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The atomistic model, which simulates the behavior of diamond under uniaxial tension in a [111]direc-

tion, has been presented in a previous paper. The model is constructed with a pair-potential method that

is based on a tight-binding approximation and a static relaxation process, and has been termed a rigid-

tetrahedron model. This model will be applied here to a case of uniaxial compression. A stress-strain re-

lationship can be obtained from the equilibrium condition of the system in small external compression.

A cubic polynomial relationship between stress and strain is observed, while the initial curvature of the

curve has an opposite sign to the case in tension. A value of the fracture strength of diamond in

compression is estimated to be (1.8—4.3) X10 GPa depending on the boundary condition; it is rather

high compared to the value in tension of 0.8X10 GPa. The fracture behaviors of diamond in large

compression are di6'erent from those in tension. It seems that fracture occurs by the formation of a slip

plane and the crack propagates via the movement of the edge dislocations appearing at the neighbor-

hood of the crack edges.

The failure strength of diamond in compression is espe-
cially important in some practical uses like the pressure
anvil cell. Ruoff and his colleagues have done consider-
able work in evaluating the strengths of covalent crystals
in uniaxial loading by using a finite-elasticity method. '

They have computed the compressive and tensile
strengths of perfect crystals by using the experimental
data of the second- and third-order elastic constants. It
is very interesting that the results of our atomic-model
calculations are comparable with those of their macro-
scopic elastic method.

An atomistic model that evaluates the mechanical
properties of covalent crystals has been proposed in a
previous report. The atomistic model proposed there is
rather simple and intuitive. The basic procedures of the
model are constructed with a pair-potential method
which is based on a tight-binding approximation and a
static relaxation process, and was termed a rigid-
tetrahedron model in the previous report. ' The fracture
behaviors of diamond in tension along the [111]uniaxial
direction were discussed there mainly in terms of the
e8'ects of vacancies and boundary conditions. It was
presented that the crack propagated through the (111)
plane perpendicular to the external force direction. We
will simulate here the behavior of diamond in compres-
sion along the [111]direction, which is realized by pro-
viding negative initial strains to a system.

When small strains are initially applied to a diamond
crystal, the virtual external stress o.

&&&
obtained in a re-

laxation calculation converges to a certain value o.
&&&

as
the system approaches an equilibrium state. The rela-
tionship between initial strain and the corresponding con-
vergent value o.

&&& for some equilibrium states is shown in
Fig. 1 under two boundary conditions (free and fixed in
the x direction). The straight line obtained from the ex-
perimental value of the elastic stiffness constant of dia-
mond, C» =6.7 eV/A, and the best-At curves to the
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FIG. 1. Relationship between stress and strain; curve 2: ex-

perimental, curve B: plotted from Ref. 3, and curve C: present
results. The two curves for the free- and the fixed-boundary
conditions cannot be resolved. Ci'„„Cf,„,C„"„„and C fi„

represent the critical points in the respective cases. The super-
scripts p and h denote the point vacancy and the homogeneous
crystal, respectively.

calculated points are also shown by solid (curve A) and
dotted (curve C) lines, respectively. The results in the
best-At procedure indicate the nonlinear form of the cubic
polynomials for the free-boundary condition,

crt tt =5.0S( 1 +2.45S+0.85S )

and for the fixed-boundary condition,

0' i*i i
=5. 1S( 1 +2.45S +0.68S )

In the figure, the two curves cannot be resolved and
they are denoted as C in the present results. The
coef5cients of the linear term, 5.0 and 5.1 eV/A, are the
same as in the respective cases of tension, while the initial
curvatures are positive and contrast with the case of ten-
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sion. For comparison, the [111]uniaxial stress and strain
curve which was calculated by finite-elasticity method in
Ref. 3 is cited (curve 8). Though the curvatures have the
same sign as each other, initially they show opposite ten-
dencies in the large-strain region.

Crystal systems show fracture behavior when the abso-
lute value of the initial strain is larger than a certain
value. The corresponding stress is referred to as the criti-
cal strength of the crystal. The value of C&„„which is
the critical strength of the perfect diamond crystal in
compression mode under the free-boundary condition, is
found to be 1.1 eV/A =1.8X10 GPa, while the value
under the Axed-boundary condition is 2.7
eV/A =4.3X10 GPa. The former value is twice the
value in tension, but still smaller than the value of Ref. 3.
The latter is rather larger than that of Ref. 3 and is com-
parable with the value reported in Ref. 8. The fixed-
boundary condition in the x direction may correspond to
the experimental situation of the diamond anvil cell un-
der a uniaxial compressive loading with confining pres-
sure.

As a typical example of fracture by large initial strain,
the relationship between the maximum net force 6,„
and the number of iterations is shown in Fig. 2 for a crys-
tal including a point vacancy for S= —0. 137. The spikes
which reflect bond breakage can be seen in the figure. At
an early stage of the iterations, an atomic pair whose
bond is broken appears in the neighborhood of the vacan-
cy site. With progress in the iteration, the positions of
bond breakage seem to extend for the two directions
[112]and [1 1 2] in the (111)plane with inclination angle
about 20' to the stress direction (the c axis). Edge dislo-
cations with core directions parallel to the y axis are ob-
served in the neighborhoods of both crack edges. The
dislocation centers move toward the boundary regions of
the z direction with further iterations. They are finally
stopped at the neighborhood of the boundary by the
fixed-boundary condition in the z direction. The atomic
positions and their energies at this stage are shown in
Fig. 3(a) and their net force diagram in Fig. 3(b). The ar-
rows in the figures indicate the dislocation positions. The
diameter of the circle at each atomic site in Fig. 3(a)
denotes roughly the magnitude of the site energy and the
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maximum circle corresponds to an atom whose energy is
larger than the dangling-bond energy. The diameter of
each site shown in Fig. 3(b) indicates the instability of
the atom position. In Fig. 3(b), unstable atoms exist
around the vacancy site rather than in the neighborhood
of the dislocation at this stage of the iteration, though the
apparent stress concentration seems to occur first at the
neighborhood of the dislocations. The fracture behavior
under a fixed-boundary condition in the x direction
resembles the results of the case under the free-boundary
condition, while the progress of bond breakage seems to
be slower in this case.

The effects of vacancy clusters on fracture are evalu00

ated. Only paired vacancies are considered here, in the
two typical modes as in the case of tension, one a linkage
in the [111]direction (longitudinal) and the other in the
[112]direction (transverse).

The fracture behavior of a crystal with a pair of double
vacancies in transverse mode is compared to the case of
the point vacancy. The critical strain of this case is
found to be S,= —0. 121+0.005, which is smaller than
the value for the point vacancy, and this tendency is the
same as in the case of tension. On the other hand, for a
crystal including pair vacancies in the longitudinal mode,
the critical strain and the strength are found to be—0.163 +0.005 and 1.8X10 GPa, which are higher than
the values for a crystal including a point vacancy and the
same as those of the perfect crystal under the free-
boundary condition. The atomic structures and their en-
ergies for the strain S= —0. 179 and 4000 iterations are
shown in Fig. 4. Three crack (111)planes are recognized
parallel to each other in the figure, one through the va-
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FIG. 2. Maximum net force vs number of iterations for a
crystal including a point vacancy under the free-boundary con-
dition. The compressive strain is —0. 137.
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FIG. 3. Atomic structure and energy diagram (a) and force
diagram (b) at 8000 iterations.
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FIG. 4. Atomic structure and energy diagram for a crystal
including a pair of vacancies in the longitudinal mode under the
free-boundary condition at 3000 iterations for S= —0. 179.

cancy region and the remaining two terminated at the
boundary regions in the x and z directions. The latter
two cracks are also observed for the case of the perfect
crystal under the free-boundary condition. It is interest-
ing that the crack propagation starts from vacancies and
crystal boundaries at the same compression strength.

The failure behavior of the perfect crystal under the
fixed-boundary condition in the x direction is rather
different from that under the free-boundary condition.
With a strain over a critical value in the former case,
each atom has one dangling bond initially and the max-
imum net force decreases abruptly below the tolerance
value. The residual stress of the uppermost layer, cr&&&,

converges to the very small value 0.024 eV/A . This
might indicate that the perfect diamond crystal is uni-
formly crushed by larger external compression than the
critical one. This critical strength of the perfect crystal
seems to be very large compared with that under the
free-boundary condition as presented above. Cracks orig-
inating at the boundary region do not appear in this case.
In the atomic configuration for the longitudinal mode un-
der the fixed-boundary condition only one crack through
the vacancy region is observed. The strength is found to

be 2.0X 10 GPa, which is larger than the strength for the
longitudinal mode under the free-boundary condition.

We have evaluated the strengths and the fracture
behaviors of diamond under a uniaxial external force by
the rigid-tetrahedron model. The behaviors in compres-
sion are found to be rather different from those in ten-
sion. First, the nonlinear relationships between uniaxial
stress and strain show contrasting results in the initial
curvature for the respective cases, and the tendencies
agree with the results from the finite elasticity method.

The effects of the boundary condition which is fixed or
free in the x direction can be neglected for the crystal in-
cluding vacancies. Attention should be paid, however, to
the boundary condition for fracture behavior in the cases
of the perfect crystal and of the crystal including pair va-
cancies in the longitudinal mode.

The Poisson ratio, which has not been observed in ten-
sion, is obtained in compression but the absolute value is
still lower by one order of magnitude than the experimen-
tal value. It also depends greatly on the external stress,
which was indicated by Ruoff and Luo without a definite
functional form. The Poisson ratio is a rather macro-
scopic quantity and the direct comparison of our result
with experiment may be meaningless at present.

In the failure behaviors, shear stress, which has not
been observed in tension, seems to play a dominant role
in compression. The movement of an edge dislocation
seems to induce crack propagation and to construct a slip
plane. Because the boundary condition is periodic in the
[110] direction, a [110] slip line may be visualized on a
(111)surface unless there is a fixed boundary condition in
the z direction. This behavior may correspond to the sit-
uation of the hexagonal ring cracks on an octahedron
face observed by Howes, ' where the side lines of the hex-
agon were in the [110]direction on the (111)surface.
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ties of materials.
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