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Polycrystalline samples of TiB2 were implanted at ambient tem-
peratures with 1-MeV Ni+ ions to a fluence of 1 x 1C17 ions/cm^. This
fluence corresponds to a calculated nickel-to-titanium ratio, within the
half width of the ion distribution, of approximately 0.12. Analytical
electron microscopy was used to study the resultant microstructure. The
starting microstructure was modified to a depth of approximately 750 nm,
significantly deeper than the calculated peak in the deposited nickel
profile of 389 nm. The results also show a change in the character of
the microstructure, from one exhibiting a moderate density of tangled
dislocations to a high density of small defects, as well as a change in
the concentration of nickel as a function of depth from the implanted
surface. There was no evidence of nickel precipitation. Surface mecha-
nical properties such as hardness and wear.resistance were significantly
increased.

1. Introduction

Recently a series of studies have been undertaken to determine the

effect of ion beam treatments on the surface structure and properties of

ceramics [1—5]. A variety of techniques [Rutherford backscattering-

channeling (RBS-C), analytical electron microscopy (AEM), transmission

electron microscopy (TEM), K-ray diffraction, scanning electron

microscopy (STEM), and Raman spectroscopy] have been used to determine

the structure of the implanted or ion beam mixed layer, in particular

the defect configurations or radiation damage produced by the energetic

ions. Surface mechanical properties have been evaluated by microhard-

ness, indentation fracture toughness, and scratch-wear measurements.

This paper contains the results of an analytical electron microscopy

study of the microstructure and surface mechanical properties of

polycrystalline TiB2 implanted with 1 MeV nicks! ions.

The quantitative characterization of radiation damage in polyatomic

crystals lags far behind tnat in simple metals. With the exception of
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s+ -dies on nuclear fuels (UO2. UC), most of the limited studies on cera-

mics have dealt with compounds where the cations and anions have similar

masses. In the case of TiB2> the mass ratio is 4.4. One purpose of

this study was to characterize the defect structure of such a material

after bombarding with a relatively high mass, high energy ion, nickel.

The compound Ti %2. has a ^^n hardness (~ 25 GPa), very high melting

point (2900°C), and high electrical conductivity. Such properties are of

interest for several technological applications such as cutting tools,

wear-resistant valve components, and Hall cell electrodes. A second pur-

pose of the present study was to evaluate the use of ion implantation to

increase the surface hardness and wear resistance.

Previous studies of ion beam modified ceramics have produced

a range of defect structures which appear to be related to chemical

bonding or type of crystal structure or some other factor not yet identified.

For example, although Naguib and Kelly [6] include Al 2°3 in their list of

materials that become amorphous during ion bombardment, recent

transmission electron microscopy examinations show that room temperature

implantation to fluences as high as 1 0 ^ ions-cm"^ produce crystalline

structures containing large numbers of small point defect clusters [l;7].

An optical absorption band produced in Al 2^3 by particle irradiation has

been ascribed to aluminum vacancies [8] or to anion (oxygen) vacancies [9].

Lattice location experiments of Camera et al. [10—11] showed that implanted

lead ions occupied octahedral interstitial sites that were signifi-

cantly displaced along the <0001> axis.

On the other hand, SiC does become amorphous at fluences of 1 0 ^ to

1 0 ^ ions'cnT^, corresponding to a damage level of approximately 0.2

displacements per atom [3,12—14]. Results from studies by TEM, RBS-C,

and Raman spectroscopy confirm that long-range crystal Unity is destroyed

by such treatments.



Other than our preliminary results published earlier [l], tne only

report of implantation into Ti B2 involved krypton into sputter-deposited

Ti tJ£ 'films [15]. The krypton caused blistering and increased the

adherence to the substrate, perhaps due to ion beam mixing effects at

the interface.

2. Experimental Procedures

Polycrystalline TiB2 specimens were prepared from powder that ini-

tially contained approximately 1 wt % oxygen as the major impurity

(H. Starke Company, Berlin). Samples having 98.4% theoretical density

were produced by vacuum hot pressing at 2050°C under 25 MPa uniaxially

applied pressure for 4 h. The grain size was in the range of 50 to

100 urn. Specimens of appropriate size were cut from these compacts and

polished mechanically to a surface finish of less than 25 nm. The

implantation of 1 MeV lfi+ ions was carried out using the ORNL 5 MV

Van de Graaff facility. The fluence was 1 x 1 0 ^ ions/cm^. This proce-

dure resulted in a nickel-to-titanium ratio of approximately 0.12. The

calculated composition was made assuming the nickel ions to be uniformly

distributed in the region centered around the peak in the distribution

and contained within the calculated half-width.

The implanted samples were cut into pieces approximately 1 x 2 x 5 mm

and pairs of these pieces were glued together with the implanted sur-

faces facing each other using low temperature epoxy. Slices approxima-

tely 250 pm thick were then cut from this composite and mechanically

polished to a thickness of approximately 75 urn using 25 pm diamond

paste. These specimens were then mounted on copper washers and argon

ion-milled in the standard way. A schematic diagram of this specimen

configuration is shown in Fig. 1. This technique, though requiring a

great deal of care, allowed examination of the implanted layer in cross



section while at the same time maintaining the original implanted sur-

face, as shown in Fig. 2. Due to the limited thickness of the implanted

layer, this technique provided the only means of accurately measuring

the extent of the modified layer.

The specimens were examined using TEM in a JEM 12OCX, Philips EM 400T/FEG,

anri a Hitachi HU10Q0 High Voltage Electron Microscope. The Ni/Ti ratio

as a function of depth was obtained from energy dispersive x-ray analy-

sis (EDS) on the Philips EM 400T/FEQ equipped with a STEM System/PW 6585,

and an EDAX 9100 x-ray analysis system. The EDS measurements were made

in the STEM mode with an electron probe size of approximately 2 nm. The

lir,<? scans were obtained in a continuous mode while recording the Ni ,

Ti , and respective background regions for short periods of time.

Subsequent quantitative analyses were performed on background and hole-count

subtracted integrated peak intensities of the zirconium and yttrium Ka

lines and staniiardless analysis routines present on the EDAX 9100

system. Various Ni/Ti determinations were obtained using standardless

analysis routines developed by Zaluzec [16]. The quantitative deter-

minations obtained by the two methods agreed to within 5%.

The hardness of the samples was measured by means of the Knoop

microhardness technique. With a 15-g load (0.147 N), this procedure

creates indentations that are approximately 250 to 300 nm deep. The

implanted ion concentration peaks in these specimens at about 450 nm;

thus the hardness values may reflect a contribution from the underlying

unmodified lattice. Tne hardness values are reported only as relative

values, expressed as the ratio of the hardness of the implanted area to

that of an unimplanted region on the same specimen, indicating magnitudes

of hardness changes rather than absolute hardness values. Unimplanted

areas are retained on all implanted specimens by selective masking to



allow the implanted/unimplanted hardness ratio to be determined on

specimen volumes having identical histories. Since Ti B2 is hexagonal and

exhibits anisotropic physical and mechanical properties, measurements

were made in individual grains at the position of the mask; that is,

contained both initial and implanted areas.

Indentation fracture toughness values were determined from Vickers

hardness indentations. Vickers indents produced by 0.49 and 0.98 N

loads generated cracks at the corners of the indenter impressions. The

crack lengths and indentation diagonals were measured and used to calcu-

late an apparent fracture toughness value by the methods of Evans [17J

and of Marion [18]. The fracture toughness values determined from the

two methods differ somewhat, but the ratios of the values for

implanted/unimplanted material were comparable.

An evaluation of the response of the surface to simulated mechanical

abrasion was made by means of a scratch test. In this test, a stylus is

slowly translated across the surface under normal loads of 0.098 to 0.49 N

while the tangential force on the stylus is continuously measured. The

scratch origin was positioned to cause the stylus to cross the

unimplanted/iinplanted interface during the traverse of the curface. The

stylus is a Vickers diamond indenter, positioned to move over the sample

surface with one o'" the pyramid faces normal to the direction of motion.

The stylus moved at a velocity of 28 pm/s.

3. Electron Microscopy

Figure 3 shows results of TEM observations of the as-implanted

material. The micrographs are a bright field and weak-beam dark-field pair

whicn illustrate the change in the nature of the damage as a function of

distance from the implanted surface. There is a reasonably uniform,



moderate density of tangled dislocations in the region extending from

the surface to approximatley 550 nm deep. The areas between the dislo-

cation appear to be relatively free of defects. Between 550 nm and

approximately 750 nm the microstructure is noticeably different. This

region contains a high density of small defects 5 to 10 nm in size.

Because of the contrast from the defects, it is impossible to determine

whether any tangled dislocations of the type seen nearer the surface are

present. At approximately 750 nr.i the observable damage ends abruptly.

The presence of dislocations and other defects in the microstructure

demonstrates that the implanted layer is still crystalline.

Measurements of the nickel content of the implanted layer were made

using x-ray energy dispersive spectroscopy (EDS). The measurements were

made in the TEM mode with a beam diameter of approximately 2 nm.

Precautions were taken to ensure that each measurement was made under

the same conditions. In addition, the measurements were made across a

region where the variation in specimen thickness was minimized. Since a

buildup of hydrocarbon contamination occurred during the acquisition of

each spectra, care was taken to position the probe to avoid overlap.

Quantification of the EDS data revealed that the nickel level varied as

a function of distance from the surface. These results are plotted in

Fig. 4 as the ratio of nickel to titanium, Ni/Ti, versus distance from

the implanted surface. There is a maximum in the Ni/Ti ratio at

approximately 450 nm. Only a small amount of nickel was detected in the

region deeper than 650 nm, despite the obvious presence of a modified

microstructure. Although nickel is present in fairly high levels, there

is no evidence of nickel precipitation either in the bright field images

or the diffraction patterns from the implanted layer.
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The microstructure observed in TiB2 after implanting with 1 MeV nickel

ions is complicated. The dislocation structure near the implanted surface

is similar to the microstructure that develops in metallic alloys during

ion irradiation. There is no indication that these dislocations are the

result of the build-up of stress due to the presence of the nickel con-

centration in the lattice since they do not appear to emit frr;n discrete

sources. The dislocations, then, are the result of the accumulation of

the point defects (in this case undoubtedly interstitials) into loops

that eventually grow and interact to form dislocation tangles and

segments. In the case of ion irradiated metallic alloys, the dislocation

density is c function of distance from the surface and usually reaches a

maximum near the depth of peak ion deposition. In the present experi-

ment, calculations using the E-DEP-1 computer code of Manning and

Mueller^ indicate that the nickel ions should have the profile shown in

Fig. 4. The calculated deposited energy profile for 1 MeV Ni+ in TiBg

is shown in Fig. 5. Tne measured peak for nickel ions occurs at

approximately 450 nm while the peak in the deposited energy occurs at

200 nm. It is obvious from Fig. 3 that the microstructure in this spe-

cimen does not exhibit a peak in dislocation density and is affected to

a much greater depth. Moreover, a change in the character of the

microstructure, from dislocation tangles to a high density of small

defects, occurs at approximately 550 nm. In addition, the peak in the

nickel content as measured by EDS (Fig. 4) occurs at approximately 450 nm,

which is 15% deeper than that calculated.

Differences in the depth of the calculated and measured Ni/Ti depth

profile can be attributed to differences between the calculated and

actual electronic stopping power for Ni+ in Ti B2- A simi'iar effect has



been observed in other materials by Narayan et al. [20]. Another mecha-

nism which can lead to a deeper depth profile is that of channeling of

the implanting ions along preferred crystallographic directions in the

substrate. However, similar Ni/Ti profiles were obtained for dif-

ferently oriented grains. Other differences between the calculated and

observed Ni/Ti dpeth profiles are (1) significantly more Ni was observed

in the region between the surface and a depth of 200 to 300 niu and (2) the

full width at ha If-maximum for the measured Ni/Ti distribution was

greater than that of the calculated distribution. These differences may

be attributed to the influence of irradiation damage processes occurring

during the ion-implantation process. The increased Ni/Ti ratio correlates

quite well with the calculated deposited energy profile or corresponding

displacements per atom depth profile. The particle irradiation-induced

displacements in the Ti^2 can lead to the migration of the Ni into the

near surface region.

Attempts to determine the nature of the fine defects observed in the

deeper regions have been unsuccessful to date. The apparent high number

density of these defects makes imaging difficult due to overlapping ima-

ges. While the normal gradual increase in thickness of a TEM specimen

with increasing distance from the edye would result in an increase in

the number of defects observed, it is not likely that the thickness of

the specimen would increase as abruptly as the increase in density of

tne defect indicates. Nor would the thickness be expected, to decrease

abruptly at approximately 750 mr< from the edge where the defects are not

observed. One possible explanation for the observations can be found in

the interaction between the incident nickel ions and the boron atoms in the
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Ti ̂ 2- Calculations, again using the E-DEP-1 code, indicate that the

boron atoms which receive the maximum energy transfer from the 1 MeV

nickel ions during a primary knock-on (PKO) event near the surface

will have a range of approximately 800 nm. Such high energy knock-ons

can, of course, cause further displacements. This calculated end of the

range of these displaced boron knock-on atoms is in agreement with the

observed end of the modified layer.

One is tempted to postulate that the coarse damage extending to

approximatley 550 nm is due to defects produced by the nickel bombarding

ions and by the displaced titanium ions. The width of the damage

region is consistent with the ranges of these ions. The underlying

region of fine damage would then have its origin in the boron PKO1s and

subsequent boron displacements. However, the segregation of the defects

into two clearly separated regions is surprising and not predicted by

theoretical efforts to model damage in polyatomic crystals [21-24].

This is the first observation of a two-part damage structure in ion

implanted ceramics. This may be due primarily to the fact that most

ceramics examined previously have been composed of elements of similar

atomic weight, that is, aluminum (26.9) and oxygen (16) in AT 2^3 J or

silicon (28), and carbon (12) in SiC. However, the atomic weights of

titanium (47.9) and boron (10.8) may be sufficiently different to

explain the dual damage mi"rostructure.

4. Mechanical Properties

Significant hardening resulted from implantation of Ti B2 with

nickel. Figure 6 shows the relative hardness (implanted to uniinplanted)

for two implanted samples and one sample annealed for 2 h at 1450°C

after implantation. The hardness of this already very hard material was

increased by 70 to 100?; (hardness ratios of 1.7 and 2.0). The value of
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the latter specimen exceeded that of cubic boron nitride (generally

accepted as the second hardest substance to diamond). The hardnes~

ratio decreased only from 1.7 to 1.45 for the sample that was annealed.

The indentation fracture toughness was increased from 40 to 80%.

Variations in the apparent KJQ fronl yrain to grain suggest an orien-

tation effect on both hardness and K'o In general, the higher values

of KJC were associated with the higher hardness values.

The scratch-wear test gives an indication of the wear resistance

under gouging or abrasive action for material removal. At a given value

of normal force, the tangential force divided by the cross-sectional

area of the groove gives the specific energy of material removal or the

energy required to remove a unit volume of material [25-26]. Specimens

of Ti Bg which had been implanted on one-half of a polished face were

evaluated by measuring the change of tangential force and cross-

sectional area of the scratch as the measuring stylus moved across the

interface between unimplanted and implanted regions. The shape and

cross-sectional area of the grooves (scratches) were determined from

surface profilometer (Dektak) measurements using a 2.54 pm diameter stylus.

The tangential force, at 0.098 N (10 g) or 0.196 N (20 g) normal

force, did not change during the traverses; however, the cross-sectional

areas of the scratches did. Table 1 contains a summary of the measure-

ments for two samples. The specific energy of material removal for the

implanted portion of the specimens was 50 to 90% greater than for the

unimplanted regions.

5. Summary

Samples of TiB2 implanted with 1 MeV Ni+ ions were examined by ana-

lytical electron microscopy. The surface of the TiBg was modified to a

depth of approximately 750 run, significantly deeper than the calculated
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peak in the deposited nickel profile, 389 nm. The modified microstruc-

ture consisted of two parts: (a) a region extending from the surface to

approximately 550 nm which was characterized by a moderate density of

tangled dislocations and (b) a region between 550 and 750 nm from the

surface characterized by a high number density of defects 5 to 10 nm in

size. In addition, the nickel concentration as measured by EDS exhi-

bited a peak centered at approximately 450 nm from the surface. No evi-

dence of nickel precipitation was observed. These results are

interpreted in terms of a two-part damage structure, the region nearer

the surface being due to the displacements by the nickel and titanium

ions, and the deeper region being the result of damage by knock-on boron

atoms. The calculated end of range of the boron knock-on atoms,

approximately 800 nm, corresponds well with the termination of the

observed damage. This is the first observation of a two-part damage

microstructure in an ion-modified ceramic and may provide important data

for comparison with theoretical calculations of damage in multicomponent systems.

The surface mechanical properties as measured by Knoop microhard-

ness, indentation fracture toughness, and ^cratch-wear resistance were

significantly enhanced by this ion beam treatment. Increases of 50 to

100% in these paroperties were noted.
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Table 1

Results of scratch wear tests

Normal Cross Section of Ratio Specific
Specimen Relative Force Tangential Force (N) Groove (pffl^) Groove Energy

Number Hardness (Newton) Uniinplated Implanted Uniinpl ated Implanted Uniinplanted/Implanted

1.7

2.0

0.098

0.196

0.098

0.196

0.015

0.025

0.012

0.020

0.015

0.025

0.015

0.025

2.96

5.74

3.00

5.75

1.91

3.80

1.58

3.10

1.54

1.51

1.90

1.85
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FIGURES CAPTIONS

Fig. 1. Specimens are prepared for TEM by ion-mi l l ing to produce a

cross-'.ectional view of the implanted layer. This techniuqe allows

observation of the f u l l ion range to be made.

Fig. 2. Schematic view of the resultant TEM sample. The f u l l depth

pro f i l e of the implanted species can be determined from each specimen.

Fig. 3. Br igh t - f ie ld and weak-beam dark- f ie ld TEM photographs showing

the implanted layer in cross section. Note the dislocations near the

surface and the f ine damage structure nearer the substrate TiBg. No

precipitates are present.

Fig. 4. The calculated and measured Ni/Ti rat ios as a function of

distance from the free surface for 1 MeV Ni+ on TiB£.

Fig. 5. The calculated deposited energy and tota l displacements per

atom (dpa) depth prof i les for 1 MeV Ni+ in Ti B£-

Fig. 6. The relat ive hardness of Titi^ implanted with 1 MeV n icke l .
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