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ABSTRACT Electron microscope images of twinned apatite bicrystals oriented along the [/ 120] crystallographic
direction have been simulated for various experimental conditions, and the validity of the calculation has been checked.
These images show a dark contrast line similar to the one observed experimentally in enamel and dentin crystals and
therefore strongly suggest the presence of a twin plane parallel to the (/ 100) crystallographic planes, in these crystals.
The presence of a twin boundary in teeth and bone crystals is of prime importance for the adsorption and the dissolution

properties of the calcified tissues as a whole.

INTRODUCTION
Human enamel (Fig. 1), dentin, and bone tissues are
composed of a mineral phase which can be approximated
by a multitude of poorly crystalline carbonated hydroxy-
apatite microcrystals embedded in an organic matrix. In
the case of human enamel, these crystals have a flat
hexagonal shape. Their approximate dimensions are: 50-
nm thick, 90-nm wide, and can be several micrometers long
(Fig. 2). During the carious dissolution process, enamel
apatite crystals are first attacked on their basal planes
leading to the formation of an hexagonal lesion elongated
along the [1120] direction and running through the crys-
tals parallel to the [0001] direction. This lesion is limited
by the (1010), (0110), and (1100) lattice planes while it
develops through the crystals at a rate five times faster
along the ¢ axis than along the a,, a,, and a; axes (Voegel
and Frank, 1977; Jongebloed et al., 1974). On the basis of
surface energy calculations (Arends, 1973; Arends and
Jongebloed, 1977), the anisotropy of the dissolution has
been interpreted as being due to a strain field generated in
the crystals by a screw dislocation of Burgers vector
parallel in the [0001]] direction. These works are in agree-
ment with the investigations made by Lovell (1958). Patel
et al. (1966), and Phakey and Leonard (1970), who have
shown by acid etching and x-ray topography that disloca-
tions of the screw type with Burgers vector b = ¢[0001] are
often present in the hydroxyapatite lattice. However, these
observations do not explain the elongated shape of the
lesion, as it would be expected from a single dislocation
(Gilman et al., 1958); no explanation was given, either, for
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the presence of several initial dissolution sites aligned along
[1120] as can sometimes be observed. Brés et al. (1984)
have identified three types of disorder that may act as
dissolution sites: (a) regions of lattice buckling with depar-
ture from hexagonal symmetry, (b) dislocations, and (¢)
grain and twin boundaries. They have also suggested that
the low angle grain boundary they have observed in
crystals oriented along [//20] could be twisted around
[1100] and give rise to a series of screw dislocations of
Burgers vector parallel to [000]] and situated on the
boundary. These dislocations could correspond to the very
initial dissolution sites of hexagonal shape observed in
enamel crystals oriented along the [000!] direction.

The observations concerning the location and the crys-
tallographic structure of the initial dissolution sites of
human enamel crystals can be correlated to observations
made by several authors (Rénnholm, 1962; Nylen et al.,
1963; Frazier, 1968; Voegel, 1978; Marshall and Lawless,
1981; Nakahara, 1982; Nakahara and Kakei, 1983, 1984)
about the presence of a dark contrast line (DCL) parallel
to the [1700] lattice plane and situated at the same place as
the initial dissolution sites (i.e., the center) of human
enamel and dentine crystals oriented along the [0001] or
the [1120] directions when observed with an electron
microscope. The DCL is characterized by a contrast line
up to 2.5-nm thick (Rénnholm, 1962) which disappears at
Gaussian focus and changes contrast at de- and over-focus.
The frequency of observation of the DCL is variable since
Ronnholm (1962) has observed it in only 20% of the
crystals, whereas Marshall and Lawless (1981) have
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FIGURE 1

observed it in all crystals. It is important to note that the
DCL is being observed independently of the experimental
conditions used, since it has been observed in specimen
prepared by diamond knife ultramicrotomy (Rénnholm,
1962; Voegel, 1978; Nakahara, 1982; Nakahara and
Kakei, 1983, 1984), manual grinding (Nylen et al., 1963;
Frazier, 1968), and ion milling (Marhsall and Lawless,
1981), under various imaging conditions: accelerating volt-
ages of 80, 100, and 200 kV and with electron microscope
objective lenses showing different spherical aberration
coefflicients. So, it can reasonably be thought that the DCL
is not an artifact due to the specimen preparation or the
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Electron micrograph of a human enamel crystal showing a dark line.

electron imaging process. On the basis of the observations
made so far, several hypotheses concerning the DCL have
been put forward. These hypotheses can all be reduced to
two: (a) the DCL is due to a structural variation inside the
crystals, and (b) the DCL is due to atomic substitutions
inside the crystal and at the line. Since both the DCL and
the initial crystal dissolution phenomena occur at the same
place inside human enamel and dentin crystals, it can
reasonably be thought that they are correlated, so any
advance towards the understanding of the DCL will bring
better understanding of the pathological dissolution pro-
cess of human apatite crystals during diseases such as
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FIGURE 2 Schematic diagram of a human enamel apatite crystal
showing the [/720] and the [0001] crystallographic directions.

dental caries or bone resorption and in the long term permit
the development of inhibiting mechanisms to biological
apatite crystal dissolution.

In the present study, we have carried out computer
image simulations of twinned crystals of various thickness
and at various defocus values. The validity of the calcu-
lation has been checked at a high resolution by comparing
the image contrast away from the defect in a twinned and
an untwinned hydroxyapatite structure. The microscope
parameters used correspond to a microscope with which
the DCL has been imaged by several authors (i.e., the
100B electron microscope [JEOL USA, Peabody, MA]).

MATERIALS AND METHODS

Structure of the Bicrystals

Four types of structures of bicrystals have been considered in this study:
(a) twinned hydroxyapatite (TH), (b) twinned monoclinic hydroxyapa-
tite (TMH), (¢) twinned fluorapatite (TF), and (d) calcium-depleted
twinned hydroxyapatite (CDTH). In all of these crystals a reflection twin
parallel to [/120] was constructed as suggested by Rachinger et al.
(1982) and on the basis of the atomic positions determined by Kay et al.
(1964) (Fig. 3). No local strain due to twinning dislocation was assumed.
The atomic positions have been adjusted to fulfil a perfect mirror
symmetry with respect to the twin plane and to conserve the overall
chemical charge balance in each bicrystal. However, a twin boundary
requires an inverted operation and thus an additional defect for closure of
the periodically continued unit. This was taken into account by the
construction of a “'super cell** composed of six hydroxyapatite unit cells
separated by a defect plane every three cells (Fig. 4). The parameters for
this 'super cell“ are: (a) 49.01 A, (b) 9.43 A, and (¢) 6.88 A. The distance
between each defect is 24.50 A. At the defect plane, the major change
concerned the position of the PO;~ groups usually situated near the edge
of the untwinned hydroxyapatite unit cell which were shifted so that the P
as well as 2 O atoms lay on the twin plane and the two other O atoms lay
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FIGURE 3 Schematic diagram of an hydroxyapatite unit cell viewed
along the (1120] direction.

on each side of it (Figs. 3 and 4). The differences between the four cases
studied are the following: in case I (TH), apart from the changes
described above, the initial hydroxyapatite structure was used; the
random positions of the hydroxyl groups above and below the Ca(2)
planes were taken into account by setting the occupancy factor to 0.5 for
these ions. In case I (TMH), a monoclinc hydroxyapatite structure was
constructed by setting opposite positions of the hydroxyl groups above and
below the Ca(2) planes in each bicrystal. In case II1 (TF), the fluorapatite
structure was used. This implies that the F~ ions in the unit cell must be
situated inside the Ca(2) triangles. In case IV (CDTH), an incipient
dissolution of the bicrystals was simulated by setting the occupancy factor
of the Ca atoms on the twin plane to zero.

Image Calculation Procedure

The basis of the image calculation computer program used in this study
lies in the n-beam diffraction theory developed by Cowley and Moodie
(1957) which describes the transmission of electrons through a sample by
the transmission through a set of N two-dimensional phase and amplitude
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FIGURE 4 Diagram of the “super-cell* used for the calculation.
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objects separated by a distance Az. The total phase change and amplitude
change of the electron wave in a slice of a specimen of thickness Az is
considered to take place in one plane. Then the propagation of the wave
from one such a plane to the next is by Fresnel diffraction in which the
thickness of the slice Az goes to zero and the number of the slices N goes to
infinity in such a way that NAz = T, where T is the specimen thickness.
This form of description becomes a rigorous representation of the
scattering process completely consistent with the more conventional
quantum mechanical descriptions. With the program used, the images are
abtained in two steps: (a) calculation of the diffraction amplitudes, and
(b) calculation of the image contrast by Fourier transformation of the
diffraction amplitudes obtained. Much care is required for the calculation
of images of crystals with periodically repeated planar defects. As we have
already said, a twin boundary requires an additional defect for closure of
the “'super cell* used in the calculation. If the distance between adjacent
defect is too small, diffuse scattering from the different defects interferes
and leads to a reciprocal space distribution which is very different from
that of a single defect (Wood et al., 1984). Accurate deconvolution of the
diffuse scattering in image formation requires many reciprocal-space
sampling points. This can place extreme demands on the size of the
computations or severely limit the accuracy of the simulations. For this
paper, we have developed a computer image simulation program permit-
ting the sampling of 256 x 256 points in the super cell (52 points/nm of
specimen are sampled) (Waddington, W. G., personal communication).
The validity of the calculation of the images was checked at high
resolution by comparing the contrast from the twinned structure to the
one arising from an untwinned one.

The specimen characteristics and the microscope operating parameters
are included in the calculation as follows: the specimen is described by its
types of atoms, positions, and temperature factors, as well the projection
direction, the number of beams, and the individual slice thickness. The
operating microscope parameters are included in the calculation as

™

follows: (a) the accelerating voltage of the microscape is used for the
calculation of the energy of the electrons incident on the specimen; (b) the
radius and position of the objective aperture are taken into account by the
multiplication of the propagation function by an adequate aperture
function; (c¢) the defect of focus and the spherical and chromatic
aberration constants of the microscope objective lens are simulated by a
selective phase delay of the beams generated by the specimen; and (d) the
divergence of the beam incident on the specimen in the electron micro-
scope is included in the calculation of in-focus images by calculating the
variation of intensities of the diffracted beams with angle of incidence up
to a known divergence, and summed in the image up to this angle
(O’Keefe and Buseck, 1979; O’Keefe, 1973; Lynch et al., 1975).

Parameters Used in the Calculation

The structure of the super cell used in the calculation is shown in Figs. 4
and 5. It is composed of two bicrystals; each of these bicrystals is
composed of three hydroxyapatite unit cells modified in such a way as to
present a defect plane at each side of the bicrystal. The unit cell
parameters of the super cell are the following: (a) 49.011 A, (b) 9.432 A,
and (c) 6.881 A. The separation between adjacent defects was 24.506 A.
The 100B microscope (JEOL USA) parameters used for the calculation
of the images were: accelerating voltage, 100 kV; spherical aberration
coefficient, 1.8 mm; beam divergence, 1 mrad; half width of Gaussian
spread of focus (A value), 100 A; a value of objective aperture of 0.278
A" corresponding to the optimum resolution of the microscope (= 3.6 A)
was chosen. The microscope parameters used to check the validity of the
image calculation at high resolution correspond to the parameters of the
ISI EM-002A microscope, which is to our knowledge the 100 kV
accelerating voltage microscope showing the highest resolution. These
parameters were: spherical aberration coefficient, 0.3 mm; beam diver-
gence, | mrd; A value, 30 A. The objective aperture used was 0.435 A'; it
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FIGURE 5 Schematic diagram of the atomic positions near a defect plane when viewed along the [/120} direction.
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18.86

Images calculated at high resolution for an untwinned (UT) and a twinned (T) hydroxyapatite structures.
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FIGURE 6

corresponds to a resolution of 2.3 A. For these calculations the optimum
focus was used (= —400 A).

A slice thickness and a number of beams of respectively 2.358 A and
1,771 were chosen to obtain a correlation test of 0.99995. The slice
thickness values were the following: T1, 18.864 A (8 slices); T2,37.728 A
(16 slices); T3, 75.456 A (32 slices); T4, 150.92 A (64 slices). The
following (de)focus values were used: — 1,000 A (Scherzer focus). — 500
A, 0 (Gaussian focus), 500 A, and 1,000 A. A negative value of the
(de)focus value corresponds to a decrease of the lens current with respect
to the one selected for Gaussian focus.

RESULTS

The images calculated for one super cell of each structure
are characterized by a matrix of points on a microfiche
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printer to minimize contrast differences between different
images. The maximum and minimum intensity values as
well as the image contrast is identical for all images. Prints
of the images on the microfiches have been included in
Figs. 7-10. Images of crystals of increasing thickness are
shown horizontally and images at various microscope
defoci are shown vertically.

The absence of interference between diffuse scattering
from adjacent defects in the image calculation procedure
has been checked for each crystal thickness by comparing
the image contrast of (1100) lattice planes adjacent to the
twin plane in the TH structure and in the standard
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FIGURE 10 Images calculated for the CDTH structure.

hydroxyapatite untwinned structure calculated for the
parameters of a high resolution microscope set at Scherzer
focus (Fig. 6; see preceding paragraph). On these images
the (1100) plane and the planes next to it show an identical
contrast up to a thickness of 75.46 A. The (1100) lattice
plane next to the twin exhibits a contrast which is a
compromise between the contrast of an untwinned plane
and the contrast of a twin plane. A dramatic contrast
difference between (/100) planes in the twinned and
untwinned structures is observed at a thickness of 150.91
A.

These observations show the validity of the image calcu-
lation for crystal thicknesses up to 75.46 A. For these
crystal thickness values the images calculated can be
assumed to correspond to structures with a single defect.
This is not the case for images of crystals of thickness
above 75.46 A.

A direct evaluation of each set of calculated images
(Figs. 7-10) leads to the following remarks: (a) all images
corresponding to the same defocus and thickness values are
identical in the TH and the TMH structures (Figs. 7 and
8); (b) images of the TF and the CDTH structures (Figs. 9
and 10) are different from one another and different from
both the TH and TMH images. The DCL appears as a
white line in the TH/TMH structures at the following
thickness/defocus values: 75.46 A/—1,000, —500, 500,
and 1,000 A. In the TF structure these values are: 37.73
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A/—1,000 A; 75.46 A/—1,000, —500, 0, 500, and 1,000
A. In the CDTH structure: 37.73 and 75.46 A/ —1,000 A.
The DCL appears as a dark line in the TH/TMH struc-
tures at the following thickness/defocus values: 18.86
A/-500 and 0 A, and 37.73 A/-500 A. In the TF
structure these values are: 18.86 A/—500 and 0 A; and
37.73 A/—500 A. In the CDTH structure these values are:
37.73 and 75.46 A/—1,000 A. In all of the other images
more specific contrast differences are observed between
the defect plane and adjacent (1100) planes. For example
in the TH/TMH structures at a thickness of 18.86 A and
at a defocus of —1,000 A the contrast at the defect can be
characterized by a series of square blobs aligned along this
defect while at the adjacent (/700) plane these blobs are
joined to form a line.

DISCUSSION

In the large majority of the images calculated and for all
the structures studied the contrast at the center of the
images is different from the contrast at the edges. This
strongly shows that the DCL can be created by a diffrac-
tion phenomenon arising from a reflection twin parallel to
the (1100) lattice planes but is little affected by variation
of positions of the hydroxyl ions above and below the Ca(2)
triangles, as shown by the similarity of the images from the
TH and TMH structures. This is in contradiction with
Elliott’s and Mackie’s hypothesis (Elliott and Mackie,
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1975) which assumes the DCL is due to a twin plane with
components of monoclinic structure characterized by an
opposite positioning of the hydroxyl ions above or below the
Ca(2) triangles, depending on the twin component.

These results are directly applicable to apatite bicrystals
presenting the same structures as the ones considered in
this paper. As shown by Brés et al. (1984), human enamel
crystals can possess several types of structural defects that
can all be related to the anisotropic dissolution and the
DCL phenomena. The atomic structure of these defects
are not known at the present time, so it is obviously not
possible to calculate images for these types of structural
defects. It is nevertheless reasonable to assume that low
angle grain boundaries of the tilt and/or the twist types
parallel to (1 100) and of lowest energy (i.e., with a straight
interface) would yield a similar contrast phenomenon as
the DCL, as it has already been shown for the cases of
ceramics (Riihle et al., 1984) and WC-Co composites
(Ness et al., 1985).

The presence of a low angle or a twin boundary in
human apatite crystals is of considerable importance for
the chemical properties of these crystals, since the very
essence of the twinning and the low angle grain boundary
operations is the creation, in or close to the boundary, of
polyhedra of atoms of a different kind from those in the
parent structure which provide the opportunity for a
crystal to accommodate impurities (Anderson and Hyde,
1974). The chemical composition of grain as well as twin
boundaries is rarely identical to that of the parent struc-
ture, as shown in a great number of studies concerning the
nature of grain boundaries in fields such as solid state
chemistry or metallurgy (Briant and Messmer, 1982;
Hondros, 1975; Guyot and Simon, 1975; Vitek and Wang,
1982; Bauer, 1982; Cahn, 1982; Hall, 1982). So it is
reasonable to assume that such phenomena would also
occur for human tooth or bone apatite crystals in the case
of the adsorption processes of ions of prime biological
interest such as CO2-, Mg?*, Pb?*, Sr**, etc. Furthermore,
the microstructural features arising from the strain field
generated by a twin or a low angle boundary appear to
influence markedly the dissolution reactions in which
localized or preferential dissolution occur, such as the type
encountered in the carious dissolution process (Voegel and
Frank, 1977). Every stage of the dissolution of the bicrys-
tals (the initiation and the propagation stages) are struc-
ture-dependent and are therefore strongly affected by the
presence of a boundary inside the crystal (Beaumier, 1982;
Beaumier et al., 1981).

To develop our understanding of the adsorption and
dissolution properties of human apatite crystals it is impor-
tant to make further progress in the knowledge of the
following phenomena: (a) the nature of the sites of segre-
gation inside the boundary structure, () the kinetics of the
segregation, and (c) the competitive or cooperative multi-
ple segregation phenomena. It is hoped that the use of the
most modern medium voltage high resolution electron
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microscope equipped with microanalysis attachments will
permit a resolution sufficient to determine the atomic
structure and the chemical composition of the boundary
inside the crystals.
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