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Single crystals of magnesia have been ion implanted with 80 keV Si" and Cr' ions at variable doses and then

subjected to testing in a shock plasma. The peak surface temperature has been calibrated by measuring the size

and temperature deformation of the fragments formed by multiple microcracking during thermal shock. The

crack density curves for MgO crystals demonstrate that in a wide range of thermal shock intensity the ion

implanted crystals develop a system of microcracks of a considerably higher density than the unimplanted ones.

The high density of cracks nucleated in the ion implanted samples results in the formation of a surface energy

absorbing layer which effectively absorbs elastic strain energy induced by thermal shock. As a consequence the

depth of crack penetration in the layer and hence the degree of fracture damage are decreased. The results

indicate that a Si implant decreases the temperature threshold of cracking and simultaneously increases the crack

density in MgO crystals. However, in MgO crystals implanted with Cr a substantial increase in the crack density

is achieved without a noticable decrease in the temperatutre threshold of fracture. This effect is interpreted in

terms of different Cr and Si implantation conditions and damage. The mechanical properties of the energy-

absorbing layer and the relation to implantation-induced lattice damage are discussed.

1. INTRODUCTION

Surface modification by ion implantation has been shown to alter a number of strength and

fracture characteristics of lithium fluoride, magnesium oxide and glass samples [1,2]. In

particular, thermal shock testing of LiF and MgO crystals implanted with Ar+ or Si ions has

revealed that the fracture threshold is lowered by ion implantation, 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 [ 3,4 ] and therefore should result in higher durability

following damage by thermal shock.

The observed modification of fracture behaviour is due to the formation of surface energy-

absorbing layers which are known to improve the impact and thermal shock resistance of

ceramic materials. Fine cracks developed in such layers limit the strength of the material, but

provide an effective mechanism for absorbing strain energy during thermal shock and

preventing catastrophic crack propagation [5]. 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.

Ion implantation has been shown to be effective in generating numerous crack nucleating

centers in lithium fluoride, magnesium oxide and glass samples [1,2]. These centers are

readily activated to develop multiple microcracking and thus to effectively absorb the strain

energy under the applied stress. These results suggest that ion implantation is capable of

producing highly efficient surface energy-absorbing layers. This study aims at analysing some

of the features of the surface energy absorbing layers produced by a Cr implant in magnesia

single crystals as compared to implantation with Si ions. The investigation includes surface

characterisation using optical and scanning electron microscopy, study of implantation

damage by ion channeling, the analysis of the surface fracture temperature, temperature

threshold of fracture initiation, crack pattern morphology and crack density These

characteristics are studied as a function of thermal shock intensity at various implantation

doses. The results with the Cr implant indicate that a high density of crack-nucleating centers

can be achieved without reducing the temperature threshold of fracture initiation. The effect



of ion implantation on thermal stress resistance, the density of the implantation-induced crack

nucleating centers and the energy absorption in the layers are discussed.

2. EXPERIMENTAL METHOD

The (001) face of MgO monocrystals were implanted with 86 KeV Si" ions to doses

ranging from 5xlO14 cm"2 to 5xlO16 cm"2 and 80 keV Cr+ ions to doses from lxlO16 cm"2

to 2.4xlO16 cm-2 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.

Thermal shock was produced by exposing the sample surface of ~ 1.5 x 3 cm2 to a plasma

jet produced by a plasma gun [1,2]. The plasma pulse duration is -40 [is. The samples were

placed at some distance from the gun with the plasma jet propagating perpendicular to the

sample surface. A schematic view of the plasma gun and the sample with isothermal lines on

its surface is shown in Fig. 1. A capacitor battery of 200 \iF and 5 KV is discharged between

the rod electrode (1) and the ring electrode (2). The discharge is triggered by lowering the

pressure in the chamber. The interelectrode space is confined by dielectric material (teflon)

(3) to localise the discharge in a small volume. The interelectrode distance is 8 mm and the

gun diameter is 3 mm. This allows a high energy concentration and pressure to be achieved in

the discharge volume. The plasma jet emerges from the gun outlet with a front speed of 30-40

km/s [6]. When the jet collides with the sample a surface boundary layer is formed from

which the heat energy is transferred to the sample surface.

The central section of the plasma jet where the temperature is maximum is located at a

point O on the x axis near an edge of the sample. The x axis separates the implanted and

unimplanted areas. The temperature has circular symmetry around the center O. The

temperature and heat flux are continuously reduced from the center O in a radial direction

along the x axis. The plasma jet expands and its temperature drops when it propagates away

from the gun in the chamber. This allows the temperature in the central part of the plasma-



affected area and the temperature gradient along the x axis to be adjusted by placing the

sample at different distances from the plasma gun outlet.

This arrangement allows both implanted and unimplanted regions to be tested under similar

thermal conditions with the surface temperature varying from room temperature up to the

melting point and above within approximately a 10-20 mm range along the x axis. This

produces a temperature gradient of ~ 100 deg/mm in the x direction. However, due to the

short duration of the plasma pulse, the temperature gradient in the direction perpendicular to

the surface is about three orders of magnitude higher than that across the surface. Therefore,

the thermal stresses produced under these conditions are mainly due to the temperature

gradient in the direction perpendicular to the surface. This produces a planar stress, with a

zero stress component normal to the surface.

In these experiments the surface temperature along the x axis is calibrated by measuring the

size of fragments, bounded by cracks, and the gap between them. 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 = T o + 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 an SEM is used in these cases.



3. RESULTS AND DISCUSSION

An optical photograph of the fracture pattern of the MgO crystal, subjected to thermal

shock in a plasma, is shown in Fig. 2. The temperature is increased along the x axis in an

upward direction towards the center of the plasma affected area. The right hand side of the

crystal is ion-implanted with 80 keV Cr ions to a dose of 1016 cm'2. The photograph illustrates

higher crack density in the implanted region and shows its variation with temperature along

the x axis. The following features are analysed, (a) The co-ordinate x at which cracks first

appear. The temperature corresponding to this co-ordinate is the thermal shock resistance

parameter, that is, the minimum temperature variation (relative to the mean sample

temperature) which causes fracture initiation, (b) The variation of the crack density with

temperature along the x axis for the implanted and unimplanted areas. The crack density is

obviously related to the efficiency with which the strain energy produced during thermal

shock is absorbed by the crack network and to the degree of damage,

(a) Fracture initiation in the implanted and unimplanted zones.

The crack pattern in Fig. 2 is formed by two systems of cracks propagating over (100) and

(010) planes perpendicular to the crystal face (001) exposed to pulsed plasma heating. The

minimum temperature variation necessary for crack initiation has been measured for the

(010) cracks only. These cracks propagate along the isothermal lines perpendicular to the

[010] boundary separating the implanted and unimplanted areas. The (100) cracks propagate

along the [010] direction of maximum temeparture change, so it is uncertain at what co-

ordinate and temperature they first originate.

The analysis of fracture patterns indicates fMt the minimum temperature variation, S \ to

initiate cracks is usually lower in the Si implanted area than that in the unimplanted one.

However, for the crystals implanted with Cr the quantity S' is almost unchanged. In fact for

some samples the quantity S' proved to be even higher in the Cr implanted region than that



in the unimplanted one. This effect is presumably associated with differences in the amount,

distribution and type of lattice damage produced by the Si and Cr species, as we discuss later.

The quantity S' represents the thermal shock resistance parameter which, for pulse

heating, is [2]:

(l-M-)(crv + a f )
S'= y - (1)

ocE

where |1 is Poisson's coefficient, Gt is the fracture stress, Oy is the yield stress on

compression, a is the thermal coefficient of expansion and E is Young's modulus.

All properties involved in expression (1) can be affected by ion implantation. However,

the effect of implantation-induced damage on the fracture stress deserves special attention

because cracks usually originate at, or near, the surface indicating the sensitivity of the

fracture stress of brittle solids to the state of the near-surface layer. Indeed, the fracture

strength is usually dependent on the length of existing crack-like defects according to the

expression [7,8]:

af=K/Vicc (2)

where K is the fracture toughness and c is the length of a single-ended crack.

The Gf and S' values are controlled by the largest defects present in the volume under

stress. In the case of ion implanted material, such defects can be preexisting in the crystal or

produced by ion implantation. Both the Si and Cr implants clearly produce crack nucleating

defects. Implantation with Si results in a reduction of the fracture stress and the thermal

shock resistance parameter, whereas implantation with Cr apparently does not change the

fracture stress. From expres 1 :. '2) this suggests that the defects from Si implantation are

more amenable to extention under thermal stress (for example, are larger) than for Cr, where

the fracture stress is controlled by preexisting defects.



The effect of implantation-induced defects may be related to the range of ions in the

crystal. TRIM calculations show that, in MgO, 86 keV Si ions have a range which is twice

that of the 80 keV Cr ions. Ion channeling measurements, to be reported in detail elsewhere,

indicate that the damage introduced by the implantation extends beyond the ion ranges to

about 0.4 p.m for Si and about 0.18 urn for Cr ions. Even at the highest doses used, the

implantation does not make MgO amorphous. The fracture strength and the temperature

threshold of fracture are estimated from expressions (2) and (1) by assuming the size of the

crack nucleating defect. For the purpose of estimation, we take the crack length to be equal

to the extent of damage, c= 0.4 \im for Si ions and c = 0.18 nm for Cr ions. The following

material constants are used for the estimation: E=3xlO" Pa [9], the surface energy y =

1.0 Jm'2 [10], a = MxlO^deg"1 [11], [i = 0.3 [11]. The fracture toughness is determined using

its relation to the surface energy [7]: K = (2TE)" 2 =0.8 MPa.m1/2. The yield stress C7y is

assumed to be equal to the strength of magnesia on compression, Gy = 8xlO8 Pa [10]. The

estimations gi\e: S' = 250°, a f = 7.0x10" Pa for Si ions and S' = 300°, o f = 1.0x10" Pa for

Cr ions. These values are fairly consistent with the experimental data, where the Si implant

fracture is initiated at a smaller S' than for the unimplanted region and varies within the

range of 200° - 300°. The Cr implanted and unimplanted regions start to fracture for S' in the

range of 300° - 500°.

These estimations suggest that ion implantation can generate defects which are eventually

developed into microcracks (under applied stress) of a length comparable with the ion range.

These microcracks may dominate preexisting defects in determining the strength and thermal

shock resistance of the ion implanted crystals.
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(b) Crack density, energy absorption

The graph in Fig. 3 illustrates the dependence of crack density on the peak surface

temperature for the Cr implanted and unimplanted areas. The left hand edge of the curves

corresponds to the start of fracture where the temperature variation is the thermal shock

resistance parameter S'. The crack density curves demonstrate much higher crack density in

the Cr implanted area. Similar effects have been reported for Si implantation into MgO and

for Ar in LiF [1,2]. In the case of the Cr implant the high crack density is achieved without a

reduction in the parameter S'. As discussed above this takes place because the distribution of

sizes of crack nucleating defects is different for the starting material and the Cr ion

implanted material. It is the larger, preexisting defects which give rise to crack initiation in

the first stage of the cooling period. On further cooling higher stresses are achieved which

initiate crack propagation from smaller crack nucleating defects produced by ion

implantation. In this case the total concentration of the smaller crack nucleating defects is

much higher after ion implantation, thus providing much higher crack density in the

implanted area.

The crack density in Fig. 3 has been measured as a number of fragments per unit surface

, area, that is n = 1 / b \ where b is an average fragment size. Assuming each crack is produced

by one crack nucleating center, it is not difficult to show that three crack nucleating centers

are required to halve the fragment size. Indeed, one center produces a crack which splits an

initial square fragment of the size B into two fragments, each of them being of a rectangular

shape of the length of B and width of B/2. Then, one more crack nucleating center in each

rectangular fragment is needed to split them further into square fragments of the size of b =

B/2. Thus, the density of the crack nucleating centers is nc = 3/B2, which gives the fragment

density n = 1/b2 =4/B\ Hence, according to this model the density of the crack nucleating

defects is related to the crack density as nc = (3/4)n. The latter relation allows one to interpret



the fragment density in Fig. 3 in terms of the density of crack nucleating centers which are

activated on cooling from various peak surface temperatures.

The ratio of the crack density in the implanted and unimplanted areas versus the peak

surface temperature is plotted in Fig 4. It shows that in a wide temperature range the density

of crack nucleating defects is increased by ion implantation by more than one order of

magnitude. The crack length related to one fragment is 4b and the total crack length per unit

area of the crystal face is L = 4/b = 4Vn . Then the crack surface area is A =4vnz p , where

zp is the depth of crack penetration, and the energy absorbed by the cracks is w = 4yVnzp.

The latter expression shows that for a given elastic strain energy produced during thermal

shock the degree of damage is related to the density of crack nucleating defects as

zp ~ 1 / -y/ivT • Given ion implantation increases the crack density by a factor of 10, then the

depth of crack penetration is decreased by a factor of 3 approximately. This result is

consistent with our cleaving studies of LiF [2], indicating that ion implantation is effective in

producing efficient surface energy absorbing layers.

Conclusion

Over a range of thermal shock temperatures ion implantation produces a density of active

crack- nucleating centers which is increased by more than one order of magnitude compared

to unimplanted samples. Samples implanted with Cr did not show a decrease in the thermal

shock resistance parameter. These results indicate that it is possible to increase the crack

density and the efficiency of the strain energy absorption in the surface layer without

reducing the thermal shock resistance.
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CAPTIONS FOR FIGURES.

Fig. 1. Schematic view of experimental arrangement.
Fig. 2. Fracture pattern in the unimplanted (left) and implanted (right) area. Implantation
with Cr to dose of l.OxlO1* cm'2.
Fig. 3. Crack density in MgO as a function of peak surface temperature.
Fig. 4. Ratio of crack densities in implanted and unimplanted zones versus peak surface
temperature
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Fig. 1 Experimental arrangement



unimplanted implanted

Fig. 2. Fracture pattern in the implanted and unimplanted area in MgO crystal.
Implantation with Cr to dose of 1.0*1016 cm"2.
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Fig. 3. Crack density in MgO as a function of peak surface temperature
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Fig. 4. Crack density ratio in implanted and unimplanted zones versus peak surface
temperature.


