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Abstract

The effect of pulsed ion implantation of nitrogen and argon on copper was studied by means of mechanical dynamical speciroscopy.
A new peak of internal friction at about 800 K (grain boundary relaxation), which is not present in unimplanted samples, was found

only in nitrogen ion implanted cases.

Nevertheless, a strong increase in the shear modulus was found in the same manner for ion implanted samples with both species

of ions.

1. Introduction

Mechanical dynamic spectroscopy (MDS) is one of
the important nonmicroscopic techniques used to study
defects and their interactions in materials. The method
is based on the fact that the presence of the defect causes
a local strain which couples to an externally applied
stress, giving rise to the observed internal friction. The
characteristic temperature dependence of the internal
friction, arising from the thermally activated motion of
defects, gives information on the parameters characteriz-
ing this motion.

Furthermore, the dependence of the elastic modulus
on the temperature can be determined simultaneously
with the internal friction. This technique has been
applied successfully to the study of interstitial and sub-
stitutional diffusion, dislocation damping, dislocation-
point defect interaction and grain boundary motion
[1,21.

Above room temperature, copper may present three
peaks of internal friction related to the grain boundary
relaxation: low, intermediate and high temperature
peaks. The temperature of each one is, approximately,
500, 750 and 1000 K respectively [3]. Furthermore,
other peaks at lower temperatures related to the induced
stress ordering can be found.

The existence of the latter two of the three peaks
mentioned above depends on the heat treatment, the
type of structure and the presence of substitutional
atoms whereas the first one is always present [3].
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In this work we are using the mechanical dynamical
spectroscopy technique to study pulsed ion implantation
effects on grain boundary motion and elastic shear
modutus behavior in copper.

2. Experimental details

2.1. Pulsed ion implantation process

The pulsed ion implantation process is carried out
using a dense plasma focus (DPF) [4,5]. It consists of
a cylindrical coaxial plasma gun, closed at one end (with
a Pyrex insulator between the electrodes) and open at
the other end. The interelectrodic space is filled with the
working gas (nitrogen, hydrogen, argon, etc) at low
pressure (approx. 300 mTorr).

For ion beam acceleration, an electric discharge is
produced between the electrodes, and a pulsed ion beam
is obtained. The electric energy (approx. 1 kJ) stored in
a capacitor bank is discharged on the electrode system
through a spark gap switch. The discharge parameters
{(gas pressure, charge voltage, etc) are adjusted to pro-
duce the breakdown on the insulator surface. The break-
down generates a current sheath which is composed of
electrons and filling gas ions. By interacting with its own
magnetic field, the current sheath is accelerated toward
the open end of the electrodes, where it collapses as a
DPF (1 mm diameter and approx. 4 mm length plasma
column} in front of the center electrode. In this region
the ion beams are accelerated as a result of the develop-
ment of the Rayleigh Taylor instability. The total time
elapsed [rom the moment the discharge is produced uniil

© 1995 Elsevier Science S.A. All rights reserved



192 0. A. Lambri et al. / Nitrogen and argon implanted copper

Cathode
Ancde I
N Insulator
N I ‘\ N
I 1 L 1
kY //
T
CVN
Voltage | S - - 2
N N/
o)

Oscilloscope

o
Current w
a

. Capacitor
Bank
Trigger H v
Spark- —jPower
gap Supply

Fig. 1. Pulsed ion implanter.

the acceleration is ended is about 0.8 ps and the ion
beam acceleration process lasts about 200ns. For
implantation purposes the target is placed at a distance
I'in front of the electrodes.

The ion beams have conic geometry with a solid angle
of about 40° [6]. The temporal width of an ion beam
depends on the distance [ focus—target, and can be
adjusted between 250 and 500 ns.

The number of ions generated in the DPF is 1 x 10%%,
and the fluence at the target position depends on the
distance / and can be calculated as

1 x 10

Gy

f= (1)
where o, is the cross-section of the beam at a distance !
from the focus and can be calculated as

o, =n(l tan 20°)? (2)

Higher fluences are obtained by accumulation of a
number n of successive pulses, being the total accumu-
lated fluence F=nf.

The beam consists of ions with energy enclosed in
a continuous spectrum from 20keV up to several
megaelectronvolts. In the range 20-500 keV the spectral
law [7] is

-3.4

dE ocE (3)

During the interaction of this ion beam with the
material target, a fast energy deliverance (high amount
of energy in a short time) is produced. As a consequence,
high thermal gradients (1000-1500K pm~! [8,97),
high heating {5-15 K ns™! [8,97} and cooling rates are
developed into the surface layer of the target. Owing to
the ion penetration into the targets (range) a thin surface
layer of about 1 um is thermally affected.

Dense Plasma
Focus

2.2. Torsion pendulum of variable moment of inertia
Figure 2 illustrates schematically the torsion pendu-
lum with a variable moment of inertia. It is essentially
a traditional torsion pendulum of the inverted type, with
some meodifications: (a) there are two inertial arms
instead of one; (b} the position of the masses in the
lower inertial arms, E, can be changed by means of the
stepper motor M, the wires H, and the spring K. In fact,
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Fig. 2, Torsion pendulum of variable moment of inertia.
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by a rotation of M in one sense, the wires H wind up
in two small pulleys located on the axis of the motor in
such a way that the masses E slide symmetrically toward
the axis of the pendulum, compressing the springs K. A
rotation of M in the other direction releases the spring
which consequently pushes the masses E away from the
axis of the pendulum, Then, by acting on M from outside
the pendulum, it is possible to change the moment of
inertia of the lower arms and to correct the changes in
the oscillation frequency with temperature, produced by
changes in the shear modulus of the specimen fixed by
the grips G, and located in the lower part of the
pendulum. The excitation coils B are located in the
upper arms and the internal friction and the frequency
can be determined, in free decay, sustained and forced
oscillations, by recording the oscillations with a normal
optical system, including a mirror and a photodiode. L
is the main frame which supports the inertial arms, the
stepper motor C is a compensation weight that avoids
axial stresses on the specimen, and D and V are vacuum
chambers which allow measurements in high vacuum.
The temperature of the specimen is changed by means
of a furnace located around the vacuum chamber V.

The four-arm configuration of the torsion penduium
allows a greater variation in the moment of inertia and
consequently a wider correction of the oscillation fre-
quency, according to the material to be tested and the
geometry of the specimen.

Finally, the influence of the connecting wire to the
stepper motor on the oscillation frequency and on the
internal friction was studied carefully. It was concluded
that this connecting wire did not influence the results,
for the usual values measured in metals and alloys. The
influence will be even lower in the case of polymers.

Also, the possibility of measuring at high and low
temperatures under turbomolecular pump vacuum up
to 1077 Torr [ 107 is available.

The device is driven by an automatic data acquisition
system [11].

2.3. Sample treatment

The samples were made of electrolytic high purity
{99.99%) polycrystalline copper, in sheet shape
(30 mm x4.5mm x 0.3 mm). The internal stress was
relieved under two different conditions: (i) annealing
condition I 2h, 1073 K, 1073 Torr, (ii) annealing
condition II: 1 h, 1073 K, 10™* Torr.

Twelve samples were implanted with different total
fluences F: (i) implantation condition A: nitrogen—
F=1x10"ionscm % (ii) implantation condition B:
nitrogen—F =2 x 10'% ions cm~ % (iii} implantation con-
dition C: argon—F =1 % 10" ions cm ™2 The fluence F
was reached by the accumulation of single beams with
fluence f= 10" ions cm ™% and 500 ns of pulse.

The twelve samples were tested as indicated in Table 1.

TABLE 1. Sample treatments

No. of Annealing Implanted/ Implantation
samples condition ununplanted condition

2 I u -

2 I | A

2 | u -

2 I I A

2 I I B

2 I I C

The MDS measurements were performed under high
vacuum in the free decay method through a data acquisi-
tion system, increasing the temperature at a rate of 0.5 K
min~! in the range 300-1130 K. The natural frequency
at room temperature was approx. 0.6 s . The maximum
shear strain was 4 x 1075,

3. Results

Figure 3 shows the MDS spectrum for samples treated
under the annealing condition I for the implanted
(implantation condition A) and the unimplanted cases.

The internal friction spectrum (IFS) is plotted in
curves (a} and (b) for unimplanted and implanted
samples respectively. Curves (c) and (d) show the temper-
ature dependence of the shear modulus for unimplanted
and implanted samples respectively.

In curve (b) a peak can be seen at about 800 K, not
reported in the literature and not present in unimplanted
sample measurements {curve (a)). Also an increase in the
high temperature background with respect to curve {a)
is present in curve (b} (out of range in the plot of Fig. 3.

In the implanted sample, the shear modulus is on
average 10% greater than the unimplanted sample.

The measurement results of samples annealed under
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Fig. 3. MDS for implanted samples (110" ions cm “?) and unim-
planted ones. Annealing condition: 2 b, 1073 K, 1073 Torr.
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Fig. 4. MDS for implanted samples (1 x 10*% ions cm™?) and unim-
planted ones. Annealing condition; 1 h, 1073 K, 10~* Torr.

condition II are shown in Fig. 4. The MDS spectra in
the implanted sample, under implantation conditions A
and C, and the unimplanted case, can be seen. The IFS
of the unimplanted samples, and the implanted ones
under conditions A and C, are plotted in curves (a), (b)
and (c) respectively. The corresponding temperature
dependence of the shear modulus is presented in curves
(d), () and (f) respectively.

In curve (b), the peak can be seen at about 800 K,
repeating the result shown in Fig. 3(b), while no differ-
ences can be seen between the argon irradiated and
unimplanted samples.

In curves (e} and (f) a rise in the shear modulus of
about 10% with respect to curve (d} (snimplanted case)
is observed. However, in the case of curve (f} a small
increase of about 5% for curve (e) can be observed,

Figure 5 shows the MDS thermal cycling for the
implanted sample under condition B, previously an-
nealed under condition 1I {curve (a) for the IFS and
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Fig. 5. MDS  thermal  cycling  for  implanted  samples
{2 x 10 ions cm "2} and unimplanted ones, Annealing condition: 1 h,
1073 K, 10~ ¢ Torr.

curves (c) for the shear modulus}, and the 1ES (curve (b))
and the shear modulus {curve (d)) for the unimplanted
sample under the same annealing condition.

The IFS (curve (a)) was determined in a running
up-running down complete thermal cycle, and in run-
ning up 1 week later, showing the same behavior within
a 20 a.u. dispersion.

Curves {(c'), (c"} and (c"} show the shear modulus
measured simultaneously with the IFS shown in the
family of curve (a).

A strong modification on the IFS by the ion implant-
ation process can be seen. An increase in the internal
friction and a rise in the shear modulus of about 100%
is observed as a consequence of the ion implantation
process.

Hysteresis effects were not observed in IFS testing.
This means that the changes found, generated by the
ion implantation on the microstructure of the sample,
and successively activated by the temperature, are stable
and irreversible in the temperature range measured. A
moderate reduction is shown in the values of shear
modulus due principally to a recuperation mechanism
of the structure. This behavior is not in contradiction
with that described in the above paragraph regarding
the repetition of the IFS against temperature.

4. Discussion

The IFS tests of the unimplanted samples are in
agreement with those reported in the literature, In the
cases of unimplanted samples annealed under condition I
the three peaks already found [3] at 534, 650 and 950 K
were found. Nevertheless, in the cases of unimplanted
samples annealed under condition II only two of those
peaks, 534 and 650 K, were found [3].

For the IFS tests of implanted samples under condi-
tion A, in both cases of annealing, a peak was found at
about 820 K which was not present in the unimplanted
samples or in the argon irradiated samples. The height
of this peak is approx. 1 x 1072, in the IFS test of the
implanted sample previously annealed under condition
I and of only about 3 x 1072 in the IFS of the implanted
sample for annealing condition II.

The mechanism which controls the effect of this peak
could be explained on the basis of the sliding of grain
boundaries controlled by impurity diffusion [12-14].
Such an impurity could be nitrogen atomic molecules
of N-O, nitrogen in doublets or triplets or precipitates.

In the case of the implanted sample under condition
B the IFS is increased, but the mechanisms involved are
those described previously.

The increase in the shear modulus found could be
associated with the introduction of nitrogen atoms in
the f.cc. latice and to the generation of defects in the
matrix by ion irradiation.
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5. Conclusions

Three important points can been established.

A strong increase in the shear modulus has been found
for the implanted samples with respect to the unim-
planted ones.

A new peak, absent in the unimplanted samples, has
been detected.

Both effects are stable in time and in temperature,
inside the range of measurement for the samples
implanted with nitrogen and argon. An anomalous
behavior related to instability in the elastic shear modu-
lus has been found in the samples implanted with argon
at higher temperatures. This effect will be discussed
elsewhere [15].
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Abstract. From the optical emission of N> and N7 radiative states in the negative
glow of N, DC puised discharges at pressures 1-4 Torr {133--532 Pa) and current
densities 1—6 mA cm2, it has been determined that the vibrational excitation of the
N state deviates from a Boltzmann distribution and strong intensities of the N,
second positive system (especially from v = 1) were also observed in the afterglow.
Such strong emission is interpreted in terms of the growing of the Na(X, v)
vibrational distribution in the post-discharge region as the gas temperature is
reduced. The N;(B?L}) states are mainly produced by electron collisions on N;(X)
ions under discharge conditions and quickly disappear in the afterglow as a result

of N:—electron recombination.

1. Introduction

Nitriding is applied to increase resistance to fatigue by
the development of thick diffusion layers. In the same
nitriding cycle, surface properties such as resistance to
corrosion and wear may be increased by the growth of
thin (1-10 um) surface compound layers (y-FesN and
£-Fea Ny, for iron and steel nitriding and §-TiN and £-Ti;N
for titanium nitriding with the exception of the more recent
[1] plasma post-discharge nitriding process). The glow
discharge used as a processing plasma for surface treatment
can be established and sustained in various ways such as by
using DC diode discharges, RF and microwave discharges
or transferred plasma. In ion nitriding of iron and
steels, standardized nitrogen—hydrogen gas mixtures with
or without the addition of methane allow the formation of
diffusion layers with or without the formation of compound
layers. Pure nitrogen plasma only is used for nitriding
titanium alloys. The plasma parameters are chosen in
the range 1-10 Torr (133-1333 Pa) for the gas pressure
and several mA cm™? for discharge current densities,
to heat the workpiece to 770-840 K in order to reach
the « phase of N atom diffusion inside the metal. In
industrial reactors, the voltage and the discharge current are
modulated with variable frequencies and duty cycles, often
in the medium frequency range 10-50 kHz. However, the
active species which are produced during the pulse and

& On  leave from: Naval Research  Laboratory, Code 6174,
4555 Overlook Avenue SW, Washington, [XC 20375, USA.

0022-3727/97/212917+06%$19.50 © 1997 IOP Publishing Ltd

the behaviour of these species after the discharge have
scarcely been studied [2]. It is the purpose of the present
work to analyse by optical emission spectroscopy the N>
radiative species during a DC pulsed discharge and in the
afterglow. A kinetic analysis will be proposed to explain
the experimental results.

2. The experimental set-up

A schematic illustration of the nitriding plasma reactor is
shown in figure 1. The reactor consisted of two stainless
steel circular plane electrodes, 6 mm thick and 35 mm in
diameter. The upper electrode was negatively biased (the
cathode) and the lower (the anode) was at earth potential.
The electrodes were separated by 40 mm and located in
a cylindrical Pyrex glass vacuum chamber (70 mm in
diameter and 290 mm in length).

The cathode was connected to the power supply through
a cylindrical hollowed statnless steel rod which allowed the
introduction of a thermocouple to monitor the temperature
of the electrode in the plasma region. The rod was
completely covered by a Pyrex pipe, avoiding plasma
generation along tts surface and ensuring that the discharge
was being generated only around the surface of the cathode
planar disc (25 cm?).

Prior to introducing the process gases, the chamber was
evacuated to a base pressure of 15 mTorr (2 Pa). Using
flowing N2, an abnormal DC pulsed plasma was produced

2917
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Figure 1. The experimental set-up.

at a pressure in the range 0.5-10 Torr (67-1330 Pa) and
discharge currents in the range 10-200 mA. The pulsed
widths of the discharge were variable in the range 1-60 ms,
such that the total time available for the discharge and
afterglow was determined by the operating frequency of
the power supply (16.67 Hz).

A PAR optical spectrometer (focal length 275 mm; grat-
ing width 600 grooves mm~') and OMA IIl multichannel
analyser (Princeton Applied Research) detected via an op-
tical lens the plasma glow near the cathode. By imaging
the plasma glow on the entrance skit of the spectrometer,
the total discharge emission in the negative glow or in the
after-glow was detected from a distance of about 1 cm from
the cathode surface with an integrated time of 30 ms.

To synchronize the data acquisition with the discharge
pulse, the following procedure was used. The OMA was
programmed with a sequence of an active scan (during
which data were stored) followed always by an ignored scan
(data not stored); and the voltage supply was commanded
by a trigger pulse delivered from the OMA HI spectrometer
at the beginning of each active scan. The delay time could
be varied to choose in which part of the discharge (glow
and various times inside the afterglow) the active scan took
place [3].

3. Radiative state intensities

3.1. The emission in the N, discharge

The emission of the N, discharge was mainly produced
from the negative glow around the steel cathode. The
dominant species bands were the first negative bands of N¥
and the first positive and second positive bands of N;. A
part of the spectrum showing emission from NI (B, 0-X, 0)
at 391.44 nm and N(C, v'~B, v") Av = =2 and Ay = —3
bands is shown in figure 2 for a 4 Torr (532 Pa), 150 mA
discharge of 30 ms duration. It can be seen in figure 2
that the N3 first negative band at 391.44 nm was the most
intense, which is a characteristic of N, negative glows [4].

From the Na(C,v'-B,v") Av = —2 and Ay = -3
sequences, the vibrational excitation of N> can be analysed

2918
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Figure 2. A partial optical emission spectrum for nitrogen
for a 30 ms pulsed discharge: cathode potential 450 V,
discharge current 150 mA and pressure 4 Torr (532 Pa).

[5, p 102], whereby the band intensity, Icp(v', v™), is
related to the N»(C, v} density [C, v'] by

A f‘ "
Iea(v', v = k(GIC, u’]—fﬂf—”’ (1)

where k(i) is the spectral response of the spectrometer
and Acg(v’, V") is the radiative frequency of the (C,v'—
B, v”) bands [6]. By assuming a constant value of k()) for
the short spectral ranges of the analysed Av = —2 band
emission {360-380 nm), the [C, v’] vibrational distribution
was determined from the results of figure 2. In the Icg
(v, v") intensity measurements, care was taken to correct
for the band overlapping. For that, with a spectrum as
shown in figure 2, the band-head intensity was measured
by subtracting the preceding band tail. This vibrational
distribution is shown in figure 3.



N; active species in pulsed DC discharges

1
|
BN, , Sy s ~—=3-20000 K—]
N SN SIS e 15000 K
\ \\\\§\§ —— 10000 K
=N \ N, ™~ \x\ 8000 K
o \g
< \ \ 3\\ 6000 K
% 0.1 = = ~_ “‘-\L\ 5000 K
:§ \\ \\‘ \\\ \\
- A P
S i N ~—— 4000 K|
> | M 4Tom 150mA ~N ~
— A 2Tom, 80mA \ \
H O 1 Torr, 40 mA \ 3000 K
I\ o0k 2000 K
0,01 +
0 1 2 3 4 5
N, (C.V —B V") v

Figure 3. A Boltzmann graph of the vibrational distribution of states [Na(C, v')] versus the initial vibrational state, v'.

Experimental points were determined under discharge conditions.

For the experimental conditions studied (4 Torr,
150 mA; 2 Torr, 80 mA; and 1 Torr, 40 mA) a non-
Boltzmann vibrational distribution of the Nz(C, v’} state
was found, whose N2(C, 1) density was always higher than
the Boltzmann line at 3000 K (see figure 3).

3.2. The emission in the N; afterglow

The N3 (B-X) and N;(C-B) bands were always emitted in
the afterglow. Because the time constant of OMA detection
was 30 ms, the discharge time was reduced to 18 ms
to leave 42 ms to record the afterglow with acquisition
times starting from 1 to 12 ms. The temporal variations
of N} (391.44 nm) and N, (380.49 and 375.54 nm) band
intensities are shown in figure 4 for the discharge conditions
of figure 2. In figure 4 a sharp linear decrease of the
N;’ intensity is observed during the first 10 ms within the
afterglow. The same time variations were observed for the
other discharge conditions (1 and 2 Torr).

In contrast, the N intensities decreased slowly with
time inside the afterglow. The vibrational excitation
between these bands is shown in figure 5 which gives the
I(C, 1-B, 3)/1(C,0-B,2) and I(C, 1-B.4)/I1(C,0-B,3)
intensity ratios during the discharge (under the conditions of
figure 2), as well as during the afterglow as a function of the
acquisition start time. It can be observed that the vibrational
excitation was higher within the afterglow. Similar results
are shown in figure 6 for the discharge conditions of 2 Torr
(266 Pa), 80 mA, at a time up to 12 ms.

4. The kinetic analysis of the experimental results

4.1. Discharge conditions

From previous kinetic analysis [3,4] it can be estimated
that the N2(C, v’} excited states in the negative glow are

mainly produced by electronic collisions as follows:
e + Na(X, v) = e+ Na(C, v) (@)

with an electron rate k¢ (v") which depends on the N2(C, v")
cross section and on the electron distribution function
[5, p 31]. The No(C, v') states are de-excited by radiative
emission with a frequency vz (v} so that the pseudo-
stationary density of Nz(C, v') is given by

_ [No(X, 0] kS ()

NL{(C, v)] W)
C

)

Thus the N2(C, v') excited states are directly related
to the N3(X, v') ground state by electron collisions. The
vibrational temperature of N(C, v"), Tf, is therefore
directly correlated to that of Np(X,v"), T, [5, p 121).
For example, it has been shown that, for TS = 4000 K,
TX = 2000 K.

Other processes, in addition to reaction (a), can arise
from collisions between Na(A) and N»(X, v) metastable

molecules as follows:

N2(A) + Na(A) — Nao(C, v') + Np(X) (b)

N2 (A) + Na(X, v > 19) = No(C, Y+ No(X)  (©)

No(X, v > 24)+ No(X, v > 24) — No(C, v')+ Ny (X) (d)

with ky = 1.5x 1070 em? s71 {7], k. < 6.0x107* cm’ 57!
[8] and k; < 6.5 x 107" em?® s7! [8]. For reactions
(b)—d), the N;(C, v") populations deviate from a Boltzmann
distribution, which could explain the overpopulation of
N5(C, v’ = 1) that we observed. (That the possibility of
excitation of N{C, v') from N;(A) metastable states by
electron collisions in the post-discharge region cannot be
excluded was demonstrated recently [13].)
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Figure 5. The ratios of the emission intensities for N,(C-B) transitions In(1-3)/In, (0-2) and In, (1-4)/ Iy, (0-3) during the
discharge (f,, = —1 ms} and for various acquisition start times within the afterglow. The cathode potential was 450 V, the

discharge current was 150 mA and the pressure was 4 Torr.

Considering the population of NF(B) states, it had
previously been shown [9] that, for ngR > 10'6 cm—2 (no
is the gas density, R is the tube radius) in a HF discharge
and in the positive column, the main electron excitation is
from N3 ions as follows:

e+ N} (X) > ¢ + N} (B) (e)

with a rate coefficient k, = 4 x 10" cm? s~ ot T,=3eV
[10].

Also, collisions with N2(X, v) molecules as given by
the following reaction can be relevant:

Na(X,v > 12) + NF (X) — Na(X, v) + NI B) ()
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with

000
kf = (1.7-2.8) x l()"oexp( ! ) It

cm” s~
Ty (K)

(=107 cm® s~ at 300 K) [8].

The N;(B) states are destroyed by radiative emission
and quenching [5, p 122) with a frequency vg+, so that the
pseudo-stationary density of N3 (B) is given by

+
[N} (B)] = (N7 X)](neke + [Na(X, v > 12)]1(1)‘

Vg+

(3

Therefore the strong intensity of NJ (B) observed in the
negative glow for pressures of 1, 2 and 4 Torr (532 Pa) can
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Figure 6. The same as figure 5 except that the cathode potential was 460 V, the discharge current was 80 mA and the

pressure was 2 Torr (266 Pa).

be related to there being a high electron density and/or high
vibrational excitation of the N>(X) ground state.

4.2. Afterglow conditions

During the afterglow the electron energy is not sustained
by the plasma electric field. Only superelastic collisions
at low energies occur [11]. From [2], a mean electron
temperature of 0.5 ¢V has been estimated in the post-
discharge region. Consequently, clectronic excitations
having high activation thresholds such as Na(C) (211 eV)
are unlikely to contribute and it can be assumed that
reaction (a) disappears in the afterglow. Therefore the
N2(C) states are mainly produced by reactions (b}{d) with
the following kinetic equation:

d[Na(C, v/
-['Z(d:—v)] = [N2(AY ks + [N2(A)][N2(X, v > 19) ]k,
+{N2(X‘ v > 24)]2kd _ NZ(C)UE(U‘I). (4)

Equation (4) is strongly dependent on the temporal
variations of N3(A) and No(X, v). Because the Ni(A)
states are quickly destroyed by collisions with the tube
wall whereas the N, (X, v) vibrational molecules are not
[S, p 47], it is estimated that the Np(X,v > 24)
vibrational states are more populated than is N,(A) in the
afterglow. Therefore, in reaction (4), the last production
term ([Na(X.v > 24]%,) could explain the nearly
constant density of N,{C) states observed in the afterglow.
The Ny(X,v) high vibrational levels coming from the
afterglow could favour the following step-wise process at
the beginning of the next discharge pulse:

e + Ny(X, v) — 2e + N7 (g)

e+ NzX,v) > e+ N+N, (h)

The low excitation threshold of reaction (e) (2.5 eV)
may permit electronic excitation of N;(B) states in the

afterglow (k, = 107" cm?® s™! at T, = 1 eV [10]).
The time-varying kinetic equation of NJ (B) is as follows
(see equation (3) for the pseudo-stationary density in the
discharge):

d[NJ (B
[+t()]— = [N X](nck, + [No(X, v > 12}]ks)

—[N3 (B)lva:. (5)

From equation (5) it follows that the time-varying
behaviour of NJ (B) is sharply affected by the following
electron—ion recombination:

Nfe - N+N 0

with k; =~ 1077 cm? s7! at 7, = 300 K [12].

The recombination reaction (i) is an efficient loss
process which is accelerated as the electron energy
decreases (k; = 2 x 1077 exp(300/ T,(K))~%* (12]). This
mechanism could explain the observed decrease in N;‘ (B)
intensity.

5. Conclusion

By using emission spectroscopy of the negative glow
of pulsed N; DC discharges and afiergiows, the
vibrational excitation of neutral nitrogen molecules has
been determined. Under conditions of Ny pressures in
the range 1—4 Torr (133-532 Pa) and current densities in the
range 1-6 mA cm 2, a higher vibrational excitation of the
NL(C, v’ = 1) state has been found on going from discharge
to afterglow conditions. Such an increase in vibrational
excitation during the afterglow can be explained in terms
of a decrease in the vibrational quenching of N.2(X, v)
by the neutral gas as the gas temperature is decreasing.
An increase in No(C, v’ = 1} is related to an increase in
the N»(X, v} vibrational population and then of N atoms
which are produced by dissociation following the Ni(v'—v"")
climb-up process.
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The excitation of N§ has been analysed as occurring
by electronic collisions with N3 ions in the discharge and
afterglow. Such an excitation is efficient in the discharge
but quickly decreases in the afterglow because of electron—
ion recombination.

A consequence of a high level of N, vibrational
excitation during the afterglow is to favour ionization and
dissociation of nitrogen during the pulsed discharge. Then,
for a given discharge current, the maintenance voliage
is lowered by the step-wise ionization process with the
advantages that, first, the power yield of the plasma reactor
is increased and, second, arc formation producing damage
to the cathode is avoided.
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Abstract. The volume close to the surface of materials subjected to ion implantation or ion
diffusion exhibits structural transformations that are usually studied by x-ray diffraction.

In order to characterize the kinetic aspects of structural transformations in low carbon AISI
1010 steel during ion nitriding, an in siti synchrotron radiation diffraction study was
performed. An experimental set-up, & specially designed reactor, was constructed for x-ray
measurements in real time. The variation in the lattice parameter with time of the initial Fe-o
phase was attributed to the heating effect produced by the action of an electric discharge
during the first stages of the process. The analysis of the x-ray diffraction patterns indicates
the formation of several iron nitrides. The Fe,N phase exhibits a progressive decrease in the
interplanar distances, which is clearly a different behaviour with respect to the other obscrved

phases, even considering a phase with nearly the same stoichiometry.

1. Introduction

lon nitriding is a process in which active species of nitrogen,
generated by an electric discharge out of the thermodynamic
equilibrium, are absorbed on a material surface and diffused
into the bulk [1]. Depending on the discharge conditions,
the structural features in the volume close to the surface
vary strongly. The final system is composed of different
types of compound layers several tens of micrometres thick
(iron nitrides with different stoichiometries). The nitriding
development begins with the dilution of the nitrogen in
the matrix. By increasing the nitrogen concentration, iron
nitrides with different nitrogen contents, such as Fe,gN; —a”,
FesN-y', FesN-£ and eventually Fe;N-£, are formed in
carbon steels [2,3]. In multicomponent steels, nitrides of
other elements can also be developed.

The kinetics of formation of the compounds and phases
depends not only on the nature of the steel, but also on the
characteristics of the nitriding process. By using classical
x-ray diffraction set-ups, the study of the time evolution of
nitride formation (nitriding kinetics) is generally carried out
by successive measurements of different individual samples,
all of them treated under identical conditions, but interrupting
the process at different times. This procedure always presents
uncertainties related to the possible lack of repeatability of the
process conditions for each sample, including the previous

0022-3727/99/172228+08330.00 © 1999 IOP Publishing Ltd

sample preparation. Another possibility could be the study of
a single sample after different sequential and partial nitriding
processes. This procedure may also not be adequate because
of the unavoidable repeated thermal cycling to which the
sample is subjected.

Sequenced in situ diffraction measurements using
synchrotron radiation eliminate the problems mentioned in
the preceding paragraph [4]. The use of a powerful x-ray
beam, such as those provided by synchrotron sources, is
necessary for this type of experiment in order to obtain
a series of good-quality diffraction” patterns within short
time intervals. Acceptable x-ray diffraction patterns can
be obtained after a few minutes of exposure time or even
less, depending on the synchrotron photon flux and beam
collimation conditions.

We report in this paper the details of the construction of
a reactor for matenial nitriding installed on a synchrotron x-
ray beamline for in situ x-ray diffraction measurements. This
reactor allows the determination of a series of x-ray patterns
during the nitriding process, corresponding to a well defined
volume of the sample which is constant in time.

The first application of the developed experimental set-
up was an in situ x-ray diffraction study of the structural
transformations occurring in a low carbon steel (AISI 1010)
during ion nitriding induced by a pulsed dc glow discharge.
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LS

Figure 1. The cxperimental set-up: the ion nitriding reaction chamber installed in the synchrotron SAXS beamline of LNLS during its

operation.

2. Experimental details

2.1. Reactor description

The reactor for ion nitriding consists of a stainless steel
cylindrical chamber, 150 mm in diameter and 200 mm in
length, with a removable glass window in one of the lateral
circular faces for visual observation of the interior. The
opposite circular face is a frame for the insertion of a rotating
cylindrical shaft supporting at its extreme end the sample
holder. This shaft is coaxial with the cylindrical chamber.
An overall view of the set-up is shown in figure 1 and the
geometrical details of the reactor in figure 2.

A teflon gasket is used between the shaft and the
lateral frame for vacuum sealing of the chamber in order
to maintain inside the chamber a controlled low pressure. It
also acts as an electrical insulator between the sample holder
(negative biased) and the chamber walls (ground potential),
The rotation movement of the sample holder is externally
conlirolled using a standard micrometric screw. A coaxial
internal cavity in the cylindrical shaft and sample holder
allows a thermocouple to be placed very close to the material
to be studied.

The incident and the diffracted x-ray beams enter and
exit the chamber, respectively, through a 10 mm wide window
(figure 2) cut in the lateral cylindrical wall of the chamber.
The window covers an angular range from —10° up to +190°
with respect to the direction of the direct x-ray beam, which
hits the flat sample perpendicularly to the plane of the drawing
shown in figure 2. The slit is closed with a 200 gem thick foil
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of Kapton, which is practically transparent to the x-ray beam
and keeps the chamber vacuum sealed. _

The reactor has appropriate connections for turbo-
molecular vacuum pumping, gas mixture controlled input
and vacuum measurement. The whole body is supporied
by a metallic support, which is mounted on the guiding rail
along the x-ray beam path. The chamber can be displaced
along the rail (in the direction of the beam) and horizontally
by a rough translation device. The vertical movement of
the chamber is very precise and remotely controlled using a
standard translation stage equipped with a micrometric screw.

2.2, The synchrotron x-ray workstation

The reactor described was installed in the SAXS beamline
of the National Synchrotron Light Laboratory, Campinas
(Brazil), adapted for x-ray diffraction experiments. This
beamline produces a monochromatic x-ray beam using a
(111) silicon crystal reflection [5]. The beamline arm and
the crystal Bragg angle were adjusted in order to have the
beam hitting the sample with a wavelength A = 1.760 A. This
wavelength was chosen because it is just above the edge K of
Fe (Agx = 1.74 A) and it does not produce iron fluorescence,
allowing the study of shallow layers. The wavelength was
measured using a Fe filter and measuring its absorptance.
The 28 of the crystal monochromator was selected in such
a way to provide a A value just above the iron absorption
edge (Ax = 1.74 A). A diffraction pattern of a standard
sample of a paraffin (C24Hso) was used to determine the x-ray
wavelength, Even if this procedure is not very precise, it
was adequate enough for us because we were interested in
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Figure 2. A schematic diagram showing the ion nitriding reactor with details related to the special design to make the x-ray diffraction
analyses possible in situ and in real time. The figure corresponds to a plane perpendicular to the incident X-ray beam: 1, rotation axis; 2,
sample rotation micrometric screw; 3, vertical displacement control (micrometric screw); 4, x-ray diffracted exit slit (Kapton foil covered

slit); 5, vacuum pumping; 6, glass window.

variations of the crystallographic distances (and not in their
absolute values). Typical maximal variations of AA/A due
to thermal drifts are about 1/3000,

The silicon crystal collects 7 horizontal mrad of the
incident white beam. It has a triangular shape and is bent in
order to focus the beam horizontally. Adequate slits define
the geometry of the beam, whose cross section at the sample
position is 6 mm horizontally and 0.3 mm vertically.

The entrance and exit of x-ray beams were laterally
centred with respect to the slit by a lateral chamber
translation. The coincidence of the x-ray vertical beam
position with the axis of the sample rotation was achieved
by iterative vertical translations and rotations of the sample
holder, while the intensity of the direct beam was monitored
using a scintillator counter located at 26 = 0°,

The choice of @ = 20° aliowed us to record the main
diffraction peaks of Fe-o (110 and 200) and also the main
nitride peaks. A smaller & (@ = 10° or 15°) is not convenient
because, under this condition, the diffraction peaks would be
too wide.

2.3. Detection system

The photons diffracted by the sample exit the reaction
chamber through the Kapton window and are recorded by
means of an imaging plate (IP). The IP reader is a Molecular
Dynamics Model Storm 820, The pixel size selected for the
scanning was 200 um. The IP is flexible and shaped by a
cylindrical rigid holder {166 mm of diameter) whose axis is
also the axis of rotation of the cylindrical shaft which holds
the sample. The plate holder axis and the sample axis were
putin coincidence by using a special mechanical device. This
guarantees a concentricity within about 0.1-0.2 mm.

2230

The exit slit is clearly indicated in figure 2 (central part,
above). As explained, the different x-ray diffraction spectra
are recorded by displacing the IP holder step by step in a
direction parallel to the reactor axis.

The cylindrical frame containing the IP can be displaced
horizontally along the direction of the sample axis of rotation
by means of a translation stage driven by a stepping motor.
This system (not shown in figure 2) is used to record many
x-ray diffraction patterns (up to 16) successively. Once the
recording of all the diffraction patterns is completed, the TP
is removed from the frame and transferred to an electronic
reader. The data plotted in figure 4 are Origin files exported
from the Image-Quant package used to scan the imaging
plates,

2.4. Nitriding cenditions

The electric discharge across the gas inside the reactor was
generated by a pulsed dc power supply [6]. The voltage is a
polarized square wave with an amplitude that may be varied
from O to 600 V. This negative potential is applied to the
metallic sample holder, the rest of the chamber remaining at
ground potential. The frequency can be varied from 0 (dc)
to 1 kHz, with a control of the ratio between the active and
passive parts of each cycle of discharge [7]. The current
discharge is permanently controlled by means of a digital
amperimeter.

In our experiments, the gas composition was 80% of
nitrogen mixed with 20% of hydrogen, which was maintained
inside the chamber at a constant pressure of 5.6 mbar, applied
voltage 400 V, frequency 100 Hz and active-to-passive ratio
60%.

During the nitriding process, the samples are heated by
the discharge up to temperatures of ~ 400 °C. Nevertheless,
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a-13
a-12

Figure 3. The imaging plate after exposure during the AISI 1010 sequential analysis and scanned through the Image-Quant image
processing system. Each strip corresponds to a different diffractogram, The different x-ray intensities, which in the original are recorded in
false colours (from maximum to minimum intensity: red, orange, yellow, green and blue), are presented here in black and white.

(This figure can be viewed in colour in the electronic version of the article; sec www.iop.org)

the rest of the chamber did not overpass the temperature of
~ 50 °C due to an external cooling, with the rest of the system
(IP holder, chamber support, etc) at room temperature. This
ensures that the geometry and the dimensions of the system
set-up were kept virtually unaltered.

2.5. Samples

The studied material was an AISI 1010 steel (C: 0.08-0.13%;
Mau: 0.3-0.6%; P: <0.04%; S: <0.05%). The sample tested
was a disk 30 mm in diameter and 2 mm thick. The disk was
normalized and mechanically polished (finished with | um
of diamend paste). For normalization, the sample was heated
in an oven up to BOO°C, held at this temperature for a few
minutes and then cooled down to room temperature.

3. Experimental resulits

A picture showing the spatial distribution of the diffracted
photon density in the IP corresponding to all successively
recorded spectra is shown in figure 3. Thirteen spectra were
sequentiatly obtained, each of them with 10 min of exposure.
The cormresponding series of patterns of x-ray diffraction
intensity is shown in figure 4 as a function of the scattering
angle (intensity versus 28). This series of patterns contains
the necessary information to characterize the kinetics of the

structural transformations during the first 2 h 30 min of ion
nitriding.

The ion nitriding conditions associated with each
diffractogram, indicated by a-1, a-2,..., a-13, are reported
in table 1. The first diffractogram (a-1) corresponds to the
material before the beginning of the nitriding process, a
normalized AISI 1010 steel.

The equation connecting the § Bragg angles associated
with the diffraction peaks to the spatial coordinate on the
imaging plate, x, corresponding to the peak position is given
by

8 =(x—x3)/2R (1}

where xg is a reference position associated with the direct
x-ray beam (corresponding to 26 = 0°) and R = 163.8 mm
is the radius of the cylindrical surface of the IP, The value of
xp was indirectly determined assuming the lattice parameter
was known room temperature for the initial body-centred-
cubic (bee) Fe-a structure.

The equation connecting the interplanar distances dyy
and the Bragg angle 8, (hk! are the Miller indexes) is given
by Bragg's law

A = 2dpursen Gy, (2)

For cubic lattices
dy = a/(h* + & +1H)'/2, (3)
2231
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Table 1. lon nitriding conditions for each diffractogram. In the
first column each diffractogram is identified by the notation a-1 to
a-13, In the second and third columns the initial time and the final
time of each diffractogram recording are indicated in minutes of
processing (0 minutes corresponds to the beginning of the
nitriding process). In the fourth and fifth columns the sample
temperature at the beginning and at the end of each diffractogram
recording are indicated in °C degrees. The other nitriding
parameters were kept constant (as indicated in the text) during the
whole nitriding process.

Diffractograms ¢ (min) ¢y (min) T; (°C) T, {°C)
a-1 0 10 20 246
a-2 12 22 287 367
a-3 23 33 368 395
a-4 33 43 396 407
a-5 44 54 410 410
a-6 54 64 410 410
a-7 65 75 410 410
a-8 77 87 410 410
a-9 88 98 410 410
a-10 98 108 410 410
a-11 112 122 410 410
a-12 123 133 410 410
a-13 135 145 410 410

In our case, xg was determined by means of equations (1)—(3)
using the well defined (110} and (200) Bragg reflections of
the Fe-o phase.

The diffraction pattern a-1 (figure 5(a)) corresponds to
the initial AISI 1010 steel before starting the ion nitriding
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process. This ferritic steel has a known bec lattice with a
parameter at room temperature of a = 2.87 A, Two sharp
peaks at 20 = 51.47° and 26 = 75.61° are apparent in
figure 5(a), corresponding to Bragg reflections (110) and
(200), respectively. These peaks are also visible in all the
subsequent patterns but in these cases they are slightly shifted
to smaller angles. In the a-2 pattern, recorded between 12
and 22 min after the beginning of the nitriding process, with
a final temperature of 367°C, the (110) and (200) peaks
corresponding to Fe-o were found at 51.12° and 75.26°,
respectively. In addition, other diffraction peaks are observed
indicating the incipient formation of new phases, which then
evolve during the rest of the nitriding process.

The final state of the sample is characterized by the last
diffraction pattern a-13 (figure 5(b)), which was recorded
between 2 h 20 min and 2 h 30 min after the start of the
nitriding process, with the sample at 410°C. In this pattern
the (110} and (200) reflections, cormresponding to the Fe-«
phase, are stll visible but somewhat attenuated.

In addition to the Bragg peaks corresponding to the
parent Fe-o phase, a number of others are apparent in pattern
a-13. They were identified as being produced by several
different iron nitrides. We identified the (110, (111}, {200),
(210), (211} and (220) reflections as produced by a Fe,N-y”
phase. Two peaks detected ({100} and {102)) were attributed
to a Fey. N|_,-& phase with x = 0.17 [8].

The a-2 pattern was recorded between 12 and 22 min
after the beginning of the nitriding process, with a final
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Figure 5. (a) X-ray diffraction pattern of the non-treated sample at room temperature (a-1), before the beginning of the ion nitriding
process. Only Bragg reflections corresponding to the Fe-a phase are present. Other peaks like those at 38°, 45° and 63° can be attributed to
iron oxides and impurities. (b) X-ray diffraction pattern recorded at the end of the nitriding process at 410°C (a-13), after 2.5 h of
processing. The Fe-a (200) splitting can be attributed to statistical fluctuations of a low-intensity peak. The identified phases are indicated.

The intensities (vertical axes) are displayed on a linear scale.

temperature of 367 °C. In addition to the peaks corresponding
to the Fe-a phase already observed in a-1, the incipient
presence of peaks at 47.3°, 49.8°, 55.2° and 81.7° is apparent.
The peaks at 47.3°, 55.2° and 81.7° correspond to the (111),
(200) and (220) reflections from a FeyN-y' phase, and the
peak at 49.79° corresponds to the FesN-£ hexagonal phase.
The pattern a-3 was taken between 23 and 33 min of
the process with a final temperature of 395 °C. A comparison
between a-3 and a-2 indicates that all peaks corresponding to
the different nitrides strongly increase as the process evolves.
In addition, in the particular case of the peak corresponding
to the Fe;N-¢ phase, the angular position shifts towards
20 = 49.93°, Besides the mentioned peaks, others appear
at 26 angles of 43,77°, 65.88° and 80.08° corresponding to

the hexagonal (100), (102) and (110) reflections from the
FeiN-£ phase, at 44.82° related to the (100) reflection from
a Fez 17Np g3-€ phase and at 62.3° associated with the (210}
reflection from a Fe4N-y phase.

All diffraction peaks due to the different nitrides that
can be seen in the a-4 pattern, recorded between 35 and
45 min of the process at a sample temperature of 407 °C,
are also present in all the subsequent patterns. These peaks
progressively increase in intensity as a consequence of the
continuous growth of the volume fraction occupied by the
different iron nitrides.

The shift in the angular position of some of the peaks
towards higher 26 angles from a-2 to a-3 was also observed
in patterns a-4, a-5 and a-6. This behaviour is illustrated in

2233



i

¢ 20 diffracted angles for the Fey 17Np gy and FesN phases (for all the crystal orientations observed in our experimi are i
dispiayed in roman font, corresponding to each different diffractogram identified with a-1 to a-13. The corresponding interplanar distances
{dyur) computed using equations (2) and (3) are indicated for each case in italic font, with an error Adyy = 0.002. It can be observed that the
interpianar distance varies with the time of nitriding for the FeyN phase. This variation was observed up to the a-5 diffractogram, followed
by an apparent stability until the end (a-13) of the processing. For the phase with nearest stoichiometry, Fes 17Ng 33, these interplanar
distance variations, within the measurement errors, were not observed. The results for the a-7 to a-12 diffractograms are omitted.

26 fdu (A)

Phases a-1  a-2 a-3 a-4 a-5 a-6 a-13
FeyN (100) — 4377 43.91° 4498 4498 43.91°
2.361 2.35¢ 230! 2.301 2.354

Fey ;sNpg3 (100)  — — 44 82° 44.75° 44.89° 4475° 44.68°
2308 2312 2305 2312 2315

FesN (101) — 4999 4993° 50.07° 50.14° 5007 50.14°
2091 2085 2080 2077 2080 2.077

FeyN (102) —_ - 65.88° 66.02° 66.16° 66.16° 66.23°
1.618 1615 loi2 1612 1611

FeyN (110} —_ - 80.08° 80.29° 80.36° 80.50° 80.50°
1.368 1.365 1.364 1.362 1.362

table 2, which reports the 20 angles and the corresponding
dpy values corresponding to the different phases.

The variation in peak positions, indicating a progressive
decrease in interplanar distances during the first minutes
of the nitriding treatment, only occurs to (hki) reflections
corresponding to the Fe;N phase and does not occur for all
the others, even not to the Fes j7Ny g3-£ phase, as can be seen
in table 2 for the (100) refiection.

4. Discusslion

A shift in the 28 angle position of the (110) reflection
corresponding to the Fe-w phase between the first (a-1)
and the last (a-13) x-ray diffraction was observed. The
20 angles for the (a-1) and (a-13) diffractograms were
51.40° and 51.12°, respectively, which corresponds to a
A20 = 0.28°. This value corresponds to an increase
in interplanar distance Ad;;p = 0.006 A or a relative
expansion of ~0.5%. Considering that the experimental
error in the 2¢ determination was +0.07 and taking into
account equation (2), the error in dy g can be estimated to be
+0.002. Taking into account the fact that the temperature
difference between the samples corresponding to the a-1
and a-13 patterns is ~=400°C, the expected sample linear
expansion, considering an average temperature dilatation
coefficient of ~13.5 x 1075 for the AISI 1010 steel, is
7(.51%. Therefore, we conclude that the decrease in the
peak angular positions of the reflections corresponding to
the Fe-or phase is a consequence of the expected thermal
expansion of the sample heated by the action of the nitriding
process.

The other phases do not exhibit the same behaviour.
Analysing, in particular, the case of the FesN-g phase, we
remark that the angle associated with the (101) reflection
in the a-2 pattern leads to a value of the interplanar
distance digy = 1.152 A. This value is larger than that
corresponding to the a-3 pattern, diy = 1.150 A, even
though the a-3 pattern was recorded with the sample at a
higher temperature.

The decreasing trend of dyyy values corresponding to the
Fe3;N phase is maintained for a-4 and a-5 and then approaches
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a nearly constant value (within the experimental errors) of
dny = 1.146 A, Considering that the 4y, modification for
f > 17 min takes place for almost a constant temperature,
this variation in interplanar distance cannot be attributed to
thermal effects. The variation in d\g; corresponds to arelative
linear expansion of 0.52% (17 min), 0.31% (28 min) and
0.01% (38 min) with respect to the final state. This suggests
that the initial FesN phase is subjected to stresses producing a
significant volume expansion which is progressively relaxed
during the nearly isothermal conditions of the advanced
stages of the nitriding process. o

The particular behaviour observed for FesN seems to
be exclusive to this phase because the interplanar distances
corresponding to the others, even Fes17Npg3-¢, remain
constant from ¢+ = 17 min until the end of the process, as
can also be seen in table 2.

5. Conclusion

A reactor chamber was constructed and installed in the
synchrotron radiation SAXS beamline of LNLS, which was
adapted for x-ray diffraction experiments. It first use was for
an in situ study of the structural variations occurring in the
surface structure of a AISI 1010 steel subjected to a nitriding
process.

The decreasing intensity of the diffraction peaks
corresponding to the Fe-or phase is a consequence of the
decrease in its volume fraction, close to the sample surface,
as a consequence of the formation of different iron nitrides.
The observed increase in the interplanar distances, during the
first stages of nitriding, agrees with the value corresponding
to the expected thermal linear expansion effect.

The experimental results indicate the formation of three
different nitrides, Fe4N-y and Fe;N-¢ in the first minutes and
Fes 14Ng g3 later on.

During the nitriding process under nearly isothermat
conditions (¢ = 20 min) the interplanar spacing of
all phases, except Fe;N-g£, remains constant within the
experimental error. The interplanar spacing in the Fe;N phase
exhibits a decreasing trend, probably due to the action of



—1

strésses Wﬁi&h'ﬁfﬁgressively relax for increasing periods of

time.

The effect observed for FeiN-¢ does not occur in
any other phase with nearly the same stoichiometry, i.e.
Fey7Nosi-€.
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Power Voltage Source Synchronized with a
Spectrometer for Real-Time Spectroscopic
Studies of Pulsed Discharges

Jorge N, Feugeas, Aldo Miarenzana, Sonia P, Briihl, and Bernurdo J. A, Cémez

Abstract-——The evolution of the species generated jo a plasma
may be characlerized through real-time optical emission spec-
troscopy. Nevertheless, for experimental situations in which the
light emission intensity is insufficient for acquisition times of
several tens of milliseconds {typical resolution time of optical
multichannel analyzers), some complementary instrumentation
has to be incorporated. In (his paper, we present the design of
an experiment to study the spectroscopic evolution of a plasma
during a switch-on of a dc discharge, and/or during its switch-
off (afterglow). The solution consisted of a periodic discharge
generated by a dc square wave voltage source, synchronized with
the optical multichannel analyzer of (he spectrometer through
its TTL (logic family of Transistor-Transistor Logic) level pulse.
The periodicity of the discharge under similar physical conditions
allows accumulation the spectroscopic information for each cycle,
making possible a time resolulion of tens of milliscconds by
increasing the resulting Intensity profile of the spectra.

I. INTRODUCTION

PTICAL emission spectroscopy [1] is a powerlul tech-
Onique which can be widely used in many applications,
among which plasma processing of materials is one of the
more interesting exampies. The plasma enhanced physical
vapor deposition (PEPVD) [2], for example, is a process in
which an clectric discharge in a pure gas or mixture of pure
gases is produced simultaneously with an evaporation of pure
metallic species, giving rise to the molecular formation of

‘compounds that can be deposited onto the surface of substrates,

like the TiN or TiAIN coatings on slcels. Another process is
the plasma enhanced chemical vapor deposition (PACVD) [3]
in which different compounds can be develaped in the plasma
by an electrical discharge in a mixture of reactjve gases. The
hydrogenated amorphous silicon through silane decomposition
is an example. The plasma etching (physical andfor chemical)
is a process in which the ions generated in an electrical
discharge can remove atoms or: molecules from a substrate
surface (negative biased) througti a simple collision process
or by the volatile compound formation between the filling gas
molecules or resulting radicals.and the substralc atoms. These
ciching processes can be used in surlace cleaning prior to
surface treatments, or for the removal of selective matertal in
compact ittegrated circuits (microclectronics),
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lon nitriding (or nitrocarburizing) is another process in
which the nature of the surface of certain materials, steel,
for example, can be modified by the adsorption, and posterior
diffusion into the bulk, of certain atomic species (like nitrogen
and/or carbon) produced in the discharge into an appropriate
mixture of gases [4]. This process, in which the affected fayers
can be thicker than 100 pm, has to be differentiated from
others such as jon implantation in which the depths are of
only a few microns [5], [6].

In all the above examples, the generated plasmas are out of
thermal equilibrium, and the temperatures (ion and molecular
temperatures) are close to room temperature. In this medjum,
the processes which produce spectroscopic emission (atomic,
molecular and low ionization degrees electronic transitions,
vibrational and rotational molecular band fige structure forma-
tion) are mainly dominated by electronic collision excitation.

During the discharge, it is of crucial importance to char-
acterize, whatever the above processes may be, the atomic
or molecular species formation (decomposition and recom-

bination processes into the bulk of the plasma and/or as

result of the plasma—surface interaction). Optical spectroscopy
(such as in the emission or in the absorption mode) is the
most important technique in the sensc that it provides in
#ifu information, has a good spatial definition, and does not
pertuch the system. The actual technology allows cov'emgc
lrom close to one hundred to several (housands of nanometers
of wavelength radiation without excessively complicating the
instrumentation. Compact monochromators, optical multichan-
nel analyzers, luminic (UV, visible, and IR) conducts like
optical fiber bunches, windows for different wavelengths range
transmission, etc., are available economically from commercial
sources. ' L h
Nevertheless, spatial and time resolutions are two factors
that always nced (o be improved, depending on the nature
of the experiment. The spatial resolution can be resolved by
the size (cross section),of the optical fiber, but only. along
the perpendicular to 1h‘chlinc of sight. Short focal length
oplical systems can help in'the line-of-sight spatial resotution
dircetion. The time resolution is linked to the use of the optical
multichannel analyzers (OMA’s) in which an array of pho-
todiodes collects the diffracted light from a monochromator,
integrating the information of several milliseconds. This time
resolution can be improved by the use of electrooptical shutters
which can reduce the exposure time (o nanoseconds. Also,
the problem derived from the natural light intensity reduction,

0018-9456/98810.00 © 1998 IEGE
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Fig. 1. Schematic view of the experimental setup,

associated with the short exposurc lime, can be compensated
for by the use of light intensificrs.

In this paper, we describe an instrumenta! solution 1o the
specific problem of the optical emission spectra evolution of
plasmas generated in pulsed dc glow discharges in both parts
of its cycle: glow and afterglow.

II. THE EXPERIMENTAL PROBLIM

A. The Plasma Reactor

The experiment (performed at the Instituto de Flsica
Rosario) that motivated this work was a pulsed dc glow
discharge, mainly used in processes of ion nitriding and
nitrocarburising of steels [7}-9]. In both cases, a mixture
of pure gases (nitrogen, hydrogen, argon, methane, etc.) is
introduced with controlled and continuous flow in a reactive
chamber (vacuum chamber). The discharge is produced inside
the chamber by a pulsed dc power supply, which provides A
Square wave with a variable frequency {between 0-] kHz),
variable time duration of the active part of the cycle, and
variable amplitude (applied valtage) between 200-800 V. In
the normal mode of operation, the electrode configuration
consists of a ‘circular flat surface 50 mm in diameter, the
cathode (to which the samples arc fixed during the processes
of nitriding or nitrocarburising), and a cylindrical stainless-
steel cage (inner diameter ©f 60 mm and 120 mm in length),
which prdvidés the grounded anode. In Fig. 1, a schematic

view of the experiment is presented.

Under these experimental conditions, and for total filling
pressures above (.5 mbar, a well-defined negative glow is
developed close to the cathode surface. It is in this region of the
discharge where the reactions (molecular decomposition and
recombination) are produced, generaling ionic species which
are accelerated to the cathode through the cathode fall voltage,
These species are responsible for surface modification.

In this medium, the species evolution is virtvally the same
in every cycle of the discharge, at Icast within several minutes,
because the starting physical conditions in cach cycle arc
virtually the same. Each cycle lasts scveral milliseconds,
a short enough time to keep the basic physical conditions
unchanged to the next cycle, considering the low energy
involved in our experiment. Those plrysical conditions are the
nature of the gas mixture, the partial pressure of each filling
gas, the substrate composition, the concentration of sputiered
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atoms from the surfuce in the 'plasmn, and the substrate
temperature, etc. As an example, the temperature {when the
experiment reaches the steady ‘state) can change only several
degrees within tens of minutes of processing, and the nature
of the substrale surface (composition of the surfuce layers) can
change significantly in only tens of minates. This facl enables
the study of the evelution of ihe [Plasima composition and other
propertics in one cycle through the addition or the average of
the results obtained in several consecutive cycles. The number
of cycles to scan can he determined through the compromise
solution between the good statistic of the accumulated results
and the possible modification of the general experimental
conditions due to the icagth of the data acquisition time.

B. The Spectrometer

- To characterize the full process of an experiment like
the one described above, where it is necessary to study
the formation and the temporal evolution of the species in
a plasma, oplical emission spectroscopy is the natural and
most important experimental method, mainly because it does
not interact with the system {nonperturbative method). In
our case, we used a Princeton Applied Research optical
spectromcter, which comprises a triple grating monochromator
(Jarrelt Ash 27 monospec} of focal length 275 mm, and
an optical multichannel analyzer (1024 cooled photodiodes)
OMA Il from Princeton Electronics, which are set by means
of an optical lens to detect the plasma glow near the cathode.
By imaging the plasma glow on the entrance slit of the
spectrometer, the total discharge emission in the negative glow
or in (ke afterglow is detected from a distance of about 1 cm
from the cathode surface with an integrating time of 30 ms.
This spectrometer works with a base exposure time of 30
ms composed of 28.67 ms of scanning time and 1.33 ins
of oveihead time. The scanning time is the time in which
the information of a complete spectrum is stored by the
1024 photodiodes, being two consecutive periods separated

by an overhead time. The"sc.anning .can be active (active

scan) where the information is stored, or inactive (ignored
scan) when no information is ',slqrgd._}'l’he OMA ln_:an be set
to different data acquisition modes. It can be programmed to
control a predetermined number, of successive active scans

(one or more) adding their results, virtually inc}easing the

acquisition time by a multiple of 30 ms. On the other hand,
it is possible to conirol dead periods by the accumulation of
orie or more ignored 'scans. in which no spectral information is
stored. These active and dead’ periods can also be periodically
interspersed through an appropriate OMA mode programming.

In addition to the single operation of spectra storing cor-
responding to each active period (successive active scans),
the software which controls the OMA operation allows the
addition or subtraction of spectra as desired for a determined
purpose, giving a composed line and band intensity profile.
The subtraction of a previously stored spectrum allows, for
example, partially climinating the background light in spectra
of experiments where the emission intensity is comparable to
the radiation intensity cmitted by the environment. In these
cases, before or after the experiment, a spectrum of the region
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to be studied is stored from the same Spectrometer operating
conditions (number of active and ignored scans, etc.), but
without running the experiment. This background spectrum
(normally Noisy continuous spectray can then be subiracted
from the one obtained during the experiment, with the natural
background light reduction, ‘

The OMA 11T also provides as outpur, together with the
information of each cycle composed by the 29-ims scans (active
and/or ignored scans) plus the | ms of dead time between them,
a time mark coincident with the beginning of cach active scan.
This time mark (TTL Tevel pulse) consists of o sharp voltige
peak (3 V of amplitude and | 15 wide) destined 1o be used
externally for synchronism purposes. Bork the cyclic signal
and the time mark can be monitored through the use of an
oscilloscope,

The low energy of the discharge used in the experiment
generates a plasma whose optical emission intensity is not

- adequalte to produce single spectra (30-ms accumulation time)

to be studicd. Even the more inlense cinission lines and bands
are too faint to be used to study their profiles and thejr
time variation in each cycle of the discharge. In addition,
the background light (even in the dark room condition) and
the natural noise of the photodiodes array detection give a
background signal {continuous spectrum characteristics) of an
intensity which can be comparable with (he inensity of the
weaker faint peaks of the plasina emission spectrum,

To solve these experimental problems, we worked through
the accumulation of the information of several cycles of the
discharge, and the subtraction of the information of the back-
ground radiation from the resulting spectra also accumufated
during a time equivalent to the number of scanned cycles.

The last procedure is contemplated in the OMA functioning "

program (as described above}. The solution to the first prob-
lem, which involves the development of an external additional
instrumentation, is the subject of this paper.

HI. THE DEesIGN oF THE EXPERIMENTAL SoLuTtion

To study the optical emission spectra evolution of the
discharge, the experiment was diagramed for adaptation to
the OMA operational characteristics. A square wave d¢ power
supply was specifically designed with the lollowing operaling
characleristics:

a) Frequency of the power supply (square wave): 16.67 Hz.
b) Active part of the discharge (glow): variable beiween
1-60 ms. : '

c} Voltage amplitude: variable between 0-600 v,

d) Discharge current: between 10-200 mA.

The frequency of 16.67 Hz, which corresponds (o a period of
60 ms (twice the scanning lime of (he OMA), can be corrected
for synchronisin purposcs throngh an cxternal trigger source
with a delay contral, Once; the active/dead (glow/alierglow)
ratio for the operating conditions of the powcer supply and

the amplitude is fixed, the discharge will be established and _

the experiment will run automatically without modifications.
Nevertheless, for the acquisition of emission spectra from the
plasma at a certain time interval within a discharge cycle,
the power supply can be synchronized through the OMA

kS
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TTL level pulse output (available at the beginning of each
aclive scanning period) in the following way: the OMA
is programmed (o opferate with one active scan, followed
by ene (or more) ignored scans. The TTL level pulse is
connceled to the power supply as the external trigger source for
synchronism purposes, sclecting the appropriate delay to make
the beginning of the active sean coincide with the beginning of
the period of the discharge cycle in which the spectrum wants
to be sampled. After cach active scan (in which one complete
spectrum is stored), one ignored scan follows, giving time for
the beginning of a new aclive scan with the same conditions as
the preceding, being eiich active scan synchronized by the TTL
Yevel pulse originated in the preceding one. One active scan
plus one ignored scan gives a periodicity of 60 ms, which
is the period of the discharge. The resulting spectrum (S,)
corresponds to.the addition of the successively recorded active
scans. '

The total aumiber of aclive scans used in each experiment
depends on several factors such as the radiation intensity of
the plasma, the possibility of changes in the experimental
conditions during the total time involved, etc. Normally, in
our experiments, we used several thousand scans involving an
integrated time of several minutes (typically 5 min).

After each experiment, a similar routine (total number of
scans) was performed on the experimental system but without
the discharge (power supply off), with background spectrum
(Sug) recording purposes. Sig was then subtracted from the
primary §;, giving the final spectrum S; = §; — Shg, With a
better signal-to-noise ratio (SNR).

As an observation over (he synchronism in the periodic
scanning of the cyclic discharge, we can say that every
spectrum is {aken under similar conditions due to the TTL
level pulse triggering function, except for the first scanning
that can be randomly produced at any part of the periodic
discharge. This occurs .due to the lack of a preceding active
scan with the correspdhding TTL level pulse. Nevertheless,
the number of active scans is large enough (normaliy several
thousand) to negate the influence of a single spectrum taken
out of the preselected part-of the cyclic discharge,

IV. INSTRUMENTATION .

A power supply [10] was developed which provides periodic
pulses of vollage willt a fixed frequency and which can be
programmed with a delay relative to an external signal of
synchronism and for a predetermined duty cycle,

The circuit of the power supply, which is shown in Fig. 2,
can be separated in two parts: (a) power and (b) control,

A Description of the of the Power Circuit

The power circuit consists of a de source, variable from
0 to 600 V, with a maximum of 200 mA, commanded by a
power switch that produces the instantaneous connection and
disconnection to the load. ‘

The dc source is basically composed of a variable autotrans-
former (220/0-250 V) connected to 2 220/600 v transformer,
with a bridge 1ype rectifier and filtered with electrolytic
capacitors of 220 ;:1°--45() V, to provide the necessary filtering
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Fig. 2. (a) Power supply circuit. (h) Control unit of 1he power supply circuit.

with the required ripple (<2%). A BU20BA lransistor power
switch, activated from the control unit, was used.,

B. Description of the Control Unit ¢

The control unit has an Intel 80C3] microcontroller, which

allows control of the duty cycle and the delay, and the
synchronism with the external signal. These settings provide
control of the power switch to obtain the required working
cycle. .
The microprocessor read, in a multiplexed way and through
the input port, the data of the binary switches; through one
pair of switches the data of (he eflfective duty cycle (in
percentage) and through the other pair of switches the delay (in
miiliseconds) to the synchronism signal. The program which
performs the operation is contained in the 8-kbyte EPROM
metmory 2764, connected to the microcontrotler by the address
bus through the latch and by the data bus directly, such as
suggested in the INTEL application notes ().

For better operation of the system, the microcontroller reads
new preset inputs when a signal is sent by means of a pulsed
switch. This produces a privrity interruption of the system,
introducing it into a new routine charged to read and ealculate

the new variables. In Fig. 2(b), the circuit of the control unit
is shown. ’

V. RESULTS AND CONCLUSIONS

The method and instrumentation werc successfully used in
the spectroscopic study of the aflterglow of a pulsed discharge
to determine the formation and decomposition of molecules
and radicals through the line and band profiles evolution. As an
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Fig. 3. Spectra cvolution for I = 0,1,2,9 and G ms after the beginning
of the afterglow. Experiments were pecformed with discharges, at | mbar
of pure nitrogen, of a de square wave 16.67 Hz, 40% active and 500 V of
amplitude, total current 30 mA. Note (he decreasing intensity with 1 of (he

band heads, corresponding Lo the 0-0 transition of Ng‘ (A =337.12 nm) and
Ny (A = 391.44 nm).

example, we present the results of experiments performed with
discharges in pure nitrogen at 1 mbar of pressure. The voltage
used was a periodic square wave of 16.67 Hz of frequency,
with 40% of each'c'ycle active and 60% inactive, and with
an amplitude of 500 V. The resulting total current circulating
through the plasmit was 30 mA.

The active scans of the spectrometer were synchronized
beginning at different times At after the end of the active
cycle. In Fig. 3, the spectra evolution for At = 0,1,2,3, and
6 ms are shown in a 3-D plot.

These experiments were performed within half an hour
without interrupting the process of the discharge, wilh only
modification of the delay for the different presclected At, This
allows use of this method to control the spectroscopic charac-
teristics of plasmas in processes where continuity is necessary,
such as the alorementioned examples of surface treatment by
plasmas, and have a fast and periodical modification of the
voltage—current characteristics. K
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Abstract. Nitriding of an APl 5L X-65 steel was performed using a low-frequency
dc pulsed-plasma technique. A 6 h treatment was found to produce a compact
surface nitride layer composed of v (Fe,N) and = (Fe,_3N) nitrides with a thickness
of around 2 um. The plasma-nitriding treatment resuited in a significant reduction
in hydrogen permeability, from 2.97 x 10~ mol H m~! s~ (for the untreated steel)
to 7.1 x 10~ mol H m~! s~ for electrolytic hydrogen charging via the nitrided
surface. When the sample was oriented with the nitrided surface as the
hydrogen-exit face, the permeability was reduced even further, to

39x 107 molHm' 51,

1. Introduction

Nitriding has long been recognized as an efficient surface-
hardening treatment for steels, producing a surface nitride
layer whose presence results in significant improvements in
fatigue, wear resistance and corrosion resistance. The last
25 years have seen a growing replacement of the traditional
industrial nitriding methods (which relied on relatively
long treatments using gaseous ammonia or liquid cyanide
salts) by the more modern ion-nitriding techniques [1].
This form of nitriding exploits the active species resulting
from the ionization of nitrogen from pure molecular gas
or in gaseous mixtures containing nitrogen. By applying
a dc voltage, under low-vacuum conditions, between the
workpiece (cathode) and the furnace's wall (anode), the
atems and molecules of the treatment gas can be excited and
ionized, producing a luminous ‘glow discharge’ from which
positive ions in the plasma are attracted to and occluded into
the negatively charged workpiece’s surface.

Commercial applications of such plasma techniques
continue to grow, not only because of the inherent
labour savings and shorter treatment times involved,
but also due to the virtual elimination of associated
environmental pollution and very significant reductions in
energy consumption. Furthermore, new benefits are being
identified which may lead to the even greater exploitation
of ion nitriding in the fabrication of industrial components.
One such benefit is the reduction of hydrogen permeability
in steels as a result of ion nitriding [2,3], thereby
potentially offering a means of minimizing contamination
with hydrogen and the subsequent embrittlement of

0022-3727/98/243469+06$19.50 © 1998 IOP Publishing Ltd

steel components operating under hydrogen—nch service
conditions [3-5]. .

In contrast to the ion mmdmg w1th dc glow discharges
in which a constant voltage is applied between the
electrodes, the current paper reports some of the initial
results obtained in a continuing study of ion nitriding
in the surface engineering of API SL X-65 steel to
“Taitor’ permeability to hydrogen with a modulated dc glow
discharge [6]. The modulation consists of a square-wave
voltage applied between the electrodes, in which the sample
is always at positive potential during the active part of
each cycle. This technique is known as a dc pulsed glow
discharge and it goarantees a high nitriding efficiency and
a better control of the variables of the process.

2. Experimental procedures

The base material used for pulsed plasma nitriding was
an API 5L X-65 steel, the chemical composition of which
is detailed in table 1. Samples of 1 mm thickness were
prepared from the bulk material and polished on both faces,
using the standard metallographic techniques, before being
subjected to the nitriding treatment.

Nitriding was performed using the equipment devel-
oped by the Plasma Physics Group at the I[FIR. A schematic
illustration of the nitriding plasma reactor is shown in
figure 1. The reactor consists of one stainless steel circu-
lar planar electrode 6 mm thick and 35 mm in diameter
(the sample holder), located inside the cavity of the other,
a cylindrical cage 50 mm in diameter and 130 mm long
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Table 1 *The chemical composition of the API 5L X-65
steel used in this study (weight %).

Element Amount Element Amount
C 011 Al 0.035
Mn 1.05 Nb 0.032
S 0.005 v 0.055
P 0.014 Ti .01
Si 0.29 Ca 0.0074
Ni 0.15 Fe Balance
Cr 0.31
—« THERMOCOUPLE

I GAS
[ = INLET
DISCHARGE ' E PRESSURE
CHAMBER =" GAUGE
CATHODE
I_—Ci SAMPLE
ANODE
(MESH) —_
TO THE
VACUUM PUMP

Figure 1. A schematic illustration of the plasma-nitriding
reactor.

built of a stainless steel grid. The sample’s electrode was
negatively biased (the cathode) and the cage (anode) is at
ground potential. The electrodes were located in a cylindri-

cal Pyrex glass vacuum chamber (70 mm in diameter and
290 mm long),

The cathode is connected to the power supply through

a cylindrical hollowed stainless steel rod which allows the
introduction of a thermocouple to monitor the temperature
of the electrode in the plasma region. The rod is completely
covered by a Pyrex pipe, avoiding the generation of plasma
along its surface and ensuring that the discharge is being
generated only around the surface of the cathode’s planar
disc (25 cm?®).

Prior to introducing the process pases, the chamber was
evacuated to a base pressure of 15 mTorr (2 Pa). Using
a flowing gasecus mixture of 80 vol% N3 and 20 vol%
H,, voltage 400 V, frequency 100 Hz and relative active
period 50%, the samples were treated for 6 h, under a total
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pressure of 4 Torr (433 Pa). The current density in the
sample during the active part of the cycle of the discharge
was 4.2 mA cm™2 and the temperature of the process was
430°C.

The nitrided layer produced was characterized using
grazing incidence x-ray diffraction (GIXD), scanning
electron microscopy (SEM) using a Zeiss DSM960 and
microhardness profiling. GIXD diffraction spectra were
recorded using a Siemens D-5000 x-ray diffractometer.
The operating parameters were Cu Ko radiation (A =
0.15406 nm), tube voltage, 40 kV, tube current 30 mA,
20 scan range 0-120°, step size 0.050°, step time 2 s,
divergence slit 0.270° and antiscatter slit 0.270°.

After recording rocking curves to calibrate the
equipment for the precise alignment of samples, GIXD
diffraction spectra were obtained for two different incidence
angles, 0.6° and 2° ({comesponding to approximate
penetration depths of 50 and 200 nm analogous to the work
reported by Jagielsky et al [7]). Spectra were also obtained
for 10° and 30° using the same test parameters.

Microhardness measurements were made using a
Shimadzu 2000 automated microhardness system with a
Knoop indenter at a load of 5 g, aligning the long axis
of the indenter parallel to the sample’s surface for the
through-thickness hardness profiles. The measurements of
the hardness of the surface nitride layer were made on
the treated surface itself (perpendicular to the polished
transverse section utilized for the other points of the
hardness profiles). The first sub-surface indentations were
made at a depth of 7 um below the outer face; subsequent
measurements were made at 15 pm intervals.

Hydrogen-permeation parameters were determined
using electrochemical hydrogen-permeation tests, the
necessary cathodic charging potentials being obtained
from the results of prior potentiodynamic polarization
scans. All electrochemical tests were performed using
a TAI GP-201H programmable electrochemical interface
(galvanostat/potentiostat/zero-resistance ammeter) which
permitted fully automated control and on-line monitoring
of all test parameters as well as data acquisition via a
microcomputer. Details of this technique and equipment
can be found in [8,9].

The hydrogen permeation tests were undertaken
utilizing a two-compartment electrochemical cell (one
for generation of hydrogen and the other for hydrogen
detection) both containing 0.1 N NaOH electrolyte solution,
Thermostatic control of the cell maintained a temperature of
50°C throughout the tests. Cathodic hydrogen-generation
potentials of 1.30 V versus the standard calomei electrode
(SCE) and 1.36 V versus the SCE were used for the
untreated and nitrided samples, respectively.

In the permeation test, the sample, of 13 mm diameter
and I mm thickness, is positioned between the two
compartments and a constant cathodic potential is applied in
the generation compartment. In the detection compartment,
potentiostatic control is maintained at a level equivalent
to that of the open circuit {to oxidize hydrogen arriving
at the sample’s surface after permeating through from the
generation side}. Since the current required to maintain
a constant detection potential is proportional to the flux
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Figure 2. X-ray diffractograms of the 6 h plasma-nitrided
API 5L X-65 steel; for incident beam angles of 0.6°, 2°, 10°
and 30°.

of hydrogen which permeates through the sample, the
analysis, via Fick's laws, of a curve plotting the evolution
of this current with time permits the determination of the
permeability, diffusivity and solubility of hydrogen in the
material being tested.

Tests were undertaken on samples of the API 5L
X-65 steel under the untreated and the & h plasma-nitrided
conditions. In the latter case tests were performed for two
distinct sample orientations; with hydrogen charging via the
nitrided face via the untreated face of a nitrided sample.

3. Results

Figure 2 shows the x-ray spectra for incident-beam angles
of 0.6°, 2°, 10° and 30°. Although the first spectrum is
inconclusive, probably due to the microscopic roughness
of the surface nitride layer, the spectra for 30°, 10° and
2° clearly show peaks due to the y' nitride FesN and the ¢
nitride FeaN_,. As the angle of incidence utilized to obtain

Pulsed-plasma-nitrided steel

Figure 3. A scanning electron micrograph of a transverse
section adjacent to the untreated face of the API 5L X-65
6 h plasma-nitrided steel showing the ferrite—pearlite
structure {A) of the base material.

6 pm

Figure 4. A scanning electron micrograph of a transverse
section adjacent to the treated face of the APl 5L X-65 6 h
plasma-nitrided steel showing, in addition to the
territe—pearlite structure of the base material, the surface
(y" and &) nitride layer and an intergranular acicular phase
(Fe15N2).

the spectra was increased, thereby sampling a greater depth,
an increasing contribution for the ferrite @ peaks became
evident.

Figure 3 presents a scanning electron micrograph of a
polished and chemically etched transverse section of one of
the plasma-nitrided samples. In this case the ferrite-pearlite
structure in a region close te the untreated face of the
sample is shown. (The lighter contrast at the sample edge
merely reflects a slight rounding off during polishing.)

Figures 4-6 show various aspects of the microstructure
of the same section but adjacent to the treated face of the
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® 10 pm (b) 10 pm

Figure 5. A scanning electron micrograph of a transverse
saction adjacent to the treated face of the APl 5L X-656 h
plasma-nitrided steel, showing that the intragranular
acicular phase (FesN;) is present to a depth of around
20 um (a). in another region a peariite colony where "
was not formed can be observed (b).

Figure 6. A scanning electron micrograph of a transverse
section adjacent to the treated face of the API 5L X-656 h
plasma-nitrided steel, showing the interaction between the
surface (y' and ¢) nitride layer (E) and the cementite
(FeaC) of a peariite colony (A).

sample. A surface (¥’ + £) nitride layer (indicated by the
x-ray diffraction results) of around 2 m thickness is clearly
shown in figure 3, as well as an intragranular acicular phase
typical of Fe N3 in such materials [3,4]. The presence of
this acicular phase was observed only to depths of around
20 um, as shown in figure 5 (in some areas on these
micrographs the surface nitride layer had been separated
from the substrate during polishing). Figure 6 shows the
surface nitride layer at a higher magnification, in a region
where this layer came into contact and interacted with the
cementite of a pearlite colony.

A further scanning electron micrograph is included
(figure 7) in order to show the orientation and size of the
5 g Knoop hardness indentations (used in obtaining the
microhardness profiles) relative to the phases present in
the microstructure at the treated face of the sample. The
microhardness profiles themselves are shown in figure 8,

3472

10 pm
Figure 7. A scanning electron micrograph of a transverse
section adjacent to the treated face of the AP| 5L X-65 6 h
plasma-nitrided steel, showing the size and orientation of
the Knoop hardness indentations (marked ‘K’) utilized in
determining the microhardness profiles in relation to the

phases present.
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Figure 8. Knoop {5 g) microhardness profiles perpendicular
to the treated and untreated faces of the APl 5L X-65 steel.

for traverses perpendicular to the treated and untreated
faces of the sample. The base material exhibited Knoop
hardness values in the range 150-220, whereas the 2 pm
nitrided surface layer was much harder with values ranging
from around 600 to over 1200, with an average of 870.
Immediately below the nitride layer, the Knoop hardness
was found to be in the range 280-360. By a depth of
250 jum it was approaching the base metal hardness, further
decreasing gradually until, at around 550 pm, the hardness
was equal to that of the untreated face and in the sample’s
bulk.

The hydrogen-permeation curves are presented in
figure 9. There is a marked difference between the
curves corresponding to the plasma-nitrided samples and
that for the untreated material, the nitriding treatment
having provoked a significant reduction in the hydrogen
permeability. Table 2 presents the calculated hydrogen
permeation parameters {3, §,9].



Table 2. Hydrogen-permeation parameters calculated for the AP} 5L X-65 steel from the data pféseri!éd in ﬁﬁur; 0.

. Pulsed-plasma-niirided steel

Plasma- Diffusion - +Hydrogen Steady state hydrogen
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time D S (93
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Figure 9. Hydrogen-permeation curves for the APl 5L X-65
steel: P, Is an untreated sample, F,isa6h
plasma-nitrided sample tested with generation of hydrogen
at the nitrided face and P;, is a 6 h plasma-nitrided sample
tested with generation of hydrogen at the untreated face.

4. Discussion

The x-ray diffraction spectra clearly indicate that the
2 um surface nitride layer observed by scanning electron
microscopy is composed of the face centred cubic y’ (FesN)
and hexagonal close packed ¢ (FeaN;_,) iron nitrides. The
relative intensities of the peaks suggest that the y’ phase
predominates. This is not dissimilar to results presented
previously [2, 3] for the same material after plasma nitriding
at a higher temperature by a more conventional continuous
dc plasma technique. In the case of the previous work,
however, the £ phase was observed only at a greater depth
(rather than at the 0.2 pm depth which would be sampled
by the 2° GIXD measurements realized in the current
study).

The intergranular acicular phase observed in figures 4
and S presents the same morphology as the o” FegN,
phase identified for the same material in the previous
study [3] and, although in a future stage of this research
transmission electron microscopy and electron diffraction
should unambiguously identify ail phases present, it seems
probable that the acicular phase can be considered to be the
distorted body centred cubic «”. It is interesting to note
that, although, as may be seen from figures 4 and 5, the
a” is predominantly observed at intragranular sites up to a
depth of around 20 j2m, some grain boundary precipitation

of this phase is occasionally observed (lower right-hand
side in figure 5(b)).

In the region shown in figure 5(b), close to a pearlite
colony, the depth at which " formed was apparently
restricted to around 10 pm (we assume that this is
because the nitrogen diffusing into the steel during the
plasma treatment interacted preferentially with the pearlitic
cementite rather than undergoing further intragranular
diffusion in the ferrite). Where, however, a grain boundary
was present, even at the side of the pearlite colony most
distant from the sample surface, «” was observed to have
precipitated at a greater depth, up to around 25 pm.
Some indication of an enhancement of grain boundary
diffusion of nitrogen during pulsed plasma nitriding is
therefore evident, even in this low-temperature process
(<500°C).

Figure 6 shows more detail of the very diffuse interface
where the surface nitride layer encountered and interacted
with the pearlitic cementite. Tt is generally accepted
[10] that, during the nitriding of steel, carbon from the
hexagonal close packed Fe;C is probably incorporated into
the £ nitride Fe,_sN and such an ill-defined interface
would indeed be typical of such a case and would
result in the formation of carbonitrides of the type
Fc;z_j (C, N)

Microstructural modifications provoked by the pulsed-
plasma-nitriding treatment are effectively limited to a depth
of around 20 pum, as can be seen from figure 8. The
hardening effect produced by nitrogen in solid solution
in the ferrite extends to a total depth of over 500 um
(the major effect being observed up to around 250 um).
Though the pulsed-plasma technique is considered to be a
relatively low-temperature method of nitriding, diffusion of
a significant amount of nitrogen into the base steel evidently
does occur.

It has been shown [3] that it is the surface nitride
layer which is responsible for the very significant reduction
in the kinetics of hydrogen permeation in plasma-nitrided
steels, rather than the nitrogen-saturated ferrite in the sub-
surface diffusion layer. In this study it was reduced from
297 x 1071% 10 7.1 x 107" mol H m~' s~!, The face
centred cubic structure of the y’ phase in particular was
found to exhibit a much higher solubility of hydrogen and
much lower hydrogen diffusivity than did the body centred
cubic ferrite [8]. The nitride layer, therefore, acts as an
efficient barrier to diffusion of hydrogen. When the nitride
layer is positioned on the hydrogen-detection side of the
electrochemical cell the hydrogen permeability is further
decreased to 3.9 x 107" mol H m~! s~!. This may be
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explained by the fact that with this experimental orientation,
the rate-controlling factor is the low hydrogen diffusivity of
the nitride layer [B]. The nitride layer was also determined
to be a barrier to hydrogen permeation in experiments on
AISI 4140 steels, by observing its dependence on the layer’s
thickness [11].

The influence of other causes on the reduction in
hydrogen permeation can be neglected. One of them is
the possible presence of an oxide layer followed by an
oxide-nitride interface. The probability of deposition of
an iron oxide layer from the iron sputtered at the surface in
combination with the oxygen (existing at a low percentage
content in the plasma) can be considered very low. An
estimation can be obtained if the voltage applied to the
sample is already known: the energy distributions both of
ionic and of neutral plasma species incident on the surface
of the cathode can be estimated through the L/A ratio
(where L is the cathode sheath’s thickness and A is the
mean free path for charge-exchange collisions). In our
experiments, in which the applied voltage was 430 V,
the L/A ratio is in the range 10-15. This means that
less than about 0.001% of the ions have their maximum
energy associated with the applied voltage (430 eV) and
the energy mean value is about 40 eV [12). These low-
energy ions that reached the surface did not provoke any
significant sputtering effect on the surface. Therefore we
cannot expect any significant amount of emission from
free iron species from the surface. The formation of
iron oxide in the plasma and its re-deposition onto the
surface is of insignificant consequence, moreover, taking
into consideration that the surface temperature during the
nitriding process was relatively low.

5. Conclusions

The 6 h pulsed-plasma-nitriding treatment produced a 2 um
thick surface nitride layer containing both y’ (FesN) and ¢
{Fez_3N) nitrides, as well as precipitation of «” (FeiN,)
to a depth of 25 um. Hardening due to nitrogen in solid
solution in the ferrite extended to around 550 um, though
this effect was more pronounced in the first 250 jm below
the nitrided surface.

The plasma-nitriding treatment resulted in a signi-
ficant reduction in hydrogen permeability, from 2.97 x
107 mol H m™' s! (for the untreated steel) to
7.1 x 107" mol H m™' s~! for electrolytic charging
of hydrogen via the nitrided surface. When the sample
was oriented with the nitrided surface as the hydrogen-
exit face, the permeability was reduced even further, to
3.9%x 107 mol Hm™! 57!,
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WEAR BEHAVIOUR OF STEEL AND TITANIUM
TREATED BY PULSED ION IMPLANTATION

J. Feugeas, G. Grigioni, G. Sanchez, and A. Rodriguez da Costa

lon beams generated by plasma guns operated in
detonation mode follow the energy spectral law
dN/dE = E™%* (number of ions N with energy E),
with E in the range 20-500 keV, and a time duration
At of 200-400 ns. These pulsed ion beams were used
to implant nitrogen ions into steel and pure Ti. The
results show a reduction in the wear rate of stainless
steel by a factor of 10, and of high speed steel by a
factor of 2, and also a reduction in friction coefficient.
In addition, in autotempering steel and Ti, an increase
in Vickers microhardness by a factor of between 2 and
3 was measured. The XPS and X-ray diffraction
measurements also show high nitrogen concentration
in the surface layers, with the nitriding producing the
desired stoichiometry for tribological purposes. A study

of the temperature evolution of the substrate owing
to the pulsed nature of the beams (heating rate
around 15 K ns™*, temperature gradients of around
1500 K um™!, and peak temperatures near the melting
point) shows that it plays an important role in the

surface modification process.
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Rosario, Argentina and Dr Rodriguez da Costa is at
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INTRODUCTION

Ion implantation is a well known technique for the
surface treatment of metals for tribological property
improvement, among other applications.! A large
variety of ion species, energies, and fluences are used
depending on the substrate nature and the final
surface properties desired.*?

In this work, some results are described for steel
and pure Ti nitrogen implanted by pulsed ion beams,
accelerated in focused electric discharges in a coaxial
electrode system (plasma gun).* These beams present
several differences with respect to standard low
current and continuous ion beams, principally as a
result of the short duration of the pulses, which
provokes strong thermal effects in the surface layers
in addition to the usual ion implantation process.

Also presented are results on the characterisation
of the process that allow, to some extent, the
explanation of the physics in this pulsed ion implant-
ation process.

EXPERIMENTAL
Accelerator
Ion beams generated by plasma guns operated in
detonation mode are accelerated during the collapse
of the current sheath, which occurs as a dense plasma
column (about 1 mm diameter and 6 mm length) or
dense plasma focus (DPF). The energy stored in a
capacitor bank is discharged into the coaxial electrode
system {see Fig. 1), which is closed at one end by a
coaxial insulator (pyrex pipe) and open at the other.
The interelectrodic space is filled with a gas (of the
type of ions to be accelerated) at a pressure ranging
between 100 and 1000 mtorr {depending on the
nature of the gas). For an optimised design (geometry,
electrical parameters, and gas filling conditions) the
breakdown occurs on the insulator surface as a
gliding plasma sheath.

The interaction of the current sheath with the
magnetic field generated by the external current
accelerates the current sheath to the open side of the

gun. During the rundown, the current sheath sweeps
the gas of the interelectrodic space, ionising it and
incorporating it into the sheath. When the open end
is reached, the sheath is deformed, collapsing in front
of the centre electrode (anodg), generating the plasma
column or DPF. In an optimised design the collapse
occurs when the maximum of the external current
discharge takes place. This high current circulates
through the dense plasma column (about 100 kA in
the present system), being responsible for the
Raylelgh—Taylor instability generatlon which drives
the ion and electron beam acceleration.’ On the other
hand, the remains of the current sheath will move
continuously out of the electrode system, reaching
long distances downstream.®

For the present system, the ion beam characteristics
can be summarised as follows: pulse time duration
At between 200 and 400 ns; fluence f per pulse
<10 cm™% ion energy spectral law given by
dN/dE =~ E~ %% (where N is the number of ions with
energy E) with E ranging between 20 and 500 keV,
and a beam emission of conic geometry with a solid
angle of approximately 40°.
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2 Temperature evolution prafiles for surface layers during
and after nitrogen pulsed ion implantation

The tarpgets to be implanted are located in front of
the beam at some distance from the end of the anode,
as shown in Fig. {. A total implantation fluence F
can be obtained by the accumulation of a predeter-
mined number n of beam pulses with fluence f

(F = nf).

Thermal process characterisation
Owing to the short duration of the beam pulses, a
fast energy release takes place during ion beam
interaction with solid surfaces. An evaluation of the
heating process has been done previously, using finite
difference calculations” because of the practical
impossibility of measuring the thermal evolution
in the implanted layers owing to the short duration
of the process (400 ns) and the small region (1 pm)
affected.

In Fig.2 the thermal evolution of the surface
during the interaction of a nitrogen ion beam with

e -

structure  (x 320);
280 ns, showing surface

a unimplanted, showing martensitic
b nitrogen lon implanted, At=
melting (x 130)

3 Optical micrographs of surface of autotempering tool steel
samples

steel (Fig. 2a) and pure Ti (Fig. 2b and ¢) is plotted
against target depth for various times. The pulse
length is directly related to the velocity of energy
deposition during ion implantation, and consequently
to the heating velocities and peak temperature on
the surface: the shorter the pulse length, the higher
the thermal shock.

In the case of Ti, the results for two different pulse
lengths At are presented. For At =350ns the Ti
melting point is reached (Fig. 2b) whereas for At =
400 ns the peak temperature is below the melting
point {Fig. 2¢). In addition to the high peak temper-
atures the calculations show the velocity of the
heating process, with heating velocities of about
15K ns™! and associated temperature gradients of
about 1500 K um "1,

Considering that the time lapse between ion beam
pulses during a repetitive implantation process is
around 1 s, and that the surface of the target returns
to room temperature in several tens of microseconds
(see Fig.2), each new ion beam reaches the target
surface when it is completely thermally relaxed. This
heating process was verified experimentally both
directly and indirectly. Direct verification was by
surface observation of implanted samples, which
showed in the case of the shorter 1on beam pulses
the damage to the surface of the target as a result of
the material meltdown (see Fig. 3b). Indirect verifi-
cation was provided by results including the induced
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residual stresses® and residual deformations? in steel,
Al, and Cu, whose explanation can be found in the
fast heating process associated with the beam inter-
action with the solid.

Plasma sheath ionisation

The remainder of the current sheath moves forward
(see Fig. 1), reaches the target surface after the ion
beam pulse, and lasts for more than 10 ps, far longer
than the ion beam pulse duration. Using the technique
of optical emission spectroscopy, the type and degree
of ionisation were studied. An optical multichannel
analyser (OMA III) was used for the measurements,
focusing the plasma in the region of the target
(see Fig. 1).

In Fig. 4 a spectrogram corresponding to an
experiment with nitrogen is shown where the NII
(nitrogen once ionised) emission lines are clearly
visible. This shows that the plasma activity can play
an important role in surface treatment with pulsed
ion beams generated by plasma guns.

RESULTS

Samples of different materials were implanted with
nitrogen ions using a range of pulse lengths Af and
total fluences F. The materials used were stainless
steel AISI 304, high speed steel M2, pure Ti, and
autotempering tool steel.

Stainless steel AISI 304
The resulits for AISI 304 stainless steel (0-08C—1-4Mn—
0:68i-0-04Mo-9-O0Ni-18-6Cr—0-051Co-0-057P) show a
strong improvement in the wear rate and a reduction
in the friction force, for nitrogen ion implantation
with a total fluence of 1'3 x 10" em™2 and a pulse
duration of 280 ns.!°

Wear and friction tests were performed by loading
the implanted sample under constant force against a
rotating wheel, with the surfaces in contact immersed
in mineral oil. The wear scar depth was measured by
controlling the displacement of the sample during the
penetration of the rotating wheel into the sample,
and the sliding distance by controlling the number of
turns of the wheel. The friction force was measured
by a load cell coupled to the sample, orientated
tangentially to the wheel perimeter. The comparative
results for implanted and unimplanted samples show
a wear rate reduction of 90% in the former (Table 1),
and a reduction in the friction force of between 50%
{(at the beginning of the test) and 30% (long term
stabilised value).

FF

SF

CHIP
tool rotation

5 Schematic front view of tool in working position for
wear testing

The nitrogen concentration profile (determined by
XPS) of the implanted layer shows 12 at.-% at the
surface decreasing to 6 at.-% at a depth of 10 nm,
with this percentage being maintained to the maxi-
mum depth observed, i.e. 180 nm. X-ray diffracto-
grams showed the formation of Fe;N and the
presence of «-Fe (ferritic phase) in the pre-existing
y-Fe (austenitic phase) of the AISI 304.

High speed steel M2

Wear tests on high speed steel type M2 (0-83C-0-3Si-
50Mo41Cr-0-3Mn-1-9V-6:1W) were conducted
under special experimental conditions. Unimplanted
and nitrogen implanted high speed steel cutting tools
were wear tested using an industrial boring process
for SAE 1045 parts.!

The process consists of machining the parts with a
lathe by turning its surface into a semicylindrical
concavity 35 mm in diameter. Machining is achieved
by the successive work of four double ended cutting
tools (see detail in Fig. 5) distributed along a
cylindrical support, with a separation d of 30 mm
and a rotation angle o of 45° between consecutive
tools (Fig. 6). The machining process starts with tools
T1 and T2, and the final radius of 35 mm is produced
by tool T4. This last tool, T4, is the one responsible
for surface finishing, or boring, and the one selected
for wear test purposes. For machining, the cutting
speed utilised was 615 m min !, with a cutting depth
of 1:5-1-8 mm, in soluble oil lubricated conditions.

Wear was measured by controlling the shortening
of tool T4, whose initial length (distance between
tips) was L. Three measurements were made for each
tool: before machining (L1); after the machining of

Table 1 Wear scar depths for unimplanted and implanted
AISI 304 samples

Wear scar depth, um

Sliding distance, m Unimplanted Implanted
100 16 069
200 24 1-38
300 29 2:07
400 34 276
500 39 340

Surface Engineering 1998 Vol. 14 No. 1
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100 parts (L2); and after the machining of 200 parts
{L3). The results for both implanted and unimplanted
tools are given in Table 2.

The results show a systematic reduction of around
50% in the wear rate, for tools nitrogen implanted
with a total fluence of 1-65 x 10'7 em ™ and pulse
duration of 280 ns. X-ray diffraction analyses showed
the formation of Fe,N, Fe;C, and WN on the affected
layers, with the development of y-Fe (austenitic) phase
in addition to the pre-existing «-Fe (ferritic) one.
However, Co;W,C, which was observed in un-
implanted samples, was totally absent after im-
plantation, being part of the source of W for the
development of WN. The nitrogen concentration
profile after implantation (XPS measurements)
showed about 22 at-% at the surface, with a
reduction to 12 at.-% at 8 nm depth, staying constant
to the deeper levels observed (50 nm).

Pure Ti

Pure Ti samples were nitrogen ion implanted with
two different types of beam:'> beam 1 had a pulse
length of 350 ns, and beam 2 a length of 400 ns; with
beam 1 the implantation was done with a total
fluence of 26 x 10 cm ™2, and with beam 2 the
fluence was 42 x 10*¢ cm ™2,

The XPS study of the implanted layers showed the
formation of TiN with a stoichiometry of TiNggs for
beam 1 and TiNgg for beam 2. The nitrogen
concentration profile showed, for samples implanted
with beam 2, a constant value of 43 at-% in the
surface layer down to a depth of around 30 nm, and
a gradual decrease towards deeper levels, reaching
31 at.-% at the deepest level measured (60 nm).

Table 2 Comparative results for unimplaated and implanted
tool wear: L1 original tool length; L2, L3 tool
lengths after machining of 100 and 200 parts

respectively
Tool dimension, mm Unimplanted Implanted
L1 6811 6768
L2 67-85 67-57
L3 67-65 67-48
L1-12 026 i1
L1--L3 (45 020

The Vickers microhardnesses of unimplanted and
implanted samples were measured with a load of 5 g.
In the case of pure Ti the hardness was 270 HV,
whereas for samples implanted under both conditions
the hardness was 655 HV.

Autotempering tool steel

Samples of autotempering tool steel ((-53C-0-50Mn-—
0-33851-3-8Ni-1-65Cr-0-27Mo-0-03W-0-17Cu-—
0-01Al-0-01P) were nitrogen ion implanted with a
total fluence of 8 x 10'® cm ™2 using three ditferent
beam types: beams 1 and 2 with the At values used
in the Ti implantation, and beam 3 with At = 280 ns.

Sample surfaces, before and after implantation,
were observed and photographed (x 320) using an
optical microscope. Figure 3 shows images of the
sample surfaces: Fig. 3@ shows the surface of an
unimplanted sample, and Fig. 3b the surface of a
sample after implantation using beam 3. No changes
in martensite content were observed for implantation
using beam 1 or beam 2. However, in the case of
implantation with beam 3 (as can be seen in Fig. 3b)
a surface melted layer was observed.

Microhardness measured using a 25g load also
showed no change from the preimplantation level of
about 270 HYV after implantation with beams 1 and 2.
But an important increase was observed (up to
550 HV) in the case of implantation with beam 3.
The microhardness measurements are displayed in
Table 3.

DISCUSSION

From the results detailed above it is possible to
determine the influence of the thermal eflect in the
process of ion implantation with pulsed ion beams
generated with plasma focus. The following points
can be made.

The nitrogen concentration uniformity in depth
observed in the implanted materials can not be
attributed only to a single ion implantation process.
Instead, the results can be explained by reference
to the process of strong heating, fast temperature
increases, and sharp temperature gradients (see Fig.
2). This thermal process can assist the nitrogen
redistribution through its diffusion to deeper levels,
homogenising the concentration.

In the case of Ti, the high values of nitrogen
concentration observed are in contrast with the low
fluences used in the implantation processes. Total
fluences of 26 x 10'® and 42 x 10'®cm 2 can not
develop layers with the nitrogen concentration meas-
ured. In this case, and taking into account the getter
properties of Ti, the combined effect of the strong
thermal shock induced by the ion beam pulses, plus
the highly activated nitrogen plasma which interacts
with the target immediately after the ion beam

Table 3 Microhardnesses of unimplanted and implanted
autotempering tool steel

Implantation condition Microhardness, HV

Unimplanted 270+ 10
Beam 1 260 + 10
Beam 2 270+ 20
Beam 3 550+ 70
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incidence, may be responsible for the extra nitrogen
incorporation into the surface. Every incident ion
beam pulse heats the surface, improving the diffusion
of nitrogen already present in the surface layer
towards the deeper layers, and thereby allowing the
absorption of nitrogen from the plasma which reaches
the surface. This process is repeated for each ion
beam pulse, incorporaung (lon beam plus plasma)
nitrogen into the surface and pumping it towards
deeper levels. Looking at the plots of temperature
profiles in Fig 2b and ¢, it is possible to see that
temperatures as high as 400°C are developed 2 pm
below the surface within the first microsecond of the
single beam incidence process. During this time, the
ion beam pulse falls on the surface (for 350 ns in
Fig. 2a or 400 ns in Fig. 2¢), heating the surface layers
directly and indirectly, the deeper ones by thermal
conduction; this is followed by a cooling process,
also a result of thermal conduction to the sample bulk.

The apparent contradiction found for pure Ti
nitrogen implantation, in which the higher TIN
stoichiometry (TiNgas) is developed for the lower
total fluence (2-6 x 10'® cm~?) used whereas TiNg g
was found for a higher total fluence of 42 x 10' cm "2
(both stoichiometries acceptable for tribological pur-
poses'?), can be explained by the fact that for this
case the single beam pulse length At was short
enough (350 ns) to initiate surface melting. This can
be seen in Fig. 2b where the temperature profile
evolution for Ti implanted with such a beam is
presented showing the melting of the surface in
approximately 160 ns.

The improvements in the microhardness of
the autotempering steel tool show that for equal
total fluences (8 x 10'® cm~2), the microhardness is
increased with respect to the unimplanted samples
only for the ion beam of shorter pulse duration.
Taking into account the fact that a shorter pulse
length means higher temperatures, the resulting
microhardness improvement can be attributed to the
induced thermal effect during pulsed ion implantation.
On the other hand, this fact is corroborated by
microscopic surface observation (Fig. 3), by which
a melted layer was observed only in the case of
implantation with the shorter ion beam pulse length.

CONCLUSIONS
Significant improvements in the tribological prop-
erties of steel and Ti were observed after nitrogen ion

implantation with pulsed beams generated with
plasma guns. Nevertheless, the explanation of this
structural modification can not be found by referring
to the ion implantation process alone; the thermal
effect that the fast energy release, owing to the short
duration of the beam pulse, induced in the first
2-3 um under the surface must also be considered.
The nitrogen which is implanted with every ion
beam, is redistributed with the following ion beam
pulse as a result of the high temperatures and strong
temperature gradients, leading to more uniform and
deeper nitrogen concentration layers, by a thermally
assisted diffusion process. In particular, the remaining
plasma which follows the ion beam acceleration can
contribute to an increase in nitrogen surface absorp-
tion. This process is especially important in materials
such as Ti in which the getter effect is very strong.
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ABSTRACT

s

Ion implantation introduces microstructural changes which can
produce residual stress states in treated materialas. Firat
i resulte concerning Nitrogen ions implantation in AISI 1075 and
‘? M2 steels are presented in thie work. Implantation experiments
: were performed by using an ion pulsed beam implanter with a
continuoua energy spectrum (20 Keve E <550 Kev) and residual
astress measurements were carried out by uesing X-~Ray
diffraction techniquea. Important changee in the surface
' residual stress states -were determined in the implanted
steels. Resulte are discussed accounting microstructural
changes affecting the surface layers and the radiation damage
effectn.

INTRODUCTION

Ion implantation ies a phyeical procees where atome of a given
element are introduced into a solid structure only by means of
their kinetic energy. This method introduces modificationa in
Physical and chemical properties of surface layers and it ie
Used in numerous applications going from microelectronice to
metallurgy [1]. In this domain, nitriding ueing Hitrogen ions
implantation in steels has shown its utility for the
1 improvement of the tribological properties and the fatigue
behaviour of those materials. Neverthelesa, it is important to
Temark that the properties changes introduced in steela by 1ion
implantation are not only a function of the type of implanted
Bteel but also a function of the experimental conditlons of
implantation: geometry, energy, flux and dose of the ion beam.

Ed. !oT H. Fa jiwens ’T' Ao O K- Vowa Kg,
E Loarnen ol Se,;mw_) 1992
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Ion accelerators used during ion implantatione are
generally low flux, single-energetic beams with a conetant
current associated (40Kev<E<100Kev). Integrated doses are
obtained by implantation during important periodes of time. The
results preeented in this work were obtained by a non-
conventional technique of ion implantation, which utilises an
ion pulsed beam implanter (BD-1 developped at IFIR-UNR}. The
main characteristics of the ion beam can be summarized an
follows [2]:

* Pulaed beam with pulee time duration of 200ns<t<700ns.

* The ion beam preepente a continuous energy apectrum:
(20Kev<E<550 Kev, dN/dEx= E-3-4)

* Fluence associated to each shot = 5.1016 ions/cm?2.

Beam emimssion geometry: cone with solid angle ©x40°.

* Higher fluencee can be obtained by the accumulation of a
prefixed number of shots.

*

The interpretation of the microstructural changes
introduced by ions implantation requires the combination of
two aspecte of the radiation damage phencomena: defects
production by the ione-target elastic scattering and a high
epeed elevation of the sample temperature during a ehort
period of time produced by the inelastic scattering of ions.

Microstructural modifications introduced into the
implanted region can introduce non-reversible deformations in
the material, and, coneequently, generate Resaidual Stress
(R.5.) states.In this paper, results of R.S. introduced in
AISI 1075 (0.7-0.8B X C, 0.4-0.7 % Mg, =0.04% P, <0.05 5) and
in M2 (0.06-0.04 X C, 3.75-4.5 % Cr, 4.5-5.5 % Mo, 5.5-6.75
AW, 1.75-2.20 X Va, 0.20-0.45 % Si, 0.15-0.4% Mn. =0.03 P,
=0.03 S) steels by Nitrogen ions implantation are presented
and discusased.

EXPERIMENTAL RESULTS

R.S. states were determined using X-Ray diffraction
techniques; 26nkx: vs. sinzy curves were obtained using the
{211} peaks of the Cr Xa radiation ( A=0.22909 nm).
Experiments show that either in non-implanted or in Nitrogen
implanted steel, the determined R.S. states can be considered
as those correeponding to an homogeneous and isotropic
material, Figs. 1 (a) and (b) [3). In this case, the X-ray
elastic constante used for the evaluation of the R.S. states
correspond to those given by Noyan [4)]. These stress states
can be generally associated to bisxial R.S5. states. In some
cagea, especially for high fluences of implanted Nitrogen,
shear components were determined, their values are approxi-
mately 10-15% of the dlagonal componentes of the stress tensor.

Table 1 shows the R.S. wvaluee cbtalned along the rolling
(=0") and the transvereal ($=90°) directions for the AISI
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Figure 2 showe the R.S. evolution with depth in the M2
steel for an implantation dose of 3.5 1018 lons cm~2. It ig
interesting to remark that, accounting the penetration of the
Cr-Ka X-Ray in steels (= 10pm). the stress values assoclated
to each point of the curve correspond to the integration of
their gradient in depth for & layer of sabout 10 pm. It can be
observed from the curves of Figs. 2¢a) and (b) that a layer of
about = 20pm 1ia affected by the Nitrogen implantation. The

width changes of the diffraction peaks observed between non-
jmplanted and implanted gamples are not significant.

D1SCUSSION

The analysis of the experimental resulte needs &a detailed
study of the jon—matter interaction mechanisms and the
microstructural changes introduced by thisa interaction. Two
basic effects should be considered [61:

- Energy loseBes by inelastic electronic scattering,
— Elastic collisions with atomic dieplacements production.

Energy loeses by tnelastic secattering are a consequence of
the electromagnetic interactions between the incident Nitrogen
jons and the electronic core of the sample atoms. These
interactions can produce thermal effecte introducing very
localized and very shorts (=10-2 8) “thermal peaks”. Sometimes
local temperatures could surmount the melting point. It 1is
evident that thermal effects could also induce localized phase

transformations nitrides formation.

Elastic collisions produce primary atomic dieplacements of
sample atoms, which can also produce cascade collislon
processes. Interstitials and vacancles generated during the
cascade process can contribute to:

* The acceleration of the diffusion procesees,

* The formation of atomic pegregations {(interstitiale

or vacancies) and new phaees {as nitrides).

Related to nitrures formation, FeaNi was detected in a
layer of 0.2 Km of depth by Auger microanalysis in the caege of
an implanted AISI 304 stainless steel [6].

Microstructursl changes introduced by ion implantation are
the combination of the stated effects. Considering the 1ion
beam spectral law (dN/dE=E-3-4 with 20Kev<E<550Kev) 1t can be
easily demonhstrated that only 19% and 2¢ of the ions
asmocinted to each eshot will have energies verlifying Ez40Kev
and E>100Kev respectively. Then, it ias evident that thermal
effects will be very important mnear the surface and that
dieplacement processes will contribute to microstructural
changee in depth (lower than 15-20 pm). Coneidering the R.5.
distribution in depth, Figs. 2 (a) and (b}, it ig also evident
that thermal effects could be related to the change of the
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Figure 2. Residual Stress evolution with depth in H2 steel.
Nitrogen implantation dose: 3.5 1018 Ione cm—2,

R.S. states before and after implantation. For example, in the
cape of compressive residual stresses, plantic deformation is
faclilitated near the surface of the s8solid when temperature
increapes. As this thin laver is in compression and the
remainder material is not deformed (for depth greater than 20
residual stressee are negligeable), a tensile residual
generated in the implanted region. A
mimilar reasoning can be applied in the case of initial
tenasile residual stresses. This ie a very psimplified reasoning
but it constitues a first step to Iinterpretate the R.S.
changes observed. :

Another factor to be accounted for 1s the possibility of a
martensitic transformation during the cooling process of the
sample which undergoes thermal effecte [7}. Thie effect could
introduce an additional R.S. state in the surface layer. In
our experiments, ita role either is not significant in front
of that introduced by thermal effects or it could be
overlapped by other metallurgical effects. The same reasoning
can be applied to ancther source of R.S. satates: nitrides
formation induced by the implanted Nitrogen. In this case,
there are some X-Ray evidences of nitrates formation in our
samples, which might intreoduce compressive residual stress. A
more detailed study on the influence of induced metallurgical
rhenomena is at present being carried out.
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CONCLUSIONS

The first resultse about the generation of R.S. by Nitrogen
ions implanted in steels using the BD-1 accelerator indicate
that stresses can be associated to tensile or compresasive
states. The interpretation of the experimental results needs
the analysie of many simultaneous processes produced by the
ions in the sateels: defects production by elastic scattering,
thermal peakes produced by inelaatic scattering and the
consequent possibility of martensitic transformations induced
during the cooling procesa, the radiation enhanced atomic
diffusion and the possibility of nitride nucleation. The
interpretation of our experimental results indicatee that
thermal effects produced by inelastic scattering could be
responeible of the reported changes in residual streas states.
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Abstract. The optical emission from a dense magnetized plasma column (the Z
pinch} was studied in experiments with a 1 kJ plasma focus using an optical
multichannel analyser (OMA Ill). The plasma column (about 10 mm length and
about 1 mm diameter) generated at the end of the co-axial discharge had a density
of about 10'? em-?, a duration of about 200 ns and a maximum circulating current
of about 170 kA. All the most intense lines from the carrier gases (neutral atoms
and ions) were found in the spectra in the optical range 340—700 nm, showing that
the line intensity was independent of the pinch intensity. Also, an intense emission
from other elements such as copper (belonging to the brass electrodes) and silicon

(from the glass insulator) was observed with a strong dependence of their line
emission intensities on the pinch intensity. By partially covering the electrode
surfaces with aluminium sheets, and studying varation of the aluminium and
copper line emission intensities with the pinch intensity, it was shown that the
source of contamination could be attributed in part to the power energy density
deposition of the current sheath during the breakdown and run down stages of the
dischargs, before the formation of the dense plasma column. This more energetic
electrode (and glass insulator) erosion can be associated with a thinner current
sheath, a condition that is also conducive to more efficient pinch formation. The
possibility of covering the last centimetre of the electrode surfaces with materials
with higher evaporation points offers an opportunity to reduce the contamination
effect when the plasma focus is used as a surface-treatment apparatus.

1. Introduction

Among a large variety of cxperiments on high-density
magnetized plasmas, the plasma focus is relevant because
of the extraordinary efficiency in the development of several
energetic processes. As an example, it is possible to
mention that 10* neutrons (from nuclear fusion reactions)
can be obtained in experiments (using deuterium as filling
gas) with 4 kJ of energy stored in a capacitor bank
[1].  Also, relativistic electron beams are efficiently
accelerated in experiments of similar characteristics, with a
simultaneous and intense emission of hard x-rays [2]. The
generated ion beams have a wide energy spectrum with
an energy tail that exceeds 10 MeV, with fluences in the
range 10'*-10"° cm™? emitted in pulses of about 300 ns
duration [3]. This high-power energy released by the ion
beams has been used in several applications for surface
modification of solids, providing significant improvements
in the tribological properties of steels and pure titanium
when nitrogen and argon were used in the experiments
[4].

The whole physical process of the experiment,
beginning with the breakdown, followed by the evolution

0022-3727/97/142026+07819.50 © 1997 |OP Publishing Ltd

of the discharge and ending with the formation of a
high-density and strongly magnetized plasma column, is
accompanied by the emission of strong electromagnetic
radiation, which goes from very short wavelengths (hard
x-rays) to radiowaves. In every stage, the interaction
of the discharge with the solid surface of the electrodes
and insulator produces its erosion, contributing to the
contamination of the plasma with heavy particles. This
contamination was observed, for example, on the upper
surface layers of materials treated with the ion beams and
constitutes a problem when high purity is required.

In this paper the emission in the visible range
was studied by optical spectroscopy using an optical
multichannel analyser (OMA IIl), for the purpose of
identifying the atomic and ionic species in the plasma
and to study their intensities. In particular, the line
emission of the contaminating species can help one to
investigate the role and importance of each stage of the
discharge. Overall, taking into account that the energetic
plasma environment generated in plasma focus experiments
responds to physical conditions of characteristics similar to
those in other experiments (Z pinches in particular), the
results are of general interest.
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Figure 1. A schematic diagram of the plasma focus and
the optical set-up for the spectroscopic examination of the
emission from the plasma.

2. The experimental set-up

2.1. The plasma focus device

The plasma focus is essentially a Z pinch experiment, in
which the plasma column is developed at the end of a fast
discharge in a plasma gun, A detailed description of the
plasma focus can be found in many publications since the
early works of Mather [3, 51.

Basically, the plasma focus consists of a co-axial
electrode system open at one end and closed, but separated
by a co-axial insulator, at the other (see figure 1). The
electrodes are connected to a capacitor bank by a low-
impedance transmission line, through a fast spark-gap
switch. The electrodes are located within a discharge
chamber, which is filled with a pure gas at a controlled
pressure (between 0.1 and several Torr, depending on the
type of experiment). For cleaning purposes, the chamber
is evacuated to 10~° Torr prior to being filled with the
working gas.

When the spark-gap switch is closed, the electrical
energy stored in the capacitor bank is discharged into
the electrodes producing the breakdown (BD) that, for
an optimized system (appropriate geometrical and physical
parameters of design), will consist of a current sheath (CS)
developed on the insulator surface as a gliding discharge.
The electrical current I carried by the CS will interact
with the magnetic field B self-generated by the current
I, inducing a Lorentz force F (F o« I x B) which will
accelerate the CS to the open end of the electrodes. During
this run-down stage, the CS will sweep the gas that fills the
interelectrode space, ionizing and incorporating it. When
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Figure 2. (a) A typical recorded trace of the temporal
derivative of the extemal current discharge and (b) the
corresponding current trace obtained by numerical
integration.

t

the CS reaches the electrode’s end, the roll-off stage begins,
collapsing into a dense plasma focus (DPF) consisting
of a small plasma column co-axial to the electrodes and
developed in front of the anode. 'For an optimized system
(a combination of specific geometrical design parameters
and specific physical parameters of operation) this DPF
column is developed in the moment at which the external
current discharge reaches its maximum value (a quarter
of the period of the oscillating component of the damped
oscillating current of a typical LRC circuit). The high
intensity of the current that circulates through the DPF
column provokes its magnetic compression (the Z pinch)
with the development of Rayleigh-Taylor instabilities.
These instabilities which appear as abrupt falls in the
current—time traces (see figure 2) induce a fast change in
the pinch inductance.

The geometrical and physical parameters of the
system used in the experiments can be summarized as
follows. The geometrical parameters were the cenire
electrode’s (anode’s) internal diameter, 14.3 mm; the
external electrode’s (earthed cathode’s) internal diameter,
49 mm; the cathode’s length, 67.5 mm; the anode's
length, 70 mm; the electrodes’ thickness, 1.7 mm; and the
insulator’s (Pyrex pipe’s) length, 44 mm. The physical
parameters were the capacitor bank’s charging voltage,
20 kV; the capacitor bank’s capacity, 4 uF; the period
of the current discharge, 3.0 us; and the gas (nitrogen
and argon) operating pressure, 200 mTorr. Under these
operating conditions a DPF column of about 1 mm diameter
and about 7 mm length {observed through the x-ray image
taken with a pin-hole camera) is developed in front of the
anode with one of its extremes at the anode end.
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2.2. The electrical diagnostics

A Rogowskii coil was used to monitor the external current
discharge in a Digita! Dual 600 MHz, 5 Gs s~! oscilloscope.
The signal from the Rogowskii coil is actually the temporal
derivative I(t) of the current /{r). Typical recorded traces
of f(t) and the corresponding /() (by the i(r) numerical
integration) can be seen in figures 2(a) and (b) respectively,
showing an oscillation with a characteristic period of 3 us.

The energy liberated during the pinch formation can
be observed as an abrupt fall 8/ of the external current
discharge. This 8/ results in a sharp discontinuity (a
‘spike’} in the current temporal derivative trace whose
height I}, is a measure of the change in the slope of
1(r). Thus, the pinch intensity can be associated with
the magnitude of I, and likewise the efficiency of the
acceleration process of ions and electrons, neutrons from
nuclear fusion production, electromagnetic bursts and so on.

2.3. The optical diagnostics

Optical emission spectroscopy (OES) has been used as a
probing technique for glow-discharge diagnostics, having
the advantage of providing in situ real-time information
(depending on the time scale associated with the experiment
considered), without disturbing the discharge. In the
present paper, OES of excited species is used to study some
processes taking place in the plasma generated in the plasma
focus.

The OES system shown in figure 1 is comprised of
a triple-grating monochromator (Jarrell-Ash 27 Monospec)
with an optical multichannel analyser (1024 cooled
photodiodes) with a time resolution per spectrum of 30 ms.
Scans of the emission across the plasma volume were
performed using a lens—diaphragm system, vyielding a
spatial resolution of 2 mm. In this manner, the plasma
was monitored through a 5.6 mm diameter glass window,
focusing on different distances z along the system axis Z,
in front of the anode in the region of the DPF column. This
condition observed includes, besides the DPF column, the
radiation that originated along the line of sight from the
plasma belonging to the remnant of the CS.

The small window used was located at the end of a
cylindrical aluminium conduit of 5.6 mm diameter and
25 mm length, aligned with the optical focusing system
(external to the vacuum chamber). This conduit allowed on
the one hand the elimination of most of the light coming
from outside the studied region (improving the spatial
observation resolution) and on the other, the reduction
of the light intensity to levels which did not saturate the
photodiodes’ storage capacity.

Experiments focusing on the region to be studied
through a 150 mm diameter window (without the
aluminium conduit) showed that there was complete
saturation when the spectrometer was focused at z = 0,
5 and 10 mm from the end of the anode and along the DPF
column, requiring a complementary neutral filtering (10%
transmission) to reduce the intensity to observable intensity
fevels. Outside the DPF column region, at z = 20 mm
for example, the level of intensity was strongly reduced,
allowing direct observation of the spectra (without neutral
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Fligure 3. Three spectral profiles (within the spectral range
343~371 nm) corresponding to discharges with pinch
intensities 0.2, 0.5 and 0.8.

filtering), exhibiting saturation only for the most intense
emission lines. Far from the DPF region (z > 100 mm),
the spectral intensities were strongly reduced and several
bands corresponding to molecular species in the plasma
were observed.

The above considerations ensured that the spectra
observed through the small glass window at the end
of the aluminium conduit, belonged almost exclusively
to the DPF column region. Taking into account the
short duration of the PF discharge (r = 3 us) and the
spectrometer’s sweeping time (about 30 ms), the acquisition
of spectra corresponded to the time integration of the whole
experiment.

3. Results

The experiments were carried out using argon or nitrogen as
filling gases, at a pressure of 200 mTorr under continuous-
flow conditions to maintain the gas purity. Two different
gratings were used with linear dispersions of 24 and
3 nm mm~!. The optical range studied extended from
340 nm (the wavelength of the spectral edge of the glass
window used to monitor the discharge) to 700 nm. The
spectra obtained during the experiments were calibrated
against argon, helium and neon lamps for the whole range
of wavelengths used. For each experiment, the spectrum
was recorded simultaneously with the I (t) trace of the
external current discharge.

All the most intense lines in the spectral range studied,
reported in the tables listed in {6-9], comesponding to
neutral species and ions of different degrees of ionization
of the working gas, were observed. Lines comesponding
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Figure 4. The total emission intensity (A,) as a function of
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Figure 5. The method of Iine-intensity determination.

Table 1. Species observed in the spectra.

Element Source Species
Ar Carrier gas Arl, Arll, Ar lll, Ar IV
N Carrier gas NI NIl NIl
Fe Sputtering yield Fel, Fell
of the chamber
Cu Erosion yield of Cul, Cull, Cu llit,
and Zn  the electrode system Zn'i
Si Erosion yield of Sil, Sill, Silll, Silv
the insulator surface
C Contamination cLcCl
O Contamination oo, o

to higher degrees of ionization were in the UV region
and could not be viewed with the experimental set-up
used. Besides the lines of the working gas, lines of the
elements corresponding to the material of the solid parts
of the experimental system (Cu, Fe, Si and so on) were

. “Elecirioal foci discharges

recorded. A list of the species (atoms and ions) identified
in the plasma is presented in table 1.

The observed spectra were composed of a series of lines
superimposed upon a continuous radiation emission. For
different discharges the continuum (likewise the intensity
of some spectral lines) grew with the pinch intensity value,
as can be seen in the example of figure 3. In order to
study this behaviour, the total emission intensity, R,, was
determined for each experiment by measuring the area
beiow the curve that described the spectrum (continuum
plus line emission). For the different spectral regions
considercq, a linear correlation between R, and the pinch
intensity I, was determined. This response was verified for
different experiments using either argon or nitrogen as the
filing gas. As an example, we present in figure 4 the results
of argon discharges in the spectral region 490-550 nm using
the grating with the highest spectral resolution.

The individual line intensity emission was determined
by subtracting from the measured line intensity S the
contribution of the continuum. This correction may be
performed theoretically by using the line-broadening theory
through the application of the wing intensity distribution
formulae. For isolated lines [10] with a Lorentzian profile
out into the far wings [11], it can be done geometrically
as follows. It is assumed that the background in the
neighbourhood of the line becomes approximately constant
at the points —AA and +AXx, where A is the central
wavelength of the considered line (figure 5). Then it is
possible to draw a straight line between these points to
account for the continuous background intensity S,. The
error by which § is affected when_ S is measured 1 nm
from the centre of the line is <10% [12], which is below
the 13% [13] corresponding to the error associated with the
full acquisition system.

This approximation of the background correction was
verified for the isolated lines of the studied spectra [13].
A self-programmed code was used to test different profiles
(Lorentzian, Gaussian and Voigt) for the experimental data
fitting. For the isolated lines, the Lorentzian was the best
profile for fitting in their wings.

For the carrier-gas emission lines it was found that
their intensities were almost constant as the pinch intensity
varied, even for experiments in which [, = 0. This
behaviour was verified in experiments using pure argon or
pure nitrogen. Also, for experiments in which a mixture of
nitrogen with argon (25% Ar-75% N and 50% Ar-50% N)
were used, the line intensities associated with each gas
varied as the corresponding partial pressure, confirming
these results.

In figure 6 the intensities of the 356.10 and 488.90 nm
lines of Ar II are shown. These results were obtained by
focusing on two regions of the DPF column centred at z = 0
and z =5 mm.

A completely different response was noticed in the
emission lines of the elements Si and Cu, belonging to the
electrode system and to the co-axial insulator. The intensity
of copper lines had an increasing relationship with I'p, with
a growth rate that depended on the line considered. In
figure 7, the intensities for the 515.32 and 521.82 nm lines
of Cu II are plotted for the two DPF regions mentioned
above.
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Figure 6. Emission intensities of argon lines observed in
the DPF region at z = 0 and 5 mm.
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Figure 7. Emission intensities observed in the DPF region
at z=0and 5 mm of (a) the 521.82 nm Cu Il line and (b)
the 515.32 nm Cu Il line.

For silicon and its ions, the intensities had the same
behaviour with respect to /, as the one observed for the
copper lines. However, in this case, emissions from neutral
species and ions of up to the third ionization were observed
for discharges with ip = (). The silicon was incorporated
into the discharge during the breakdown phase due to the
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Figure 8. The emission intensity profiles of the 385.60 nm
Si 1l line for experiments with various pinch intensities.

interaction of the discharge with the insulator’'s surface.
The influx of silicon from cther parts of the system (inside
the vacuum chamber) can be considered negligible, because
in the experiments the small 5.6 mm diameter glass window
(at the end of the 25 mm aluminium conduit and far from
the DPF region) was the only possible extra source of
this element. These results are in accordance with the
observation of a thin layer of silicon on the surface of the
targets during ion implantation [14], which was attributed
to the Si contamination of the discharges. In figure 8 the
intensity of the variation of the 385.60 nm Si II line with
the pinch intensity can be observed as an example, for three
different experiments.

3.1. Experiments with the electrode surfaces partially
covered with aluminium

To study the effect of contamination by the electrode
walls, which in our experiments mostly corresponded to
the copper ejected during erosion of the brass wall, the
electrode surfaces were partially covered with a sheath of
aluminium. This showed the weight of the contribution of
the last centimetres of the electrode surface to the discharge
contamination through the incorporation of aluminium into
the plasma. To identify the aluminium lines, some spectra
were recorded with the hollow anode front sealed with
aluminium to obtain maximum emission intensities.

In figure 9, the results presented correspond to
experiments in which (a) the last 20 mm of the internal
surface of the external electrode {cathode) and (b) the last
20 mm of the external surface of the internal electrode
(anode) were covered with 2 mm thick aluminium rings.
The discharges were performed at 200 mTorr of Ar,
focusing on the DPF column at z = 5 mm. It is possible
to see in figure 9 that no aluminium lines appeared in
the spectra in case (a), although the characteristic argon
emission lines corresponding to this spectral range can be
observed. Nevertheless, in case (b), the 358.66 nm lines of
Al II and the 360.16 and 361.24 nm lines of Al III were
detected.
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Figure 9. The emission line intensity of aluminium in
experiments with argon as the filling gas: for {a) the
intemal surface of the cathode and (b) the extemal surface
of the anode partially covered with aluminium sheaths; and
(c) the anode front sealed with aluminium.
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Figure 10. The emission intensity of the aluminium line in
spectra corresponding to experiments with the external
anode surface partially covered, with various pinch
intensities.

As shown in figure 10, for the aluminium-covered
anode, case (b), it was observed that the Al II line intensity
increased with the pinch intensity, but no intensity variation
was seen for the Al III lines. Different Ar II lines are
indicated in the spectra to show their invariable intensities.
These results corroborate the pinch-intensity dependence
found for the Cu lines when the aluminium ring was not

Electrical foci discha

used in the experiments. On the other hand, the remaining
contamination with copper (coming from the rest of the
non-covered anode surface) was reduced.

These results show that the last part of the anode surface
is critical in terms of the contribution of contamination to
the plasma. This fact can also be corroborated through
the sirong erosion observed in the anode by simple eye
inspection.

Finally, in the spectra (see figure 3) the presence of Fe
was systematically observed. Its possible source was the
stainless steel vacuum chamber. A series of ten discharges
was carried out after the interior walls of the chamber had
been covered completely with aluminium foil, to avoid
direct contact between the plasma and the steel. In each
discharge a spectrum was taken focusing the spectrometer
on the DPF column at the z = 5 mm position, using the
plasma focus with its electrodes in their normal mode of
operation (without aluminium rings partially covering the
electrode surfaces). The observed spectra were no different
from those observed with the stainless steel surface of the
internal chamber wall exposed to the plasma. No significant
differences were found in the Fe line intensities and the
aluminium spectral lines were totally absent. These results
showed that the Fe lines did not originate directly from
the plasma’s interaction with the wall surfaces during each
discharge.

Nevertheless, the only possible source of Fe was
the chamber walls. It can be supposed that the Fe is
removed during each discharge by the plasma current sheath
remains and is deposited on the electrodes and other parts
of the system, thus contaminating them. This electrode
contamination could be the source, during each discharge,
of the Fe introduced into the plasma together with the other
species such as Cu,

4. Discussion

The experimental observation reported in this paper shows
that the intensities of the lines belonging to the working
gas (argon or nitrogen) showed no variation with the
pinch intensity. Nevertheless, the intensities of the lines
associated with the solid parts of the system (silicon, copper
and aluminium} had an increasing dependence on the pinch
intensity.

Considering the constancy of the line intensities of the
working gas and the fact that the gas density (working
pressure) was the same for all the experiments, it is possible
to associate the growths of the line intensities corresponding
to Si, Cu and Al with increases in their concentrations in
the plasma,

In [15] two types of extreme conditions of breakdown
were observed. One corresponded to a diffuse process,
in which a current precursor on the cathode was detected
(before the CS reached the electrode) with a current
distribution that was concentrated within a thick (about
! cm) sheath. The other was a more localized one, in
which the discharge was generated on the insulator surface
as a thin dense current sheath. In addition, in [14] the
results obtained with a device similar to the one used in
the present work showed that the experimental conditions
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under which the plasma focus experiments had maximum
pinch intensities coincided with those under which thinner
sheaths were formed during the breakdown.

The correlation found in this work between the
concentration of silicon and the pinch intensity reinforces
the idea of the formation of high-density current sheaths
on the insulator surface during the breakdown stage,
for better DPF development. In discharges with higher
pinch intensities, the insulator undergoes a more infense
and localized erosion that results in an increase in the
concentration of silicon in the plasma.

In the same way, the elements belonging to the
electrodes are incorporated into the discharge during the
run-down and roll-off stages through various mechanisms
such as sputtering by the ions on the cathode and an arc-
spot-like process on the anode surface.

Thinner current sheaths (which correspond to higher
pinch intensities) will deliver to the electrode surfaces
higher power densities during their passage (during the first
quarter of the period of the discharge) from the back to
the front end of the gun. This higher density of power
deposition will result in more energetic removal of material,
increasing the amount of atoms of the solid elements (Cu,
Al, Fe and so on) incorporated into the plasma. At the same
time, the energy stored in the current sheath continuously
increases from the breakdown stage to the formation of the
DPF at the front of the gun. This effect is due to the
variation of the voltage (between the electrodes} during
the first quarter of the period of the discharge, which
follows the same sinusoidal function as the exiernal current
discharge, giving the maximum material removal at the
surface close to the end of the gun, just when the voltage
reaches its highest value. This fact was corroborated by
inspection of the electrodes’ surfaces, showing that the
maximum erosion had occurred at the open end of the gun.

Regarding the centre electrode for example, the
high-power electron energy deposition on the anode
wall evaporates and ionizes the atoms of the material,
incorporating them into the plasma of the current sheath.
Those ions, once in the dense plasma column, are ionized
to higher degrees of ionization, being responsible for the
variation of the line intensity with the intensity of the pinch.

5. Conclusions

The results show that plasma focii are prolific spectroscopic
line generators. In our experiments, all the most intense
lines in the optical range studied, corresponding to the
degrees of ionization of the elements existing in the
discharge (carrier gases, impurities generated during the
interaction of the discharge with solids surfaces and so
on} were observed. Considering the physical conditions
of the discharges in these devices, it is possible to predict
their use as a source of radiation to study forbidden
transitions.  Nevertheless, for this purpose, a higher
resolution spectrometer should be used.
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On the other hand, the response of the emission
lines to the pinch intensity observed in the present work
confirms the importance of the initial stage of the discharge
(breakdown} and the current-sheath-propagation stage (run
down) in the formation of the plasma focii.

Considering the possibilities of the plasma focus as
a surface-modification apparatus, through the combined
effect of ion implantation and strong thermal irradiation
shock, and the inconvenience created by the impurities
added to the original ion beam (ions of the carrier gas
species), the results in this work show the feasibility of
some experimental corrections. It possible to reduce the
amount of impurities in the discharge by replacing only the
last centimetres of the centre electrode by an appropriate
material. Thus, the bulk of the electrode can remain copper,
a desirable material due to its electrical (conductivity)
properties for optimized functioning of a plasma focus.
This replacement not only can be done with materials with
higher evaporation temperatures (tungsten for example}, but
also with those that present a certain compatibility between
the impurity and the eventual surface to be treated, such as
iron when a steel surface is implanted.
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Abstract. Pulsed ion beam implantation with plasma focus has proved to be an
effective method of metal surface treatment for tribological purposes. Nevertheless,
the puised nature and the continuous energy spectrum of the ion beams differ from
those of the standard ion implantation processes. In this paper a model of the
thermal evolution of the surface layers of stainless steel, titanium and copper,
during and after nitrogen and argon ion beam incidence, is presented using the
finite-difference method.

In the calculations, the geometry and physical characteristics of the ion beams,
the single-ion—solid interaction process and the thermal properties of the materials
were used. The results showed a strong thermal effect consisting in the generation
of transnory heating slopes and heating speeds as high as ~3600 K um~' and
~40 K ns~! respectively, with maximum temperatures that can reach even the
material evaporation point at the surface layers, The cooling down process, through
the thermal conduction mechanism at the target bulk, tums out to be fast enough to
produce the complete thermal relaxation of the target in only a few microseconds
atter the end of the ion beam incidence. The results presented are contrasted with

experiments performed in similar conditions to those used in the numerical model,

1. Introduction

Experiments of surface treatment with plasma focus (PF)
showed excellent results in hardening and wear reduction
of different types of steel and pure titanium. PF is basically
a Z-Pinch experiment induced by a fast, energetic electric
discharge in a coaxial electrode system which has been
investigated in its two geometries, Mather (1} and Filipov
(2] types, since the 1960s. Experiments using deuterium as
the filling gas showed the development of nuclear fusion
reactions, during the maximum compression stage of the
plasma column. These reactions, for a PF of similar
physical and geometrical characteristics as those used in
our experiment, are observed through the emission of bursts
of ~10% neutrons per discharge, a consequence of the
deuterium—deuterium nuclear fusion reactions.

In addition, bursts of hard and soft x-rays, ultraviolet,
visible light, infrared and microwave radiation, with
pulsed energetic ion and electron beams are simultaneously
emitted.  Precisely the study of these ion beams was
begun by Feugeas et al [3] as a surface treatment process
for metals with tribological purposes, showing in its first
work a wear reduction by a factor of ~20 in austenitic
AISI 304 stainless steel, after nitrogen ion implantation,
with Fe;N phase formation. Also, the wear resistance
of high-speed steel (M2 type) was enhanced by a factor
of 2.3 after nitrogen ion implantation [4]. On the
other hand, in nitrogen implanted pure titanium, a high
(~50 at.%) and uniform (within ~5000 A depth surface

0022-3727/97/060927+10$19.50 @ 1997 IOP Publishing Lid
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layer) nitrogen concentration was found, with titaniem
nitride compound formation, driving to an important
increase in microhardness [5].

These results, that can be associated with the nitrogen
inclusion in the surface through the implantation process
exclusively, are accompanied by others like the observed
change of residuat stresses from a compressive to tensile
state on AISI 304 stainless steel after nitrogen or argon
ion beam implantation and the induced concave residual
deformation after the nitrogen and argon ion implantation
of several different metals and alloys.

These last results, together with the observation of
surface melting for several experimental situations, can be
associated with a fast and strong thermal effect due to the
pulsed nature of the ion beam (high-energy deposition).

Consequently, a better understanding of this fast
thermal effect is necessary to fully characterize the PF ion
implantation process. Nevertheless direct measurements of
the target’s thermal evolution under PF ion implantation
require depth resolution superior to 1 gm (layer thickness
affected) and time resolution supetior to 1 us (temporal
extension of the process) which are, from a technological
point of view, almost impossible to satisfy simultaneously,

In this work the thermal effect is studied using
numerical simulation calculations based on the PF ion
beam characteristics, ion—solid inieractions and the thermal
properties of matter. The results of the calculations are
compared with some experiments on PF ion implantation
on difterent materials.
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The plasma focus (PF) functioning, which is schematized

in figure 1, is well known and can be extracted from the
abundant existing literature since the early work of Mather
in 1965 [1).

In our experiments we have used a system with a
Mather type geometry with an electrode total length L =
70 mm and external diameter ¢ = 70 mm. The operating
pressure in all cases (for argon and nitrogen filling gases)
was 200 mTorr, resulting in a discharge with an oscillating
component of 3.4 us period.

The observed dense plasma focus column (DPF) in
front of the gun was ~7 mm in length and ~1 mm in
diameter, with a2 maximum circulating current of 200 kA.
It is during the DPF formation when the nuclear fusion
reaction takes place (if deuterium is used as filling gas),

together with other energetic processes such as ion and

electron beam acceleration. In our case, those ion beams
were used for surface treatment purposes.

Nevertheless, the accelerating physical mechanisms are
not well understood, being under research today by several

groups in the world. In spite of this, several general -
features associated with the ion beams can be seen in the

literature [6-8). The ion beams are principally accelerated

at the front of the gun with an angular distribution which

gives a maximum fluence on the axis (0° in figure 1), a
fluence which decreases gradually with increasing angle
inside a conic geometry. This characteristic was indirectly
corroborated in our experiments through the damage left on
the target surfaces after being exposed to the ion beams.
The damage had a circular distribution with a gradual
reduction of its intensity from the centre (aligned with
the symmetry axis of the gun) to the edge, becoming
negligible for angles greater than 40°. For simplicity in
our calculations, we have considered an ion beam with
conic geometry with a solid angle of 40°. On the other
hand, and in spite of the temporal non-uniformity in the
ion beam acceleration (observed by several authors), also
for simplicity in the calculations, we have considered that
the acceleration process is uniform and that it lasts ~200 ns,
duration of the x-ray burst profiles measured by the use of
a pin diode with a 12.5 pm thick beryllium foil window.

Another feature to be taken into account is the ion
beam energy spectrum. The ions are accelerated with a
continuous energy spectrum whose measured spectral law
varies, among different authors, with the energy of the
experiment {stored energy in the capacitor bank), with
single-ion energy which goes from a few tens of keV
to several tens of MeV. Nevertheless, in all cases, the
dependence showed a fast decrease in the number N of
ions with energy E for increasing values of E, following a
general law that can be expressed as

dn

dE xE- M)

with x ranging between 2.0 and values that can be greater
than 5.0.

In our case, we used the value x = 3.5 given
by several authors [7], within the range of energies
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20 keV < E <500 keV' [8] ““The lower valy .
" was chosen because it corresponds to ‘the maxun'ilﬁ voltage

1.-,\..

applied on the PF electrodes’ (capacitor bank charging
voltage) at the moment of the DPF formation. The
maximum value of 500 keV was arbitrarily selected, taking
into account the strong reduction in the number of ions N
beyond this energy.

However, the total number of emitied ions is a
difficult experimental observation and the constant of
proportionality of equation (1) has to be determined
indirectly by comparing macroscopic experimental and
numerical results. In our case, the number of ions will be
determined by adjusting the constant of proportionality for
the equation (1) to the ion flux (or energy flux) necessary
to produce certain observed surface damage, associated
with an incipient melting process, produced onto targets
located at different distances £ from the DPF where the
implantatiqn was performed (see figure 1).

3. Numerica! evaluation of thermal eﬂect of

- pulsed ion Implantation '

The problem consists of thc study of the thermal
evolution of an implanted target with ion beams with the
characteristics described above. The one-dimensional heat
conduction equation with an energy source is solved by the

: ﬁmtc-dlfference ‘method, consxdenng the jon beam as the

energy source contribution.

3.1. Ion beam modelll.i'h.ém S

To find expressions for the ion number and the energy
distribution, relation (1) is written as an equality using
a constant of propomonahty a which will be determined
later:

— =gE* @

with E constrained in the range 20 keV < E < 500 keV.
If equation (2) is integrated between 20 keV and E, the
number of ions with energy in this interval can be obtained:

N(E) = ;_5[7.54 x 107 — E~25). (3)

From (3), the inverse function E(N) can be obtained:
75 0.417
E(N) = [7.54 x 107% — ?N] . C))

To perform the numeric calculation it is necessary to
discretize the continuous variables N and E partitioning
the energy interval in subintervals of length AE. The
ith energy subinterval is in the range between E; and
Eiry = E;+ AE. The number of ions n; within the energy
subinterval can be obtained as

n; = N{Ei+1) = N(E) )

where N(E; ) and N{E;) are calculated from (3}.
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Figure 1. A diagram of the plasma focus device.

Making A E small enough, it is possible to associate a
mean energy per ion e; with the n; ions of a subinterval
calculated from (4) as

N(£l+l)
E(N")dN'. ©)

& == —
N(E))

The ion beam Ruence f; in such interval can be quoted
as
n
fi== )

Tt

where o, is the ion beam cross section of the beam at a
distance £ from the focus. In this case, and considering the
beam conical geometry, it can be calculated as

oy = (£ tan 20°)%. (8)

The corresponding energy fluence & in such a
subinterval becomes

£ = fie;. )

3.2. Temporal characteristics of the beam

As mentioned above in section 2, for calculation purposes,
we have assumed that the acceleration process occurs in
the DPF column and lasts 200 ns, and that the ions are
emitted during the entire interval with the same spectral
law, same geometry and uniform flux. Calculation of the
ion flux at the target location, the ion emission condition,
the beam geometry and the different time of flight for ions
with different energies all have to be considered.

The first ion that arrives at the target will be one
of maximum energy (E = 500 keV}, accelerated at the
beginning of the acceleration process (t+ = 0). The last
ion will be one of the minimum considered energy (£ =
20 keV) and accelerated at the end of the acceleration
process (¢t = 200 ns). The lapse between the arrival of the
first and the last ion to the target is the time t; in which the

implantation process (IP) takes place and can be calculated
as p

U AN T =
In the same way, and considering only ions from an energy
interval (E;, E;41), the first ion of such an interval to arrive
at the target will be one with energy E;;; and accelerated
at ¢t = (), and the last, one with energy E; and accelerated
at t = 200 ns. The n; ions of the ith energy subinterval
will interact with the target in a lapse A7;:

AT =1 — Ty (ay

where 7., and t; are the arrival time of the first (at
t = 1;4) and the last (at + = 1) ions of such an interval
of energy to the tarpet. Using equations (9) and (11), the
energy per time and area unit delivered at the target by the

ions of the ith subinterval can be obtained as
£
E = —. 12
AT, (12)

3.3. Energy delivery into the target

When an ion penetrates into the target it loses energy by
collisions until it stops at a certain depth below the target
surface. This depth is called the projected range R, and it
depends on the ion mass, ion energy and target nature and
density.

In this work the energy transference from the ion beam
to the target is considered as an energy flux released in
layers, of thickness defined by R, below the surface. It is
assumed for simplicity that the whole kinetic energy of the
ion is transformed into thermal energy into the bulk of the
target. The range R, for each particular situation and for
each ion energy was calculated using the TRIM code [9].

For ions with energy in the ith subinterval the mean
projected range {Rp); is defined as

(Rp)i = 3(R}Y' + RY) (13)
where R;, 15 the projected range of ions with energy E;.
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€ energy per—Ume and volume unit delivered by the

I|ons of the ith energy subinterval into the target 4; can be

obtained through the equation
&
(Rp)i

A point at any depth 4 into the target will receive energy
from the ions with r, > d. The energy flux delivered by
the ion beam into that point is

Q= Zq‘n (15)

g = (14)

where ¢; is given by (14) and the summation is extended
over ali i that satisfy the condition (Rp); > d.

34. Thermal evolution of the target

To calculate the thermal evolution of an implanted target
under the described conditions, the one-dimensional heat
equation )

- a?*T ¢
ax?  k

orT

T (16)

1
- a
has to be solved.

In equation (16) T is the temperature, ¢ the energy flux,
x denotes the variable depth in the target, # is the time, k
the thermal conducnv:ty and a the thermal dlffuswny of
t.he materla] gwen by

'-."‘,‘"‘-,ﬁffa=—. L an

where p is the densny and ¢, is the specific heat of the
material,

The finite-difference method is applied in the resolution
of equation (16). To implement this method the spatial
and temporal domains are divided in small subdomains of
length Ax and At. One node is assigned to each spatial
subdomain, Ax being the distance between nodes and w the
total number of nodes. After transforming the equation‘(16)
into a finite-difference equation, the temperature in node j
at time ¢ is

2 .
-1 -1 —1
T = @S+ T + (1 - H) L7+ Q ()
where
dJ;_' Ax?
Ar—1
T = e 19
o; o (19)
and
_ Ax? 20)
T aAt
with j = 1, ..., w—1. The finite difference method ensures

convergence if [10]
M =2, (21)

In equation (18) T}’ gives the temperature in a node j at
time ¢, having received in the instant (f — 1) an energy flux
(I);"', and using its own and its neighbour's temperature in
the instant (z — 1).

930

In this work we consider as the energy source the
energy transferred by the beam, which then defines the
energy flux. If Ax is small, it can be assumed that
the energy transferred by the ions in such a thickness is
constant; thus the energy flux can be calculated as

-l — Zq:—l (22)

where §/~' is the energy per volume and time unit
transferred by the ions with energy in the ith subinterval
given by (14). The summation is extended over all { that
satisfy the condition (R,); = jAx.

For a node that does not receive energy, Q:-'l vanishes
in equation (18).

In these calculations, we will neglect thermal losses
by the surface through the two possible mechanisms,
convection and radiation. Then the temperature for the
node exposed to the beam, j = 0, can be quoted through
the equation

-1

2 2 0, 2
TJ:(I_EZ) L+ 07+ 5,07 @)

and that for the last node, j = w, through
(1 - 3) T\ + ;[TJ, L (24)

When a node reaches the melting (during heating) or
solidifying {during the cooling down) temperature of the
target material, a phase change takes place. The exact
solution of this problem is complicated, and a simple model
is proposed.

Each node can be represented by a mass density given
by

pj = pAx. (25)

The amount of mass Am; molten or solidified at the instant
t in the jth node can be calculated by

it
Amf = —& (26)

where @;‘] is given by equation (22} and L is the melting
(or solidifying) heat. The remaining mass in the original
phase at the instant 7 is

A,O; = p; — Am;-.

When a phase change in a node takes place, its
temperature is kept fixed until the total mass of the node is
molten {during heating) or solidified (during cooling down).

If the evaporation point is reached, mass transport and
other additional physical considerations should be taken
into account. We will not consider such extreme cases
of heating in this work.

Heat losses from the surface through convective
processes were neglected because the low pressure of the
filiing gas (<200 mTorr) and the extremely short duration
of the whole process do not allow any important transport
of matter.
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Figure 2. Therma! gradients of nitrogen implanted stainless steel at the end of IP. {a) £ = 40 mm, (b) £ = 60 mm and
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The calculations start defining arbitrarily the AE value,
which fixes the n subintervals of the whole range of energy
considered. Now, Ax (the spatial domain partition) can be
determined as

1 n
Ax =~ ;umm — (Rp)i] 27N

where {R;); and (R,);+; are using equaticn (13). The
duration At of the temporal domain partition can be
calculated through equations (17), (20}, (21) and (27).

Using equations {18)—(24) instantaneous temperature
profiles are obtained considering the temperature depen-
dence of the material thermal properties.

4. Calculation procedures

4.1, Determination of o

The first step in the process of calculation is the
determination of the « parameter (equation (2)), which
is related to the ion flux at the region of acceleration.
The procedure followed in this work is related to the flux
variation with the distance £ due to the conic geometry of
the beam (which modifies the beam cross section with £),
and the multiple energy of the ions that modifies the flux
by the differentiated time of flight in at distance £.

To quantify «, we use the experimental observation
of different material surfaces exposed to the beams at
different distances £, with the purpose of melting induced
damage detection. The maximum £ at which some damage
is observed indicates the energy flux limit for which the
material melting point is reached.

For a nitrogen implanted titanium {5, 11] sample located
at £ = 40 mm, the surface was totally damaged within

the beam incidence area. The damage degree is gradually
reduced for larger £ becoming imperceptible for £ =
150 mm.

In copper, nitrogen and argon ion implantation [12, 13]
did not produce any damage even at the short distance used
(£ = 40 mm), showing that the copper melting temperature
was not reached.

For stainless steel the results can be detailed as follows
[14].

(i) £ = 40 mm: strong damage observation showing
material ejection from surface due to an evaporation
process.

(ii) £ = 60 mm: damage observation showing that the
melting temperature was reached.

(iii) £ = 80 mm: low damage observation showing
that the melting temperature was reached, but in shallower
layers than the preceding case.

(iv} £ = 100 mm: no damage observation showing that
the melting temperature was rot reached.

With these results, temperature profiles for nitrogen
implanted stainless steel were calculated for several
predetermined « values using adequate AFE, Ax and
At values. The chosen o, for which the calculated
lemperatures satisfy the experimental observations, was:

o =1.12 x 10"°au.

In figure 2 the temperature profiles at the end of 1P,
calculated for nitrogen implanted stainless steel for different
£ values using the selected o value, are shown.

4.2, Parameters selection

The first problem to be solved was the size selection for
AE, Ax and At to maximize the precision of the results
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Table 1. Parameters of calculation.

Implantation AE Ax At
case {keV) {(um) {ns)

N— AISI316 25 0.019 0.030
Ar— AISI 318 25 0.011  0.009

N— Cu 25 0.022 0.002
Ar - Cu 40 0.017 0.001
N—-Ti 25 0.027 0.050

ensuring, at the same time, convergence for the temperature
profiles.

This convergence analysis was done for all the ion—
material pairs used in this work, argon implanted copper
being the less restrictive case, whete the convergence
condition is verified for AE < 40 keV. Nevertheiess,
nitrogen implanted stainless steel convergence is ensured
only if AE < 25 keV.

Once AE is selected, the number of nodes for finite-
difference calculations (and then matrix and vector sizes)
was defined through the Ax predetermination. Therefore
the maximum possible AE was selected to minimize RAM
requirements during calculations.

On the other hand, and taking into account that the At
value has no incidence in the result while condition (21)
is verified, the maximum value that verifies condition (21)
was selected with the purpose of minimizing the calculation
line. .

According to these criteria the results are independent
of the selected parameters. The set of parameters used in
this work is summarized in table 1.

5. Results and discussion

The results for several specific cases are presented in
figures 3 and 4. In the figures, the temperature profile
in the surface layers at different times during the ion beam
interaction with the target, and several microseconds after
the end of the implantation process (cooling down stage),
are presented.

Figure 3(a) shows the thermal evolution of a nitrogen
implanted stainless steel target located at £ = 80 mm. The
melting point is reached at r = 240 ns, lasting up to the
end of the implantation process (f; = 320 ns) without
evaporation.

At the end of IP the maximum thermal gradient
VN-ss ~ 400 K um™! and the heating speed Vy_ 55 ~
7 K ns~' were reached.

Figure 3(b} corresponds to the same experimental
situation but for the case £ = 100 mm, showing lower
temperatures than for the preceding case. At the end of
IP (t; = 350 ns), the surface temperature is ~1000 K
below the melting point of the stainless steel. Also, lower
thermal gradients (Vy_.ss ~ 300 K um™') and heating
speed (Vy_ss ~ 4 K ns™") were found.

In both cases a fast cooling down process can be
appreciated.
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Figure 4 shows the thermal evolution of nitrogen
implanted titanium (part (a)) and copper (part (b)) targets
for a distance location of £ = 100 mm. It can be seen in
titanium that the surface temperature should be higher than
the melting point at the end of IP showing the presence
of an evaporation process. In contrast, for the copper
case, the peak surface temperature is considerably lower:
~360 K. The same thermal behaviour differences result in
the thermal gradient which turns out to be for Ti V.. r; ~
650 K um~' and for copper Vy_¢c, ~ 31 K um™!,
and for the heating speeds which for Ti and Cu were
Vnori ~7 Kns™! and Vvocw ~ 2 K ns™, respectively.
This behaviour is in agreement with the differences between
the thermal parameters of the two materials.

Based on the model presented it is possible to analyse
the calculated energy deposition profiles.

Figure 5 shows the temporal dependence of the energy
delivered into a stainless steel target by nitrogen ions for
the £ = 40 mm (curve A) and £ = 100 mm (curve B) cases.
The reduction in the deposited energy observed in curve B
is a consequence of the reduction of the ion fiuence due to
the beam conical geometry, and the flux reduction due to
the increase in the temporal width by the differentiated ion
time of flight.

Figure 6 shows the delivered energy in stainless steel as
a function of the depth for nitrogen ions for the £ = 40 mm
{curve B) cases, and for argon ions for the £ = 100 mm
(curve C) case. From these figures it can be seen that almost
all the energy is deposited into the first 0.1 um below
the surface, a thickness that corresponds to the projected
range of ions with energy lower than 100 keV for nitrogen
and 200 keV for argon [9).” Thése results suggest that
the assumption of considering ton energy between 20 and
500 keV is appropriate.

The radiation losses, on the other hand, can be
estimated from the temperature values obtained. The
radiation of thermal energy is a very complex problem
since the emissivity of a given material depends on its
composition, surface morphology and production method.
However, based on the nitrogen implanted stainless steel
results and considering the emissivity of polished steel as
0.55 [15], a value of 3 x 10~ J cm™? of radiated energy
during 1 ps during the cooling process can be estimated.
In this situation the surface temperature at the end of IP is
2800 K (figure 2(b)) and the calculated total energy received
by the target during the IP is ~1 J cm™2, This radiated
energy is several orders of magnitude below the energy
received from the ion beams, and it is possible to conclude
that the radiated energy in the cooling stage is negligible
compared with the energy transferred by the ion beams.

6. Conclusions

Surface profiles of thermal eveolution of targets irradiated
with pulsed ion beams generated with plasma focus were
calculated using numerical simulation, The model used
was based on the physical and geometrical characteristics
of the ion beams, the single-ion—solid interaction, the
thermal properties of selected materials, and the neglect
of the thermal foss by the surface through processes such
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as radiation and convection. In addition, and with the
purpose of ion beam flux and fluence quantification, the
o parameter in equation (2) was adjusted to fit with the
energy requirements to reach the melting temperature at
the surface level of the stainless steel, for the particular
experimental situation in which the surface of a sample of
such material was observed as being slightly damaged due
10 an incipient melting process.

In spite of the extremely short duration of the process of
implantation and the small size of the affected region, which
makes the simultaneous experimental measurements and
time survey of such temperature profiles to corroborate the

Depth, ym
(b)

Figure 3. Thermal evolution of nitrogen implanted stainless steel: (a) £ = 80 mm, t, ~ 300 ns, (b) £ ~ 100 mm, {, = 350 ns,

numerical calculations impossible, good agreement between
calculations and the reported experimental implantation
results was found.  After the fitting (o fix the «
parameter) data for one specific experimental situation
(ion species, implantation distance and implanted material),
no contradiction was found with the results for other
experimenial situations.  The extremely high surface
damage observed in titanium nitrogen implanted samples,
the variation of the degree of surface damage in stainless
steel samples located at different distances from the ion
source, and the lack of damage in copper samples are
examples of this.
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More qualitatively, the residual deformation analysis
[16] showed the existence of a strong fast heating as an
explanation of the induced concave surface deformation
after pulsed ion beam implantation. Specifically, the
maximum deformation reported in the reference for
stainless steel, which is of ~3 um, can be explained
through the temperature evolution profile results obtained
in this work. These profiles show that temperatures
can be high enough, some time during the implantation
process, down to depths ~3 um, inducing an excess
at the fluence limit of the material due to thermal
stresses.

934

Under cur calculation conditions, the results showed
that a strong thermal shock takes place during the ion
beam incidence consisting of a fast heating and strong
temperature gradients (which in the stainless steel case can
be of ~10 K ns~! and ~700 K um™! respectively), and
reaching peak temperatures which can produce melting and
even vaporization of thin surface layers of material. This
strong heating process has a depth of incidence of several
micrometers into the material, and it is followed by a fast
cooling down (through a thermal conduction process to the
sample bulk) which leads to its thermal relaxation within a
few microseconds.
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Fast heating and cooling processes of similar character-
istics were also observed using numerical calculations for
targets irradiated with monoenergetic pulsed ion and elec-
tron beams and high power laser beams [17-21].

In spite of the interesting results in the tribelogical
improvement of different materials under this type of
surface treatment, the physical process sustained is only
partially understood. More work has to be done for a
full comprehension of the mechanisms involved in surface

layer modifications through the combined effect of the ion
implantation and the thermal shock associated with the
pulsed nature of the beams.
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pulsed ion implantation

S P Briihlj, G Sanchezt, M Stortif, A Cardonat, J N Feugeast
and G H Kaufmannt

1 Instituto de Fisica Rosario, Boulevard 27 de Febrero 210 bis, 2000 Rosario,
Argentina

1 Instituto de Desarrollo Tecndlogico para la Industria Quimica, Glemes 3450,
3000 Santa Fe, Argentina

Received 19 October 1994, in final form 23 March 1995

Abstract. The generation of residual deformations on AlSI 316 stainless steel
submitted to pulsed ion implantation by means of a plasma focus device was
investigated. It is shown that the residual deformation can be attributed to thermal
stresses induced in the target by the strong and fast heating process due to the
accelarated ions. A numerical simulation is presented as an attempt to explain the
generation of these deformations. The model is based on the computation of the

-

temperature distribution in the implanted zone and the calculation of the induced
thermal stresses. The mechanical response of the whole specimen is then
evaluated using the finite-element method. Numerical results are compared with
those measured by means of a holographic method and reasonable agreement is

obtained.

1. Introduction

Jon beam processing is a well-established technique
by which the composition, structure and properties of
the near surface of many materials can be modified.
The main advantage of this process is the ability of
introducing any element into any solid independently of
thermodynamic constraints. There are many results in
the literature showing important improvements in metal
surface hardening and tribological properties {1].

The accelerators commonly used in ion implantation
emit monoenergetic pulsed or continuous ion beams.
Feugeas et al [2] recently reported the use of a
plasma focus device as an ion implanter which provides
pulsed ion beams with a continuous energy spectrum.
Using this pulsed implanter, the ability of nitrogen ion
implantation to improve tribological properties such as
resistance to wear and friction in tool and austenitic
steels has been proved [3-3].

The interpretation of the surface changes introduced
by the implantation with a plasma focus device
requires the combination of two aspects of the ion-
solid interaction phenomena. The first aspect is the
superposition of many single and isolated ion-target
interaction processes, such as inelastic collisions with
electrons or elastic ones with nuclei of the material.
The second aspect is the collective effects generated by
the high ion flux which produces in a reduced volume
a strong and fast heating process with an important
influence on the final ion distribution, concentration and

0022-3727/95/081655+06$19.50 © 1995 IOP Publishing Lid

chemical bonding [6]. _These mechanisms combined
with the plasma environment produce an important
thermal effect on the target which is added to the
pure implantation process. The structural modifications
introduced to the implanted region induce irreversible
deformations in the material and consequently generate
residual stresses. Although these residual stresses were
measured in steel specimens by an x-ray diffraction
method [7], this technique does not offer a global
macroscopic view of the residual deformation field.

Kaufmann et al [8] recently presented a holographic
method which allows the measurement of residual
deformations over the whole surface of an implanted
specimen.  Holographic interferometry is a widely
applied technique for the full-field evaluation of
mechanical surface deformations in different materials
and has the ability to measure small displacements
to wavelength accuracy. Measurements of residual
deformations performed in nitrogen-implanted stainless
steel specimens showed the generation of residual
deformations of some importance and suggested the idea
of developing a model to explain the generation of these
deformations. This model is based on the computation of
temperatures in the specimen due to the surface heating,
work which had already been presented by some of the
authors [9].

This paper reports a numerical simulation of the
generation of residual deformations induced by the
plasma focus implanter BD-I developed by the Plasma
Physics Group of the Instituto de Fisica Rosario. This
simulation is a first attempt to explain the mechanism
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Figure 1. The BD-I plasma focus device.

of fast heating and the subsequent creation of stresses
which cause the surface residual deformation that is
experimentally observed. It is shown that results
obtained from the numerical simulation presented here
are in reasonable agreement with those experimentally
obtained using the mentioned holographic technique.

2. Previous results

Specimens implanted with nitrogen by using the BD-
I device were studied by means of the holographic
method described in [8). Using this method, it was
shown that ion implantation introduced a deformation
field throughout the specimen and not only over the
area upon which ions directly impacted. Fringe patterns
obtained using the mentioned holographic method were
fairly concentric and followed the symmetry of the ion
beam. The direction of the deformation induced by the
accelerated ions was determined through the introduction
of carrier fringes between the two exposures which
generate the hologram [10). It was determined that the
effect of the ion implantation was to produce not only
a depression over the surface, but also a flexion of the
whole specimen.

Experiments performed with argon ions showed the
generation of similar fringe patterns to those obtained
with nitrogen. These results indicate that the formation
of precipitates would not be the main mechanism
involved in the generation of the observed residual
deformation [7]. It must also be considered that, due
to the low doses (about 10'* em~2) used in the argon
implantation, argon retention and bubble formation are
negligible processes [11}. Therefore, the generation
of thermal stresses is a mechanism which can produce
residual stresses and residual deformations that are due
to the thermal gradients induced by the thermal shock
[12] during the ion implantation process with the plasma
focus device.

To understand the origin of such thermal effect, a
brief description of the plasma focus device BD-I is
given below. The device is shown schematically in
figure 1.

Basically, a plasma focus device consists of two co-
axial cylindrical electrodes, with a pure low-pressure gas
fitling the inter-electrodic volume. The electrode system,
open at one end and closed at the other by a co-axjal
pyrex pipe glass insulator, is connected to a capacitor
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bank through a spark-gap switch. In particular, the BD-
I system works with a 4 iF capacitor bank charged to
a maximum voltage of 25 kV. The energy stored in the
capacitors (about 1 kJ) is discharged through the central
electrode by closing the switch. The discharge produces
a current sheath between the two electrodes, which
begins (in the breakdown stage) on the insulator surface
as a gliding discharge. By the interaction between the
current j in the sheath and the self-induced magnetic
field B, a Lorentz force (F o j x B) appears on the
current sheath, pushing it to the open end of the electrode
system. Once at the end, the current sheath collapses,
generating a dense plasma column in front of the inner
electrode (anode) and on the system axis. If the system
is optimized (in terms of its geometry and physical
parameters), then in such a plasma column Rayleigh—
Taylor instabilities occur, which produce the acceleration
of ion beams in the direction shown in figure 1.

For implantation purposes, the target is placed in
front of the system at a distance ! from the focus, as
is shown in figure 1. The ion beam has conic geometry
with a solid angle of about 40°. Thus the cross section
of the beam at a distance ! from the focus is

oy = n (I tan 20°)2, N

The ion beam has a continuous energy spectrum for
energies between 20 and 500 keV and follows the
spectral law [13]

AN s
iE & E @
where N is the number of ions with an energy E. The
temporal width of the beam can be estimated to be
between 250 and 500 ns, depending on the distance /.

The fluence f per pulse can be estimated to be
between 10'* and 10" ions ¢cm™?, depending on the
distance /. Higher fluences F can be obtained by
accumulation of a pre-determined number of successive
pulses.

Taking into account the short duration of the ion
beam, during its interaction with the target, a fast
energy release takes place into the material, inducing
an also fast increase in the temperature of a thin
layer (< 1 pm) in the material near the surface.
The described characteristics of such a thermal effect
(high temperatures and thermal gradients) make almost
impossible any direct measurement of the thermal
evolution of the target, basically due to the temporal
and spatial high-resolution requirements. In this work, a
numerical treatment of the problem is presented in order
to evaluate the thermal evolution and its surface effects.

3. Numerical simulation

To investigate numerically the generation of residual
deformations due to the thermal effect associated with
the pulsed ion implantation process, it was considered
that the thermal field is uncoupled from the mechanical



" "one. Thus, the numerical simulation is divided into two

steps: first, the temperature distribution is calculated and
second, these results are used as input to evaluate the
mechanical response of the specimen and the induced
residual deformations.

To be able to compare the numerical ‘resuits
with the experimental measurements reported {10, 14],
the boundary conditions were chosen similar to the
experimental ones. A circular specimen of 68 mm
diameter and 4 mm thickness was analysed. It was
assumed that the specimen was implanted on one face
over a centred circular area of 14 mm diameter. The
origin of the coordinate system was located at the
specimen’s centre with axes x and y lying over the
implanted face. The material chosen was stainless steel
AISI 316 and the implantation conditions were one pulse
of argon ions with a fluence f = 7x 10'* cm™2. Because
of the symmetry of the specimen and the ion beam, the
problem was considered as an axisymmetric one.

3.1. Evaluation of the temperature distribution

The temperature distribution T'(z,¢) as a function of
depth and time generated by the pulse of accelerated ions
was calculated from the one-dimensional heat equation
with an external energy source. This calculation was
performed by means of the finite-difference method and
is reported in [12], so only a brief description is given
here.

To simplify the calculations several assumptions
were made. As boundary conditions, it was assumed
that there were no convection or radiation losses in both
edges of the specimen and only the contribution of the
jon beam was taken into account for the surface exposed
to the beam. Thermal constants and density were used
as functions of temperature and radiation damage was
neglected. The ifon distribution in the beam’s cross
section was considered uniform. The ion distribution
in time was also considered uniform, that is, at any
time there are ions with all energies in the interval 20—
500 keV. The calculation starts with the target at room
temperature and the energy conduction occurs only in the
depth direction. In the radial direction the temperature
was assumed to be uniform, so there was no radial
conduction.

The energy release was assumed uniform along the
path of the ion into the target until it stopped. In the
heat conduction equation, the external energy source was
taken as the energy flux carried by the ion beam. To
calculate this term, which depends on the characteristics
of the ion beam described before, the energy interval
of validity of the spectral law of equation (2) (20—
500 keV) was sub-divided into small sub-intervals of
amplitude AE. For each sub-interval, the number of
ions n;, the mean energy value per ion ¢; and the time
elapsed during the ions—specimen interaction At; was
found.

The depth at which the ion stops in the specimen,
called the range, is a function of the ion mass, the ion
energy and the specimen density. To evaluate the range
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Figure 2, (a) Thermal stresses developed during heating
and their relaxation to the yield stress a,, (b} addition of
the stress distribution generated during cooling and that
shown in figure 1(a) and {c) the final stress distribution.

of the ions, the TRIM code was used [15]. For the n;
ions of each energy sub-interval a mean range (R,); can
be defined as

(Rp); = 3R} + R) 3

where R/*! and R} are the ranges of ions with energies
E;.yand E;, respectively, calculated by the TRIM code.

Then, the energy flux ¢; delivered by the ions of the
jth sub-interval into the surface layer was expressed as

n;e;

= em— 4
ATj(RP)jO'; )

4
where the beam's cross section o; is given by
equation (1).

The energy delivery into the surface layer was
assumed uniform since the ion penetrates into the surface
until it stops at its range. Then, a portion of material at
a depth D into the specimen will receive energy from
those ions with range {(R,}; > D. This can be written

as:

Q=) 4 (5)
where Qp is the energy delivered at a depth D into the
material, 4, is given by equation (4) and the summation
is extended over those j for which {R,); = D, In the
finite-difference calculation, the external energy released
at each node is obtained from equation (5) [12].
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Figure 3. The mesh used in the finite-element simulation.

3.2. Evaluation of the residual deformation

The temperature distribution computed according to the
procedure of section 3.1 was used as input for the
evaluation of thermal stresses and residual deformations.
The developed thermal stresses at a given point depend
mainly on the maximum temperature reached at any time
at that point. Heat-transfer computations generated the
temperature profiles at different times, allowing one to
evaluate the evolution of the maximum temperatures as a
function of depth. An elastic—plastic material behaviour
was assumed.

The temperature penctration depth is of the order
of a few micrometres, whereas the implanted zone is
14 mm in diameter. Therefore, only a very thin disc
of material at the surface is affected by the thermal
expansion, The model assumed that the end faces of
the dilated disc are traction-free and that the rest of the
specimen reacts only with a radial force distributed all
over its external cylindrical surface. For a circular plate
with a prescribed distribution of eigenstrains caused by
thermal expansion, thermal stresses are easily obtained.
Considering an elasto-plastic behaviour of the rest of
the specimen, a two-step analysis was made. The first
step consisted in the calculation of the residual stresses
after heating and cooling, caused by a clamped disc of
thickness approximately equal to the penetration depth.
In the second step, residual deformations throughout
the specimen were computed by making a linear elastic
analysis, with loading equal to the radial clamping force
computed from the residual stress distribution obtained
in the first step.

Stresses for a clamped disc submitted to a uniform
temperature increment are [16)

YaAT
o= (6)

1—v

where Y is the Young modulus, & is the thermal
expansion coefficient, AT is the temperature increment
and v is the Poisson ratio.

Using this model, a simplified nonlinear calculation
was performed for the following temperature variation
history: (i) heating from room temperature up to the
evolution of maximum temperatures and (ii) cooling
from the maximum temperature until room temperature
had again been reached. During heating, the stress state
attains the yield value o,. The material yields in the
z direction and the radial stress remains equal to oy up
to a certain depth z, (figure 2(a)). When cooling occurs,
a thermal traction of equal magnitude but opposite sign
to that shown in figure 2(a) is generated as depicted in
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figure 2(b). Again, in this last distribution some points
below a certain depth z, exhibited stresses that exceed
the yield limit o,. The final stress distribution takes the
form shown in figure 2(c).

As heating and cooling occur in less than 3 us the
temperature-dependence of the mechanical constants of
the material was neglected. Y and v were considered
constant with mean values between 100 and 200°C for
the calculation of the deformations.

The second step of the calculation is the evaluation
of residual deformations using the finite-element method.
A linear elastic two-dimensional axisymmetric analysis
was made, with a mesh consisting of 180 isoparametric
eight-node elements (figure 3). Since depth z; is very
small compared to the specimen width, the effect of the
dilated disc on the specimen was simulated by means of
nodal forces located on the surface at the boundary of
the implanted zone, as is shown in figure 3. This radial
force was calculated by integrating the radial stresses in
depth and over the perimeter of the implanted zone.

4. Results and discussion

Plots of the temperature distribution as functions of
depth z are shown in figure 4 for different times. The
plot for time 200 ns corresponds to the heating phase.
The time 466 ns is called the implantation time: it
is the time at which the last ion of the pulsed beam
reaches the specimen. The other plots at 900, 2000,
6000 and 20000 ns correspond to the cooling phase. It
can be observed that a strong thermal gradient of about
900°C pum™' is developed at the implantation time. A
fast cooling down is also noted, with almost complete
thermal relaxation after several microseconds.

The radiation of thermal energy is a very complex
problem since the emissivity of a material depends on
the composition, surface morphology and the method
of its production [17,18]. However, it is possible to
make an estimation of the energy lost by this mechanism.
Considering the emissivity of polished steel as 0.55 [18],
the energy radiated during 2 us is about 3 x 107 J cm ™2
whereas the energy absorbed by the specimen during the
implantation process is about 0.4 J cm~2, confirming
that the radiation losses during the cooling stage are
negligible. The evolution of the maximum temperatures
reached during the process at any point is shown in
figure 5.

The final residual stress distribution was calculated
by means of the procedures described in section 3.2.
Even though figure 2 is out of scale, we can appreciate
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that the final stress distribution is almost constant inside
the implanted zone and is followed by a fast relaxation
for increasing depth values.

By integrating the radial stress over the perimeter of
the implanted disc and up to the temperature penetration,
a total radial force of 87 N was obtained. This force
was used in the finite-element simulation to obtain the
residual deformation field over the whole specimen.

The out-of-plane displacement w of the surface
is plotted in figure 6 as a function of r/a,where r
and a are the radial coordinate and the radius of the
implanted zone, respectively. For comparison, the mean
experimental displacement evaluated with holographic
method reported in [14] for a single argon discharge is
also plotted in figure 6.

In this simulation, thermal stresses were considered
the only mechanism involved in the generation of
the residual deformations. Other mechanisms such as
production of defects or dislocations were not taken into
account. It must be considered that, according to the
spectral law described by equation (2), the mean energy
per ion in the implantation process is about 35 keV. Ions
of this energy produce mostly defects in a layer about

EREERE Ah 3

R i e R
Residual _defonnations’b Ton Imi:lan‘tation )

rfa
Figure 6. A comparison between experimental and
numerical out-of-plane residual displacements.

200 A deep, which is the penetration range of 35 keV
ions [15]. As can be seen in figure 4, the thermal effect
is extended over a layer thickness of about 40000 A.
Therefore, the contribution of strains caused by defects
can be neglected.

When the implantation process was carried out with
monoenergetic ions in a low-current device, Auleytner
et al [19] observed residual stresses due to dislocations
created at the edge between implanted and unimplanted
layers. However during the implantation with the plasma

focus device, the continuous energy spectrum of the

accelerated ions, which gives a smoothly decreasing ion
concentration distribution, and the thermal effect do not
indicate the formation of a sharpened interface between
implanted and unimplanted layers. Consequently, it is
possible to affirm that thermal stresses are the main
source of the generation of residual deformations in
the case of argon-irradiated stainless steel in the BD-I
device.

Possible sources of errors in the numerical simulation
can be related to a variation in the fluence of accelerated
ions from shot to shot, which was assumed constant in
the temperature calculation. A random variation in the
number of ions emitted per discharge is always present
during the normal operation of the plasma focus device.
Also, the temperature distribution was assumed uniform
over the whole implanted area and this is difficult to
achieve with only one discharge because of the non-
uniform spatial distribution of ions.

5. Conclusions

Based on experimental results and the characteristics
of ion beams emitted in plasma focus devices, it was
assumed that residual deformations induced in steel
specimens by ion implantation with the BD-I device
are mainly due to the thermal effect developed by the
ultra-short pulsed ion beams. A numerical model of this
thermal effect has been developed, which explains the
generation of the residual deformations due to thermal
stresses. A nonlinear elastic analysis was necessary
because these thermal stresses exceed the material yield
limit. Also, the computation of stress and yielding at the
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implanted zone was uncoupled from the computation of
the residual deformations of the whole specimen. This
uncoupling was possible since yielding occurs only in a
very narrow layer beneath the implanted zone. Although
several assumptions were made to simplify the problems
of temperature and deformation computations, the model
predicts a specimen deformation field similar in form and
magnitude to that observed experimentally.
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Thermal effect of ion implantation with ultra-short ion beams

G. Sanchez, G. Grigioni and J. Feugeas

Instituto de Fisica Rosario (CONICET-UNR), Bv. 27 de Febrero 210 bis, 2000 Rosario ( Argentina )

Abstract

Ton implantation with plasma guns operated in the detonation mode presents several differences from normally used low current ion
implanter systems.

The most important differences are the high power of the beams generated with the plasma guns owing to their pulsed nature on
one hand, and the plasma environment in which the target is immersed during the process of implantation on the other hand. Both
effects were studied in this work.

The temperature profiles and their evolutions during and after nitrogen implantation in pure titanium, stainless steel and copper
were investigated by using the finite differences method. The calculation for nitrogen ion implantation (fluence of 10'? ¢m "2 and pulse
time of 400 ns) in pure titanium, shows melting layers of 20 nm after the first 200 ns of implantation, with a fast cooling after the end
of implantation. Thermal gradients of 1000 K pm ™" and a heating rate of 5 K ns ™" were also observed.

Optical spectroscopy observations (real time spectroscopy) of the implantation region show a highly activated nitrogen plasma.

Both effects can be of extreme importance in several applications such as, for example, titanium nitriding because of an extra

temperature assisted absorption by the getter effect.

1. Introduction

Ton implantation has been shown to be a powerful
technique for the surface treatment of materials. Different
concepts and devices have been developed with results
both for research purposes and for industrial applica-
tions, which are widely described in the literature.

A different procedure for pulsed ion implantation has
been developed by the Plasma Physics Group of the
Instituto de Fisica Rosario. The accelerator {the BD-I
device described elsewhere [1]) produces ion beams of
short time duration, between 300 ns and 500 ns, with a
continuous ion energy spectrum between 20 keV and
500 keV and fluences of approx. 10'* cm ™2, These beams
are generated in a medium of highly ionized plasma of
the same species of ions as those of the beam.

The resulting high power of the beam produces an
extra collective effect, when used in ion implantation
processes, that has to be added to the one due to the
superposition of many single ion-solid interactions.
These collective effects, combined with the plasma
environment supported by the targets during ion
implantation, are analyzed in this paper.

2. Lon beam characteristics
The ion beam is accelerated during the development

of a Raleigh Taylor instability in a highly densified small
plasma column {plasma focus, 1 mm diameter and 6 mm

0257-8972/95/$9.50
SSDI 0257-8972(94)02265-R

length), generated during the collapse of a plasma current
sheath in a plasma gun discharge operated in the detona-
tion mode [2]. The accelerated ions and the ions of the
plasma are of the same species as the atoms of the filling
gas of the coaxial interelectrodic space in the experiment.
The ion beams accelerated in such a small region have
a conic geometry with a solid angle of 40° [2.3]. The
acceleration time is approx, 200ns and the energy
spectrum of the ions follows the spectral law [2]:

dN
E<E (1)

where N is the number of ions with energy E, with the
condition 20 keV < E<500keV. The total number of
ions emitted per discharge is 1x 10'°, This value was
measured using a Faraday cup and calorimetric methods
by their location at different distances downstream from
the acceleration region. Specifically, the spectral law was
measured with a Thompson spectrometer [ 2, 4 |, through
time of flight 5,67 and by activation techniques [3].
The targets to be implanted, located downstream, receive
a fluence which will depend on the distance ! target-—
plasma focus, owing to the conic geometry of the beam.
The cross-section &, of the conic beam is determined
through the expression

o=l tan 20°% (2)

The temporal length of the beam at the target surface
will also depend on the distance [, owing to the time-of-

© 1995 — Elsevier Science S.A. All rights reserved
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flight ions spreading originated in their wide energy
spectrum.

The remaining current sheath generated during the
discharge, precursor of the plasma focus formation, is
gjected downstream, reaching the target surface approxi-
mately 300 ns [5,6] after the ion beam incidence.
This plasma environment can interact with the target
becoming part—in major or minor degree—of the
modifications of the surface layers.

3. Spectroscopic observation of the plasma

The emission spectrum of the plasma, originated as a
current sheath during the discharge, was observed during
nitrogen ion implantation. The experimental set-up
shown in Fig. 1 consists of a triple grating monochroma-
tor with an optical multichannel analyzer (1024 cooled
photodiodes) with a time resolution per spectrum of
30 ms (OMA HII from Princeton Applied Research). The
plasma was observed from outside the discharge cham-
ber through a glass window, focalizing a region 10cm
downstream from the plasma focus (distance normally
used in ion implantation processes) and locating the
monochromator slit 70 cm from the window.

The experiment was done with the laboratory in
complete darkness. The OMA was triggered 0.5 s before
firing the accelerator and the acquisition system was set
to operate (set in the mode of continuous sweeping) for
I's. Taking into account that the full process of the
discharge {(breakdown, plasma focus formation, plasma
propagation, etc.) lasts for about 1 ps, the recording of

GAS
NPUT PLASMA STREAM

PLASMA
(CURRENT SHEATHY

GUN

the spectrum will occur in one of the photodiode scan-
ning sweeps. The others (approximately 30 sweeps} will
record the addition of the radiation background of the
laboratory, which will be added to the spectrum. The
radiation background intensity was checked by allowing
the OMA to run in conditions similar to the one
previously described but without firing the experiment,
thus given a negligible value.

The result of one spectrogram appears in Fig. 2 where
it is possible to see the nitrogen emission lines NI, NII
and NIII.

4. Numeric simulation of the thermal effect

Owing to the technical difficulties in measuring the
temperature evolution of an extremely thin layer (thick-
ness of the order of a micrometer) in time lapses of only
several microseconds, it was evaluated by the finite
differences method. The ion beam characteristics, the
ion-solid interaction parameters and the thermal prop-
erties of the target material were used for the specific
cases of nitrogen ions in steel, copper and titanium.

The one-dimensional heat conduction equation with
an external energy source was resolved by finite differ-
ences. This method was applied by dividing the target
{spatial domain) into small elements Ax, the temporal
domain in small elements At and the energy interval of
the ions (20-500 keV) in subintervals AE. To perform
the calculations, it was necessary to find the number of
ions in each subinterval, and the energy transported by
them, and to calculate the energy delivered into the
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Fig. 2. Spectrogram of the target environment during nitrogen implantation.

target. After that, the temperature of each element of the
spatial domain was calculated.

The temporal domain is the interval during which the
thermal evolution of the target is studied, and includes
the implantation time, which is determined by the tempo-
ral width of the ion beams. By the model presented, the
heating and cooling profiles were calculated at every
instant.

The one-dimensional heat conduction equation can
be written as
&T ¢ toT

k" a o
Where x denotes the depth into the target (x=0 at the
surface), t is the time, k is the thermal conductivity of
the material and a is the thermal diffusivity of the
material.

The finite differences method [7] was applied to
resolve eqn. (3). A node was assigned to cach spatial
subdomain, the distance between nodes being Ax. The
temperature in the node i at the time ¢ can be calculated
as

(3)

1 2 .
E=M(T?‘{+TiI{)+(1AM)Ti“+Q;“ (4)
where
_aw .
T aAt (
k
a=—— (6)
PCp
. _@:—lez
(-1 __ 1
' M {7)

where p is the density and ¢, the specific heat of the
material.

In the calculation of T% was considered that the node
i has received in the instant t—1 an energy flux ¢
As can be seen from eqn. (4), the temperature T3 is a
function of the temperature of node i and its neighbors
(i—1 and i+1) in the instant of time t—1. The finite
differences method ensures convergency if

M>2 (8)

For a node which has not received energy, eqn. (4)
becomes

T‘wi(T"1+T"1)+(1 i) ! (%
i_M i-1 i+1 _M i

In the first approximation, thermal insulation on the
surface is supposed and convection and radiation losses
are neglected. Therefore the temperature for a surface
node (node 0), which interacts with the beams, is

2 t 2 -1 2 Ayt—1
To=\1—gp ) Tot TV '+ & (10)
and for the last node of the target (node m, at the
opposite surface to that of node 0) is

To=(1-2) T+ 2 T ! (11)
m M m—1 M m

In eqgn. (7) 2.1, which is the energy flux given by the
ion beams to the ith node at the instant r—1, can be
written as

oz
2= g (12)
ji=i

where # is the number of energy subiniervals. To obtain
eqn. (12) we assume that the ions deliver their kinetic
energy to the target uniformly in their tracks during
their penetration into the target, stopping at a depth
equal to the corresponding range. In the summation
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only the energy flux of those ions which stop at a depth
equal to or deeper than those corresponding to the ith
node are considered.

The quantity ¢4™"' is the energy flux carried by the
lons with energy in the jth energy subinterval. Fo find
an expression for this quantity, as was expressed pre-
viously, it is necessary to divide the energy interval,
which in our experiments is 20-500 keV, into small
subintervals AE. For each subinterval the number of
ions, the energy transported by them, and the energy
flux delivered to the sample are calculated using the
spectral law of the beam (eqn. (1)). A detailed description
of the calculation is given in ref. 8.

The final expression for ¢~ results in

=1 __ ne;

;= 13
4 AtAxo, (13)

All the quantities are referred to the jth energy subinter-
val: n; is the number of ions, ¢, is the mean energy value
per ion and o, is the cross-section of the conic beam at
a distance ! from the focus given by eqn. (2). In egn. (13)
At; represents the time during which the interaction
between the ions of such subinterval with the target
takes place. Ax is the mean layer thickness taken as an
average from those affected by the ions, which were
calcutated using the TRiM code [8,9].

To perform a calculation, we start by arbitrarily fixing
AE. Automatically Ax is determined as was defined for
eqn.(13) and At through the eqns.(5), (6) and (8).
Taking into account AE, Ax, At, the ¢}~ values, given
by eqn. (13) and the thermal properties of the material,
temperature profiles can then be calculated at every time
by using eqns. (4)12). In the calculations, the depen-
dence on the temperature of the thermal properties of
the material is considered, taking in eqn. (5) Ax=Ax.

The phase changes are modeled by keeping the tem-
perature fixed at the melting (solidification) point in the
nodes, until their associated mass is completely melted
(solidified}). Once the node is completely melted the
calculations are continued using the thermal properties
of the liquid mass in the same way as for the solid case.
In the case where a node reaches the evaporation
temperature, the calculation is aborted.

5. Results

For calculation purposes, we selected the conditions
normally used in ion beam implantation: nitrogen ion
beam with a fluence of 10'* cm ™2 and pulse time length
of 400 ns. As targets, three different materials were
selected: pure titanium, stainless steel and pure copper.

The results for titanium are plotted in Fig. 3. They
correspond to a family of curves, temperature vs. depth,
at different instants of time during and after implantation

2000 5
1500 3
o ]

s 1 400 ns {End Implant.)
g 4
< 10005

3
b ]
& ]
E ]
-~ 3
500
0]
0 1 2 3 4 5

Depth, microns

Fig. 3. Temperature profiles of nitrogen implanted titanium. Single
pulse fluence 10'? ions cm 2. Pulse time length 400 ns.

(cooling-down stage after the arrival of the last ion of
the beam).

Several features in this case can be pointed out. First,
the titanium melting temperature in the surface is
reached during the first 200 ns, up to a depth of 20 nm
after the following 200 ns. Second, the surface temper-
ature decreases very fast after the implantation, reaching
650°C only 600 ns after the arrival of the last ion of
the beam. Finally, a high thermal gradient of about
1000 K pm~! and an equally high rate of heating of
about 5K ns™' can be observed.

In Fig. 4 the resuits for stainless steel are plotted. The
curves are similar to those for titanium except that, in
this case, the steel melting temperature is not reached at
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Fig. 4. Temperature profiles of nitrogen implanted austenitic stainless
steel. Single pulse fluence 10** ions cm™2. Pulse time length 400 ns.
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any time. The peak temperature is 1120°C, which is
reached at the end of implantation (400 ns) in the
target surface.

Finally, in Fig. 5 the results for copper are presented
showing a remarkably lower peak temperature (only
365°C at the end of the implantation) and a lower
temperature gradient in comparison with the preced-
ing cases. Both effects can be attributed to the high
thermal conductivity of copper, which improves the
cooling down process through thermal conduction to
the target bulk.

6. Discussion and conclusions

The process of the pulsed ion implantation described
shows important differences with respect to the conven-
tional systems used as much in research as in technologi-
cal applications. These differences can be summarized
by two relevant factors: (i) the strong thermal effect that
is added to a single ion implantation process; (ii) the
highly activated plasma that reaches the surface of the
target immediately after the ion beam.

The strong thermal effect provokes a fast surface
heating during the implantation, elevating the surface
temperature to values that can be as high as to provoke
the melting down and even the evaporation of the
surface layers. The short time duration of the process
provokes strong temperature gradients from the surface
to the bulk of the sample during the implantation, with
an additional fast cooling down process after the
implantation which virtually leaves the sample at room
temperature in only a few tens of microseconds.

The plasma cloud arrives to the target approximately

400

400 ns {End Implant.}

300

Temperature, °C
b
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Fig. 5. Temperature profiles of nitrogen implanted copper. Single pulse
fiuence 10'% ions cm %, Pulse tme length 400 ns.

300 ns after the end of implantation [6] when the
temperature of the surface, owing to its interaction with
the ion beam, is still high. This process can be advanta-
geous in certain cases, such as in surface nitriding
processes, because the high temperature can help extra
nitrogen absorption through the surface and nitrogen
diffusion toward deeper layers.

With this kind of pulsed implanter, in which the ion
beam fluence is relatively low, it is possible to obtain
higher values of fluences by the accumulation of succes-
sive single shots. Normally this process can be done in
a sequence of one or two ion beam pulses per second.
Taking into account that the target cools down in only
tens of microseconds, in this sequence every ion beam
pulse will reach the surface at room temperature, repeat-
ing a similar thermal process each time. This means that
the nitrogen concentration profile in the surface layers,
implanted by preceding pulses, will suffer a redistribution
owing to the thermal effect when a new pulse arrives.
This can result in a higher penetration depth and a
better uniformity in the profile of concentration [10].
In particular, for the case of nitrogen implantation in
titanium, the combined effect of temperature and highly
activated plasma from this process results in implanted
layers with a high and uniform concentration of nitrogen
and the development of titanium nitride compounds
with desirable stoichiometry, for example, for surface
hardening [10,i1].

Finally, the ion implantation process using this repeti-
tive pulsed method presents interesting results that
can be taken into account principally as a potential
alternative for material surface treatment for tribological
purposes.
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¢ Abstract

It is widely known that the hydrogen in steel produces embrittlement. This effect may cause the failure of the elements (confining
walls, mechanical parts, etc.) whose surfaces are in contact with this gas or with processes in which hydrogen is continuously
generated. In this work it is shown that the ion nitriding of the surface of AISI 4140 is a good mechanism to act as a barricr
against hydrogen permeation in its bulk. The ion nitriding was performed using a square wave DC glow discharge. The
development of a compound layer of iron nitrides was observed as the cause of the hydrogen permeation reduction. For equal
duration of treatment, thicker compound layers were developed in higher discharge/post-discharge ratios in the square wave of
the applied voltage onto the sample (cathode), with a greater reduction of hydrogen permeation coefficient as a consequence.
Nevertheless, the permeation was not reduced to zero in any of the treatment conditions used. The results of the analysis of the
permeation tests and the image of the photomicrographs showed that the existence of cracks, fractures, failures, etc. in the
compound layer (pre-existing in the AISI 4140 steel) could be the cause of the residual hydrogen permeation. This can be
attributed to the movement of the hydrogen through these defects diffusing through the original o-Fe phase of the non-treated
steel. © 1998 Elsevier Science S.A. Al rights reserved.
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: 1. Introduction are already used on steels to prevent corrosion [1]. and
they can act simultaneously as hydrogen bartiers in
. Hydrogen, as an interstitial element in steel, produces corrosive environments. Another possible application of
E a detrimental effect, principally through the modification nitride layers is as tritium barriers in prospective nuclear

. of the mechanical properties of the material, inducing fusion systems {2,3}. Tritium is a radioactive hydrogen

‘ embrittlement. Hydrogen may also enhance the damage isotope and its permeation through the steet wall of the

kinetics associated with failure by stress corrosion crack- containers of fusion systems must be avoided.

ing, corrosion fatigue and creep. For this reason, several
efforts have been made to design surface-engineered
hydrogen contamination barrier layers, using coating
methodologies (CVD, PVD) or surface modification
techniques such as ion implantation or plasma nitriding, solution that can reach depths of 500 um or more. In
in order to reduce the hydrogen diffusion coeflicient.

o e this work, we use a nitriding process based on pulsed
! Metal nitrides. as ionic compounds, are expected to DC discharge, varying the time ratio between the dis-

present very low hydrogen diffusion rates and to be charge and the post-discharge, in a mixture of nitrogen
suitable for this purpose, 1.e. protective nitride layers and hydrogen in different proportions and varying the

time ratio, in each pulse, between the discharge and the
* Corresponding author. Fax: + 54 41 821772, post-discharge [6]. To evaluate the hydrogen permeation
e-mail: feugeas@ifir.ifir. edu.ar the hydrogen electrochemical permeation technique was

One of the most recent techniques used in surface
modification is ion nitriding {4,5], which is essentially a
process of thermochemical diffusion assisted by plasma,
which generates a layer of iron nitrides and nitrogen in

0257-8972,98/% - see front matter © 1998 Elsevier Science S.A. All rights reserved.
PII S0257-8972(98})00540-4
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used, which is one of the best techniques to evaluate the
effectiveness of such barriers, due to its high sensibility
and the simplicity of the equipment involved. The sur-
faces were characterized by X-ray diffraction and optical
metallography under the surface at different depths.

2. Experimental
2.1. Ion nitriding

Nitriding was performed using the equipment devel-
oped by the Plasma Physics Group at IFIR. A schematic
illustration of the nitriding plasma reactor is shown in
Fig. 1. The reactor consists of one stainiess steel circular
plane electrode 6 mm thick and 35mm in diameter
(sample holder) located inside the cavity of the other, a
cylindrical cage 50 mm in diameter and 130 mm in
length built in a stainless steel grid. The sample electrode
was negatively biased (cathode) and the cage (anode)
was at ground potential. The electrodes were located in
a cylindrical Pyrex glass vacuum chamber (70 mm in
diameter and 290 mm in length). It is possible to monitor
the active species gencrated in the glow discharge by
plasma emission spectroscopy [7].

The cathode was connected to the power supply
through a cylindrical holtowed stainless steel rod which
permitted the introduction of a thermocouple to monitor
the temperature of the electrode in the plasma region.
The rod was completely covered by a Pyrex pipe,
avoiding plasma generation along its surface, and ensur-
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Fig. 1. Schematic diagram of the ion nitriding reactor.

ing that the discharge was generated only around the
surface of the cathode planar disc (25 cm?).

The voltage applied to the cathode was a square wave
450 V in amplitude with a frequency of 100 Hz, and a
variable ratio between the discharge (negatively biased
electrode) and the post-discharge (zero potential
electrode). In our work we used two different ratios
(percentage discharge/post-discharge): (i} 50/50 and (ii)
65/35. The current density on the sample during the
active part of the cycle of the discharge was kept
constant at a value of 4.2 mA cm ™2,

Prior to introducing the process gases, the chamber
was evacuated to a base pressure of 15 mTorr (2 Pa).
In our work we use a flowing gaseous mixture of N,
and H, in two different proportions: (a) 80 vol%
N, +20 vol% H,; (b) 80 vol% H, + 20 vol% N,.

The permeation tests were performed on 30 mm diam-
eter and 1.5 mm thick discs of AISI 4140 steel untreated
and nitrided during 6 h under three different conditions.

Condition I: 80% N,-20% H,, ratio discharge/post-

discharge 50/50.

Condition 2: 80% N,-20% H,, ratio discharge/post-

discharge 65/35.

Condition 3. 20% N,-80% H,, ratio discharge/post-

discharge 50/50.

After the first 10 min of process, the temperature was
stabilized at 460, 430 and 240 °C for conditions 1, 2 and
3 respectively, The hydrogen, necessary in the mixture
for an efficient nitriding process [4,8], is not retained in
the bulk at these temperatures because temperatures
above 100 °C provoke hydrogen degassing.

2.2. Surface characterization

The surfaces of the sample were characterized using
X-ray diffraction and optical metallography.

The X-ray diffraction analyses were performed using
Cu Ko with monochromator (mean penetration depth
~5pm) as incident radiation, and the analyses of the
diffractograms were performed using the Lutteroti ver-
sion of the Rietveld method [9].

2.3, Permeation tests

For the permeation tests a double cell method already
described in ref. [10] was used, with a gaseous load of
hydrogen at 1atm and an electrochemical detection.
The minimum current measured by this method is
~1nA, which corresponds to a hydrogen flux of
107" ¢m® H, (PTN)s . Before the permeation tests,
the opposite surface of the sample (non-nitrided surface),
which is the hydrogen exit surface in the permeation
test, was electropolished to eliminate surface deforma-
tion induced by the abrasion. Then, a thin Pd film was
electroplated on both sides of the membrane. Every
sample was degassed in an oven (4 h, 100 °C). For each
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sample the permeation—degassing transient was recorded
for two different temperatures: 30 and 70 “C.

3. Results
3.1. Nature and structure of the nitride layers

In Fig. 2 several photomicrographs of nitrided layers
can be seen. The surface layer nitrided under condition
3 did not show (for the maximum resolution used)
changes with respect to the untreated one [part (e} of

(@ 0.1 mm
Scale:

(d}

(b}
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the figure]. On the contrary, important changes can be
seen in the samples nitrided under condition | [parts (a)
and {b)] and even more important when nitrided under
condition 2 [parts {c) and (d)]. For the case of treatment
under condition 1, a white layer of ~ | pm thickness in
the surface followed by a layer with dispersed nitride
particles of ~ 50 pm were developed onto the unmodified
base material. A similar layer distribution can be seen
at the surface treated under condition 2, but in this case
the white layer and the diffusion layers had ~7-8 pm
and ~ 100-150 um respectively,

In Fig. 2(c) and 2(e) (photomicrographs observed

0.02 mm
P

Scale:

Fig. 2. Photomicrographs of the surface layers treated under different conditions: (a) 200 x enlargement; (b) 800 x cnlargement, treated under
condition 1; (¢} 200 x enlargement: (d) 800 x enturgement. treated under condition 2; (e) 800 x enlargement, treated under condition 3.
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under maximum enlargement) it is possible to see some
penetration of the white layer deeper into the material
in determined boundary localized regions. These discon-
tinuities can be associated with grain boundaries which
facilitate the nitriding process, by going deeper into
the bulk.

For a non-treated sample the X-ray diffractograms
show peaks [Fig. 3(a)] corresponding largely to the «-Fe
phase with a lattice parameter a=2.8692 A and others
cotresponding to the cementite phase (~6 wt%). The
width of the diffraction peaks shows a low level of
microstrain (~1 x 107?), in accordance with a tempered
material.

In Fig.3(d), the result corresponding to a sample
nitrided under condition 3 is presented. The diffracto-
gram shows little variation with respect to the preceding
case. The peaks due to a-Fe show a higher lattice
parameter a=2.8735 A, which can be attributed to two
different effects: nitrogen dissolved in the lattice and the
presence of residual macrostresses. Also, the measured
microstrain values of ~2 x 1073 were higher than that
for the non-treated case. Nevertheless, it is also possible
to observe the presence of peaks that could be attributed
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Fig. 3. Diffractograms of surface layers: {a) untreated surface; (b) sur-
face nitrided under condition 1; (¢) nitrided under condition Z: (d)
nitrided under condition 3.

to a very thin ( ~0.02 pm) layer of the e-Fe;N (hexago-
nal phase).

The result corresponding to a sample nitrided under
condition 1 is shown in Fig. 3(b}. The «-Fe and two
nitride compounds can be clearly identified. The a-Fe
shows a lattice parameter a=2.8713 A with a micro-
strain ~3x 1073, The two compounds conform to a
surface layer ~1.5 um thick and correspond to e-Fe;N
(~33 wt%) and the cubic y-Fe,N phase (~67 wi%]).
The relative intensities between the peaks show preferen-
tial lattice orientation (texture) for both phases. At a
microstructural level it can be seen that the microstrain
level of the e-FesN {(~2x107*) is much higher than
that of the y'-Fe,N (~ 107°); in spite of that, the domain
size shows a reverse behavior, with 900 A for the
e-Fe,;N and ~40A for the y-Fe,N. In addition, at
260~45.7° a very wide peak corresponding to a very
small particle size could be observed, which could indi-
cate the presence of the a”-Fe (N, phase.

Finally, the diffractogram corresponding to a sample
nitrided under condition 2 can be seen in Fig. 3(c). In
this case, the iron peaks were greatly reduced, indicating
the presence of a thick nitride layer (6 um). The com-
pound layer was composed of the same nitrides as in
the preceding case, but in a different proportion: 84 wt%
for the e-Fe;N and 16 wi% for the v'-Fe,N. The micro-
strain and the domain size are similar to those measured
for the preceding case (nitriding condition 1).

3.2, Permeation under steady state

The permeation tests were done using two samples
for each different type of treatment (non-treated and
nitrided under conditions 1, 2 and 3).

Fig. 4 shows the permeation coeflicient (hydrogen flux
in steady state, normalized to the sample thickness and
the hydrogen pressure) related to the permeation coeffi-

0.7 1 {1 non treated 3
[ condition 1 1
064 | £ condition 2 7
1 1 1 condition 3 1
0,54 d
& —| _ ] — :

(=] | — — S
-'é'- 0.4 . — —
0,34 4
0,24 4
0,14 B

00 !
30°C 70 °C

Fig. 4. Hydrogen permeation results. Permeation coeflicients @,
referred to the annealed «-Fe coefficient @, for the two testing temper-
atures used.
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cient for annealed pure iron (as extracted from ref. [10],
and expressed as the quotient between the stationary
hydrogen flux for the sample tested divided by the
stattonary hydrogen fiux for pure iron, ®/¢¢,). For the
non-treated material the observed values were ~350%
from the pure Fe case, which corresponds to a typical
commercial alloy.

The treatment under the nitriding condition 3 (80%
H,-20% N,) did not produce any detectable reduction
in the stationary flux of hydrogen.

Nevertheless, the treatment under nitriding condition
1 and condition 2 (80% N,-20% H,) provoked a clearly
greater reduction in the steady state flux, the greater the
ratio between the active part of the discharge with
respect to the post-discharge (square wave applied
voltage).

By looking at the results presented in Fig. 4, it is
possible to see that there was an important dispersion
between samples treated under similar conditions.
Nevertheless, it is possible to note that for each sample,
the ratio between the measured permeation and those
corresponding to pure iron is almost constant despite
temperature changes.

3.3. Permeation under non-steady state

In Table I the apparent diffusion coefficients com-
puted through the “time lag” are shown. These values
are the average from the rising and decay transients.
The observed tendency of the diffusion coefficients for
the samples nitrided under conditions 1 and 2 was
similar to that observed for the permeation coefficients
under steady state, with the lower diffusion coeflicient
corresponding to nitriding condition 2. Nevertheless,
the apparent diffusion coefficient for the nitriding condi-
tion 3 had values slightly higher than those of the base
material, a situation which was not observed for the
permeation coefficients under steady state.

4. Discussion

The results corresponding to steady state hydrogen
permeation coefficients (/@) showed a reduction with

Table 1
Apparent hydrogen diffusion coefficient in the 4140 steel. Calculated
from the time lag of rising permeation transients

D (30 °C)H
(107 %cm?s™H

D (70 'C)
(10 %em?s™Y

Treatment

Non-nitrided, as received 1.0-1.2 4.4.-49

Non-nitrided, unnealed 1.7-1.9 7.5-8.2
(250 °C,6h)

Nitrided, condition 1 0.49-0.60 2.9 4.1

Nitrided, condition 2 0.053 0.19 0.17-1.5

Nitrided, condition 3 1.7-19 7.5-8.8

respect to the measurement performed on the base
material when the samples were nitrided under condi-
tions 1 and 2. However, no modification was observed
when samples were nitrided under condition 3.

Nevertheless, as can be seen from Fig. 4 for each
sample, the ratios between the @’@, values (steady
state hydrogen permeation coefficients) for the two
temperatures tested (30 and 70 °C) were almost con-
stant. Constidering the cases in which the samples were
nitrided under conditivons | and 2, and the compound
layers (composed of the e-Fe,N and v'-Fe,N phases)
were developed on the surface, the behavior under the
temperature modification of ¢ (corresponding to the
nitride layer}) should be different from that of @,
{corresponding to pure iron) because of the different
nature of the materials, On the contrary, a similar
behavior was observed for both materials (iron nitrides
and pure iron) under temperature modification. This
fact suggests that the diffusion mechanism is governed
by that corresponding to pure iron, and that the diffusion
takes place only through the o phase pre-existing in the
base material. In the compound layer, which should be
totally hydrogen-tight, this can happen only through
the existence of discontinuities like cracks, defects, fail-
ures, etc. in their structure.

The existence of cracks can be visualized in the
opposite way: by observing Fig. 2(b) and 2(d) it is
possible to see the selective nitriding process in deter-
mined regions under the almost uniform compound
layer which develops tongs of nitrides which penetrate
well into the diffusion zone. This effect is attributed to
the easiest way that nitrogen passes through such discon-
tinuities. The same process can bhe carried out by
hydrogen during the hydrogen permeation tests,

On the other hand, the apparent diffusion measure-
ments on ion nitrided samples under conditions 1 and
2 showed similar comparative behavior in the case of
the steady state hydrogen permeation coefficient. For
both cases, the apparent diffusion coefficient was
reduced, with maximum attenuation for the case in
which the percentage of discharge in the cycle was 65%
(nitriding under condition 2). Nevertheless, the results
observed for the 1on samples nitrided under condition 3
showed that the apparent diffusion coefficient was
slightly higher than that corresponding to the base
malerial.

The apparent diffusion coefficient observed for the
case in which samples were treated under ion nitriding
conditions 1 and 2 can be originated not only in the
compound layer of the surface, but also in the diffusion
zone in which part of the nitrogen was dissolved into
the lattice. This nitrogen interstitially located in the
ferrite increases the lattice parameter of the a-Fe and
eventually gives rise to the incipient formation of the
«"-Fe 4N, phase, increasing at the same time the density
of dislocations. These dislocations, which work as




18 P. Bruzzoni et al. | Surface and Coatings Technology 110 ( 1998) 1318

hydrogen traps, contribute to the reduction of the
apparent diffusion coefficient. The difference between
both nitriding conditions is originated in the thickness
of both layers (compound and diffusion zone), as can
be observed in Fig. 2.

Nevertheless, this effect was not observed for the case
of treatment under condition 3. The reason can probably
be found in the high density of traps pre-existing in the
base material, for which the apparent diffusion coeffi-
cient at 30 °C was ~80 times lower than that of the
annealed pure iron [11] (see Table 1). The low increase
in the apparent diffusion coeflicient observed for the
case of samples treated under condition 3 could be due
to stress relief by heating (240 °C during 6 h) during the
jon nitriding process. This hypothesis was assessed by
subsequent permeation tests on the non-nitrided mate-
rial subjected to the same thermal history (240 °C, 6 h)
as in nitriding condition 3.

5. Conclusions

The surface treatment of steel AISI 4140 by ion
nitriding with a DC pulsed glow discharge proved to be
a process that can be used for barrier generation against
hydrogen contamination of the bulk material.

By using a square wave voltage pulse of 100 Hz with
65% active time (discharge) and 35% post-discharge in
an 80% N,+20% H, gas mixture, with a 6 h treatment,
the hydrogen permeation was reduced to below 10% of
the value for untreated steel. Similar results were
obtained for the two permeation test temperatures used:
30 and 70 °C.

The permeation reduction can be attributed to the
ion nitriding compound ~ 7--8 um thick layer (composed
of a mixture of 84 wi% e-Fe;N and 16 wi% y-Fe,N)
followed by a 100150 pm sublayer composed of nitro-
gen diffusion into the a-Fe matrix with some small
crystals (thin acicular crystals) corresponding to the
o"-Fe, N, phase.

Lower discharge/post-discharge or lower Ny—H, con-
centration ratios during the ton nitriding process lead
to thinner compound layers, resulting in higher hydrogen
permeation.

The reason for which the permeation was not reduced
even more than the observed 90% can be attributed to
the fact that for this material { AISI 4140), the compound
layer developed had some inhomogeneities consisting of
cracks, defects, failures, fractures, etc. which exposed
part of the u-Fe phase of the base material, thus allowing
the hydrogen to permeate to the bulk.
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High current, short length ion beam pulses appear to be a new alicrnalive for surface property maodification of
solids, due to the combined effect of jon implantation with induced fast heating-cooling which this process
presents. The repetitive pulsed nitrogen implanfation (with 2 low energy plasma focus) ofPure titanium with
different pulse lengths (300 and 400 ns), and fuences per pulse ranging hetween 1.4 x 10" and 1 x 10*%m?,
with total accumulated Auences between 7 x 10" and 1.6 x 10" showed a surface heating effect with importam
compositional and physical changes in the layers close to the surface.

XPS analysis showed TilN,, formation independent of the total range of fluences used, with an increase in the
superficial microhardness, when short pulse lengths were used. A correlation between the NfTi concentration
ratio, the binding energy difference (Tiny,-Nu) and the x value in the stoichiometry of the TiN, compound
formed was observed for the long pulse length case.

Keywords: ion implantation—surface modification of solids—titanivm—Uitanium nitride—XPS analyses—
pulsed ion beamns

INTRODUCTION

Ion implantation as a surface modification method has been used for many years in the
microelectronicindustry. More recently its field of application hasbeen extended successfully
to metallurgy with a large variely of processes where its use has become routine.

Nevertheless, continuous research in this field is still under way permitting discoveries
in surface material property modification, new potential applications and also novel methods
for ion implantation and related physical processes."”

The introduction of some atomic species into metal surfaces ~1 um deep, permits
superficial property modification without the charcteristic bulk modifications of the
material. In addition, a continuous interphase is generated between the superficial
implanted layer and the unaltered mnaterial bulk, which does not present the adherence
problems of other methads for surface treatment such as with thin flm coatings. The basic
problem consists of the adequate selection of the couple matrix-dopant plus the implanta-
tion conditions for obtaining certain desirable results in the surface modification of its
properties, such as hardening, wear reduction, better resistance to corrosion, better fatigue
resistance, etc. i,

Titanium, due o its light weight and high mechanical resistance, is of great interest in
many industrial applications: aeronautical, biomedical (surgical implants) and nuclear
(nuclear fusion reactor) areas. The possibility of titanium surface property improvement
considering wear, hardness, corrosion, etc., without its bulk perturbation is of great
importance. In this work we present the first results of ion implantation of nitrogen in pure
titanium, using pulsed ion beams.

——
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1. N.FEUGEAS AND G. SANCHEZ
EXPERIMENTAL

Samples of T60 grade commercial titanium, with measured impurities of C: 0.10; 0: 0.40
and Fe: 0.35 % at. respectively, of 7x 14 x L mm, were surface prepared for ion implantation
and surface analysis. The samples were inechanically polished with $iC paper and then
electrolitically potished in lactic acid, SO, and FH (50:20:30) mixture at 0°C with an
applicd voltage of 15 V for approximately len iminutes.

Nitrogen ion implantation was carried out with the pulsed ion beam accelerator
BD-I (low cnergy plasma focus) of Instituto de Fisica Rosario described elsewhere.?
This system provides a sequence of single beam pulses with a fluence f and time length
At. A preselected total Nluence can be obtained by the accumulation of a determined
number of single pulses. The time lapse between pulses can be adjusted for any value
grealer than one second. Fhe bewn ions have an energy E which follows a continuous
encrgy spectral law given by dnflk: ~ [ where n is the number of ions with energy E
(E 220 keV).

In our work we used two ditferent tlime kength At and fluences [ per pulse. ‘A’ type
samples were implanted with At~ 300 us and I~ 1 x 10%cm™; and ‘B’ type samples with
At ~ 400 ns and [ ~1.4 x 10"cm™ ion pulses respectively. The time lapse between pulses
in all cases was 2 20 seconds. ‘A’ type samples were implanted with total (accumulated)
fluencesof0.1,0.3,0.5, 1.0and 1.3 10™cm * respectively. ‘B’ type samples were implanted
with a total fluence of 7 x 10" 'em™,

The fast energy release on the target surface due to the short duration of the ion beam
pulse competes with the equally fast heat conduction (o the sample's bulk, generating high
temperatares, strong temperature gradients in the surface layers and fast temperature
variation in time* ‘These clfects may provoke the modification of the implanted species
concentrations (from the preceedings pulses) due to diffusion processes, and also in some
cases the superficiat fayer melt down. This thermal effect is added to the single ion
irnplantation one for the resulting nitrogen concentration profile, marking a difference with
low current (cold) ion beam implantation processes.

'I'he acceleration process maintained in this device (BD-1) isoriginated during the collapse
of a high currcat plasma columo (due to Rayleigh-Taylor instability development). This
high current filarent of plasma (Plasina Focus) is generated in a focuzed coaxial discharge
in a 0.2 Torr nitrogen gas atmosphere. This 0.2 Torr nitrogen environment is also the
environment of the samples exposcd to the ion beams. As a consequence of the plasma
column collapse, in addition to the beam gencration, a secondary plasma bubble with low
encrgy associzied particles (ions and clectrons) is cjected. This low encrgy Plasma reaches
the sample’s surface alter the heam, acting for several microseconds (~3 ps)’ The implanted
samples were characterized using X Ray Photoclectron Spectroscopy {XPS) and X Ray
Diffraction (XRD)Y techniyuces.

"The XIS spectra were faken with an ESCA 3 MARK 11 Spectrometer {V.G. Scientific
Limited) catibrated by assuming the binding energy (BE) of the Aua,, peak al 839 eV
with respect 1o the Fermi level. The Mg ka line without monochromatizing (1253.6 eV)
was employed as incident radiastion. The depth profiles were obtained by alternating
sputtering with A* fons (SkeV, 10 pAem”) and measurements of the XPS spectra. The
erosion rate was estimated (o be 10 A/min,

The XRE analysis was performed by a standard Philips Diffractometer witha horizontal
goniometer. Coka radiation and a graphile monochromator in the diffracted beam were
used.
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RESULTS

Surface Morphology

The surfaces of the implanted simples were observed with a scanning electron microscope
(SEM). Observations of the *A” (ype implanted samples show the existence of folds, craters
and fissures distributed across the whole implanted region.

FIGURE ! Scanning Electran Microscope photograph of an A Type inplanted sample partially covered with
a titaniuin foil, a) correspond to the non-implamted region (covered by the Toib), amd b) comrespond to the
nitrogen implanted region (uncovered).

[P

In Figure 1 two regions of the same sample, region “a’ non implanted and region ‘b’
implanted, can be seen. The sample carresponds o an ‘A" type implanied one, but partially
covered with a 200 zim thick titantum toil. ‘The whole implanted (uncovered) region has a
wavy surface, showing (he general appearance of i thin superficially molten layer. This
hypothesis is conlirmed by observation of Figure 2, where solidified drops of molten
titanium, Bowing during the fast energy deposition process of the ion pulse, can be seen in
the edge of an implanted sample.
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~ TFIGURE?2 'icnmuu;. l'lcumu Micruscope |vlwuwr1p|| of an A T)pc implanted emuple 11|e image
. _corresmal:l! to the edge of the sanple, with the implamed surface slightly tilled to observe the frozen drops of
7 mielted titanium against the background of the (non inplanted) sample edge. e

Microhardness Measurements

The microbardness of implanied *A’-type sunples were studied for different fluences.
The ineasurements were performed with an applied load of 20 g. The resulls were pre-
sented in Table 1, Taking into account 1he fact that the indemation size was of the same
order of magnitude as the aflected thickness of the implantation, the measured
microhardness corresponded (o the implanted layer, the interphase and part of the unal-
tercd substrate.

Nevertheless, the systemalic higher values oblained in the implanted surfaces revealed
a resulting hardoness attributable to the nitrogen implantation.

TABLEI
1V microhardness (Kg/nun'™y of pure tanivin and ‘A’ 1ype implanted samples with different
nitrogen luences. Applied load: 20 g.

FLUENCE non-uopl. 0.1 0.3 0.5 1.0 1.3
< 10" )

MICRONARDNESS 0 206 309 264 455 404
HV (kg.mm™)
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DRX Results

The Tipeaks of theirradiated samplesin the *A’ conditions, appeawed considerably broadened
inrelation to the ones of non-implanted saanples. Furthermore, there was a significant change
in the intensity ratio between different peaks. FFor the reference (non-implanted) sample,
these ratios correspond to the usual (0002) rolling texture of IHCP materials, while all the
‘A’ type irradiated samples correspond Lo a sitvation of candom orientation of the grains.
Instead, ‘B’ type samples maintained the volling texture after implantation.

Also, other low intensity and very hroad peaks, which do not correspond to the Ti
diffraction pattern were deilected. These peak intensities were higher for the samples
irradiated with higher lluences, which means an increasing concentration of compounds.
According (o the d,,, valucs, this can be assigned to several allotropic forms of TiO and
TigO,s. Nevertheless, there was no coincidence with the d,,, 11 nitride values.

XPS Analysis

The atomic concentration of the surface clements was delermined through XPS analysis
using the calculation method described elsewhere.” Iigh resolution narrow spectra of No,
Tize, O and Cie were laken at different depths,

At the surface, the Ow and Cie signals were wther important. The C existence can be
attributed (0 aunospheric contamination, and can be climinated by ion sputtering showing
that it consists of a very thin layer. ‘The Ouw signal instead, is formed by two contributions:
adsorbed oxigen (B.E. = 532.0 £ 0.1 ¢V) and oxides (B.E. = 530.4 £ 0.1 eV). The former,
like C, is very superticial and can be climinated by a few ininutes of argon sputlering; however,
the latter remain along the whole analyzed depth, The oxigen concentration varied in different
samples between 7 and 14 atomic pereent, depending on the implantation conditions.

In ‘A’ type samples, the atomic concentration of 11 (~48%at.) and N (~43%at.) and
then its concentration ratio N/Ti (~0.9) remain constant throughout the 3000 A deep layer .
analyzed, and for each of the fluences used.

Figure 3 shows (he concentration depth profile for a ‘B’ type implanted sample. The
XPS analysis in this case was carried out deeper within the sample in order to determine
atgmic Percent

W
O e B—a

bl
u]

enr

A
Ti
20
o . , . . .
8] 100 200 300 400 500 [sle1al

Erosion Time {rrun)

FIGURE 3 XPS analysig of the element concentration (alenic pereeit) with dcilll (argon eroston time) for a
B Type implanted sample. One minwle crosion corresponids to approxinately 10 A deptlh.
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TABLE {1 .
Binding encrgies of Titey, and N peaks (eV). Analyzed depth: 2500A
SAMPLE Timmg Nu A (Virnyp—Nuw)
TYPE ‘A7 454.7 197.0 577
TYPE B 454.5 197.0 515
PLURE TITANIUM 4538 199.0 S4.8
the thickness of the implanted region. The N concentration {39%at.), lower than in the A -

sample cases, remains constant over the first 2400 A. Below this depth, the concentration

start to decrease reaching a 28%at. at 5400 A, which corresponds to a N/Ti ratio variation

between 0.75 and 0.5, '
The binding energies of the Tizx,, and N XPS peaks for implanted and non implanted

samples are listed in Table I1. The measured binding energies were the same for A samples,

for ail of the used fluences, remaining the Ni peak in 397.0 £ 0.1 eV along the anatyzed

depth also for any of the used conditions. The chemical shift with respect to the pure

elements indicates the nitride formation and, in Iow guantity, titanivm oxides.

DISCUSSION

The analysis of the ‘A’ type samples (short time implantation pulses) by SEM revealed -
that the surfaces were severely damaged, as a conseyuence of surface melting, This effect,

studied elsewere"” can be explained by the fast energy release of the ion beam pulse, which

is very sensilive to the implantation puise length. This fast energy release provokes a fast g
temperature increase, followed by a fast cooling down through thermal conduction to the
sample’s bulk. This process orginates typical temperature gradients during the heating of
~1500 K/um, and temperature evolution of ~15 K/ns and § K/us during heating and cooling
respectively.’ The 20 second lapse time used between pulses during implantation, is tong
enough to ensure complete thermal relaxation of the sample. Consequently, for samples
with sufficiently large masses, each ion beam pulse will find the surface at rocun temperature,
initiating each time a new thermal cycle.

In fact, XRD measurements confiem the hypothesis of the surface melling because of
the loss of the initiat rolling texture, and the random orientation of the grains after ;
implamation. Besides, the broadening of the XRD peaks can be atiributed to the high *
microstrain concentration® originated by the interaction between the molten region and the
unalTected grains during the cooling. _

Looking at the nitrogen concentration, it can be seen from one side, that itis independent ’
of the fluence in implanted A’ type samples, and on the other, that their values are several '
times higher than those which can be deduced from the used fuences.

The independence of nitrogen concentration with the fluence (in ‘A" type samples) differs
from the results published by Takano ef al.’ in which they show a nitrogen concentration
increasing with the fluence. Nevertheless they work with a fow current, monoenergetic
(60 ke V) ion beam which does not present the Fast heating-cooling process observed in our
pulsed case. The possible reason lor this difference can be attributed to the dilfusion process
induced by the strong temperature gradient generated during implantation.'® This process
can redistribute. in each pulse, the nitrogen implanted in the preceeding ones, inducing
uniformity in the nitrogen concentration profile at least in the irst analyzed 3000 A

A higher nitrogen concentration than the expected for the ion beam fluences used, can
be atributed 10 the specific nature of (he ion beam generation with plasma focus devices.

b

Ve
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The low energy plasma hubble generated during the ion beam acceleration in the focus’
arrivesimmediately alter the ion heam reaching the target whenit is still athigh temperature.
Normally this plasina does not perturb the target surface due to its low energy, as can be
seen in the results of nitrogen implantation in steels.’ Nevertheless, in our case where the
sample material is titanium, the ‘gener’ effect of it over nitrogen provokes the nitrogen
absorption which only will be tinished by its eventual saturation. Successive implantation
pulses (followed in each case by the plasma bubble) will help, by diffusion, the nitrogen
migration deeper into the sample. It can be assumed that the nitrogen concentration will
be as important as the thenmal effect witl hecome upon deepening.

The binding energy of the N peak (397.0 eV) shows a 2 eV chemical shift through
tower energies with respect to the pure element, coinciding with the energy position
corresponding to nitrides of several elements.""

The Tiz,, conserves its naximum at 454.7 eV for each of the ‘A’ type sanples, with a
slightly diminishing value for the ‘B’ type samples (Table II}, where coincidentally, the
nitrogen concentration is lower,

I the transition elements the nitrides, carbides and oxides can exist in a wide range of
stoichiometries, Particularly the TiN, can be obtained with 0.5 € x < 1.1, This variety can
be detennined by the different chemical shifts induced by the different degrees of charge
transfer among both elements.

Porte'? worked onthe systematic XPS study of the energetic positions of TiN, compounds
prepared in a wide range of stoichiometries, n his work he considered the AEb difference
of binding energies between the Tz, and the Ni« photopeaks, as more informative of the
varigtions of the charge transfer. rather than the core-level shift. For the TiN (x = 1)
stoichiomeltry, Allb = 58.3 ¢V, with increasing values for increasing values of x, reflecting
the increase ol charge transier from Ti to N,

For the purpose of stoichiometric identification of the formed compound, we calculate
the AEb values for the “A” and ‘B type implanted sanples. In the fourth column of Tahle
il, the AEb values measured at 2500 A are listed, For the ‘A’ type case, and for each fluence
studied, the good delinition of the Tiy,, peak for different depths, such as the constant
value measured [or AEh, allows vs 10 suppose the existence of a unique sloichiomeltric
compounds TiN,, with x = 0.8. The fact that this coampound is largely found at all depths
analyzed, matches well with the concentration rates N/Ti being constant with depth.

The constant nitrogen concentration (NfUi ~ 0.9} observed for each of the lotally
accumalated tuences used for the ‘A’ type implanted samples, can be explained throughout
the molien layer which, when overheated and with strong thermal gradients, can help the
diffusion process (Soret diffusion) of the nitrogen, from the layers closer to the surface to
deeper levels. This process occurs in each pulse and works on the concentration profile
generated in the preceeding ones,

Also observed was a substoichiometric TiN,, formation, which approaches e TiN
composition, These nitridings are normatly uscd for hard coating deposition," and can be
considered responsible for the obhserved hardening of the surface in our case. In spite of
the thin layer affected by the ion implantation (some order of magnitude as that of the
indentation size left in the microhardened measurement), which means that the measured
microhardened area was aflected by the subsirate, the systematic higher values found
indicate the development of a harder layer. The tendency toward an increase in micro-
hardening with fluence (Table D). in spite of only one substoichiometric nitride formation
and the missing variation in nitrogen concentration, can be atributed indeed (o a possibly
thicker affected layer." This effect of deeper penctration could be the result of the
suecessively induced thermal gradient diflusion processes per pulse, laking into account
the correlation between tal fluence and number of pulses. For the *B’ type case, Figure
4 represents the AED variations with depth. fis value remains constant(57. 5 e V) from surface

—-
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FIGURE4  The difference i hinding cnergies of the Tizy, and N phatopeaks (XPS) for the same sample of
Figure 3, are ploded as a function of depth {argon erosion time). One minute of erosion time curtesponds to
approximately 10 A depih.

to ~2400A . Then it cominuonsly decreases reaching a value of 57.2 eV at ~4200 A depth.

- This behaviouris similar to that of the concentrationratio N/T4, making evident the correlation

between ALED and the stoichiometry. In this case, the AEb values' give a TiN, stoichiometry
with x = 0.7 for the surface layer, decreasing tox = 0.5 for deeper levels.

CONCLUSIONS

In pulsed ion implantation processes in general, the thermal effect is ol great importance
for the final properties of the implanted layers. In the case of the ton beams accelerated in
plasma focus discharges, the plasma bubble generated by the beams, which normally do
not perturb the surface target due to its low energy, can play an important role in getter
materials like titanium. This effect can be seen in our case by the resulling nitrogen con-
centration, well above the levels which can be expected from the ion beam fluences used.

Also, the high temperature and thermal gradients generated in this case, allow for
improvement in the uniformity of the nitrogen concentration, being deeper within the sample
than after low current implantation processes,

On the other hand, nitrogen rich nitridings as high as TiN, , can be obtained with relatively
low implantation fluences. Such nitridings are responsible for surface hardening,

Finally, the correlation observed between the N/Ti concentration ratio and the increasing
x in the stoichiometry of the devetoped TiN, shows the possibility of hardening the surface
layers at deeper levels.

The possibility of combining pulse length (temperature) with fluences, adds an atlractive
perspective for surface modification of materials to the pulsed ion implantation method.
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