fig. S2 (3.5 GPa/RT), Fig. S3 (3.5 

GPa/1000 °C), and Fig. S4 (4.0 GPa/1200 °C). The resultant macro-stresses and 

differential micro-stresses at various conditions as a function of strain are shown in 

Fig. 2. 

Stress-strain relations at RT As shown in Fig. 2a, the sample was already under 

negative macro-stress (i.e., t < 0;    <     at the onset of deformation at 3.5 GPa and 

RT (3.5 GPa/RT). The macro-stress was generated due to non-cubic cavity in D-DIA 

during the cold compression to the target load with a nominal pressure of 3.5 GPa.  

The stress-strain curve exhibits a stepped variation at ~3% strain. This is attributed to 

the brittle failure of larger grains in the sample, leading to grain-size reduction and 

subsequent cataclastic flow along grain boundaries, as evidenced by small nc-cBN 

grains of 2–17 nm forming serrated grain boundaries within large grains of 30–100 

nm (Fig. S5a). Upon further deformation to an axial strain of ~14%, the macro-stress 

increased monotonically, reaching a total of ~ 6.4 GPa which is comparable to the 

stress accumulated in a micron-sized diamond sample deformed to nearly identical 

strain at similar conditions
48

, and no apparent yielding point was observed, 

demonstrating the superior strength of nano-grained cBN.    

The micro-stresses derived from the peak-width analysis as a function of macro-



strain are shown in Fig. 2b for two azimuth angles, 0° and 67.5°. It is evident that the 

micro-stresses at both angles experienced a step-variation, coincident with that of the 

macro-stress and in agreement with the notion that the brittle failures affect both 

external and local stresses. Similar to the macro-stress, the micro-stress at 0° 

increased with increasing axial strain. In contrast, the micro-stress at 67.5° remained 

more or less a constant, or even slightly down as the sample was deformed. This is 

due to the fact that, to hold the press load at a constant for the entirety of 

deformational process (i.e., for a constant pressure), the anvils at radial direction had 

to be slowly retracted (i.e., to reduce the radial stress) to accommodate the increase in 

axial stress.  

The calculated differential micro-stresses are plotted in Fig. S6 for comparison 

with the macro-stresses in Fig. 2a. It is quite remarkable that the two stresses that are 

deduced from completely different methods agree well within experimental 

uncertainties, especially between ~ 6 - 14% strain, i.e., after the brittle failure during 

the early stage of cold deformation. If the differential micro-stress is used as a proxy 

for the macro-stress t in the sample, then according to Equation 5, the shear modulus 

of the sample can be extracted from the diffraction data recorded by the multi-element 

detector. Therefore, this practice could be used as a new method to constrain the 

elastic properties of crystalline solids at high pressures, greatly mitigating the lack of 

routine techniques to measure the shear modulus of solids. 

Stress-strain relations at elevated temperatures   For macro-stresses at high 

temperatures (Fig. 2a), the initial stage of stress-strain variation at both temperatures 



is similar to that of room-temperature in which the stress experienced a linear increase 

with increasing strain, i.e., as elastic deformation. However, the elastic region ended 

at much lower strain (~6% at 1000 
°C and ~4% at 1200 

°C; for comparison, > 14% at 

RT). Steady-state plastic deformation (i.e., relatively constant stress with increasing 

strain) was observed at both high temperatures. The higher the temperature, the lower 

the steady-state stress (~5.8 GPa for 1000 
°C vs ~3.8 GPa for 1200 

°C). Fig. 2c and 

Fig. 2d show the micro stress-strain relationships at 3.5 GPa/1000 oC and 4.0 

GPa/1200 oC, respectively. It is evident that the micro stresses at elevated 

temperatures, unlike those at RT, rather quickly reached steady-state values, revealing 

the yielding and plastic deformation at grain contacts in the sample. For differential 

micro-stresses at both temperatures, similar to the observations at RT, the stress-strain 

relationship again largely agrees with those of macro-stress (see Figure S6). At each 

high temperature, the macro- and micro-stress deviated at the beginning of 

deformation. This is primarily due to the differences in stress relaxation between the 

sample and surrounding materials.   

TEM characterization and microstructures analyses of the sample deformed 

at RT   The structure and stability of the dislocations are of vital importance for 

understanding the extreme hardness and deformational properties of cBN. To further 

elucidate the deformation mechanism of nc-cBN at atomic scale, we have carefully 

examined the recovered samples deformed at various experimental conditions using 

TEM. As shown in the bright-field TEM image of the sample deformed at RT in Fig. 

3a, small nc particles (marked by red dashed arrows) distribute between much larger 



grains, a typical feature of cataclastic flows driven by GB sliding and rotation, 

indicating a dominant mechanism of brittle fracture and mechanic crushing for the 

deformation of nc-cBN at RT (see Fig. S5a). The fracture traces along       
cleavages cutting through large grains are also manifested as nanocracks emitting 

from the surface of grains (Fig. 3b), as in bulk diamond
48

, which is an important 

source for nanoscale deformation and high-density dislocation. The recovered cBN 

sample has an average grain-size of ~20 nm. In contrast, the average grain size is ~37 

nm for the starting materials (Figs. S7a). These measurements demonstrate a 

significant grain-size reduction during deformation and are consistent with the notion 

of fracturing and crushing induced by the grain rotation as the dominant deformation 

mechanism in nc-cBN at high pressure and RT. 

The samples were further analyzed at atomic scale via high-resolution survey for 

dislocations, as shown in Fig. 3c. While only few edge dislocations existed in starting 

raw materials (see Figs. S7b and c), the wedge-like structures, amorphous regions and 

grains separated by high-angle grain boundaries (GBs) on the       plane were 

observed in the deformed sample. These features are surprisingly different from the 

twins and screw dislocations found in other diamond-structured materials deformed at 

similar conditions, such as diamond and silicon (Si)
48, 57

. The Debye rings in the inset 

of Fig. 3c can be attributed to nc-cBN; no other secondary phases were found. Shown 

in Fig. 3d is an inverse fast Fourier-filtered (IFFT) image depicting nc regions 

separated by abundant low-angle grain boundaries induced by applied stress - robust 

structures that could make cBN bulk stronger and harder. Figure 3e is an enlarged 



IFFT image of area in Fig. 3d, displaying two captive dislocations on    ̅   and   ̅   , both of which have extra half planes, meet to form the Lomer dislocations
58-62

. 

It is noted here that Lomer-Cottrell (L-C) locks are observed experimentally in 

superhard materials for the first time in the current study. The two white rectangular 

frames mark two L-C locks in Fig. 3d. We draw the Burgers circuits enclosing the 

core of the dislocations to confirm the Burgers vector of a  
    ̅    full dislocation, 

which originates from the interaction of  two non-dissociated 60° full dislocations 

with Burgers vectors 
    ̅    and 

      ̅ , respectively. The dislocation reaction 

between two slip planes,    ̅   and   ̅   , can be expressed as     ̅          ̅      ̅                   

Each of the two 60° full dislocations can evolve into Shockley partial dislocations, 

one leading and one trailing. Subsequently, the stair-rod dislocations with a stable low 

energy configuration are formed by the reaction between the two leading Shockley 

partials, leading to sessile and immobile barriers against other dislocations in the slip 

plane
59-62

. With the increase of strain, low-angle dislocations continue to produce 

nano GBs and L-C locks, which in turn hinder the propagation of dislocations and slip 

of lattice planes and prevent the plastic deformation in nc-cBN at strain up to at least 

14%. Hence, full dislocations dominate the elastic deformation activities of nc-cBN at 

3.5 GPa and RT, which is in consistence with the results from dynamic simulation and 

indentation experiment of diamond
41-44, 61

.  

Figure 3f exhibits an enlarged wedge-like transition region surrounded by several 

grains shown in Fig. 3c. These features, produced by GB twisting induced by grain 



rotation, are in fact super-lattice-like structures with large spacing. The wedge-shaped 

lattice planes {111} have rotated ～20.7° when compared to the original planes, 

suggesting that the super-lattice-like structure remains with Moiré patters. Based on 

the formula of Moiré patters fringe spacing: 

                          
where D, equaling to 5.219/9 = 0.5799 nm, is the Moiré fringe spacing, and d 

represents the lattice spacing of the twisting crystal plane,          0.2088 nm, the 

twisting angle θ (owing to the angular mismatch of lattice orientation) can be 

calculated to be 20.7°, which is a good agreement with the rotation angle of 20° 

measured directly on the HRTEM image. It is thus concluded that, at 3.5 GPa and RT, 

the deformation of cBN is dominated by brittle fracture and mechanic crushing during 

grain rotations mediated by full dislocations. 

TEM characterization and microstructures analyses at elevated temperature  

The microstructure of the recovered sample deformed at 3.5 GPa/1000 °C was 

analyzed to explore the dominant deformation mechanism at high temperature. 

Bright-field TEM images show fuzzy grain boundaries (see Fig. S5b). Majority of 

grains have diameters below 30 nm, with an average value of ~25 nm, indicating that 

dynamic recrystallization induced by plastic deformation occurred at these conditions. 

Unlike deformation by brittle fracture and mechanic crushing at RT, plastic 

deformation mediated by GB twisting and grain rotation dominated the deformation 

behavior of nc-cBN, as shown in Fig. 4a, since high temperature can effectively relax 

the accumulated stress and reduce dislocation pileup. Super-lattice-like patterns 



(marked with red dashed circles) are the primary features of GB twisting and grain 

rotation close to grain boundaries (also see Fig. S8). It is worth noting that for the first 

time plastic deformation mediated by grain rotations near GBs is observed 

experimentally in superhard nc-cBN. The wide distribution of twisting angle θ (10°–

34°) among different Moiré patterns indicates nc-cBN grains have varying degrees of 

rotation depending on the local shear stress. The Debye rings in the inset of Fig. 4a 

can be largely attributed to nc-cBN, but with an extra ring having a lattice d-spacing 

of ～0.358 nm, which is larger than the interplanar spacing ～0.345 nm of (002) of 

hBN. XRD patterns (Fig. S1) however suggest that no other secondary phases were 

present, indicating that this extra ring is related to super-lattice-like Moiré fringes. 

Through careful examination of the trailing region of rotated grains near GB, high-

density dislocations were found, as shown in Fig. 4b. Burgers circuits are drawn to 

show it is a 60° full dislocation because only one set of (111) planes possess an extra 

half plane, which is different from the combined full dislocation with a Burgers vector 

along  
    ̅    at RT since high temperature breaks the L-C locks (Fig. 4c). These 60° 

full dislocations as 
    ̅    on    ̅   plane can be dissociated into two 90° and 30° 

Shockley partial dislocations: a leading and trailing dislocation as follows:     ̅        ̅ ̅        ̅                   

Thus, the plastic deformation of nc-cBN was mainly mediated by 90° and 30° 

Shockley partial dislocations near twisting GBs.  Twin dislocations and other mixed 

dislocation interactions should also be responsible for plastic deformation of nc-cBN, 

as shown in Fig. 4d. The formation of twins is closely related to the stacking faults. 



Obviously, {111} lattice planes can provide a mirror symmetry of the directional 

relationship in each side of stacking faults. High shear stress is likely the reason for 

the formation of deformation twins. Examination of Fig. 4e reveals Burgers circuit 

encloses a 90° Shockley partial dislocation with a Burgers vector along 
      ̅  near 

the stacking faults. These dislocations produced by grain rotation and stacking faults 

are intermediaries supported by       planes and thus a source of plastic deformation.  

Bright-field TEM image of the sample deformed at 4.0 GPa and 1200 °C shows 

clear and smooth grain boundaries as a result of dynamic recrystallization during 

plastic flow (Fig. 5a, also see Fig. S5c). Majority of grains have a diameter below 30 

nm, with an average value of ~27 nm. Similar to nc-cBN deformed at 3.5 

GPa/1000 °C, the deformation mechanism at 1200 °C is dominated by plastic 

flow/creep which was however mediated by phase transitions (Fig. 5b-f). The traces 

of GB twisting were observed on planes with a d-spacing of 0.338 nm (Fig. 5b), 

suggesting the presence of hBN. As no hBN or wurtzite BN (wBN) impurities were 

detected by XRD in the starting materials (Fig. S9), it is inferred that cBN was 

directly converted to hBN due to shear-induced phase transition.  Likewise, super-

lattice-like structures evolved from the original GB twisting have also been observed 

in SAED (inset, Fig. 5a) and FFT (Fig. 5e). Figure 5f and its FFT inset show some 

superlattices with d-spacing of 0.2189 nm which may belong to the (100) lattice plane 

of wBN. Based on the pressure–shear experiments in the rotational diamond anvil cell 

(RDAC)
45

, plastic shear can induce phase transition under an applied pressure 3-20 

times lower than the equilibrium phase-transition pressure
45, 46

. Low-strength hBN 



and wBN as precipitated phases close to the grain boundaries help relax the 

accumulated stress. Generally, pressure-induced phase transitions originate from 

existing defects, whereas strain-induced phase transitions take place at new defects 

formed during deformation. Shear-dominated stress tensor may result in new phase 

transformation paths to relax concentrated stress
45, 63

. Hence, understanding the 

deformation process and evolution of dislocations is conducive to designing nc 

superhard materials with superior mechanical and physical properties.  

Conclusion 

In summary, the inherent strain-stress relations and evolution of the deformation 

mechanisms of nc-cBN have been systematically investigated using a D-DIA large-

volume apparatus, in situ XRD measurements at high pressure and temperature, and 

HRTEM. We found the differential micro-stresses derived from peak-broadening 

analysis can potentially be used as proxies for the macro-stresses defined by lattice 

strains. The microstructures analyses suggest the room-temperature deformation of 

nc-cBN is dominated by brittle fracture and mechanic crushing induced by grain 

rotation which is mediated by combined full dislocations. The formation of L-C locks 

has been observed experimentally for the first time in the deformed superhard nc-

cBN. At 1000 °C, plasticity of nc-cBN is dominated by grain rotation and twinning 

mediated by Shockley partial dislocations. Shear-dominated stress tensor at grain 

boundaries leads to new phase-transformation paths of cBN to hBN to mitigate the 

concentrated stress at 1200°C. These observations shed light on the critical roles of 

dislocation in elasticity, plasticity and creep of nc superhard materials.  



Methods 

In situ high-pressure deformation experiments and HRTEM characterizations. High-pressure 

and high-temperature deformation experiments in conjunction with in situ energy-dispersive x-ray 

diffraction (XRD) were conducted at 6-BMB beamline station, Advanced Photon Source (APS), 

Argonne National Laboratory (ANL) on nc-cBN with an average size of 40 nm packed in an hBN 

capsule about 6.2 mm long and 1.2 mm in diameter using a D-DIA apparatus and a 100 × 200 μm x-ray 

beam 47. One sintered polycrystalline diamond (PCD) anvil was used for the multi-element detector to 

receive the diffracted x-rays48, 52. Energy-dispersive XRD data were collected with a counting-time of 

~10 minutes using a ten-element Ge solid-state detector (SSD) on which each element is located at a 

fixed azimuth angle   (22.5° apart from 0° – 180°, plus one at 270°). To eliminate diffraction signals 

not from the sample, a conical-slit system located between the sample and the detectors was employed 

to collimate and constrain the    angle of the diffracted x-rays. Radiographic images were taken, with 

data collection toggling continuously between diffraction and imaging modes. An amorphous boron-

epoxy cube was used as pressure medium for deformation experiments. Dense Al2O3 pistons were 

placed at both ends of specimens, which were pre-compressed into pellets and packed into a hexagonal 

boron nitride (hBN) capsule; three 25-µm-thick tantalum disks were placed at the piston-specimen and 

specimen-specimen contacts as strain markers. The nc-cBN sample was first compressed to desired 

pressure at RT and then annealed at high temperature (~ 1000 
o
C) for 1 hour using enclosed resistive 

graphite heater. As the detector elements at the azimuth angle of 90° and 270° (radial direction) 

weren’t available during all experiments, signals recorded by the element situated at 67.5° are taken as 

the proxies for those from the radial direction in this study. Furthermore, because diffraction peaks 

(200), (220) and (311) were either very weak or even absent during high-pressure deformational 



experiments, the stress analysis in this study is based on the diffraction peak (111) only. The recovered 

samples were processed by focused ion beam (FIB) technique, and the chemical composition and 

microstructures have been analyzed using high-resolution transmission electron microscopy (HRTEM) 

at the Center for Functional Nanomaterials, Brookhaven National Laboratory.  
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Figure captions 

Figure 1. (Color online) Schematic diagrams of in situ high-pressure D-DIA 

experimental set-up (a) and cell assembly (b); evolution of the diffraction peak (111) 

of nc-cBN collected at azimuth angle of 180o (c); and selected plots of lattice spacing 

vs azimuth angle for varying stages of deformation and determination of differential 

stresses (d-f).  

Figure 2. (Color online) Macro differential stress and micro-stress of nc-cBN as 

functions of total axial strain at different pressure and temperature conditions. (a) 

Representative stress–strain curves of nc-cBN deformed at 3.5 GPa/RT (green 

diamond), 3.5 GPa/1000 °C (hollow red hexagon) and 4.0 GPa/1200 °C (blue sphere); 

micro-stresses determined from 0° and 67.5° azimuth angles for samples deformed at 

3.5 GPa/RT (b), 3.5 GPa/1000 °C (c) and 4.0 GPa/1200 °C (d).  

Figure 3. (Color online) TEM observations of nc-cBN deformed at 3.5 GPa and RT. 

(a) Bright-field TEM image; red dashed arrows pointing to the crushed particles 

between larger grains. (b) Bright-field TEM image; green dashed arrows pointing to 

the propagating nanocracks. (c) HRTEM micrograph displaying various features in 

the deformed sample; see text for details. (d) IFFT image of low-angle dislocations on       lattice plane. White rectangular frames mark two Lomer-Cottrell (L-C) locks. 

(e) Enlarged image of the white rectangular frame in (d) showing the two extra half 

planes (stacking faults) in both the    ̅   and the   ̅    planes. (f) Enlarged Moiré 

fringes marked in (c). The twisted grain boundaries are due to grain rotation. (g) 

Schematic drawing of twisted GB along       axis in (f). 



Figure 4. (Color online) HRTEM observations of dislocation movements in cBN 

sample deformed at 3.5 GPa and 1000 °C. (a) The red circles and rectangular fields 

(Moiré pattern) showing active grain rotation near high-angle grain contacts. Twin 

boundary (stacking faults) along 〈   〉 direction marked with white lines. The inset is 

a SAED of nc-cBN with a superlattice diffraction ring      . (b) Representative 

Moiré pattern IFFT image of the area “A” in (a), indicating grain-rotation-induced 

stacking faults. (c) Enlarged Moiré image in (b). Burgers circuit enclosing a Shockley 

partial on 60° full dislocation. Edge dislocations located at Moiré fringes are marked 

with “Τ”. (d) Representative IFFT image of twinning for the area “H” in (a), also 

showing grain-rotation-induced stacking faults. (e) Enlarged IFFT image of twinning 

structures of the area “H” in (a); Burgers circuit enclosing two Shockley partials. 

Figure 5. (Color online) HRTEM images of dislocation movements in cBN sample 

deformed at 4.0 GPa and 1200 °C. (a) Bright-field TEM image showing grain 

boundaries due to dynamic recrystallization of crushed grains under plastic flow. The 

inset is a SAED with an extra Debye ring of 0.338 nm in radius, indicating stress 

induced phase transition of cBN to hBN. (b) The red dashed circles represent active 

grain-rotation-induced dislocations near serrated grain boundaries. (c) Characteristic 

Moiré pattern IFFT image of the area enlarged from (b) on hBN. (d) Characteristic 

Moiré pattern IFFT image on cBN. (e) FFT taken from (c), which shows the 

superlattice plane       with a d-spacing of 0.3445 nm in hBN. (f) Typical 

superlattice structure on the sample. The rhombus represents the smallest repeating 



unit of the superstructure. Inset is the FFT taken from superlattice structure showing 

various superlattice planes. 
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Figures

Figure 1

(Color online) Schematic diagrams of in situ high pressure D DIA experimental set up (a) and cell
assembly (b); evolution of the diffraction peak (111) of nc cBN collected at azimuth angle of 180o (c);
and selected plots of lattice spacing vs azimuth angle for varying stages of deformation and
determination of differential stresses (d f).



Figure 2

(Color online) Macro differential stress and micro stress of nc cBN as functions of total axial strain at
different pressure and temperature conditions. (a) Representative stress strain curves of nc cBN
deformed at 3.5 GPa/RT (green diamond), 3.5 GPa/1000 °C (hollow red hexagon) and 4.0 GPa/1200 °C
(blue sphere); micro stresses determined from 0° and 67.5° azimuth angles for samples deformed at 3.5
GPa/RT (b), 3.5 GPa/1000 °C (c) and 4.0 GPa/1200 °C (d).



Figure 3

(Color online) TEM observations of nc cBN deformed at 3.5 GPa and RT. (a) Bright �eld TEM image; red
dashed arrows pointing to the crushed particles between larger grains. (b) Bright �eld TEM image; green
dashed arrows pointing to the propagating nanocracks. (c) HRTEM micrograph displaying various
features in the deformed sample; see text for details. (d) IFFT image of low angle dislocations on lattice
plane. White rectangular frames mark two Lomer Cottrell (L C) locks. (e) Enlarged image of the white
rectangular frame in (d) showing the two extra half planes (stacking faults) in both the 1 and the 1
planes. (f) Enlarged Moiré fringes marked in (c). The twisted grain boundaries are due to grain rotation.
(g) Schematic drawing of twisted GB along axis in (f).



Figure 4

(Color online) HRTEM observations of dislocation movements in cBN sample deformed at 3.5 GPa and
1000 °C. (a) The red circles and rectangular �elds (Moiré pattern) showing active grain rotation near high
angle grain contacts. Twin boundary (stacking faults) along 111  direction marked with white lines. The
inset is a SAED of nc cBN with a superlattice diffraction ring . (b) Representative Moiré pattern IFFT
image of the area “A” in (a), indicating grain rotation induced stacking faults. (c) Enlarged Moiré image in
(b). Burgers circuit enclosing a Shockley partial on 60° full dislocation. Edge dislocations located at Moiré
fringes are marked with “Τ”. (d) Representative IFFT image of twinning for the area “H” in (a), also
showing grain rotation induced stacking faults. (e) Enlarged IFFT image of twinning structures of the
area “H” in (a); Burgers circuit enclosing two Shockley partials.

Figure 5

(Color online) HRTEM images of dislocation movements in cBN sample deformed at 4.0 GPa and 1200
°C. (a) Bright �eld TEM image showing grain boundaries due to dynamic recrystallization of crushed
grains under plastic �ow. The inset is a SAED with an extra Debye ring of 0.338 nm in radius, indicating



stress induced phase transition of cBN to hBN. (b) The red dashed circles represent active grain rotation
induced dislocations near serrated grain boundaries. (c) Characteristic Moiré pattern IFFT image of the
area enlarged from (b) on hBN. (d) Characteristic Moiré pattern IFFT image on cBN. (e) FFT taken from
(c), which shows the superlattice plane with a d spacing of 0.3445 nm in hBN. (f) Typical superlattice
structure on the sample. The rhombus represents the smallest repeating unit of the superstructure. Inset
is the FFT taken from superlattice structure showing various superlattice planes.
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