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Low-pressure phase transformation from rhombohedral to cubic BN: Experiment and theory
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An irreversible phase transformation 共PT兲 from the rhombohedral phase of boron nitride rBN to cubic cBN
was recently recorded at the surprisingly low pressure of 5.6 GPa at room temperature. In this paper, a very
nontrivial and unexpected explanation of this phenomenon is found, based on our criterion for the PT in plastic
materials and approximate solution of corresponding plastic problems. It is found that due to orientational
plastic instability and rotational softening in rBN and the higher yield stress of cBN, stresses grow drastically
in the transforming region during the PT 共despite a volume decrease by a factor of 1.53兲. This allows the
fulfillment of the PT criterion which takes into account the whole stress history during the transformation
process. It appears that the above experimental phenomenon is connected to the mechanical behavior of the
system of transforming particles⫹surrounding materials at the millimeter scale.
DOI: 10.1103/PhysRevB.65.104109

PACS number共s兲: 64.60.⫺i, 64.70.Kb, 46.35.⫹z

I. INTRODUCTION

An irreversible phase transformation 共PT兲 from the rhombohedral phase of boron nitride rBN to cubic 共diamondlike兲
cBN was recorded at the pressure of 5.6 GPa and nonhydrostatic conditions.1 That is one order of magnitude below the
pressure of an irreversible transformation, 55 GPa, under the
conditions of hydrostatic compression.2 However, an explanation of this phenomenon was lacking. At the same time, a
proper understanding of the reasons of the PT pressure reduction and underlying phenomena will allow us to purposefully use them for further reduction of the PT pressure, for
finding material systems where a similar reduction can be
expected, for a search of new superhard phases, and for application of these phenomena in engineering practice. The
goals of this paper are to describe and interpret the PT observed in Ref. 1 and to obtain some additional experimental
data necessary to check our theory.
Vectors and tensors are denoted in boldface type; A•B
⫽(A i j B jk ) and A:B⫽A i j B ji are the contraction of tensors
over one and two nearest indices. A superscript ⫺1 denotes
inverse operation, ª means equals per definition, subscript s
designates symmetrization of the tensors, and the indices 1
and 2 denote the values before and after the PT.
II. EXPERIMENTAL RESULTS

We describe the experimental results obtained in Ref. 1
and our additional experiments, which are necessary to
verify our theory. A very high-textured rhombohedral phase
of BN, with disorientation of the C axes of crystallites about
3° with respect to the 关0001兴 rBN texture axis, was compressed in diamond anvils along the 关0001兴 rBN direction.
Disk-shaped samples of a pyrolytic material containing up to
95 mass % rBN, 3 mm in diameter, were used. The ruby
fluorescence technique was used to measure pressure in the
center of the sample.3 The basic difficulty consisted in the
registration of ruby fluorescence spectra (l⫽0.6942  m) because rBN has a strong luminescence in this spectral range.
By choosing both the laser beam diameter and ruby chip
0163-1829/2002/65共10兲/104109共6兲/$20.00

dimensions 共3.5 m兲, we recorded sharp ruby fluorescence
spectra. A detailed description of the diamond anvil cell and
the measurement technique can be found in Ref. 4.
Up to about 3.5 GPa, the material was deformed elastically, because on unloading there was practically no anvil
indent on the sample surface. At recompression in a range
4.2–5.6 GPa, small strips of 10⫻80  m2 size, well visible in
transmitted light, appeared on the sample surface. In Ref. 1,
these strips were interpreted as cracks; however, there was
no crack evidence at unloading. Now we believe that a reorientation of crystallites under applied load takes place and
these strips represent the boundary between differently oriented crystal regions.
When the pressure reached 5.6 GPa and the load was
fixed, an amount of chaotically located strips increased
quickly. After 5–7 s, an abrupt irreversible martensitic PT
from rhombohedral rBN to cubic cBN was recorded at the
sample center, accompanied by a distinct acoustic emission
signal, significant reduction of the disk thickness, and dynamic loading.
The as-recovered sample of the produced bulk material
looked like a plate of black color with mirror-smooth planeparallel surfaces 共Fig. 1兲. When the anvils were aligned well,
the shape of the transforming region was close to a circle.
The microhardness of the transformed material defined by
Knoop microindentation was 49.6 GPa, which is typical of
cBN. The analysis of electron-diffraction patterns of spalled
particles of the sample uniquely shows the presence of a fair
quantity of cBN. All measured geometric parameters of compressed disk and pressure at the beginning of the PT for
several experiments are summarized in Table I. Parameters
given in brackets were used in our calculations. Experiment
No. 3, which corresponds to the small initial disk thickness,
was accompanied by the spalling of a nonloaded disk part 共at
a radius greater than the anvil radius R兲. In experiment No. 4,
one of the anvils received a ring crack. Its position approximately corresponds to the boundary between rBN and cBN
phases. This anvil was polished to remove the crack. However, in the next experiment, after dynamic loading during
the PT from rBN to cBN, it was broken into dust.
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FIG. 1. View of the sample at the diamond anvils. Black region
represents cBN transformed from rBN at the pressure 5.6 GPa at the
beginning of the transformation.
III. PHASE TRANSFORMATION CRITERION

Recently a new general continuum thermodynamic and
kinetic theory of the PT in elastoplastic materials was
developed.5–7 We will use only the equations we need for our
study.
For a martensitic PT, the transformation deformation gradient Ft 共Bain strain兲 transforms a crystal lattice of the parent
phase into a crystal lattice of the product phase. As the behavior of inelastic materials is history dependent, consideration of the entire process of the growth of transformation
deformation gradient Ft from unit tensor I to the final value
Ft2 in the transforming region is necessary. Transformation
of a crystal lattice at PT rBN→cBN consists of 1.596-fold
compression in the 关0001兴 direction and an extension by a
factor of 1.02 in the basal plane 共orthogonal direction兲. Consequently, three principal values of the transformation deforz
r
⫽1/1.596⫽0.627 and F t2
⫽F t2
mation gradient Ft2 are F t2
⫽1.02. In the simplest case, when the temperature is fixed
and homogeneous in a transforming volume and elastic
strains are small, our thermodynamic criterion for a PT in the
region with a mass m n looks as follows:
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TABLE I. Measured geometric parameters of compressed disk
and axial stresses at the beginning of the PT.
Radius
of anvil,
R 共m兲
1
2
3
4

250
375
375
375

Radius of
cBN phase,
r 0 共m兲

Final
thickness
h 共m兲

100
26
⬃150
⬃50
70–105 共70兲
⬃20
100–160 共100兲 30–35 共30兲

Here X is the driving force for the PT, which represents the
total calculated dissipation increment due to the PT only 共i.e.,
excluding all other types of dissipation, e.g., plastic dissipation兲 during the entire transformation process, averaged over
the transforming region; T is the true Cauchy stress,  is the
variable mass density during the PT; E is the tensor of elastic
moduli; e is the elastic strain; ⌬   is the jump in the thermal part of the Helmholtz free energy,  is the temperature,
and K is the experimental value of dissipation due to the PT.
The key point of criterion 共1兲 is that it takes into account the
whole history of stress variation during the transformation
process, which depends, in particular, on the interaction of
the transforming region with the surrounding material. This
may explain that the PT pressure obtained not only in different high-pressure apparatuses, but in the same apparatus under different conditions 共e.g., geometry and properties of a
gasket兲, differs significantly. Another important point is that
the PT criterion 共1兲 takes into account the stress tensor rather
than the pressure only. For elastic materials, the expression
for X coincides with the change in Gibbs free energy of the
whole system per unit mass,6 i.e., like in a standard approach.
When all parameters are homogeneously distributed in the
transforming region and the stress tensor reduces to hydrostatic pressure p, T⫽pI, then using known kinematic
relations8 we obtain

1
p
p
1
1
⫺1
T: 共 dFt •F⫺1
⫽ pd
t 兲 ⫽ dFt :Ft ⫽ d ln





⫽

where m is the mass of a small transforming particle, and V 1
and V are its volume before and during the PT. If pressure
and elastic strains are fixed during the PT, Eq. 共1兲 can be
transformed into the form

 1 X⫽ p

310
⬃450
⬃175
380

冉

冏 冏

冊
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2 2
共2兲

Here and later, we take the modulus of strains in order to
consider compressive stresses 共pressure兲 to be positive. If
K⫽0, Eq. 共2兲 describes the standard equilibrium line p(  ),
which can be expressed as p⫽A⫹B  with A⫽⫺6.5 GPa,
B⫽0.003 54 GPa/K. 9 Comparison of these two equations allows us to express two last terms in the expression for X
through known material parameters. Then Eq. 共2兲 can be
transformed to

 1 X⫽

PT start
Initial
pressure thickness
 zi 共GPa兲 h i 共m兲
5.6
⬃5.6
⬎5 共5.6兲
⬃5.5

1
V
1
,
pdV⫽ pd
m
1
V1

1
mn

冕冕
mn

Ft2

I

1
T: 共 dFt •F⫺1
t 兲 dm n ⫺a⫺b  ⫽  1 K,


共3兲

with a⫽A 兩 V 2 /V 1 ⫺1 兩 ⫽⫺4.24 GPa and b⫽B 兩 V 2 /V 1 ⫺1 兩
⫽0.002 31 GPa/K. At K⫽0 we are able to describe the deviation of actual transformation lines for direct and reverse
PT’s from the equilibrium one, i.e., the pressure hysteresis.
There are a lot of sources of dissipation K due to the PT 共Ref.
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FIG. 3. 共a兲 Axial stress distribution when material flows to the
center of anvil during the PT: 共1兲 before the PT, 共2兲 after the PT at
 y1 ⫽  y2 , and 共3兲 after the PT at  y1 ⬍  y2 . 共b兲 Axial stress distribution after the PT rBN→cBN when material flows from the center
of anvil.
FIG. 2. Compression of materials in diamond anvils: 共1兲 anvils
and 共2兲 compressed material.

10兲: interaction of a moving interface with various defects,
e.g., point defects 共solute and impurity atoms, and vacancies兲, dislocations, grain, subgrain and twin boundaries, and
precipitates; emission of acoustic waves; and the Peierls
barrier. We found5,6 that K⫽L  y , where  y is the yield
stress and L is a coefficient given for some materials in
Refs. 5 and 6.
IV. PHASE TRANSFORMATION SCENARIO

We consider the following PT scenario. Before the PT, a
sample is compressed elastically and stresses are distributed
homogeneously 共Fig. 2兲. During the PT, the axial load is
fixed. According to Schmid’s law, the compressive yield
stress in the axial direction 共z direction兲, when the c axis
makes an angle of 3° with respect to the z axis, is an order of
magnitude higher than the yield stress  y⬜ for the optimal
orientation of the crystal. At rotation of a single crystal with
respect to uniaxial stress, the yield stress varies from its
maximum to the minimum values. If such a single crystal in
diamond anvils is compressed in the axial direction, due to
friction stresses, rotation of the anisotropy axis will occur.
This will lead to a reduction of the yield stress in the direction of compression 共rotational softening兲. After some critical reorientation, the carrying capacity 共limit load兲 of the
sample becomes smaller than the applied load and continues
to reduce at further thickening. Due to such a rotational softening, dynamic compression occurs at constant force up to
the thickness at which the carrying capacity of the sample
becomes equal to the applied load.
In the case of perfectly plastic or hardening media and the
PT in the central part of the disk, due to compressive volumetric transformation strain, the pressure in the PT region
and the transformation work in Eq. 共3兲 decrease significantly,
which makes the PT condition worse; see Ref. 5 and Fig.
3共a兲. For the softening material described above, the decrease
in thickness due to rotational plastic instability completely
compensates the volume decrease due to the PT and increases the stresses in transforming region and transformation work. One more very significant contribution to the

transformation work is related to stress redistribution. Plastic
flow during the PT causes a significant pressure gradient
from the periphery to the center 共Fig. 3兲. Due to higher yield
strength of cBN in comparison with rBN, a pressure selfmultiplication effect is expected as well.5 So pressure in the
transforming region during the PT is much higher than before, which is in agreement with cracking in the anvil.
We conclude that a new phenomenon occurs: namely, a
PT induced by rotational plastic instability. Pressure growth
during the simultaneous occurrence of rotational plastic instability and the PT allows for the fulfillment of the PT criterion at significantly lower initial pressure than usually observed. We will confirm this scenario by simple estimates.
V. STRESS FIELD IN THE PROCESS
OF PHASE TRANSFORMATION

We consider the initial state before the PT as a homogeneous stress state with axial stress  zi ⫽Q/  R 2 共Fig. 2兲,
where Q is the axial force which will be considered as constant during the PT. After the combination of the dynamic PT
and plastic flow and reaching the equilibrium, an external
ring consists of rBN with yield stress  y⬜ and internal ring is
cBN with yield stress  yc 关Fig. 3共b兲兴. We will not consider
the entire deformation process, rather the final equilibrium
state, and then assume that stresses vary linearly with variation of the transformation strain F zt during the transformation
process.
We will extend our solution of the axisymmetric problem
on the PT in a disk compressed in nonrotating and rotating
anvils5 for the case of large strain and anisotropic transformation strain. We employ the theory of isotropic perfectly
plastic material, which can be simplified for a given problem.
We will neglect the elastic deformations of anvils and deformed disk and use the well-known simplified equilibrium
equation averaged over disk thickness:

p
y
2
⫽⫺ ⫽⫺ ,
r
h
h

共4兲

where r is the radial coordinate, h is the final thickness of the
disk,  is the shear frictional stress on the boundary S between anvils and a disk, and p is the mean 共hydrostatic兲
pressure at the boundary S 共see, e.g., Ref. 8兲. Equation 共4兲
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takes into account that for a thin disk after some initial plastic flow, the shear stress  reaches its possible maximum
value 0.5 y . Combination of this condition with the von
Mises or Tresca yield conditions results in equality of all
normal stresses  z ⫽  r ⫽   ⫽p at the contact surface, which
is conformed by slip line8 and finite element11 modeling.
Using the pressure continuity condition at the boundary r
⫽r 0 between rBN and cBN while solving Eq. 共4兲, we obtain
a pressure 共or axial stress  z 兲 distribution at the contact surface S 关Fig. 3共b兲兴:

冉
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is the  z at r⫽r 0 and boundary condition  z ⫽  y⬜ at the
external radius of anvil r⫽R is taken into account. The applied load is determined by integration of  z (r) over S:
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where the equality of the applied force before and after transformation is taken into account.

As we know now the stress distribution, we can evaluate
the PT conditions using the PT criterion 共3兲. For our transformation deformation gradient, the transformation work is
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where the superscript* designates some intermediate value of
parameters during variation of the transformation deformaz
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⫽⫺0.468, ln F t2
tion gradient from I to Ft2 . As ln F t2
8,11
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then the term with
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which we will call the effective stress, plays a role similar to
the PT pressure. Then we represent the final expression for
the PT criterion for our problem in the following form:
z
 1 X⫽  e f 兩 F t2
⫺1 兩 ⫺a⫺b  ⫽  1 K.

共11兲

VII. PARAMETER ESTIMATION
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If we compare transformation work in Eq. 共9兲 and under the
hydrostatic condition in Eq. 共2兲, then the terms (V 2 /V 1
z
⫺1) and (F t2
⫺1) are approximately the same, and the term

1
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VI. DETERMINATION OF PHASE
TRANSFORMATION CONDITION

1

1

dF zt

⫽

where

 z0 ⫽  y⬜

F zt

We define  z* (r) it as a semisum of the stress before and
after the PT  z* (r)⫽0.5 关  zi ⫹  z (r) 兴 , where  z (r) is defined by Eq. 共5兲. Substituting Eq. 共8兲 in Eq. 共3兲, expressing
dm n ⫽  2 dV n2 , and integrating over the final transformed
volume V n2 ⫽  r 20 h, we obtain

共5兲

R⫺r 0
1⫹
h

冕

z

F t2

To quantitatively use the above theory, we need to know
two material parameters  yc and  y⬜ . The yield stress of
cBN at compression can be estimated using the known relation  yc ⫽0.383H⫽19 GPa, 8 where H⫽49.6 GPa is the
hardness. Substituting this value and all parameters from the
first line of Table I in Eq. 共6兲, we obtain  y⬜ ⫽0.45 GPa.
Substituting the values of  yc ,  y⬜ , and all parameters
from Table I in Eqs. 共5兲, 共10兲, and 共11兲, we obtain the values
of  z0 ,  e f ,  z max , and  z (h) at r⫽h, as well as  1 K at
 ⫽300 K for all four cases, which are put in Table II.
Let us analyze them. During the transformation event, the
axial stress in the center of the disk increases drastically to
60–76 GPa. In fact, pressure self-multiplication effect during
the PT is well known at compression with shear in diamond
anvils.4,12 Such an effect was explained in Ref. 5 by the
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TABLE II. Calculated values of stresses and the dissipative
threshold.

1
2
3
4

 z0 共GPa兲

 e f 共GPa兲

 z max 共GPa兲

 1 K 共GPa兲

3.05
2.48
7.31
4.58

16.50
13.54
17.54
15.60

76.13
59.48
73.81
67.91

9.70
8.60
10.09
9.37

increase in the yield stress and plastic flow from the center of
the disk to the periphery during the PT. The pressure selfmultiplication effect at compression without rotation of one
anvil was not observed experimentally and contradicted existing theory.5 The reason for such a contradiction was that in
the case without rotation of the anvil, due to a volume decrease during the PT, one part of the disk material moves to
the center of the anvil. Then shear stress changes sign in the
central part of the disk, and according to Eq. 共4兲, the pressure
decreases at the center of the disk. The higher the yield stress
of the new phase, the more the pressure decreases 关Fig. 3共a兲兴.
In this work the pressure 共stress兲 self-multiplication effect
at compression without rotation is predicted and is in agreement with a low initial PT pressure. The first reason is that
the transformation compression in the axial direction is compensated for by thickness reduction due to rotational softening. The second reason is related to the anisotropic character
of the transformation strain and transformational extension
共rather than compression兲 in the radial direction. For chaotically distributed crystal orientations compression occurs in
the radial direction, pressure reduces due to the PT, and
higher initial pressure will be required to receive the same
effective stress. As soon as both of these reasons provide
complete compensation of the volume reduction due to the
PT, the pressure 共stress兲 self-multiplication effect occurs 共a兲
due to pressure redistribution from the homogeneous one
before the PT to strongly growing to the center of the disk
and 共b兲 due to the higher yield stress of cBN.
According to the PT criterion and the solution obtained,
pressure growth during the PT is one of the main reasons that
the PT starts at a relatively low initial pressure of 5.6 GPa. In
fact, effective stress, which according to our theory affects
the PT rather than initial stress, is much higher: namely,
13.54 –17.54 GPa. These values are comparable with the
value of pressure at which the reversible PT from rBN to
cBN occurs at hydrostatic conditions.2
VIII. CONCLUDING REMARKS

A simple analytical model, based on a thermodynamic
criterion of the PT in plastic materials and solution of the
corresponding large strain plastic problem, suggests a very
unexpected explanation of the low PT start pressure of 5.6
GPa of an irreversible PT of rBN→cBN. The new
phenomenon—namely, a PT induced by rotational plastic
instability—is revealed.
In our thermodynamic criterion, the effective stress,
which is in the case under study the axial stress averaged
over the transforming region and transformation process,

substitutes the pressure in a classical approach. Due to drastic axial stress growth in the transforming region during the
transformation process, the effective stress is of order of
13.54 –17.54 GPa.
There are the following reasons for the stress increase.
共i兲 The main phenomenon is related to rotational plastic
instability of rBN and drastic softening 共reduction in the
yield stress兲 due to reorientation of rBN crystals. This leads
to a significant reduction of the disk thickness and compensates for the volume decrease due to the PT.
共ii兲 The second reason is related to the anisotropic character of the transformation strain and transformational extension 共rather than compression兲 in the radial direction.
共iii兲 As soon as both of these reasons provide a complete
compensation of the volume reduction due to the PT, the
stress self-multiplication effect occurs 共a兲 due to pressure
redistribution from the homogeneous one before the PT to
strongly growing to the center of the disk and 共b兲 due to the
higher yield stress of cBN.
The fact that the calculated values of the dissipative
threshold  1 K for four very different experiments is almost
the same 共see Table II兲 strongly supports our theory. The
averaged value over four experiments,  1 K⫽9.44 GPa, substituted into Eq. 共11兲 completes this equation. Now Eqs. 共5兲,
共6兲, and 共11兲 can be used to predict PT conditions, the geometry of the transformed region, and the stress distribution for
various experiments.
One of the conclusions of the above analysis is that the
initial pressure before the PT 共5.6 GPa兲 does not characterize
the PT conditions; it is rather the stress of the onset of rotational plastic instability. By changing initial disorientation of
C axes of crystallites with respect to the compression direction and/or using some gaskets, the stress for the onset of
rotational softening and, consequently, the stress when the
PT starts can be changed significantly without changing the
effective stress. However, there is no practical reason to reduce the  zi , because the stresses after the PT are much
higher and they determine the strength and durability of diamond anvils or other types of high-pressure apparatuses
which may be used for the industrial application of the effects described above. In contrast, it is necessary to increase
 zi , to reduce  z max at the same effective stress, and to
avoid strong dynamic instability in order to optimize the
strength and durability of the loading device. The above solution in combination with the strength calculation methods
and optimal design13,14 can be used for these purposes. After
finding an optimal way to produce cBN in a controlled quasistatic process without fracture of an anvil, a similar method
can be applied to obtain a graphite→diamond PT, as well as
to seek new superhard phases, e.g., in the B-C-N system.
It is very important that the results obtained are independent of the concrete microscopic mechanisms of the PT; i.e.,
they have a universal macroscopic nature. No one atomistic
theory can explain the above results, because they are related
to the mechanical behavior of the system of transforming
particle⫹surrounding materials at the millimeter scale 关in
Eq. 共5兲 we use geometric parameters from Table I to calculate stresses兴. The continuum approach plays a supplementary role to microscopic theories and reveals new opportuni-
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ties in the intensification of the PT and the production of new
materials. The continuum thermomechanical methods allowed us to explain a number of experimental phenomena
connected to the interaction between the PT and plasticity, in
particular the effect of plastic shear strain on the PT in a
diamond anvil,5,4 some peculiarities of graphite to the diamond PT,5 and martensite nucleation on a shear-band
intersection.15
Even in the case of pure hydrostatic loading, shear
stresses and plasticity play a very important role. It is known
from theory5,16 that even if a PT with pure volumetric transformation strain occurs in a spherical particle inside a large
sphere under pure hydrostatic external pressure, nonhydrostatic stresses and plastic strain appear at a transformation
strain of order of a magnitude of 0.1%–0.5%. They significantly affect PT pressure, pressure hysteresis, and transformation kinetics. Physicists may benefit significantly in the
understanding and interpretation of experiments using the
results of the continuum approach.
A first-principles study, which allows one to find energetic

barriers and to choose the transformation path at the atomistic level,17,18 usually uses a constant pressure 共or constant
volume兲 approximation. The stress variation in the transforming region obtained in this paper 共or in Ref. 5 for hydrostatic external loading兲 can be used in such calculations
as input data to find the transformation path for cases which
correspond to more real experimental situations.
A more detailed and more microscopic finite element solution of the same problem and some additional more precise
experiments to study the interaction between rotational plastic instability and the PT will be done in the near future.
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