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ABSTRACT

CONF-851217—21

DE86 004771

It has been established that the wear behavior of ceramic materials can
be modified through ion implantation. Studies have been done to charac-
terize the effect of implantation on the structure and composition of cera-
mic surfaces. To understand how these changes affect the wear properties of
the ceramic, other mechanical properties must be measured. To accomplish
this, a commercially available ultra low load hardness tester has been used
to characterize A12O3 with different implanted species and doses. The hard-
ness of the base material is compared with the highly damaged crystalline
state as well as the amorphous material.

INTRODUCTION

The mechanical properties of most ceramics are extremely flaw depen-
dent. The surface preparation of such materials often determine the number
and size distribution of the flaws and therefore the strength of the sample.
This is demonstrated by the variety of strengths reported for single crystal
Al203. These values range from 525 MPa for ground surfaces to 1.59 GPa for
gas polished material [1,2].

This characteristic of ceramics makes them obvious candidates for
special surface treatment processes such as ion implantation. Considerable
work has been done to characterize ion implanted ceramics. Several reviews
of the literature are now available [3,4], Rutherford backscattering (RBS)
has been used to probe the chemical and structural changes caused by implan-
tation with a variety of ions and conditions in a variety of sub-
strates [5,6]. It has been documented that amorphous layers can be achieved
if the lattice damage exceeds a critical level in some ceramics [6,7].
These results have been confirmed by examining cross sectional specimens of
the surfaces in the transmission electron microscope (TEM).

Characterizing the surfaces of ion implanted ceramics mechanically is
more difficult. Low load (10 g or greater) Vickers and Knoop indentation
tests have been used on a variety of ion substrate systems [1,5-8]. Although
in some cases the depth of such indents approaches the implanted depth, the
radius of the plastic zone of such an indent is many times the depth. In
addition, the dimensions of such indents are so small that, even with
excellent optical systems, they are very difficult to measure. The results
of such tests are interesting and may indicate trends but are at best quali-
tative. Scratch tests have also been used to show beneficial effects from
ion implantation of ceramics [9,10]. Finally, bend tests of specimens with
ion implanted surfaces have shown distinct strength improvements. This 1s
the most convincing mechanical data in favor of such treatments [1].

A special ultra low load hardness tester has been used successfully to
characterize the mechanical properties of ion implanted metals [11]. This
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paper reports the initial studies of ion implanted ceramics with such a
system. Three implanted conditions of A12O3 will be discussed, two in which
the surface is damaged, but remains crystalline, and a third in which the
surface region is amorphous.

EXPERIMENTAL

Ion Implantation and Rutherford Backscattering

Three implantation conditions were used to implant c-axis oriented
sapphire single crystal specimens. The sapphire had been mechanically
polished to a 1-̂ .in. finish. The specimens were then annealed in air for
five days at 1400°C to remove any mechanical damage. The implantation con-
ditions and the ranges, straggling, peak concentrations, and the position
and level of the peak damage are shown in Table I. These specimens were
prepared in a system with a vacuum of 10~6 to 10"7 torr.

Table I. RBS Results for Ion Implanted A12O3*

Implantation
condit ions

4 x 101 6 Cr/cm2

150 keV
300 K

1 x 101 7 Cr/cm2

280 keV
300 K

4 x 1016 Al/cm2

90 keV*
4 x 101 6 0/cm2

55 keV
77 K

Range
Rp

(nm)

138

160

80**

80**

ARp
(nm)

49

73

Cr:Al
rat io
peak

0.03

0.09

dpa
(peak)

12.7

109

Depth of
peak

damage (nm)

31

86

Crystall ine
or

amorphous

C

C

A
(to depth
of 155 nm)

*2 MeV '•He.
••Calculated.

The microindentation experiments were carried out on a Nanoindenter
(Nano Instruments, Inc.). The system is shown schematically in Fig. 1. the
resolution of the displacement sensing system is 0.16 nm. The loading
systems resolution is 0.4 jiNa By knowing the depth of the indent, the load
and the functional relationship between the depth and the contact areat the
hardness can be calculated. The entire system is automated so that multiple
indents can be made in a single computer run. This feature of the system
allows adequate statistical certainty in the results to be obtained in a .
reasonable length of time.
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Fig. 1. Schematic of
Nanoindenter.
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The unimplanted results were obtained from portions of the specimens
that were masked during implantation process. The implanted surfaces were
then tested without reorienting the specimens, thus avoiding effects origi-
nating from the orientation of the indenter with respect to the sample
crystallography.

RESULTS AND DISCUSSION

Structural

The RBS results for three of the implantation conditions are shown in
Figs. 2-4. Figures 2 and 3 show that for the samples implanted with chro-
mium at 150 and 280 keV, the implanted regions are damaged but remain
crystalline. Figure 4 shows that the specimen implanted with aluminum and
oxygen contains a surface amorphous layer extending from the surface to a
depth of 155 nm. These results have been confirmed elsewhere using cross
sections of the implanted regions studied with the TEM [7].

Mechanical Properties

The most direct way of learning about the effects of ion implantation
on the mechanical properties of surfaces is to measure the differences
between the implanted and unimplanted conditions. This is particularly true
for hardness testing where indentation size effects in simple materials are
not well understood. Hence, it is necessary to measure the properties of
the substrate first. In this case, the substrate is sapphire with the c-axis
perpendicular to the surface prepared as previously described.

The indentation results for the substrate material showed two distinct
load-indenter displacement curves. The two curves are shown in Figs. 5(a)
and (b). Of the ten indents made in this material, four were similar to and
averaged into Fig. 5(a). Six of the curves were similar to and averaged into

Figure 5(a) is similar in shape to indents made in ductileFig. 5(b).
materials (metals and plastics). However, the elastically recovered
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Fig. 5. Microindentation results for c-axis oriented sapphire,
• loading, o unloading.

indenter displacement represented by the unloading portion of the curve is
greater than in most metals. This is due to the higher hardness to modulus
(H/E) ratio of sapphire as compared to most metals. Figure 5(b) shows the
obvious initiation and propagation of some type of flaw near the indenter.
The discontinuity of the displacement at a given load clearly indicates that
the initiation of the flaw requires higher stresses than its propagation.
Some possible flaws are cracks, twins, and dislocations. The curva shown in
Figs. 5(a) and (b) are identical subsequent to the displacement discon-
tinuity. This observation indicates that four of the curves behaved as if
the flaw was present from the beginning of the test [Fig. 5(a)]. This
observation confirms that there is a population of flaws in the surface of
the sample and that the mechanical properties of the sapphire are very flaw
dependent.

The unloading portion of the load-indenter displacement curves can be
used to calculate the modulus of the sample using the solutions to the
elastic problem of axisymetric rigid punches indenting a semi-infinite
solid as suggested originally by Stilwell and Tabor [12] and then refined by
Shorshorov et al. [13]. Referring to Fig. 5(a):
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Y = elastic indenter displacement,

W = load,

A = area of the contact,

vlf E2 = Poisson's ratio and the elastic modulus of the sample, and

V2> E 2 = Poisson's ratio and the elastic modulus of the sample
indenter.

This analysis of the data obtained from unimplanted sapphires yields an
average modulus of 539 GPa. This compares reasonably well with the
published value of 502 GPa for C 3 3 in sapphire at room temperature [14].

The hardness of the sapphire in the presence of the flaw is shown in
Fig. 5(c). The hardnesses shown were calculated from the load-indenter dis-
placement data shown in Fig. 5(a). The hardness shows a definite inden-
tation size effect (ISE) (the hardness is not constant as the depth
changes). The values range from 35 GPa at an indenter displacement of 40 nm
to 18 GPa at 225 nm. It should be noted that the depth of the plastic
indent spanned by this data ranges from 24 to 140 nm. The plastically
deformed volume of material is approximately hemispherical with a radius of
7 to 14 times the plastic indent depth. The significance of such inden-
tation size effects is questionable since their magnitude are critically
dependent on the depth-to-area function used for the particular indenter.
The error bars on all of the hardness versus indenter-displacement curves
shown are two standard deviations in length. The standard deviation is
calculated by averaging all of the data points from all the indents in a
given material between a given depth plus or minus 3 nm.

The large elastic recovery can be accounted for by taking the plastic
depth of the indent at any indenter displacement to be the indenter
displacement multiplied by the ratio of the lengths AB by AC as shown in
Fig. 5(a). The justification for this correction has been made by several
previous authors [13,15,16]. Two assumptions are made with this type of
correction: (1) that the modulus is constant as a function of depth and
(2) during the relaxation, the projected area of the indent remains
constant. The first assumption is certainly reasonable for sapphire. The
second has been shown to be approximately correct for a wide variety of
materials. When these corrections are made, the general shape of the curve
would be unchanged, but the values would range from 90 GPa at 40 nm to
45 GPa at 225 nm. These values more accurately represent the plastic hard-
ness of sapphire at these depths.

Figure 5(d) shows the calculated hardness values for the data shown in
Fig. 5(b). The values for the hardness subsequent to the initiative event
are identical to those shown in Fig. 5(c) at the same depths. Prior to the
initiation of the flaws, the hardness is higher and the scatter in the
results increases. In this region, the strength is probably controlled by
existing flaws that are propagated at stress lower than the initiation
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stress for the flaw(s) that causes the major displacement discontinuity
shown in Fig. 5(b). The variation of the population of such flaws near the
indenter causes the increased scatter in the results.

The load displacement curves for the implanted specimens are shown in
Figs. 6(a)(b)(c). Figure 6(c) corresponds to the sample implanted with alu-
minum and oxygen so that an amorphous surface layer was formed. The results
of eight indents are averaged into Fig. 6(a); ten into Fig. C(b); and twelve
into Fig. 6(c). Clearly, there are no discontinuities in the indenter
displacement for the implanted materials. There are several possible causes
for the absence of such discontinuity.
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F1g. 6. Microindentation results for implanted sapphire,
• loading, o unloading.

It is well known that implantation generates many defects in the sur-
face of materials. Thus, the implantation may nucleate the flaws respon-
sible for this effect. If that is the case, it would only be necessary to
propagate these flaws. The other obvious possibility is that the implan-
tation reduced the applied stress for nucleation to a very small value.
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It is well established that implantation of metals can result in large resi-
dual stresses [17], These stresses are often tensile in nature at the sur-
face, compressive near the average range of the ions, and then finally
tensile further into the material. Such surface tensile stresses would cer-
tainly increase the effective stresses associated with a given applied load
and thus eliminate the displacement discontinuity shown in Fig. 5(a).

The modulus calculated from the sample with an amorphous sublayer
[Fig. 6(c) yields a value of 479 GPa. This result is heavily influenced by
the substrate below the implanted region and therefore is not the modulus of
amorphous A12O3. This result does show that the modulus of the amorphous
material is certainly less than the crystalline sapphire when sampled along
the c-axis. This is reasonable since C33 is the highest stiffness coef-
ficient for sapphire.

This result leads to difficulties in correcting for elastic recovery of
indenter displacement. As previously pointed out, at present the only
reasonable way to correct for the elastic effects assumes a constant modulus
as function of depth. To properly account for the elastic effects, the
elastic recovery of the specimen as a function of depth would have to be
determined.

The clearest way to compare the plastic response of the implanted and
unimplanted materials is in terms of the ratio of the hardnesses at a given
depth. Figures 7(a)(b)(c) show such plots for the three implantations
conditions. The comparison in each case is made to the unimplanted data
which shows no displacement discontinuities [for instance Fig. 5(b). Since
the implanted material shov's no such discontinuity, this was judged to be
the most reasonable comparison. No corrections for elastic effects have
been applied to the data as it is plotted in these curves. Figure 7(c)
clearly shows that the amorphous A12O3 is 50X SOfter than the unimplanted
sapphire. This agrees both qualitatively and quantitatively with results
from low load (15 g) Knoop indentation results previously reported [7]. The
average range of the ions is 80 nm (see Table I) for this specimen and the
amorphous phase extends to 155 nm. Hence, the depths at which the softening
effects are observed are reasonable.

The result for the specimens implanted with chromium are shown in
Figs. 7(a) and (b). There is some very near surface softening shown in
Fig. 7(a) that could be due to the residual stress state of the surface. At
greater depths a hardening of approximately 4% is observed. This result
agrees qualitatively with earlier Knoop indentation test; however, the
magnitude of the hardness change is not as large as previously reported.
Figure 7(b) shows no significant hardness changes. There are two possible
causes for the discrepancy. First, the Knoop indent data may not be quan-
titatively accurate for reasons already discussed. Second, when apparent
hardness is calculated from load displacement curves it is possible for a
decreased modulus to compensate for increases in hardness. This is a direct
result of the indenter displacement on loading being the sum of the elastic
and plastic indentation depths. The reduced modulus detected for the speci-
men with an amorphous layer indicates that as damage accumulates in the
sapphire, the modulus will decrease; hence, a hardness increase could go
undetected. Further experiments are planned to determine the modulus as a
function of depth for these specimens. Once such data is obtained, the
plastic hardness as a function of depth can be properly calculated.

CONCLUSIONS

1 . Amorphous Al 203 generated by ion implantation with aluminum and
oxygen is 50% softer than single crystal sapphire.
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2. No hardness increase has been detected in sapphire implanted with
chromium with conditions for which large increases have been previously
reported using standard microhardness tests; however, this discrepancy may
be due to modulus changes.

3. The stiffness of such amorphous A12O3 is at least 10% lower than
the crystalline material as determined with indentation testing.

4. Flaw initiation has been observed at loads of approxi
well annealed c-axis oriented sapphire.

1 g in

5. A value of 539 GPa for the modulus of c-axis oriented Al203]has
been determined using indentation testing. \ /
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