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Abstract
Ion beam modification of thermal shock stress and damage resistance of MgO single crystals
with various crystallographic faces is investigated. The most stable crystal faces in terms of
stress and damage resistance are established. Ion implantation is shown to reduce the
temperature threshold of fracture for all crystal faces tested. The (111) face is demonstrated to
be of highest stability compared to (110) and (100) faces in both implanted and unimplanted
crystals. At the same time ion implantation substantially increases the microcrack density for
the faces tested and reduces the degree of fracture damage following thermal shock. The
microcrack density is found to be highest in the crystals with (110) face in comparison with
the (001) and (111) faces. The effect is analysed using fracture mechanics principles and
discussed in terms of the implantation-induced lattice damage.

Introduction
High temperature resistance of ceramic materials makes them suitable for a number of
applications for which metals are not appropriate. However, an important consideration is
their brittle nature, which causes them to fracture readily under sufficiently high stresses, in
particular under dynamic loading. Surface modification by ion implantation has been shown
to lower the fracture threshold in ceramic materials, allowing fracture to be initiated at lower
surface temperatures. At the same time, ion implantation produces a higher density of cracks,
but such cracks penetrate smaller distances into the material. This effectively raises the
damage resistance parameter and therefore should result in higher durability following
damage by thermal shock [1].

The observed modification of fracture behavior is due to the formation of surface energy-
absorbing layers which are known to improve the impact and thermal shock resistance of
ceramic materials. Ion implantation has been shown to be effective in producing such layers.
Numerous fine cracks developed in the layers limit the strength of the material, but provide an
effective mechanism for absorbing strain energy during thermal shock and preventing
catastrophic crack propagation [2]. The elastic energy produced under the applied stress in the
layer is transformed into the surface energy of propagating cracks. Multiple microcracking in
the layer is needed to make the energy absorption more effective in the near-surface thus
decreasing the depth of crack propagation and hence the degree of damage to the material.

With this in view it is important to establish major factors that are capable of optimising the
properties of the ion beam-produced surface energy absorbing layers in brittle ceramics. In
this study we investigate the morphology, stability and resistance to damage of the layers in
MgO single crystals with various crystallographic faces.

Experimental
The (001), (110) and (111) faces of MgO monocrystals were implanted with 86KeV Si" ions to a
dose of 5xl016cnr2 at room temperature. Only half of the crystal surface was subjected to
implantation to compare the response to thermal shock of implanted and unimplanted regions.
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This allows both the implanted and unimplanted regions to be tested under similar thermal
conditions.

Thermal shock was produced by exposing the sample surface of ~ 1.5 x cm2 to a plasma jet
produced by a plasma gun [1]. The plasma pulse duration is ~40us. The samples were placed at
some distance from the gun with the plasma jet propagating perpendicular to the sample surface.
The surface layer is under compressive strain during the heating stage followed by tensile stresses
arising during the cooling stage of the plasma pulse. In these experiments the surface peak
temperature is calibrated by measuring the size of fragments, bounded by cracks, and the gap
between them [1]. This gap is formed as a result of the contraction of adjacent fragments on
cooling from the fracture temperature. Thus, by the end of cooling the relative temperature
deformation of the fragment is Ab/b, where Ab is the gap between the fragments and b is the
fragment size. On the other hand, the relative temperature deformation is known to be equal to
Ab/b = a (Tf - To), where a is the thermal expansion coefficient, Tf is the fracture temperature, at
which a crack separating adjacent fragments originates, and To is the initial sample temperature.
The fracture temperature is then determined from the expression: Tf = To + Ab / b a. Details of
this treatment are given elsewhere [1]. The gaps between fragments are often very small,
particularly between small fragments and at low peak temperatures, so it is difficult to resolve
them under an optical microscope and a SEM is used in these cases.

Results and Discssion
Thermal stress resistance of (001), (110) and (111) faces for MgO crystals.

The thermal stresses analysis for MgO crystals with (001), (110) and (111) faces is done using
the continuum mechanics equations appropriate for cubic crystals: Hooke's equations with the
temperature term, equilibrium and compatibility equations. Assuming fracture starts when
stresses in cleavage planes reach the tensile strength c^, the stress resistance parameter ATb is
computed which represents the maximum temperature variation sustained by the crystal face
without fracture. The results of computations are given in Table I. Table I also shows
numerical values for the stress resistance parameter for the (001), (110) and (111) faces of
MgO crystals. The values are obtained using the tensile strength for MgO of (7b = 1.55*109Pa,
which is calculated using the experimental value ATb=500Kfor the (001) face.

Table I: Theoretical stress resistance parameter for MgO crystals.

Face

(001)

(110)

(HI)

ATb(K)

3.2268*10-7ab

3.0346* 10"7ab

3.9898* 10"7(Tb

% relative to (110)
face

6%

0

31.4%

ATb(K)

500

470

620

The theoretical results in Table I indicate that the stress resistance of the (111) face is -30%
higher in comparison with the (110) face which has the lowest stress resistance.

The experimental results of the ion beam effect on the stress resistance for different crystal
faces are given in table II. Experimentally the stress resistance parameter ATb was measured at
the edge of the fracture zone where the temperature variation is just sufficient to originate
fracture.

Table II: Experimental data for stress resistance parameter ATb in implanted and unimplanted
MgO crystals with various faces.
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Face

(001)

(110)

(111)

ATb (K) - Unimplanted

500

400

750

ATb (K) - Implanted

250

200

600

As can be seen from Tables I and II there is an adequate correspondence between
experimental and theoretical values for ATb in unimplanted crystals. Table II indicates that the
stress resistance parameter is lowered for all faces due to ion implantation, in particular for
(001) and (110) faces. The (111) face demonstrates much smaller reduction in the stress
resistance following ion implantation.

The data are discussed in terms of the structural changes induced by ion implantation and
their effect on crystal properties. According to theoretical data the quantity ATb depends on
elastic constants and the tensile strength Ob . The latter quantity is obviously highly sensitive
to the implantation-induced lattice damage. It is known from fracture mechanics that CJb =K/
(%a)m where a is the crack length and K is the fracture toughness. Both quantities K and a in
the equation are affected by ion implantation.

In brittle solids the size a of the preexisting microcracks is of particular importance. For the
same brittle material Gb can statistically vary in a wide range depending the size of the
preexisting defects. Ion implantation is known to produce a substantial lattice damage in the
form of dislocations, vacancies and interstitial atoms [3]. These defects can generate a number
of crack-nucleating centers in the form of micropores and voids. Because ion implantation
decreases the stress resistance parameter it is obvious that the implantation-induced crack-
nucleating defects are larger than the preexisting ones in the unimplanted crystal. Since for
the (001) and (110) faces the fracture stress is halved due to implantation one can assume that
ion implantation generates microcracks which are roughly 4 times the size of the preexisting
ones.

The other quantity which is affected by ion implantation is the fracture toughness K. This
property depends on the energy absorbed at the tip of the propagating crack. The energy
absorption is related to the surface energy and plastic flow at the crack tip. The ion beam
effect on these properties is complex. There are indications that fracture toughness of MgO
crystals can be substantially increased due to ion implantation [3]. At the same the high
dislocation density which is produced by ion implantation reduces the dislocation mobility
and thus by suppressing plasticity can reduce fracture toughness. Obviously, the size a of the
implantation-induced defects is a major factor which determines the reduction in fracture
stress and hence in the stress resistance parameter ATb. It is quite possible that ion
implantation damage also changes the anisotropy of the elastic constants which contributes to
the effect observed.
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Crack density and degree of damage for various crystal faces

Previous experiments show that ion implantation damage generates high-density microcrack
systems. High-density microcracking is known to be effective in toughening brittle ceramics.
Toughening by crack tip shielding by microcracking takes place because the elastic energy at
the crack tip is transformed into the surface energy by multiple microcracking [2]. This
process decreases the range of the propagating cracks. Therefore, in the heavily microcracked
material the degree of fracture damage under mechanical or thermal shock loading is
decreased.

Crack density, measured as the number of fragments per unit area at the face, for unimplanted
and implanted MgO samples is presented in Table in.

Table HI.

Face

(001)

(110)

(HI)

Fragment density,
mm"2, unimplanted

204

1647

339

Fragment density,
mm"2, implanted

918

7220

1455

Ratio, impl./unimpl.

4.5

4.38

4.29

The table indicates that ion implantation substantially increases the density of cracks and
crack-nucleating centers, by 4-5 times for all faces. The data suggest that for the implantation
parameters used in the experiments the implantation-induced lattice damage responsible for
crack nucleation is dependent on the crystal face. The microcrack density and resistance to
fracture damage is maximum for the (110) face. The data are discussed involving the energy-
based approach and the ion-beam effect on interatomic potential energy.

Conclusions
Ion implantation is shown to reduce the stress resistance parameter for all crystal faces in
MgO single crystals. The minimum reduction is observed for the (111) face which exhibits
the maximum stability compared to the (001) and (110) faces. On the other hand the
microcrack density and resistance to damage is shown to be highest for (110) face. The effects
are discussed in terms of the implantation-induced lattice damage on various faces.
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