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elements it is necessary to separate the major
elements [2-4].

However, a great deal of the objects examined
consist of appliqu6 and incrustations on the artif-
acts made from other metals (bronze, brass, iron)
from which samples cannot be taken. In such case
the elemental composition of the sample can be
determined and semiquantitative analysis carried
out by the X-ray fluorescence method.
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A wealth of information was published in the last
decade on the results of experiments on the forma-
tion of alloys and chemical compounds on the sur-
faces of materials by means of ion beams (ion im-
plantation and ion mixing techniques) and laser
beams.

In the former case mixing of an alloyed consti-
tuent (most often metallic) with a substrate appears
as a result of superposition of the three following
processes: displacing impacted atoms (ballistic mix-
ing, BM); diffusion through radiation-generated
defects (radiation enhanced diffusion, RED); and
diffusion caused by a chemical potential gradient,
leading to the formation of a new phase or new
phases. The first process is a short-range one (be-
low < 100 am). The other two may lead to a long-
-range mixing (several micrometers).

In case of laser techniques, the near-surface layer
of a metallic film-substrate structure is molten by a
continuously scanned or a pulsed laser beam of
power in the range lO^lO8 W/cm2. Since migration
of atoms in the liquid phase is by 7 orders of
magnitude (or even more) higher than that in the
solid phase, an effective mixing of a film-substrate
structure may take place in time as short as several
tens of nanoseconds; it is a consequence of a very
effective diffusion of both structure constituents.

As was shown in our previous works devoted to
metal-metal structures, the Deposition by Pulsed
Erosion (DPE) version of intense plasma pulses
technique (under development in the Softan In-
stitute for Nuclear Studies at Otwock-Swierk) is
potentially capable of alloying (mixing) also the ce-
ramic-metal structures. The method exhibits some
features of both the above mentioned techniques
(ion beams and laser beams). During the DPE
process, a plasma pulse containing ions of a select-
ed metal (e.g. Al, Cu, Ti, Ni, Mo) and ions of a
working gas in which the discharge takes place (e.g.

N, Ar, H, Xe) supplies to the substrate a portion of
energy sufficient to melt its near-surface layeranalo-
gously as in the case of a laser beam treatment.
However, the transport of mass takes place simulta-
neously, as in the case of an ion beam treatment.

A series of experiments aiming at determining
the efficiency of metallization of AI2O3 (sapphire)
and polycrystalline Si3N4 ceramics by the DPE
method has been conducted within the reported
period. The main difference between both the men-
tioned materials - from the DPE application point
of view - lies in the fact, that the former ceramic
melts in 2030°C (in normal conditions), whereas
the latter one does not exhibit any liquid phase, and
at a temperature of 1900°C decomposes or inten-
sely evaporates. Some results obtained for AI2O3
samples irradiated with Mo-N and Ti-N plasma
pulses are briefly discussed below.

Experimental conditions: mean energy density of
pulses generated in the rod-type plasma generator
IBIS: 5.5 J/cm2; delay times: t=160,180 and 200 ̂ s
(for 160 fis plasma is rich in metal ions, poor in
nitrogen ions, on the contrary for 200 ps); number
of subsequent pulses: 5. The irradiated samples
have been characterized in FZR by the following
methods; secondary and back-scattered electron
images observed in SEM, EDX microprobe analy-
sis, RBS spectra, AES measurements.

Computer simulation of thermal evolution in sap-
phire irradiated with pulses of plasma lasting more
than 1 s, and carrying energy densities of the order of
the experimentally encountered ones, showed that
duration of the molten phase does not depend on the
energy level; it amounts to about 10 ,MS. On the other
hand, the melted depth for pulses of duration 5-1 ̂ s
amounts to 0.7 to 1.7 pm.. Therefore one can easily
estimate that during the melt time (50 ̂ <s at 5 pulses)
the diffusion range is approximately 0.5 /*m (taking
into account a typical value of diffusion constant for
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impurities in molten phase D=5xlO"5 cm2/s). One
can then expect that mixing in AI2O3 might occur at
the depth of a fraction of micrometer provided other
necessary conditions are met.

A detailed analysis of the results of sample cha-
racterization provided the following observations
and conclusions. There is a very pronounced dif-
ference in the topology of samples irradiated with
the Mo-N and Ti-N plasma.

In the former case one can see microdroplets, net
of microcracks and gaps on the surface. Number and
dimensions of microdroplets are the largest for
t=160 ^s and diminish with increasing t. Microdrop-
lets consist mainly of Mo. Between them there exists
a thin layer also containing Mo with surface concen-
trations Ns=1.6xlO17, 4xlO16 and 2xlO15 cm"2 for
t=160,180 i 200^, respectively. The Ns value does
not vary between gaps and outside of them.

In the latter case (Ti-N) there appears a homo-
geneous layer without microdroplets and with not
very abundant gaps, but with a visible net of micro-
cracks. A sub-layer of Ti-N appears down to a depth
5 nm; the deeper layer is composed of metallic
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titanium. The surface concentrations of Ti amount
to 1.8xlO17, 3.2xlO16 and 3.2xlO16 cm'2 for t=160,
180 and 200 ̂ s, respectively.

In case of Ti a distinct mixing of deposit with
substrate takes place up to a depth of about 0.5 pm.
It is not yet clear whether the mixing is connected
with the formation of titanium-oxygen and/or tita-
nium-aluminum compounds or alloys, or if tita-
nium is an impurity dissolved in sapphire.

Conclusions drawn from the above reported re-
sults:
- A capability of the DPE version of the intense plas-

ma pulse technique to perform a long-range mixing
of deposit with substrate in the Ti/Al2O3 structures
has been proved. Previous attempts of other au-
thors aiming at obtaining mixing in this structure
by means of ion and laser beams have failed.

- Further experiments are required in order to
determine the chemical state of titanium alloyed
into a sapphire substrate and to clarify the ques-
tion whether the thin metal (Mo, Ti) layer ob-
served on the substrate is formed cumulatively or
only during the last pulse.
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Samples were irradiated and characterized similarly
as in the previous task, except that the number of
pulses was 10, and the mean energy density was
about 6.5 J/cm2. Additionally some tribological
tests were performed during characterization. The
results allow to make the following statements.

Ni-rich microdroplets are the more abundant in
Ni/Si3NT4 structures the shorter the delay time t. A
thin layer exhibiting a strong 1617 eV line in the
AES spectra covers the area between the micro-
droplets; the line is characteristic for nickel
silicides. This can be understood by taking into
consideration the fact that the substrate material
decomposes, providing a source of silicon for
formation of silicides. The outer sub-layer consists
mainly of pure nickel. Because of presence of the
microdroplets, broadening of the main line in the
low-energy part of the RBS spectra may not, in any
case, be interpreted as a result of mixing.

Long-range mixing does not take place also in
the Ti/Si3N4 structures. Some narrow surface peaks
appear in RBS spectra in case of these structures,
whereas the low-energy part of the spectra is even.
The Ti presence only on the surface is confirmed by
a sequence of shifts of Si edges; the sequence
depends - in agreement with expectations - on the
value of time t. Surface concentrations Ns of
titanium amount to lxlO17 and 2.4xlO16 cm'2, for
160 and 170 ^s, respectively. For larger delays the
concentration falls below the detection limit of the

RBS method. The surface layer consists of a mix-
ture of Ti, TiSi and TiNx. Presence of the latter is
confirmed by the 416 eV line that appears next to
the 419 eV line in AES spectra, whereas presence
of TiSi - by the 1617 eV line that appears next to
the 1612 eV SiaN4 line. Differences in the morpho-
logy of surfaces of the samples bombarded by Ni
and Ti plasma may be explained by a larger surface
tension of the liquid Ni phase (1.74 N/m) than that
of Ti (1.57).

In spite of lack of a long-range mixing, structures
of both types exhibited in the "ball-on-disk" test
(10 000 cycles) about a tenfold increase of the wear
resistance. A similar result may be brought about by
some conventional ion implantation (according to
investigations performed earlier in FZR). Improve-
ment of the wear resistance did not clearly depend
on the amount of deposit in the delay time range
t=160-200 ^s. The improvement was attributed to
the following factors:
- melting and distributing the binding component

over the microcracks,
- formation of new phases generating a squeezing

strain that restrains propagation of microcracks,
- ablation of the surface-defected material.

The above results were presented on the "Mo-
dification of ceramics and semiconductors by ion
bombardment" International Conference held on
May 19-23,1997 in II Ciocco, Italy, and accepted for
publication in "Materials Science and Engineering".


