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High-pressure effect on dislocation density in nanosize diamond crystals
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Abstract

Diamond nanosize powders were treated at pressures ranging from 2.0 to 8.0 GPa at a constant temperature of 1470 K. X-ray diffraction

peak profiles of treated samples were analyzed and provided information on the average crystallite sizes and the density of the dislocations.

The population of dislocations increased with applied pressure while the average crystallite size did not change significantly.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction 50 nm, with average size of about 10 nm. For comparison
Mechanical and physical properties of nanocrystalline

materials are different from the coarse-grained materials.

Diamond nanosize crystals attracted a lot of attention be-

cause of their unusual properties, such as high hardness, high

wear resistance, and low frictional coefficient. Some of these

properties have been utilized in diamond composites. During

composite manufacturing, high-pressure and high-tempera-

ture treatment may affect structure and properties of crystals.

In this paper, we use X-ray diffraction technique to charac-

terize changes in the microstructure caused by high-pres-

sure–high-temperature (HPHT) treatment. All results refer

to quenched samples, recovered after the HPHT treatment.

The method used is based on analysis of all X-ray diffraction

peaks. In the past, we used this method to characterize

Carbon black [1], Si3N4 [2], and micron-size diamond

powders [3].
2. Experimental

2.1. Sample preparation

All compressed samples were obtained from synthetic

diamond particles (MicroDiamant, Switzerland) of sizes 0–
0925-9635/$ - see front matter D 2004 Elsevier B.V. All rights reserved.
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purposes, we also analyzed diamond powder of average

grain sizes between 30 and 40 Am, supplied by GE. HPHT

experiments were run on a 250-ton hydraulic press. Two

different high-pressure apparatuses were utilized. A cylin-

der-piston type cell was used at 2.0 and 3.0 GPa. For

experiments at 5.5 and 8 GPa, we used a toroid cell. All

experiments were run at the same temperature, T= 1470 K. A

W3%Re/W25%Re thermocouple was used to measure and

control the temperature inside the cylinder-piston cell with

precision of 20 K [4]. For the toroid cell, the temperature

control was not better than 50 K. In this paper, the com-

pressed samples are called nD1 (2GPa), nD2 (3 GPa), nD3

(5.5 GPa), and nD4 (8.0 GPa) and the raw powder nD0.

In the case of experiments in the cylinder cell, we used talc

tubes for thermal and electrical isolation and as holders for

diamond powder. To minimize graphitization of nanodia-

monds, we usedwater-free talc.Water acts as a catalyst for the

graphitization process [4]. The water-free talc was obtained

from raw talc by heating for 30 min at 1100 K. The heat-

treated talc did not release water during subsequent heating.

The toroid high-pressure cell consisted of two identical

anvils with toroidal grooves and the lithographic stone

gasket, matched the contours of the grooves [5]. The

diamond powder packed inside a cylindrical graphite heater

was placed inside a hole in the gasket [5]. In these experi-

ments, there was no graphitization catalyst present near the

diamond samples; moreover, experiments were conducted at

pressures at which diamond is the stable form of Carbon.
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The experiments were run according to the following

protocol. In the first step, at room temperature, the pressure

was raised to the desired value. Next, temperature was

increased to 1470 K at a rate of 2000 K/min. The samples

were kept at that temperature for 60 s and then the heating

was stopped and the pressure released.

2.2. X-ray diffraction experiments

A conventional powder diffractometer (Philips X’pert)

using CuKa radiation and pyrolitic graphite secondary

monochromator was used to obtain the X-ray spectra of

the samples recovered from high-pressure and high-temper-

ature treatment. For X-ray diffraction peak profile analysis,

the first five peaks of diamond were measured individually

by a special double-crystal high-resolution diffractometer

with a very small instrumental broadening (with the sample

to detector distance l = 500 mm D(2Q)instr = 0.012
0) attached

to a high-brilliance rotating anode (Nonius, Holland). In this

latter case, monochromatized CuKa1 incident radiation was

used.

2.3. Evaluation procedure of X-ray diffraction profiles

The evaluation of the peak profiles was performed by the

Multiple Whole-Profile fitting (MWP) procedure [2]. In this

method, the Fourier coefficients of the measured profiles

were fitted by the product of the theoretical functions for

size (AS) and strain (distortion, AD) broadening. In the

calculations of the theoretical functions, the crystallites were

assumed to have spherical form with log-normal size

distribution and the strains were assumed to be caused by

dislocations. According to this model of the microstructure,

the theoretical function for the size and strain Fourier

coefficients are
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respectively, where L is the Fourier variable, m is the

median and r is the variance of the log-normal size

distribution function, erfc is the complementary error

function, q is the dislocation density, B = pb2/2, b is

the absolute value of the Burgers vector, K is the

absolute value of the diffraction vector, gf L/Re, Re is
the effective outer cut-off radius of dislocations and f (g)
is a function derived explicitly by Wilkens (see Eqs.

(A.6) to (A.8) in Ref. [6]). C̄ is the average dislocation

contrast factor which is introduced to take into account

the strain anisotropy of dislocations. Details of the

method have been published previously and can be

found in Ref. [2]. The dislocation model of strains is

always justified when the mean square strain, he2i, is a

monotonously decreasing function of the Fourier vari-

able, L. Since this applies also to the present case the

dislocation model can be used here also, in a similar

way as in Ref. [3]. However, in order to save corre-

spondence to other models or evaluation procedures, the

dislocation densities obtained by the MWP procedure can

be compared to hq2i.
As a result of the MWP fitting procedure the median (m)

and the variance (r) of the size distribution, and the density

(q) of dislocations were obtained. These parameters were

used to calculate the area and volume weighted mean

crystallite sizes [2]

hxiarea ¼ m expð2:5r2Þ ð3Þ

hxivol ¼ m expð3:5r2Þ: ð4Þ

and a parameter M defined as

M ¼ Re

ffiffiffi
q

p ð5Þ

This parameter was introduced by Wilkens [6] as a measure

of the dislocation arrangement. The value of M gives the

strength of the dipole character of dislocations: the higher

the value of M the weaker the dipole character and the

screening of the displacement fields of dislocations. In the

case of the specimens nD0, nD2, and nD4 the values of M

provided by the MWP fitting procedure were 2.2F 0.4. In

the case of the samples nD1 and nD3, the M parameter was

not stable, therefore it was set to 2.2.

For the sake of correspondence with other evaluation

procedures the root mean square (rms) strain (he2i)1/2 is

calculated for the (400) reflections at L= hxiarea from the

following relation [6]:

he2ii qCb2

4p
lnðRe=LÞ: ð6Þ
3. Results

Crystallite sizes and population of dislocations were

determined by fitting the whole diffraction profiles obtained

by high-resolution X-ray measurements conducted on a

Nonius rotating anode diffractometer. For diamond, the

maximum number of peaks observable with Cu radiation

is five: (111), (220), (311), (400) and (331). In Fig. 1, we



Fig. 2. Measured (open circles) and fitted (solid line) Fourier transforms of

the diffraction profiles of nD2 nanodiamond sample. The difference

between the two sets of curves is shown in the bottom part of the figure.

Fig. 1. (331) peak profiles of nano-size diamond samples.
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depict changes in the (331) peak profiles for the raw powder

and samples treated at 5.5 and 8.0 GPa. For comparison

purposes, we also show the (331) peak of the diamond

powder of average crystal size between 30 and 40 Am (D0).

Average crystallite sizes and dislocation densities evaluated

by the MWP method are listed in Table 1. Quality of the fits

was very good and one example is shown in Fig. 2. The rms

strain values calculated according to Eq. (6) are also listed in

Table 1.

In the case when only a specific dislocation slip system is

populated in crystals, individual contrast factors have to be

considered. However, when the different slip systems are

randomly populated by dislocations or when polycrystalline

materials are texture free, the average contrast factors can be

used [2]. With the values for the elastic stiffness constants

given in Ref. [7] and assuming that the most common

dislocation slip system in diamond has the Burgers vector

b = a/2h110i{111}, the values of the q factor for pure screw

and pure edge dislocations in diamond are 1.35 and 0.30,

respectively [8]. For all specimens, the analysis of the

modified Williamson–Hall plot of the full width at half

maximum gave q =F 0.2. Consequently, this value has been
Table 1

Microstructural parameters for diamond samples compressed at different

pressures and 1470 K for 60 s

Sample p

[GPa]

Graphite

[vol. %]

hxivol
[nm]

hxiarea
[nm]

q [1014

m� 2]

(he2i)1/2
at L=

hxiarea
nD0 normal

conditions

< 2.0 14 (2) 6 (1) 0.6 (3) 5� 10� 4

nD1 2.0 < 3.5 14 (2) 10 (2) 2.2 (4) 8� 10� 4

nD2 3.0 < 3.0 17 (2) 11 (2) 4.8 (5) 10� 10� 4

nD3 5.5 < 2.0 14 (2) 10 (2) 18 (2) 17� 10� 4

nD4 8.0 < 2.0 12 (2) 8 (1) 25 (2) 20� 10� 4

hxivol and hxiarea are the volume- and area weighted mean crystallite size,

respectively, q is the dislocation density and (he2i)1/2 is the rms strain.
used in the MWP fitting procedure. The value of q = 1.2

means that the dislocations are predominantly of screw

character. This value is in good agreement with the studies

on dislocation character in silicon where the hexagonal

dislocation loops were shown to elongate in the screw

direction during plastic deformation [9,10].

The raw diamond nanopowder, nD0, had a concentration

of dislocations 0.6� 1014 m� 2. In comparison, untreated

30–40 Am diamond crystals had a density of dislocations by

a factor of 2 smaller [3]. The dislocation density increased

monotonously with increasing pressure, see Table 1 and Fig.

3. The rms strain values corresponding to the L= hxiarea
values are also increasing with pressure.

Graphitization of the nanocrystalline diamond samples

was estimated from the X-ray powder diffraction spectra by

determining the relative intensity ratio of the graphite and

diamond peak intensities. In the raw powder, the concen-
Fig. 3. Dislocation density in nanodiamond samples. Dashed line is shown

to guide the eye.
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tration of graphite was less than 2% but increased to 3.5%

and 3.0% in volume after treatment at 1470 K and pressures

2.0 and 3 GPa, respectively. Our attempts to prevent

graphitization by using water-free talc tubes and limiting

experiments to relatively short runs of 60 s were successful.

Although we did not completely avoid this process, it was

slowed down and within 60 s only a small amount of

graphite was produced. Samples nD3 and nD4 were com-

pressed at 5.5 and 8 GPa, which at T= 1470 K corresponds

to the diamond stable region, and it is not surprising that the

concentration of graphite in these samples did not increase

and was less than 2%, the same as in the original material.

Consequently, we assumed that the effect of graphitization

on crystallite sizes and dislocation density was negligibly

small.
4. Discussion

TEM images of raw nanopowder showed that the

average size of the particles was slightly greater than 10

nm. This value is comparable with the calculated area

or volume weighted mean crystallite sizes of 6 or 14

nm, respectively (Eq. (3)). The X-ray diffraction analysis

method provides information not on particle dimensions

but on average sizes of coherently scattering domains,

which we refer to as crystallites. Comparison between

TEM and X-ray results indicated that in average the

initial diamond nanopowder consisted of particles with

one-two regions scattering coherently. The area and the

volume-weighted mean crystallite size remained practi-

cally constant until pressure reached 8 GPa. On the first

glance, this is a surprising result. In our previous study

on micron-size diamond crystals treated at HPHT con-

ditions [3], we observed that even the relatively small

pressure of 2 GPa reduced the average size of crystal-

lites from 30–40 Am to less than 100 nm. To further

verify this observation, during the current study we

compressed the 30–40 Am diamond powder to 8 GPa

at 1470 K and the analysis showed presence of crys-

tallites of average sizes of about 45 nm. Due to severe

plastic deformations, the 30–40 Am particles were

divided into a number of nanosize areas of coherently

scattering domains, the so-called crystallites, sizes of

which have been estimated by the MWP procedure. In

the case of nanosize crystals, 0–50 nm in size, the

average dimension of crystallites remained practically

unchanged indicating that the crystals did not break

into smaller units, even when the population of dis-

locations increased 40-fold. This observation may have

important implications in high-pressure sintering of dia-

mond nanocrystals.
5. Conclusion

The influence of pressure on structure evolution in

diamond was investigated by evaluating the X-ray diffrac-

tion peak profiles using the Fourier coefficients of ab initio

theoretical size and strain profiles. The procedure allows

determining the average crystallite size and the density of

the dislocations induced in diamond crystals after HPHT

treatment. The method was applied to a set of diamond

nanocrystalline samples treated at different pressures at the

same temperature and time conditions. The graphitization

of diamond nanocrystals in the diamond unstable region

was minimized and it is assumed that it did not affect

calculated average crystallite sizes and population density

of dislocations.

The population of dislocations increased significantly

with increasing pressure. The size of the crystallites did

not change significantly within the studied pressure region.
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