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Modelization of nitrogen diffusion induced by the formation of a surface 
carbonitride layer 

N. Millard-Pinard, N. Moncoffre, H. Jaffrezic, and G. Marest 
Institut de Physique Nucleizire de Lyon, IN2P3-CNRS et Universite Claude Bernard 43, Bd du 11 
Novembre 1918, 69622 Villeurbanne Cedex, France 

Nitrogen implantations were performed into iron at a fluence of 1017 15N cm -2, an energy of 50

keV, a temperature of 150 °C, two vacuum pressures (2X 10-3 and 6X 10-5 Pa), and five 
current densities (6, 18, 24, 40, 60 µA cm-2). Experimental profiles display a preferential 
nitrogen migration towards the surface. In order to interpret the variation of the depth 
distribution shapes versus the pressure and the current density, a calculation model is 
elaborated. This model takes into account the presence of the contamination carbon at the 
sample surface. A comparison between experimental and simulated profiles is presented. An 
interpretation of the carbon role is proposed. The different hypothesis on the nitrogen migration 
mechanisms are reviewed. 

I. INTRODUCTION 

Improvement of tribological properties (specially wear 
resistance) of iron or steels after nitrogen implantation is 
now well established. Some authors attribute this improve
ment to dispersed nitrides inside the matrix, other authors 
to the formation of carbonitrides in the outermost 
layers.1-6 An interpretation of the mechanism by which 
carbon is incorporated from the residual gas into the sam
ple surface has been suggested by Singer.1 In a very recent 
paper we have discussed the carbon diffusion during nitro
gen implantation in iron under different conditions of flu
ences and beam current densities. This study did not take 
into account the carbonitride formation.7 

Nitrogen migration towards the surface when the tar
get temperature is in the range 80-200 •c has been also 
often studied.8-11 However, the mechanism by which nitro
gen atoms migrate preferentially towards the surfa�e com
pared to the bulk is still discussed. In particular Jagielski 
et al 12 have demonstrated that the most likely mechanism 
is a radiation-induced segration in which nitrogen-vacancy 
complexes migrate towards vacancy sinks (the sample sur
face for example). 

In our implantation conditions at the Nuclear Physic 
Institute of Lyon, a strong carbon contamination at the 
sample surface has always been observed and carbonitrides 
have been detected by conversion electron Mossbauer spec
troscopy (CEMS).6•7 These observations suggest that car
bon could play an important role in the increased nitrogen 
precipitation at the surface. Hence, in this paper, we pro
pose a model which takes into account this carbon con
tamination and whose purpose is to simulate the nitrogen 
diffusion towards the surface during implantations at 
150 ·c. 

II. EXPERIMENTAL CONDITIONS 

In order to favor nitrogen migration, nitrogen ions 
were implanted in iron at a controlled temperature of 
150 ·c, with 50 keV energy and at a fluence of 1017 
15N cm -2• Previous studies8 show that in these conditions 

a nitrogen surface peak is clearly distinguished. Moreover, 
at this temperature, the carbon contamination and the car
bonitride formation are enhanced whereas no stable 
nitrogen-rich Fe2N phase is formed. The beam current 
density was varied in the 6-60 µA cm -2 range and the 
implantations were performed under two different vacu
ums: the first one (-2X 10-3 Pa) leads to a high carbon 
contamination level whereas the second one (-6X 10-5 
Pa) is obtained by introducing a cold finger around the 
sample holder. The carbon concentrations were measured 
using nuclear backscattering spectrometry (NBS) with 5.7

MeV a particles. These C concentrations were already 
published (for example: for 24 µA cm-2, C=7.4X 1016 
at cm-2 in the bad vacuum and C=7.2X 1015 at cm-2 in 
the good vacuum). It was verified that the oxygen pollu
tion was negligible.7 Nitrogen depth profiles were deter
mined by using the resonant nuclear reaction 
15N (p,ay) 12C at 429 keV. In order to corroborate the mea
sured nitrogen profiles with the carbonitride formation 
CEMS experiments were performed. 

Ill. EXPERIMENTAL RESULTS 

The nitrogen profiles are presented here after as a func
tion of the vacuum quality during implantation. 
A. High carbon contamination level 

The nitrogen profiles obtained after implantations of 
1017 ions cm-2 at 150 ·c and in a 2X 10 - 3 Pa pressure are 
shown in Fig. 1 for 6, 18, 24, 40, and 60 µA cm-2: current 
densities. These results have been previously presented.7 
The beam current density influences of course the implan
tation duration. These durations were varied within the 
222-22 min range. 

Figure 1 clearly demonstrates the crucial effect of cur
rent density on nitrogen distributions which are divided 
into two parts: a broad peak located at around 70 nm 
corresponding to the TRIM predictions and a surface 
peak. The surface peak is all the more important that the 
current density is low, i.e., the implantation duration is 
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FIG. 1. Nitrogen depth distributions obtained using the 15N(p,ay)12C 
resonant nuclear reaction for the various current densities (<I>= 1017 
N cm-2, E=50 keV, T= 1so•c, P=(2±1) x 10-l Pa). 

long. For example, for 6 µA cm �1, 60% of the implanted 
nitrogen is contained in the superficial peak (as also con
firmed by Mossbauer spectroscopy which indicates the rel
ative abundance of carbonitride phases) whereas for 60

µA cm -2, only 23% of nitrogen atoms have reached the 
surface. The same tendency was observed for S X 106 and 
2X 1017 ions cm-2 fiuences. 

B. Low carbon contamination level 

At the pressure of 6 X 10-5 Pa, the nitrogen depth pro
files were also measured for the 6, 18, 24, and 40 µA cm-2 
current density conditions. The results are presented in 
Fig. 2. For the three lower current density values the dis
tributions are very similar and only display a single peak at 
the very near surface. Such profile shapes were never ob
served in the previous vacuum conditions. At 40 µA cm-2, 
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FIG. 2. Nitrogen depth distributio�s obtained using the 15N(p,ay) 12C 
resonant nuclear reaction for the various current densities (<I>= 1017 
N cm-2, E=50 keV, T= 150 °C, P= (6±2) X 10-5 Pa). 
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FIG. 3. Schematic representation of the different carbon and nitrogen 
species localization inside the implanted zone. 

the surface peak is obvious together with the broader dis
tribution located at 65 nm from the surface. 

From these results the effect of the vacuum quality and 
consequently of the surface carbon contamination on the 
nitrogen profile evolution is clearly demonstrated. 

On the basis of this experimental study, we have elab
orated a calculation model whose purpose is to simulate 
the nitrogen profiles presented above. 

IV. DIFFUSION MODEL 

Let us assume that in irpn, nitrogen and carbon exist 
under two forms: 

( 1) free nitrogen or carbon atoms which we call mo
bile nitrogen or carbon and which are noted Nd or Cd, 

(2) bound nitrogen and carbon atoms which are em
bedded in carbonitride phases. These species are noted Ne 
and Cc, respectively. 

At the relatively low dose of 1017 N cm �2, the nitride 
formation is neglected compared to the carbonitride one. It 
is worth noting that CEMS analysis has identified the car
bonitride compounds as mainly E-Fe2+x(C,N) 
phases. 13-15 

At any depth and at any time, the nitrogen or carbon 
concentrations are 

(1) 

(2) 

During implantation the mobile nitrogen that diffuses 
towards the surface bounds with superficial carbon atoms 
and consequently the mobile nitrogen concentration at the 
surface is equal to 0. Hence a nitrogen concentration gra
dient constantly exists inside the implanted region. This 
process is schematized in Fig. 3.

Let us consider an elementary cylinder having a tu 
length, a unit section, and consequently a tu volume. 16 

The variation of the total nitrogen amount inside the 
cylinder during the At time is 

(3) 
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FIG. 4. Schematic representation of the incoming and outgoing nitrogen 
fluxes through an elementary cylinder. 

JN and JN(x+�> being the incoming and outgoing nitro-x 
gen fluxes as illustrated in Fig. 4.

Now, 

(4) 

where JN is the flux of mobile nitrogen and F(x) is the dx 
contribution of nitrogen brought by implantation. The out
going nitrogen is obviously mobile, hence 

JN(x+�) =JNd(x+Ax) 
and then 

l::.CNl::.x= (JN -JN )l::.t+F(x)J::.xl::.t. dx d(x+Ax) 

(5) 

(6) 

JN - JN being the variation of the mobile nitrogen dx d(x+Ax) 
flux inside the cylinder, one can write 

azcNa 
J:N -JN = DN !i:T J::.x.dx d(x+t1x) ax (7) 

since JNd = - DN acN;ax, where DN is the nitrogen dif
fusion coefficient ( cm2 s - 1). 

Consequently 

acN a2cNd 
dt=DNaT+F(x). (8) 

Taking into account the surface sputtering, F(x) is 
expressed as 

F(x) i (x-RPN-a<l>)z 
{2;!::.RPN exp 

2(1::.RPN)2 (9) 

where i is the number of impinging ions per cm2 and per 
second (i = 6.25 x 1012 j where j is the current density in 
µA cm -2), RPN is the projected range of nitrogen ions 
(RPN = 57 nm at 50 keV in iron), <P is the implanted flu
ence at a certain time t and a<P (g cm-2) is the sputtered 
depth, a being the sputtered mass per incident ion. After a 
total implanted fluence <P0, the surface shift is a<Po and a<P 
(nm) =7.39X 10-4Yjt, Y being the sputtering yield. 

If we assume that the kinetics of carbonitride forma
tion is of the first order in comparison with CNd and 
Cc , it can be written d 

(10) 

( 1 1) 

with kN and kc (cm3 s-1) defined as the velocity constants 
of carbonitride formation relative to nitrogen and carbon, 
respectively. 

Thus from Eq. ( 1), 

acN acNd acNc 
a;-=-at+-at· (12) 

ace aced accc 
ar=ai+-at • 

(13) 

then from Eqs. ( 12), (8), and (10), 

aCNd azCNd 
-at=DN7JXZ-kNCNpcd+F(x). ( 14) 

Moreover, assuming that carbon atoms are distributed 
according to a thin Gaussian shape at the near surface and 
that the rate of incoming atoms is U0 (at cm-2 s-1) 

G(x) U0 (x-a<P)2 
ji;aR exp 

2 (tiR )2 '1r Pc Pc 
(15) 

where tiRPc is the straggling of the carbon distribution. 
Thus 

aced a1ccd 
ai=DcifX2-kcCNFcd+G(x), ( 16) 

De being the carbon diffusion coefficient. 
The system constituted by the four following equations 

was resolved by a NAG routine: 

aCNc 
-at=kNCNFcd' 

accc 
-a1=kcCNdCca• 

acNd a1cNd 
at=DN ax2 -kNCNpcd+F(x), 

aced a1ccd 
ai=Dc7fX2-kcCNPcd+G(x). 

V. COMPARISON BETWEEN THEORETICAL AND 
EXPERIMENTAL PROFILES 

This model being established, it has been used to de
termine theoretical profiles with parameters corresponding 
to the experimental conditions: 

<P=l017 N cm-2, E=SO keV, T=IS0°C in the two 
different vacuum pressures (2X 10-3 and 6X 10-5 Pa) and 
the four different current densities ( 6, 18, 24, 40, or 60 
µA cm-2). 
A. High carbon contamination conditions 

The experimental (empty symbols) and theoretical 
(full symbols) nitrogen profiles together with the carbon 
distributions deduced from the fits are shown in Figs. 5 and 
6 for the different current density values j. 
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FIG. 5. Simulation of experimental profiles obtained in the high carbon 
contamination conditions, <1>= 1017 N cm-2, T= 150°C: (a) 6 µA cm· 2, 
U0= 1.3X1012 atcm··2s-1, N/C=7; (b) 18 µAcm-2, U0=2.2X1012 
atcm-2s-1, N/C=16; (c) 24 µAcm-2, U0=3.4X1012 atcm-2s-1, 
N/C= 14. The other parameters are fixed: DN=Dc=3X10-15 cm2 s-1, 
kN=2.6x 10-23 cm3 s-1, kc=0.5X 10-23 cm3 s-1, Y=0.7. 

For the three lower beam current densities (6, 18, 24

µA cm-2) good fits are obtained with the parameter values 
reported in the figure caption. The following parameters: 
DN, De, kN, kc, and Y were maintained. constant, 
whereas only U0 was varied from one fit to another. It is 
worth noting that kc is smaller than kN indicating that the 
precipitates are nitrogen-rich carbonitrides. Indeed, Moss
bauer spectroscopy measurements have detected magnetic 
components corresponding to Fe2.55 CCo.osNo.92) 
precipitates. 17 The increase of U0 as a function of j can be 
understood since the carbon diffusion is all the more im
portant when the j value is high, i.e., the implantation 
duration is short. 

For 6 µA cm -2, the theoretical N/C ratio is equal to 7, 

i.e., that 1.3X1016 C cm -2 can diffuse. As experimentally 
the total carbon concentration has been evaluated to be 
1.8X 1017 at cm-2 (Table I) we assume that for a low 
beam current density a large amount of carbon contami
nation is not radiolyzed and therefore does not diffuse. 
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FIG. 6. Simulation of the experimental profile obtained in the high car
bon contamination conditions for 60 µA cm-2, <l>= 1017 N cm·-2, 
T= 150°C. (a) same fixed parameters than for 6, 18, and 24 µAcm-2 
with U0=3.4X 1012 at cm-2 s-1, N/C=47; (b) higher diffusion coeffi

cients and velocity constants of carbonitride formation U0=2.0X 1012 
atcm-2s-1, N/C=58, DN=Dc=9X10-15 cm2s·-1, kN=50x 10-23 
cm3s-1, kc=4x10-23 cm3s-1. 

Identical observations are available for the 18 and 24

µA cm -2 current densities as shown in Table I. 
The fit performed with the same fixed parameters for 

the profile obtained at 60 µA cm-2 is not satisfactory [Fig. 
6(a)]. Obviously nitrogen is more mobile than simulated._ 
This enhanced mobility could be due to a temperature raise 
of the near surface which could accelerate nitrogen and 
carbon diffusion and favor carbonitride formation. One can 
note that for this high j value the global sample tempera
ture is probably increased but this increase is not observed 
due to the unperfect thermal contact between the sample 
and its holder. For this reason, the DN, De, kN, kc pa
rameter values were increased [Fig. 6(b)] to significantly 

TABLE I. Measured or calculated parameters (rate of incoming carbon 
atoms U0 , remaining nitrogen dose N, theoretical N/C ratio, mobile 

carbon amount, and total carbon amount) corresponding to nitrogen 
implantations in the high carbon contamination conditions as a function 
of the current density. 

Current density 6 18 24 60 
(µAcm-2) 

U0 , (atcm-2s-1} l.3X 1012 2.2x 1012 3.4Xl012 2.ox 1012 
Remaining dose N 9.1x1016 s.8x 1016 9. 1x 1016 LOX 1011 

(at cm-2) 
Theoretical ratio N/C 7 16 14 58 
Mobile carbon amount 1.3X 1016 s.sx 1015 _6.5Xl01s 1.7X 101s 

(at cm�2) 
Total carbon amount l.8X 1017 1.I x 1011 7.5X 1016 1.8X 101s 

(atcm-2) 
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FIG. 7. Simulation of the experimental profiles obtained in the low carbon contamination level, <I>= 1017 N cm-2, T= 150 °C: (a) 6 µA cm-2, 
T= l50°C, U0= 1.5X1011 atcm-2s-1, N/C=20; (b) 18 µAcm-2, U0=0.5Xl012 atcm-2 s-1, N/C=4 1; (c) 24 µAcm-2, U0=0.8Xl012 
at cm-2 s-1, N/C=40. The other parameters are fixed: DN=35X 10-_is cm2 s-1, Dc=S.OX 10-15 cm2 s-1, kN=S .Ox10-23 cm3 s-1, kc=O.SX 10-23 

cm3 s-·1, Y=0.7. 

improve the fit. From the increase of the DN diffusion 
coefficient it is possible to evaluate the temperature raise 
using the Arrhenius law: DN= D0 exp(-E/kT) if we as
sume, as it will be proposed in the discussion, that nitrogen 
migrates towards the surface bound with vacancy clusters 
which activation energy is 1.28 eV.18 With this value the 
new parameter would correspond to a temperature raise of 
24 degrees. In this new fit U0 was also changed to 2X 1012

at cm-2 s-1• This lower value can be justified by an in
crease of the carbon sputtering at 60 µA cm-2 and thus the 
amount of free carbon is diminished. Indeed, the unbound 
carbon concentration ( l.7X 1015 at cm-2) estimated from 
the theoretical N/C ratio equal to 58 is very weak and 
Mossbauer data from the literature17 show that carboni
trides are carbon poorer than the phases produced at 6

µA cm-2• 
It is worth noting that at 60 µA cm-2, the nitrogen 

distribution around RP is narrower than theoretically pre
dicted. The fact that nitride formation.is not considered in 
our model could explain this disagreement. For long im
plantation durations, the nitrogen concentration at the top 
of the Gaussian distribution is lower since the diffusion 
process has time to occur. On the contrary for high beam 
current densities, the diffusion time is diminished and con
sequently a larger amount of nitrogen atoms are immobi
lized around RP' However, on each side of this high nitro
gen concentration zone, implanted atoms remain mobile 
and by diffusion contribute to the growing of surface car
bonitrides and nitrides located in the central peak. Such a 
narrowing of nitrogen profiles has already been pointed out 

by Barnavon et al. for nitrogen-implanted samples after 
post-annealings under vacuum.19 

B. Low carbon contamination conditions 

A second set of experiments was performed in the 
cleaner vacuum. The experimental and theoretical nitrogen 
profiles together with carbon distributions deduced from 
the fits are displayed in Fig. 7 for the 6, 18, 24, and 40 
µA cm -2 beam current densities. At this pressure, the re
maining nitrogen dose is about 6.1X 1016 at cm-2 instead 
of 9.2 X 1016 at cm -z in the high carbon contamination 
level (Table I). Since this nitrogen loss is not taken into 
account in our model, it could explain the relative quality 
of the fits. 

For the three lower j values the experimental profiles, 
almost similar, are again fitted by varying U0 only. Nitro
gen and carbon diffusion coefficients ( DN and De) have 
larger values than when the contamination level is high. In 
this last case, the low value of De is justified by the abun
dant amount of carbon (and oxygen) atoms which slow 
down the carbon diffusion. With regard to nitrogen atoms 
as their outdiffusion is not considered in our model, the DN 
increase seems to be due to an enhanced diffusion. The 
larger calculated DN value is certainly artificial. 

Like for implantations performed in high carbon con
tamination conditions, mobile carbon concentrations ob
tained from theoretical N/C ratios are always less than the 
total carbon concentrations deduced from NBS measure
ments (Table I). However, as these values are weak it 

5



Acc
ep

te
d 

M
an

us
cr

ip
t

would be dangerous to speculate about them. 
For 40 µA cm -2 the experimental nitrogen depth dis

tribution is narrower than the theoretical one as it· was 
observed for the high contamination conditions at 60 
µA cm -2• Again the narrowing of the peak can be ex
plained by a nitride formation which reduces the nitrogen 
atom diffusion process. Since the existence of these nitrides 
is not taken into account in our model, this could explain 
the change in the DN, De, kN, and kc adjusted values. 

VI. DISCUSSION

The nitrogen diffusion coefficient values introduced in
the different simulations are always in the range 3 X 10-15 
to 3.5X10-16 cm2 s-1. Now, from the literature20 the in
terstitial diffusion coefficient of nitrogen in a iron at 150 °C 
is equal to l . lXl0-12 cm2 s-1• From these data we can 
assume that nitrogen atoms do not only migrate according 
to an interstitial diffusion mechanism. 

To explain this nitrogen diffusion towards the surface, 
several hypothesis have already been proposed. We will 
remind them briefly. 

(i) Piette18 interprets the surface peak as a result of a 
fast nitride precipitation due to the presence of a large 
vacancy concentration near the surface. Nitrogen atoms 
could be trapped by vacancy clusters and these formed 
complexes could initiate the iron nitride precipitation. This 
model confers an essential role to vacancies in the nitride 
precipitation but these vacancies are not necessary in the 
nitrogen migration process since the author assumes that 
nitrogen atoms diffuse interstitialy in iron. Moreover, Pi
ette does not explain why vacancies are concentrated in the 
near surface region and why these defects do not annihilate 
at the surface itself. 

(ii) A theoretical model based on a coupling between 
the impurity and defect fluxes has been proposed by Ran
gaswamy et al. 21 Nevertheless taking into account the ni
tride formation, the authors by this model did not well 
reproduce the experimental depth profiles obtained by 
Moncoffre et al. 8 and Singer et al. 3 

(iii) With Jagielski12 we propose that the nitrogen re
distribution is due to the radiation-induced segregation 
mechanism in which nitrogen atoms migrate bound with 
vacancies (so called Miller's pairs22) towards the sample 
surface. To justify the diffusion of Miller's pairs, the au
thors assume the existence of a large vacancy concentra
tion gradient in the implanted zone implying a superficial 
vacancy concentration equal to zero, 12 the vacancy annihi
lation at the surface being due to the rearrangement of the 
outermost atomic layer. 

Our model is based on the existence of a nitrogen con
centration gradient inside the sample with mobile atoms 
and bound atoms in the carbonitride phases. However, it 
does not discuss the mechanism itself of nitrogen migra
tion. In fact, we comfort the Miller's pairs formation hy
pothesis but it is likely that nitrogen does not migrate un
der this form only. Indeed the nitrogen diffusion coefficient 
at 150 °C is found rather small (DN= 16X 10-13 cm2 s -1) 
deduced from our fits. Hence nitrogen diffusion could be 

due to two coexisting mechanisms: interstitial diffusion of 
N atoms, migration of Miller's pairs. 

The migration of Miller's pairs is not a unique .mech
anism in which the redistribution of nitrogen atoms may be 
due to the radiation-induced segregation. Another possibil
ity which can be involved is the formation of mixed dumb
bells (i.e., complexes of nitrogen and self interstitial 
atoms).23 Nitrogen atoms would diffuse complexed with 
interstitial iron atoms. However, our results do not allow 
us to discuss in detail this question. 

Moreover, the intense compressive stresses induced by 
the implantation process could be also a driving force act
ing on nitrogen atoms. 

In conclusion, in this paper, we have shown that nitro
gen depth distributions after implantations at 150 °C in two 
different vacuums and with various current densities are 
correctly described taking into account: the existence of 
carbon contamination at the sample surface, the formation 
of carbonitrides, the presence of a nitrogen concentration 
gradient inside the implanted region. 

The various hypothesis proposed to explain the nitro
gen diffusion mechanism have been reviewed. Concerning 
the enhanced precipitation of nitrogen atoms at the sur
face, we have proposed as an explanation the carbonitride 
formation. However, the trapping of nitrogen by vacancy 
clusters has also to be considered. 

ACKNOWLEDGMENTS 

The authors would like to thank sincerely Professor J. 
Tousset who has initiated the calculation model for his 
competence. We wish him a nice retirement. We also thank 
J. Jagielski for interesting and helpful discussions and A. 
Plantier who performed the implantations. 

11. L. Singer, J. Vac. Sci. Technol. A 1, 4 19 ( 1983).
21. L. Singer, Appl. Surf. Sci. 18, 28 ( 1984) . 
31. L. Singer, Vacuum 34, 853 ( 1984) . 
4C. A. Dos Santos, M. Behar, and I. J. R. Baumvol, J. Phys. D 17, 55 1 

( 1984). 
5M. Iwaki, Mater. Sci. Eng. 90, 263 ( 1987).
6G. Marest, Defect and Diffusion Forum 53-58, 273 ( 1988), and refer

ences herein. 
7N. Millard-Pinard, H. Jaffrezic, G. Marest, N. Moncoffre, and J. Tous

set (unpublished). 
8N. Moncoffre, G. Hollinger, H. Jaffrezic, G. Marest, and J. Tousset, 

Nucl. Instrum. Methods B 7-8, 177 ( 1985).
9B. Rauschenbach, Nucl. Instrum. Methods B 15, 756 ( 1986) . 

10G. Terwagne, M. Piette, F. Bodard, and W. Moller, Mater. Sci. Eng. A 
115, 25 ( 1989). 

11 J. Jagielski, G. Gawlik, A. Podgorski, A. Turos, A. Dygo, and N. Madi, 
Phys. Status Solidi A 112, 343 ( 1989).

12J. Jagielski, N. Moncoffre, G. Marest, L. Thome, A. J. Barcz, G. Gaw
lik, and W. Rosinski (unpublished). 

13 R. Frattini, G. Principi, S. Lo Russo, B. Tivernon, and C. Tosello, J. 
Mater. Sci. 17, 1683 ( 1982).

14G. M. Chen, N. K. Jaggi, J.B. Butt, E. B. Yek, and L. N. Schwartz, J.
Phys. Chem. 87, 5326 ( 1983).

15S. M. M. Ramos, L. Amaral, M. Behar, G. Marest, A. Vasquez, and F. 
C. Zawislak, Mater. Sci. Eng. A 115, 3 1  ( 1989).

16Y. Adda and J. Philibert, (Presses Universitaires de France, Paris 
1966). 

17D. Firrao, G. Principi, M. Rosso, and R. Frattini, Proceedings of the 
International Conference on the Applications of the Miissbauer Effect, 
1982, p. 2 18. 

6



Acc
ep

te
d 

M
an

us
cr

ip
t

18M. Piette, Diplome de Doctorat, Universite Notre-Dame de la Paix, 
Namur, 1990. 

19Th. Barnavon, H. Jaffrezic, G. Marest, N. Moncolfre, J. Tousset, and S. 
Fayeulle, Mater. Sci. Eng. 69, 531 (1985). 

20J. R. G. da Silva and R. B. McLellan, Mater. Sci. Eng. 26, 83 (1976). 

21 M. Rangaswamy, D. Farkas, and H. L. Sobel, Nucl. Instrum. Methods 
Phys. Res. B 19/20, 196 (1987). 

22 A. D. Le Claire, J. Nucl. Mater. 69/70, 70 (1979). 
23P. N. Dederichs, C. Lehmann, H. R. Schober, A. Scholz, and R. Zeller, 

J. Nucl. Mater. 69/70, 176 (1978). 

7


