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Hydrogen Accumulation in Ti, Zr and Hf caused by N implantation

M. Soltani-Farshi 1’2, H. Baumann 1, D. Riick ? and K. Bethge !
'Institute for Nuclear Physics, University of Frankfurt, 60486 Frankfurt/Main, Germany
*GSI, Planckstr. 1, 64291 Darmstadt, Germany

The influence of nitrogen implantation on the hydrogen
accumulation in"Ti, 7r and HBf was investigated depending on
nitrogen ion fluence. The samples were implanted with "N-ions
in the fluence range from 3 x 107 t0 § x 10" ions/cm’. The *N-
ion energy, varied between 150 and 220 keV, was chosen to
obtain nearly the same projected range in each metal. After
nitrogen implantation a considerable accumulation of hydrogen
(up to 8 at.%) was observed in the nitrogen implanted region.

The measured hydrogen distributions in figure 1 show
this effect for zirconium implanted with three nitrogen fluences
ranging from 3x10" to 9x10"7 ions/cm”, At a fluence of
3 x 10" PN-ions/cm? the distribution of the implanted nitrogen
and the accumulated hydrogen are nearly gaussian. At this
fluence the maxima of both distributions are located in the same
depth with respect to the sample surface. The accumulated
hydrogen content is proportional to the nitrogen concentration.
When the nitrogen concentration exceeds 20at.% in the
implanted layer (fluence > 3 x 10! 15N~ions/cnr12) the hydrogen
content continuously decreases in this region and the gaussian-
shaped hydrogen depth profile is split into two peaks with
increasing “N-ion fluence in consequence of nitride formation.
With further increasing nitrogen concentration the two maxima
are separated by a plateau with hydrogen concentration less
than 1 at.%. The same behaviour was found for titanium and
hafnium. The nitrogen concentrations assigned with respect to
the same depth (Areal Density) of both maxima of this saddje-
shaped hydrogen distribution, shown by dashed lines, indicate
the phase boundary of the oZr-phase on the N-rich side of the
equilibrium Zr-N phase diagram. An averaged value of the
nitrogen concentration of 22 at.% results from the points of
intersection of the dashed lines with the nitrogen profiles in
figure 1 being in a good agreement with the nitrogen concen-
tration value of the Zr-N phase diagram [1].

In the case of titanium and hafnium the nitrogen con-
centration corresponding to the o-metal phase boundary on the

-rich side was also determined with the method described
above. These values and the nitrogen concentration taken from
the IVb-nitrogen metal phase diagrams [1-3] are summarised in
table 1. The good agreement between the measured nitrogen
concentration and the concentration for the zirconium nitride
phase compound are demonstrated in table 1. The calculated
nitrogen concentration in titanium and hafnium obtained from
the theoretical analysis for nitride formation differs from the
experimental data presented here. In the case of titanium, the
calculated nitrogen concentration at temperatures below 800°C
is lower than the measured value, whereas for hafnium the
calculated value exceeds the experimental data. Published
thermodynamic equilibrium phase diagrams contain only a few
experimental data. Specially for titanium the phase diagrams in
refs. 1-3 are very unlike. Therefore an unambiguous conclusion
cannot be drawn to what extent the nitride formation by ion
implantation is comparable to a thermodynamic nitriding proc-
ess.
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Figure 1: Nitrogen- and hydrogen depth profiles in Zirconium

. . 15 . T
implanted with 185 keV “N-ions and atfferent fluences.

Element N-concen. N-concen. taken from
measured phase diagrams
Titanium 25 at.% 3o 23 at.% / 500 to 1050°C [1}
17024 at.% / 750 to 1650°C 2]
2110 24 at.% / 900 to 1450°C [3]
Zirconium 22 % 221025 at.% / 700 to 1985°C [1]
Hafnium 24 at. % 29 t0 27 at.% / 500 to 2910°C [

Table 1: Phase boundary of the IVh-a-metal phase on-the N-
rich side of the IVh-N-metal phase diagram.
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Electrochemical Behaviour of Yon Implanted Ti6Al4V in Chloride Solution

H. Schmidt, C. Konetschny, H.E. Exner, Dept. of Materials Science, Technical University of Darmstadt
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The titanium alloy Ti6AMV is used for load bearing compo-
nents of joint prostheses. The poor tribological properties of
this alloy can be improved by ion implantation of nitrogen or
carbon into the sliding sarfaces owing to the formation of
titanium nitride (TiN) and titanium carbide (TiC) {1,2]. Body
fluids contain chloride ions which can induce a breakdown of
protective passive films. In isotonic solutions titanium alloys
are passive over a wide range of potentials [3]. In the present
study, the effect of ion implantation into Ti6 AV on the elec-
trochemical behaviour in chioride solution is investigated.

Flat alloy discs were mirror polished and ion implanied at the
GSI 300 kV facility. Single, double and triple implantations
using various elements (C, N, O, Y, Hf, Pd, Ir, Pt, Au) weie
carried out [4,5]. Potentiodynamic anodic polarisation was
performed in 0.155M NaCl solution at 37°C using a COTTOsion
cell consisting of the specimen, a platinum wire gauze elec-
irode and a saturated calome! elecrode (SCE). To determine
depth distributions, Rutherford backscattering spectrometry
was carried out at the Institute for Nuclear Physics, Frankfurt.
Typical polarisation curves are shown in Figure 1. Up to
potentials of 1200 mV the samples show low current densities
(<20 pAcm?) which indicates passive behaviour. Non-implan-
ted Ti6AM4V and samples implanted with carbon monoxide or
carbon dioxide (integral doses D=6 to 9-1017cm™2) as well as
hafnium or noble metals (D<2-101%cm?) remain passive up o
the maximum potential applied (3000 mV). Depth distribution
measurements revealed that anodic oxidation occurs at the
interface between oxide film and substrate [5].

Implantation of carbon, nitrogen or yitrium leads to breakdown
of the oxide film during anodic polarisation. When the break-
down potential U, is exceeded a strong increase of the current
density occurs (Fig. 1) and pitting corrosion starts. After
carbon ot nitrogen implantation single pits are formed. Anodic
dissolution occurs at the bottom of the pit while the surface
around the pit remains passive. On yitrium implanted TicAl4V
pitting propagates in lateral directions resulting in a rough sur-
face. The backscattering spectrum taken in the surface region
of pitting shows that the greater part of the implanted yitrium
has been removed (Fig. 2).

1000“1‘5 Y! C Ng

b
f]
[

S
<

0,1 4 ¥ £ ¥ {
0 500 1600 1500 2000 2500
Potential (mV vs. SCE)

Figurel: Polarisation curves of Ti6AI4V implanted with carbon
(D=7-10"7cm?, double impl.), nitrogen (D=1,25 1018cm™?, tri-
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The breakdown potential decreases with increasing dose (Fig.
3) and increases with the ion energy. Afier carbon, nitrogen
and oxygen implantation breakdown occurs when TiN surface
layers or TiC or TiN precipitates are formed. TiC precipitates
reduce the breakdown potential more than TiN precipitates.

With respect to the medification of prosthetic components it is
suggested that breakdown potential measurements are usefull
to compare different ion implantation conditions and control
ion implanted lavers.
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Figure 3: Correlation between the breakdown potential Uy, and
the dose D for Ti6Al4V implanted with carbon and nitrogen

(single impl., E<80 keV) and with yttrium (E=220 keV).
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LET Effects on DNA Damage
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The following contributions are aimed at giving a brief review of biological and radiobiological studies related to heavy-ion
damages to DNA. Various research groups are involved in this subject dealing with topics like the early events of radical formation,
the production and processing of lesions (breakage of DNA and chromosomes) and the analysis of mutation as a relevant endpoint
of DNA damage induction. In this way, different stages of heavy-ion action on DNA are being investigated, which all together will

help understand the molecular basis of high-LET effects.

Heavy Ion Induced Damage in DNA Constituents:
Free Radicals and Products

B. Dusemund, A.-K. Hoffmann and J. Hiittermann

Important effects of ionizing radiation on living organisms
result from chemical modifications induced within DNA. At an
early stage free radical species are formed which are precursors
of alterations like modified bases and strand-breaks. Free
radicals induced by heavy ion bombardment are mainly
products of the reactions with &-electrons generated through
interactions of the primary radiation with the target. The
pathway from free radical species to products is a topic which is
hardly understood; its elucidation is the major aim of our
studies.

1. Release of unaltered bases

The pyrimidine nuclectides thymidine 5"-monophosphate
(TMP) and 2’-deoxycytidine 5'-monophosphate  (dCMP)
irradiated as solid, polycrystalline samples were used as models
for nucleic acids. As first product ever reported under these
conditions, the release of unaltered bases afier dissolving the
irradiated samples in aqueous solution could be demonstrated to
occur ‘and was investigated quantitatively using HPLC and
NMR. The samples were irradiated in the beam vacuum at 300
K with Ni (11.4 MeV/). Free thymine or cytosine base,
respectively, were found to be the main diamagnetic products
after dissolving in deuterium oxide. The radiation chemical
yields were estimated to be in the order of 107 mol I''. The
formation of the products was linear to dose up to about
200kGy. The respective values for X-irradiation (controls) were
considerably larger. The release of undamaged bases indicates
radical precursors centered within the sugar moiety, probably
connected with a strand break [1].

2. Caleulating G-values for free radicals from dose respounse
curves

The dependence between free radical concentration and dose
can give important clues on mechanistic aspects of radical
formation in solid matrices. Previous reports analyze dose-

response curves for different particles as well as for X-rays in
terms of the formula:
C=C, (1 - exp(-D/Dyy)),

where C,, is the saturation concentration of the radicals and Dy,
is the dose at which the level of C is reduced to 63% of the
saturation level.This formula implies a linear radical build-up
with dose combined with a first order destruction process, i.e,
dC/dD = k\N; - k,*C, (k;N, constant production rate, k, =
1/D3, a ‘destruction’ constant., Ny the number of molecules per
volume). The production rate is the G-value i.e. G = kyNg or,
with the formula above, G = C./Ds;,. This model gives 1o
explanation for the variation of neither the G-value nor the C.,
value for different kind of ions or different LET values of the
incoming irradiation. A normalization with the values obtained
by X-ray irradiation is also not possible. Typically; with
increasing LET both the G-value and the C, decrease. This
holds for the same ion with different LET and for different ions.
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Measured and calculated G-values for thymine.

As completely new starting point we performed track structure
calculations. Using the track structure theory of Butts and Karz
and changing it in such a way, that a radical radical destruction
is taken into account, it is possible to calculate the G-values,
with constant production and constant destruction values for all
different kind of particles. The results are shown in the figure
21
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Rejoining of DNA Damage after Carbon Ion
Radiation

Y
A4

G. Taucher-Scholz, C. Wiese, G. Becker and G.
Kraft
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With the aim of characterizing high-LET effects at the
molecular level, studies evaluating the formation and cellular
processing of DNA strand breaks have been continued.

For therapy particle beams (i.e. high energy carbon beams of
the SIS facility) the effect-depth profiles for intracellularly
induced double-strand breaks (DSBs) and for DSBs remaining
after a 3h rejoining period have been documented using CHO-
K1 cells embedded in long agarose slabs in water as tissue
equivalent [11. The same approach has now been applied using
DSB-repair defective cells (XRS-5) irradiated with carbon ions
of 195 MeV/u initial energy. As for the CHO-K1 wildtype cells,
a steady increase in the yield of DSBs was observed , with a
maximum at the position of the physical Bragg peak. However,
the peak to plateau ratio is smaller than the ratio of the physical
dose deposition. In addition, rejoining capacities (i.e. fraction of
DSBs rejoined after 3h incubation) were evaluated for the
mutant and CHO-K1 cell lines. The comresponding depth
distribution profiles are compared in the figure. For both cell
lines the extent of rejoining decreased with increasing
penetration depth, i.e. for the lower energetic particles.
However, a 3h rejoining period resulted in DNA damage
decreasing down to around 25% for CHO-K ! and only 50% for
XRS-5 cells in the beam entrance region. These results obtained
for the highly energetic particles are in line with the impaired
DSB rejoining of XRS-5 cells observed for X-irradiation, but
the difference in the rejoining capacities of both cell lines was
gradually reduced towards the high-LET Bragg-peak region.
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Close to the maximum particle range the rejoining capacities of
hoth CHO and XRS cells declined down to below 20%
indicating that even the repair proficient cells are not able to
process this high-LET damage.

Track segment studies with Carbon ion beams of defined
energies and LET have confirmed this general tendency. The
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fraction of DSBs remaining after a 3h rejoining period was
measured for both CHO-K1 and the XKS mutant after
irradiation with 195 MeV/u and 11 MeV/u Carbon particles.
For the high energy beam, only around 14% of the inital DSBs
were unrejoined in CHO-K1, but 30% for the repair deficient
mutant. Following irradiation with the lower energy higher LET
ions (154 keV/um) the fraction of DSBs remaining afier 3h
increased 3.5-fold for CHO-K1 and only 2-fold for XRS-5
cells, resulting in a smaller difference.

These results are in line with an enhanced severity and reduced
repairability of the DSBs induced by the lower energy lons, in
such a way that the repair deficiency of the cellular system
becomes less manifested. This kind of behaviour has also been
observed for other cellular endpoints, like cell killing and
chromosome aberrations.

1] J. Heilmann et al,, Int. J. Rad. Oncol. Biol. Phys. 34, 599,
(1996)

Induction of Unstable and Stable Chromosome
Aberrations by High Energy C-lons

K. Fiissel, P. Hessel, S. Ritter and G. Kraft

Two major classes of aberration-types are produced by ionizing
radiation namely unstable aberrations like breaks, dicentrics or
rings and stable aberrations like reciprocal translocations or
insertions. Unstable aberrations are regarded as lethal events,
i.e. cells carrying such a damage are rapidly eliminated from the
cell population due to mitotic failure, whereas most stable
aberrations are transmitted to further cell generations. Cells
carrying stable aberrations are at risk for neoplastic cell
tranformation.

In order to gain information about the efficiency of charged
particles to induce stable as well as unstable aberrations human
skin fibroblasts (AG01522B) were exposed to 200 MeV/u C-
ions. For comparison X-ray experiments were performed. Cells
were irradiated in plateau-phase, than replated and allowed to
proliferate. To measure the yield of aberrations in the first cycle
cells, metaphases were harvested at intervalls of 4h starting
from 29h up to 65h postirradiation. In addition, for the
determination of longterm radiation effects metaphases were
collected 30 days (15 population doublings) postirradiation.
Aberrations were analyzed by the use of the fluorescence in situ
hybridization technique (FISH) painting chromosomes #4 and
#8 [1]. Chromosomal lesions detected in these chromosomes
were scaled up to the full genome in adaption to Lucas et al [2].

For 200 MeV/u C-ions an RBE of 1.3 for the induction of
aberrant cells was measured which is consistent with the RBE
measured for cell survival in a parallel experiment. For X- and
particle radiation the distribution of aberrations was quite
similar, i.e. more translocations than dicentric chromosomes or
breaks were found. Analysis of aberrations 30 days after X-
irradiation showed that the yield of dicentric chromosomes was
reduced to the background level, whereas the frequency of
translocations was only slightly diminished. Preliminary data
obtained for C-ions show the same tendency. Further
experiments are in progress to determine the yield of stable
aberrations in the descendants of cells exposed to low energy
but high LET C-ions.
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HPRT-Mutations
in V-79 Cells Induced by Accelerated Ar Ions

H. Rink, P. Marcos and Y. Erygit

Reports on similar studies concerning the action of oxygen,
calcium and gold ions have been given by our group [1,2] in the
GSI Scientific Reports 1993 and 1994. We have continued this
studies with an Ar ion beam. For the particle energy of 11.4
MeV/u the LET was determined as 1103.5 keV/um, the fluence
was 3 x 10° p/em?, corresponding to an energy dose of 5.3 Gy.
V 79 cells were exposed in a state of exponential growth and
selected for hprt-mutants in a 6-thioguanine containing medium.
The mutation frequency was 5.8 x 10 for spontaneocus and
23.6 x 10 for Ar induced mutations. Mutant cells were cloned
and grown up to 107 cells per clone. Genomic DNA was
prepared, restricted by three different restriction enzymes: EcoR
I, Bgl 11 and Pst I and analyzed by the well known Southern
technique [3]. As a probe the Hprt-cKNA had to be prepared
from E.coli strain HHB92, whose pHpt 12 plasmids contained
the probe.

The hybridization patterns obtained were classified into three
groups: T or total deletions, P for partial deletions and N for no
visible changes, which correspond to point mutations or
deletions up to 200 bp. The result obtained wag: T = 45%, P =
35%, N = 20%. In Rink and Rosendahl {2} we discussed that
with LETs of > 1,000 keV/pm the severe gene damage (T + P >
70%) decreases to values between 55 and 65% as described for
X-ray induced mutation patterns. It should be noted, however,
that our own data for X-ray induced hpri-mutations ™ (40
different clones) resulted only in a number of 23% (T+1),
Analyzing the site of damage in the hprt gene of P-mutations
due to the known restriction map of Chinese hamster hprt-gene
[4], we found that the damage was not randomly distributed
over the gene but was mainly located between exons 2 and 3 to
30%. Due to the supercoiled DNA Structure, we suppose that
these sites are less acceptable to DNA repair enzymes and for
these reasons the damage at these locations is obviously more
preserved than at other locations.
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Molecular Analysis of Heavy Ion Induced Mutations

P. Schmidt, N. Scheerer and J. Kiefer

Chinese hamster V79 cells were exposed to “*'Am alpha
particles, 210 MeV/u C ions (LET: 14keV/um), 3 MeV/u Ti
ions (LET: 2500 keV/um) and 300kV X-rays for comparison.
Mutations at the HPRT locus were selected in 6-thioguanine
containing medium. At least 30 clones were isolated and the
gene structure analysed by multiplex polymerase chain reaction.
In most cases background mutants pre-existing in  the
unirradiated cell suspension were investigated in parallel. This
turned out to be essential for a correct analysis since the
background pattern varies considerably from experiment to
experiment. The distribution of partial deletions was also
studied. It could be noted that in unirradiated cultures clonal
expansion occurs as judged by the frequency of the same
deletion pattern. It can also be found in irradiated cells
indicating the contribution of background mutants. The figure
shows the distribution of deletions for the different radiation
types together with that of background mutants pooled from
several experiments.
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It can be seen that the fraction of total deletions increases with
LET suggesting more severe damage at the molecular level.
This pictire would not have emerged if the background had not
properly been taken into account. Heavy particle induced
mutants display also a special feature of partial deletions: While
with X-rays or in unirradiated cells the deletions extend only
over neighbouring exons this is not always the case with alpha
particles or heavy ions. Deletions are found in well separated
exons. We term this phenomenon which may be a hallmark of
the action of densely ionising radiations "non-contiguous
deletions". It may - if confirmed in further studies - serve as
molecular marker of heavy ion action.




