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Microstructure of nanocrystalline diamond powders studied

by powder diffractometry
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High resolution x-ray diffraction peaks of diamond nanosize powders of nominal sizes ranging from
5 to 250 nm were analyzed and provided information on grain structure, average size of crystallites,
and concentration of dislocations. Selected samples were heat treated at 1670 K at pressures 2.0 and
5.5 GPa or had surface modified by outgassing, heat treatment at vacuum conditions, and by
controlled adsorption of gases. The apparent lattice parameter method was applied to characterize
the structure of a shell-core model of nanosize particles. The multiple whole profile fitting provided
information on crystallite sizes and density of dislocations. Population of dislocations increased with
applied pressure, while strain and interplanar distances in the surface layers decreased. Adsorption
of foreign gases on the grain surface modified the structure of the surface layers but did not affect
dislocations near the center of the grains. © 2005 American Institute of Physics.

[DOI: 10.1063/1.1863459]

I. INTRODUCTION

Superior performance of many nanocrystalline materials
has generated a lot of attention due to possible practical
applications.l_3 Many experimental and theoretical studies
on the structure and properties of nanosize crystals, such as
diamond, Si, SiC, Fe, CdSe, GaN, and ZnO,, have been
reported.3_8 The properties of nanocrystals depend on their
three-dimensional structure. Because a large fraction of at-
oms lies on the surface, the structure of the surface of a
nanoparticle is of primary importance. The arrangement of
atoms near the surface is different from that in the bulk of the
nanosize crystal.This difference which has a significant ef-
fect on overall properties of the material increases with de-
creasing size of the nanocrystals. Due to lack of experimental
data the structure of the surface layer, the so-called shell, is
not fully understood. Extensive theoretical studies indicated
that a short-range order dominates the structure of that layer
and both disordered and ordered models of the surface com-
ponent have been suggested.7

Recently Palosz and coworkers have developed a meth-
odology of elaborating powder diffractograms of nanosize
materials in terms of two distinct phases—the core and the
shell components.g_11 In this model, the apparent lattice pa-
rameter model alp, both phases are ordered and the core
structure is assumed to be similar to that of a large crystal.
The methodology, discussed in details in previous publica-
tions, is based on a comparison of experimental results with
those obtained theoretically for different models of nanosize
grains. The structure of the shell has been successfully ana-
lyzed for a number of nanosize materials, including dia-
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mond, SiC and GaN. For diamond nanocrystals we have
found that the thickness of the surface shell is between 0.5
and 0.7 nm, with a compressive strain 1% to 3% in the shell
of an untreated nanocrystalline powder. We examined also
the effects of heat treatment, and gas adsorption and found
that outgassing leads to a strong decrease of the strain at the
surface while adsorption of gases results in the reversed
effect.’

The structure of the shell determines many mechanical
properties of composites. For example, fracture toughness of
nanocomposites depends on the grain boundary sliding
mechanism, which is primarily defined by the structure of
the grains interface."!>13 Dislocations, their nature and
population, are other important factors that define mechani-
cal properties of materials."”"? A study of dislocations in
crystals may provide valuable information on defects loca-
tion, their character, and how they affect hardness, fracture
toughness, and other properties of nanosize materials.

Profile analysis of x-ray diffraction pattern has been
widely used for evaluation of crystal sizes and structure of
defects. Ungar and coworkers'*'® and Pantea er al."> have
developed a procedure in which Fourier coefficients of ex-
perimentally determined peak profiles are fitted by Fourier
transforms of ab initio size and dislocation profiles. In the
present case this method is applied to study the effect of
crystal size, surface conditions, and high-pressure, high-
temperature treatments on the population of dislocations in
nanosize diamond crystals.

The two different diffraction methods, x-ray alp and line
profile analysis are complementary in the sense that they test
homogeneous and inhomogeneous strains, respectively. The
method of alp measures line shifts which are directly related
to changes in average lattice spacings. X-ray line broaden-
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TABLE I. Samples of diamond powder used in this study. The average sizes obtained by the centrifuge method
were provided by the manufacturer. A: Ultradiamond 90, B: Microdiamant 0-0.05, C: Microdiamant 0-0.1, D:
Microdiamant 0-0.5. The BET and centrifuge data are accurate within 15%.

Average grain size [nm]

Sample Nominal distribution of sizes (nm) Centrifuge method BET X-ray (xX)yor
A 5 5 5 41)
B 0-50 32 11 16(3)
C 0-100 50 18 24(3)
D 0-500 210 240 66(8)

ing, however, is caused by fluctuation of lattice spacings.
This means that any kind of homogeneous strain can be mea-
sured by methods like alp, whereas, the inhomogeneity of
strain fields corresponding to lattice imperfections can be
determined by the line profile analysis. A combination of the
two different x-ray diffraction methods provides complemen-
tary and detailed physical insight into the stress and strain
states existing in the core and the surface regions of diamond
nanoparticles treated at different temperatures under different
pressure and atmospheric conditions.

Il. EXPERIMENT
A. Sample preparation

Samples of synthetic diamond were obtained from Mi-
croDiamant, Switzerland. Their nominal sizes are given in
Table I. Sample A was studied as received and after outgas-
sing for 20 h at a vacuum better than 6 X 10~° Torr at room
temperature and at 750 K. After outgassing, the diamond
powder was exposed to different gasses (nitrogen, air, and
water vapor) and the specimens were sealed in quartz tubes
of very thin walls for future x-ray diffraction studies. Sample
B was compressed at 2.0 and 5.5 GPa at 1670 K. The high
pressure, high temperature (HPHT) experiments were run on
a 250 ton hydraulic press. Two different high pressure appa-
ratuses were utilized. A cylinder-piston-type cell was used
at 2.0 GPa. For experiments at 5.5 GPa we used a toroid
cell. The pressure was stable within £2%. All experiments
were run at the same temperature, 7=1670 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."” For the toroid cell the temperature con-
trol was not better than 50 K. In this paper, the compressed
samples are called B2 (2 GPa) and B5.5 (5.5 GPa).

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 used water-free talc. Water acts as a catalyst for
the graphitization process.17 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 gas-
ket, matched the contours of the grooves.18 The diamond
powder packed inside a cylindrical graphite heater was
placed inside a hole in the gasket.18 In these experiments
there was no graphitization catalyst present near the diamond
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samples, moreover, experiments were conducted at pressures
at which diamond is the stable form of carbon.

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 in-
creased to 1670 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.

Nitrogen gas adsorption analysis was run on Autosorb
made by Quantasorb, I, M 1he particle size was estimated
using the following expression:

dggr = 6/(SP0)» (1)

where S is the nitrogen surface area obtained by the (BET)
method and pg is the bulk density of diamond. The above
formula is correct only for spherical particles.

B. X-ray diffraction experiments

High-resolution powder diffraction data were collected
on the X3B1 beamline at the National Synchrotron Light
Source, Brookhaven National Laboratory, I, . The pow-
ders were mounted on a single-crystal quartz holder. A
double Si(111) crystal monochromator was used to obtain a
monochromatic beam of 0.69960(1) A wavelength, as deter-
mined from seven well-defined reflections of an Al,O5 flat
plate standard (NIST 1976a).

Before reaching the sample, the incident beam was
monitored by an ion chamber and the diffracted signal was
normalized for the decay of the primary beam. The diffracted
beam was reflected by a Ge(111) analyzer crystal before be-
ing detected by a Nal scintillation counter. Diffraction data
were collected at room temperature by counting for 1 to 20 s
at each 26, in steps of 0.02° from 17.5 to 92°. A total of 12
diffraction peaks of diamond were recorded. As an example,
in Fig. 1 we show the x-ray diffractogram for specimen B,
pressure treated at 5.5 GPa.

lll. X-RAY DIFFRACTION ANALYSIS
A. Multiple whole profile fitting

The evaluation of the peak profiles was performed by the
multiple whole profile fitting (MWP) procedure.'® In this
method the Fourier coefficients of the measured profiles
were fitted by theoretical functions calculated on the basis of
the model of the microstructure. In this model the crystallites
were assumed to have spherical form with log-normal size
distribution and the strains were assumed to be caused by
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FIG. 1. X-ray diffractogram for specimen B, pressure treated at 5.5 GPa.

dislocations. Details of the method have been published pre-
viously and can be found in Refs 14-16. The dislocation
model of strains is always justified when the mean square
strain {£?) is a monotonously decreasing function of the Fou-
rier variable.'* Since this assumption applies to the present
case, we used the dislocation model of strains. Example of
the quality of the fitting procedure is depicted in Fig. 2 for
specimen B compressed at 5.5 GPa. The open circles and the
solid lines represent the measured and calculated Fourier
transforms. The differences between measured and calcu-
lated values are also shown in that figure.

As a result of the MWP fitting procedure the median ()
and the variance (o) of the size distribution, and the density
(p) of dislocations were obtained. Parameters m and o were
used to calculate the volume weighted mean crystallite size

(X)yo=m exp(3.50%). (2)

B. alp ANALYSIS

Elaboration of a powder diffraction experiments was
based on determination of positions of individual Bragg re-
flections. In nanosize grains, the long-range order is limited
by the size of the crystallite which is smaller than the coher-
ence length of the scattered beam and, therefore, the Bragg
equation which works properly for large volume crystals,
may not be applic:able.21 Thus, the positions of the Bragg
reflections are not determined by the unit cell parameters
alone but become strongly influenced by the grain size and
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FIG. 2. MWP fitting corresponding to the specimen B, pressure treated at
5.5 GPa. The open circles and the solid lines represent the measured and the
calculated Fourier transforms, respectively. The difference between the mea-
sured and the calculated values are also shown in the bottom of the figure.
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shape.zz’23 Departure of position of a given diffraction peak

hkl is caused by a short length of a Fourier series over the
row of atoms in the direction normal to the &kl plane. Pres-
ence of strains leads either to elongation or shortening of the
interatomic bonds relative to the relaxed lattice. As a result, a
nanocrystal cannot be considered to be a structurally uniform
object. Consequently, its structure cannot be characterized by
one set of lattice parameters. The values of lattice parameters
calculated from individual Bragg reflections are different and
we name them “apparent lattice parameters,” alp’s. They are
linked to the Q values of the corresponding reflections (Q
=47 sin 6/\). No simple analytical function describing de-
pendence of alp values on the Q vector exists, therefore, we
make evaluation of the crystal structure based on a compari-
son of the experimental and theoretical alp-Q relations. For
the structure with strained surface shell the alp-Q relation
shows a complex dependence with some characteristic
minima and maxima, Figs. 4 and 5. These features can be
used for identification and evaluation of the surface struc-
ture: (i) relative difference between alp values measured at
low and large Q is a measure of thickness of the shell and
strain at the grain surface; (ii) the alp values measured at
very large Q tend to approach the value of the lattice param-
eter in the grain core; (iii) “jumps” of alp values calculated
for individual reflections are caused by anisotropy of the
grain shapes.g_11 The concept of alp has recently been used
to analyze strains in nanocrystalline SiC powders.24

IV. RESULTS

According to the manufacturer’s specification for sample
A more than 90% of carbon was in the form of sp?® bonding
and the rest was in the form of amorphous and graphitic
carbon. High resolution TEM studies of nanodiamonds
showed onionlike structures on the particle surfaces.” Such
structures could not affect the results of the x-ray analysis
reported in this paper. All conclusions reached in this study
are based on the analysis of diamond crystallographic lines.
In the untreated samples B, C, and D there were no amor-
phous or graphitic structures. A negligible amount of graph-
ite was noted after heat treatment at 1670 K. At elevated
temperatures diamond samples readily graphitize.25 The
amount of graphite produced was estimated from the x-ray
diffraction peak intensities. To minimize graphitization the
outgassing was done at a relatively low temperature of
750 K. Although compression was conducted at a higher
temperature, special precautions such as the use of water-free
talc reduced the amount of diamond transformed into graph-
ite to less than 2%.

The BET estimated particle size depends only on the
surface area of the volume filled with diamond, whereas the
data obtained from x-ray line broadening detect the coher-
ently diffracting domain size. Thus, the ratio of the BET
estimated particle size and the grain size obtained from the
x-ray line broadening could be interpreted as a number of
coherently scattering crystalline domains per particle. The
presence of amorphous carbon in sample A affects the esti-
mated dggt values listed in Table I. Considering 10% to 20%



PROOF COPY 089505JAP

1-4 Palosz et al.

TABLE II. Microstructural parameters for diamond samples. Samples B
were compressed at 2 and 55GPa at 1670K for 60s.
(xX)yo-volume-weighted mean crystallite size, o is the variance of the size
distribution function, and p is the density of dislocations.

Sample Pressure (X)vol o p [10" m™2]
A 0.1 MPa 4(1) 0.4(1) <0.1
B 0.1 MPa 16(3) 0.8(1) 3.0(5)
B 2.0 GPa 22(3) 0.6(1) 6.2(5)
B 5.5 GPa 22(3) 0.6(1) 6.4(5)
c 0.1 MPa 24(3) 0.9(1) 1.4(2)
D 0.1 MPa 66(8) 1.1(1) 1.6(2)

error, it is likely that grains in samples A, B, and C consist of
one crystallite, while grains of sample D consist of several
coherently diffracting units.

The results of line-shape analysis of 12 diffraction peaks
of diamond are listed in Table II. The data for sample A, as
received, outgassed, and with different adsorbed species (ni-
trogen, water vapor, air) were identical and are not listed
separately. For these smallest crystals it was difficult to as-
sess concentration of dislocations. Dislocation concentration
was very low, less than the sensitivity limit, 103 m™2. The
full width at half maximum (FWHM) of experimental line
profiles for sample A are plotted in Fig. 3 as a function of Q.
It is the so-called Williamson—Hall plot. Calculated FWHM
values for 5 nm grain size diamond with stacking faults are
also plotted in Fig. 3. The line broadening caused by stacking
faults has been calculated by using DIFFAX, the software de-
veloped by Treacy et al.”® The measured FWHM values are
slightly larger than the calculated ones, and the difference
increases with Q indicating that some microstrains were
present in the particles, but in that case we were not able to
quantify them.

The alp-Q dependence of raw diamond samples of dif-
ferent grain sizes is depicted in Fig. 4. In Fig. 5, the alp-Q
data obtained for sample B processed at HPHT conditions
are shown. Differences between the alp values for various
samples reflect different ratio of surface to core atoms (Fig.
4) as well as changes of strains distribution in individual
grains due to modification of their environment (Fig. 5).
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FIG. 3. Full width at half maximum (FWHM) of the line profiles as a
function of Q for specimen A (open circles). The calculated FWHM values
for 5 nm diamond containing stacking faults are plotted as open triangles.
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FIG. 4. alp-Q plots for diamond powders of different nominal crystal sizes.
Precision of the alp/a, data is better than 0.0001.

V. DISCUSSION

Increased alp values at low Q indicate presence of an
expanded shell structure. Such expansion is connected with
strain development in the shell. It is reasonable to assume
that specific structure and thickness of the surface shell is
similar irrespective to size of the crystallite. For crystals of
the smallest nominal sizes, 5 nm, the relative number of at-
oms in the surface shell is very large, approximately 25%
assuming 0.5 nm thick shell, but it is only 2%—-3% for 50 nm
size grains. The normalized alp value calculated for the (111)
reflection of 5 nm grain powder is about 1% above a,, but
only about 0.1% for larger grain powders (see Fig. 4). This is
understandable, with increasing size, the contribution of the
shell atoms to the diffraction pattern decreases: The surface
of grains larger than 20—30 nm becomes practically “invis-
ible” for the diffraction experiment. For 50 nm and larger
grains the measured alp values are very close to the lattice
parameter of the interior of the crystal (Fig. 4). For samples
B, C, and D, the alp values in the whole Q range differ very
little and they are close to the lattice parameter of the grain
core, a,. For samples B, C, and D, the observed elevation of
the alp values at low Q can be explained in terms of the
presence of very small grains, several nanometors in size.
Indeed, the variance o for these samples obtained from the
MWP procedure are large, see Table II, and consequently the
particle size distribution functions are broad.

Irregular “jumps” in the alp-Q plots observed for the
5 nm diamond powder are caused by anisotropy of the grains
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1.0008 -O—- p=2.0 GPa, T=1400°C
-+ p=55 GPa, T=1400°C
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(=]
g
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. 2 + \.~.’ */l
1.0000
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FIG. 5. alp-Q dependence for diamond powder of nominal grain size
32 nm, sample B, processed under HPHT conditions. Precision of the
alp/a, data is better than 0.0001.
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shapes.11 This apparent size effect is most probably caused
by stacking faults observed in anisotropic behavior of
FWHM for the same specimen, as shown in Fig. 3. This
effect is very weak for powders with large grains, B, C, D,
which have more uniform shapes. Also the effect of grain
shape on positions of Bragg reflections decreases with the
increase of grain dimensions.

Annealing under vacuum reduces strains in the shell
component and the alp values drop.11 Different surface re-
constructions caused by adsorption of foreign atoms on the
surface increase interatomic distances in the shell. However,
the changes caused by adsorbed species are limited to the
outer layers. No measurable changes in the diffraction line
shapes indicated that the surface effects did not affect the
population of defects, e.g., dislocations.

Evolution of the shell structure caused by heat treatment
is pressure dependent. This is connected with the transforma-
tion of the free surface of individual powder grains in grain
boundaries in the densified samples and simultaneous redis-
tribution of strains between grain surface and core. The de-
crease in the alp values for low Q is more pronounced for
the sample treated at the higher pressure, sample B5.5 (Fig.
5). At the same time increased alp values for large Q were
observed, as compared to the initial, untreated powder. We
speculate that the internal pressure in the grain interior is
reduced when the surface strains relax. Similar effect was
found for nanocrystalline SiC.*" An additional outcome of
that process, which increased strains in the core (increased
alp at large Q), is greater population of dislocations, quanti-
fied by the MWP analysis. Dislocation density doubled as a
result of heat treatment at external pressure of 2.0 and
5.5 GPa. These two conclusions clearly indicate that disloca-
tions concentrate in the interior of the grains. This conclusion
is further supported by the mentioned above analysis of the
5 nm diamond, sample A, after outgassing and after adsorp-
tion of various gasses. Outgassing and gas adsorption af-
fected only the outer layers.11 This result is not surprising, as
no dislocations are expected in grains smaller than 9 nm.”

Vi. SUMMARY

The apparent lattice parameter alp of the two-
component, shell-core, model of nanosize diamond crystals
and the multiple whole profile fitting analysis method were
applied to analyze high resolution x-ray diffractograms of
diamond powders of sizes varying between 5 and 250 nm.
For the 5 nm diamond powder the population of dislocations
was small, less than the sensitivity of the method used, and it
was impossible to evaluate their concentration. However, in
larger particles presence of dislocations was clearly recog-
nized and quantified. The population of dislocations in-
creased during HPHT treatment while strains and interplanar
distances in the shell decreased. Adsorption of foreign gasses
on the grain surface modified the structure of the surface
layers but left the interior of the grain and specifically the
density of dislocations unaffected. The simultaneous applica-
tion of the x-ray alp and line profile analysis methods pro-
vide complementary information about strains of different
physical nature and origin. The method of alp tells us about
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the strains caused by surface reconstruction and/or relax-
ation, whereas, MWP procedure provides information about
the strains produced by lattice defects, especially disloca-
tions. First is more of homogeneous character, while, the
latter is basically of inhomogeneous type.
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