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ABSTRACT 
1 5 N implants (E « 40 keV, 4 = 2.101 ions.cm ) into unalloyed 

iron and two steels type 100 C 6 and 42 CD4 at R.T. have been studied by 
15 12 

nuclear analysis using the N(p, ay) C reaction and by Mrissbauer spec
troscopy (CEMS). The relative amounts of nitrides have been followed 
during heat treatments at 250°C. 

The complementarity of these techniques allows to explain the 
evolution of the nitrogen content into implanted zone is controlled by 
the transformation kinetics of the nitrides and not by elementary nitro
gen diffusion process. 

Communication presented at the International Conference on Ion Beam 
Modification of Materials, Grenoble (France), 6-10 Septembre 1982 
(to be published in "Nuclear Instruments and Methods") 
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1. Introduction 

The effectiveness of nitrogen implantation in improving steels me
chanical properties has been well established1 '. This paper reports the 
results of an experimental program to determine the chemical state of im
planted nitrogen in steel samples, the evolution of chemical states for diffe
rent annealing periods and the relationships between these states and the 
whole nitrogen concentration. 

The nitrogen concentration profiles after implantation and after 
each annealing step have been accurately determined from N(a, py) C 
nuclear reaction. This nuclear reaction analysis technique is an excellent 
method for a non-destructive and high depth resolution profile of implanted 
nitrogen. It is the reason of the N choice. 

The chemical state of nitrogen bound to iron has been followed by 
Conversion Electron MSssbauer Spectroscopy (CEMS). This technique is well 
suited for nitrogen implanted layer examination Into steels, because the 
scattered electrons escape mainly from a depth of about 0.1 um below the 
surface. 

2. Experimental procedure 
Dearly cubic samples (12 x 12 x 8 mm 3) of XC06 (0.055 C, 0.205 Si, 

0.075 Cr, 0.390 Mn) iron, 42 CD 4 (0.42 C, 0.24 Si, 1.05 Cr, 0.22 Mo, 
1.11 Mn, 0.013 P) and 100 C6 (1.07 C, 0.24 Si, 1.42 Cr, 0.25 S, 0.28 Hn, 
0.024 P) steels (austenitized at 1120 K, quenched in oil and tempered at 
820 K a;-d 450 K respectively) were implanted after a mechanical polishing 

15 + on one side with 40 keV N ions by using the isotope separator of the 
Institut de Physique Nucléaire de Lyon. The surface finish was then achie
ved by polishing in 1 pm diamond paste. 

17 -2 
All sample were implanted with an ion fluence of 2.10 Cm and 

_2 
current density of 10 uA.cm at room temperature (R.T.) using a water cir
culating device. 

The non destructive (p, cry) resonance-broadening method was applied 
as a probe for the whole nitrogen and to determine the profiles of penetra
tion in the 100 C6 samples after implantation and after each annealing. 
The concentration curves were measured using the narrow Ep = 429 keV 
(r = 0.9 keV) resonance of the 1 5N(p,«>) 1 2C reactionf?) . The (p.y) reso-
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nance yield curves were obtained using <a 
the Y-rays were detected with a 10 x 7, 
resolving power of the method is 4 nm at 
lity was confirmed by repeating some of 

The conversion electron Mossbaue 
using a constant acceleration triangular drivj 
57 Co diffused into a rhodium matrix was set 

|5 MV Van de Graaff accelerator ; 
l'jç'm JjUÉ'(Tl) crystal. The depth-

face and the reproducibi-
•rements. 
|a were measured at R.T. 
which a source of 40 mCi 

The angle between the dis
placement direction of the source and the normal to the surface of the 
sample was 30°. The 7.3 keV conversion electrons were selected and foca
lized by means of magnetic coils on a channel tron detector. This Wssbauer 

(3) 
device has been described by Massenet et al. v ' CEMS spectra were recor
ded at R.T. After a folding to provide a constant background, the data 
were fitted to Lorentzian single line, doublet and sextet shapes using a 
least-squares minimization routine on the I N2 P3 Cyber 750 Computer. The 

57 velocity calibration was made using a Fe enriched foil. 

3. Results 
By evaluating the sputtering yield of the matrix, the form of the 

profiles can be calculated and in the same time, the evolution of the re-
It,5) maining nitrogen dose versus the incident ion fluence • However 

the experimental saturation area density (fig. 1) is smaller than the cal
culated value ; it is probably strongly affected by radiation-enhanced out 
diffusion, atomic mixing and preferential nitrogen sputtering. Practical -

17 -2 ly it is not necessary to overreach a fluence of 2-3 x 10 ions.cm in 
our experimental conditions ; this concentration corresponds, for the maxi
mum of the distributions, to about 34 nitrogen atoms for 100 iron atoms. 
The distribution shape is presented in fig. 2 for different fluences at 

ifi ? R.T. The distribution corresponding to a 10 ions.cm fluence is rather 
well fitted with a gaussian distribution characterized by Rp i- 42 nm and 
ARp "* 30 nm in reasonable agreement with Dearnaley and Freeman' ' and 
Uinterbon's tables "'. 

In fig. 3 the chemical effect of nitrogen implantation into 42 CD4 
is presented. The spectrum obtained with the unimplanted sample consists 
of a six-line pattern corresponding to a single-magnetic interaction charac
teristic of o-iron. After implantation, iron oxides and nitrides are 
formed. The values obtained from the fits for the hyperfine parameters : 
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Isomer shifts (I.S.), quadrupole splittings (Q.S.) and magnetic fields 

(H) are summarized in table I. These parameters are in agreement with 

those previously measured for eFe 2 + xN (Fe2N, Fe 3N) and v'Fe 4N phases* * '. 

A study of isochronous thermal annealing effects has been made 

with the 100 C6 steel sample. The CEM spectra corresponding to the as 

implanted sample and to subsequent annealed samples at 250°C in air for 

1 hour are shown in fig. 4. Again, the nitrogen implantation leads to 

the formation of ere 2 + N and Fe*N phases but with a more Important con

tribution of the non-magnetic Fe~N phase than in the case of 42 CO 4 

steel. This phase disappears after 3 hours of annealing while the Fe.N 

contribution Increases during the 2 first hours of annealing (fig. 5). 

The decrease of Fe,N phase ?s rather low. We have to mention a strong 

oxidation during air annealing. The small content of carbonitride va

nishes after 2 hours of heat treatment. Whereas a very dilute Fe.gN» 

phase appears after 3 hours of annealing. 

The nuclear reaction analysis profiles (fig. 6) show the nitro

gen decrease in the implanted zone of 100 C 6 samples versus annealing 

time at 250°C and in the air. We have to point out the collapse of the 

distribution but without any broadening. In these conditions the variation 

of the total nitrogen content is shown in fig. 7, indicating the existen

ce of a step which importance and position depend on experimental condi

tions, in particular on the fluence. 

Discussion and Conclusions 

In our experimental conditions, the Implantation of nitrogen in 

42 CO 4 and 100 C 6 steels leads to the formation of nitrides. 

Carbucicchio et al.* , for a 38 CD 4 steel implanted with nitrogen ions 
17 -2 

of 30 keV energy and with a dose of 10 Ions.CM , also found the presen

ce of Fe_ + N (0 > x 2 0.3) but furthermore austenite with 10 at. Ï of ni
trogen. On the other hand, they have shown that increasing the implantation 

current increases the nitrogen austenite and decreases the Fe^+x"' T*le 

cooling of our samples during the implantations can also prevent the aus

tenite formation. Another explanation is the residual austenite lack in our 

samples which could be the start of austenite regeneration and growth.. 
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Goode and Baumvol (*5' found that large amounts of Fe^N were formed only 
in sample implanted at low dose rate and low temperature (5 i>A, 46°C). 
The best wear resistance behaviour was observed for the sample showing the 
highest levels of iron nitrides. 

The fact that the nitrogen content in the implanted zone diminis
hes without any broadening of the distribution profile indicates that the 
diffusion process is very rapid and that it is not the slow mechanism which 
leads the kinetic of the nitrogen displacement outside the implanted zone. 
This mechanism has to be searched, at least for a part, in the transfor
mation of nitrides during the anneals. Fig. 5 confirms that for tempera
tures higher than 200°C Fe-N is transformed. In the same time, the 
Y'-Fe«N percentage increases due to the Fe-N transformation in iron sur
roundings. The implanted zone is then thermodynamically stabilized by the 
formation of y'-Fe.N. 

After 2 hours of annealing y'-Fe.N begins to decompose and this 
can be related to the modification in the nuclear reaction analysis profi
les showing the decrease in nitrogen concentration. This chemical trans
formation Fe 2N -* Fe^N could explain the decreasing curve (fig. 7) which 
presents an almost horizontal level from 2 to 3 hours of annealing. This 
delay of nitrogen release is owing to Fe.N formation from Fe ?N. For annea
ling time longer than 3 hours, it would be interesting to see if the re
maining Fe.N nitrides is transformed into austenite, then into martensite 

(131 phase with approximative^ 5% at.N as measured by Longworth and Hartley1 '. 
Carbucicchio et al.' ' observed only a paramagnetic contribution due to 
nitrogen austenite after heating for 24 h at 230°C. The lack of Fe^N can 
be due to the time of heat treatment. Other experiments are now performed 
to explicit the successive activation energy transfoniiations. In the other 
hand, the role of the oxide layer increase on the evolution of the total 
nitrogen content has not been estimated. 

Moreover, the nitrogen content (atS) chemically bound to iron 1n 
the implanted zone of unalloyed iron and 42 CD 4 steel < s smaller than the 
total nitrogen content given by nuclear analysis. This could be explained 
by the fact that in our case, a fraction of implanted nitrogen can form ni
trides with the alloying elements or molecular nitrogen microbubbles which 
cannot be detected by the CEHS technique. Singer and Harday * ' have 
observed such Cr nitrides on the surface of nitrogen implanted steels. 
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It can be seen also that increase of carbon content leads to an increase 

in the total iron nitrides although the ï'-Fe^N relative contribution de

creases. Others experiments with steels containing different chromium 

and carbon additions are necessary to confirm this observation. 

We whish to express our thanks to A. Plantier (IPNL) for carrying 

out the implantations and Pr. P. Guiraldenq (ECL) for helpful discussions. 

Whis work was partially funded by DGRST. 
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FIGURE CAPTIONS 

Figure 1 - Experimental collection curve for 40 keV N 100 C 6. The area 
density of nitrogen retained in the implanted zone versus the 
implantation fluence. 

Figure 2 - Implantation distributions of 40 keV N in 100 C 6 for different 
fluences of nitrogen 

Figure 3 - CEHS spectra of 42 CO 4 steel before (a) and after (b) 40 keV 
17 + ? 

nitrogen implantation (« « 2.101 N .cm ) at. R.T. 
Figure 4 - CEMS spectra of nitrogen implanted 100 C 6 steel 

As implanted (R.T.) (a) 
for sample annealed in air at 250°C during:; h (b), 2 h (c) 
3 h (d) respectively 

Figure 5 - Fractional contributions of y'-Fe.N and c Fe ?N phases versus 
the time of annealing at 250°C 

Figure 6 - N distribution profile in 100 C 6 steel versus the heat treat
ment time at 250°C as determined from the nuclear analysis 

Figure 7 - The area density of nitrogen retained in implanted 100 C 6 steel 
versus the heat treatment time at 250°C deduced from the nuclear 
analysis 



O ù 

s* 
Z UJ 
UJDC 

° 2 
UJUJ 

0.5 

— 1 1 1 

ANNEALING TEMPERATURE 
T r 250°C 

i i i 

0 1 

FIG 7 

10 
ANNEALING TIME Ch) 

FIG 1 

NITROGEN FLUENCE (crn 2 ) 



Depth (nm) 
60 100 150 

- i — 

0 I 
~ 420 

A 10** ions, cm" 

6 10 ions, cm 

• 2 10 ions.cm 

17 - 2 
O 4 10 ions .cm 

430 440 450 
E(keV) 

460 

. 3 0 

J20 . . 
c 
£ 
o o 

p 

10 

FIG 2 



RELATIVE AMPLITUDE 

6> 
u 



- 2 0 2 4 
VELOCITY Cmmsb 

FIG 4 



1 2 
ANNEAUNG TIME (h . ) 

FIG 5 



Nuclear reaction yield (a.u.) 
to U 

''*%*= 

« •* 

6 g 
Nitrogen content (at %) 

8 


