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Effects of Xe post-bombardment on carbonitrides produced in a low-carbon 
nitrogen-implanted steel 

M. Behar, L. Amaral, S. M. M. Ramos, A. Vasquez, and F. C. Zawislak 
InstitutodeFYsica. UFRGS. 91500 Porto Alegre. RS. Brasil 

(Received 13 February 1990; accepted for publication 22 June 1990) 

The effects of Xe bombardment on carbonitrides produced by N implantation in a low-carbon 
steel are studied via conversion electron Mossbauer spectroscopy and nuclear reaction analysis. 
The results show two main features: dissolution and reprecipitation of the produced 
carbonitrides and modification of the thermal behavior of the precipitates. Recently we have 
performed similar experiments bombarding samples of the same steel with He and Ar. 
Comparison of the experiments shows that irradiation with Ar ions provides the best retention 
of carbonitrides at 450·C. On the other hand, irradiation with Xe ions to the same dpa level is 
most effective in producing the dissolution and reprecipitation process. 

I. INTRODUCTION 

Nitrogen implantation is presently a well-known pro
cess commonly used by many laboratories and industries in 
order to improve the tribological properties of steels. 1,2 On 
the other hand the effects caused by ion bombardment on 
nitrides and carbonitrides (produced by ion implantation) is 
a subject that has received much less attention. During the 
last four years we have performed a systematic study of the 
effects produced by alpha and by Ar bombardment of ni
trides and carbonitrides precipitates produced in Fe,3 in low 
carbon4

•
5 and in carbon-Cr6 steels. Two important features 

have emerged from our work: (a) The ion implantation af
fects the thermal behavior of the carbonitrides present in the 
sample, raising their dissolution temperature; (b) ion irra
diation produces, in most cases, dissolution and reprecipita
tion of the carbonitrides. Despite these common general fea
tures, each of the systems studied also has shown its own 
peculiar characteristics. In fact, the amount of retained car
bonitrides strongly depends on the type of ion used for irra
diation. However, the highest temperature at which the pre
cipitates are still retained seems to be only a function of the 
composition of the implanted matrix. On the other hand, the 
dissolution and reprecipitation processes are strongly relat
ed to the type of ion used, the kind of carbonitride phase 
being irradiated, and the composition of the matrix in which 
the precipitates have been formed. 

Our previous works have left several open questions. It 
is not clear if the mass of the bombarding ion is the only 
relevant parameter in the retention of the carbonitrides dur
ing high temperature aging. It seems that the damage creat
ed by the implantation process is not the unique feature in
fluencing the dissolution and reprecipitation process. For 
the same displacement-per-atom (dpa) fluence, we have ob
tained quite different results using He or Ar as the bombard
ing ion. Moreover, it appears that the matrix composition 
also plays an important role in this last phenomenon. 

In order to answer some of the above questions, we have 
undertaken the present work. Here, we report results of Xe 
irradiation of carbonitrides produced by N implantation in a 
low-carbon steel. The precipitates formed during Xe ion ir
radiation have then been subjected to various thermal treat
ments. The characterization and evolution of the precipi-

tates have been followed in each stage using 57Fe conversion 
electron spectroscopy (CEMS). In addition the nitrogen 
depth profiles for implanted and annealed sample were mea
sured using the Nuclear Reaction Analysis (NRA) tech
nique. 

II. EXPERIMENTAL PROCEDURE 

Samples obtained from industrial ingots of 1020 low
carbon steel (0.2 C: 0.9 Mn, wt %) were mechanically pol
ished and then implanted at the ion implantor of the Insti
tute of Physics, Porto Alegre. The N2-t ions have been 
implanted at 140,80, and 40 keY in order to obtain a plateau 
in the ion distribution with depth from near the surface up to 
approximately 2000 A. Typical fluences were 6 X 1016 

N2/cm2 and the N concentration at the plateau was around 
40 at. %. The Xe irradiation was done using an ion energy of 
500 ke V corresponding to a projected range of 652 A,7 there
fore leaving the Xe particles in the N-implanted region. The 
samples were studied as a function of the Xe fluence in the 
1014_10 16 Xe/cm2 range. The current density during the N 
and Xe implantations was always less than I /-lA/cm2 in 
order to avoid heating of the samples. In addition during the 
implantation process the sample was cooled in order to be 
kept at 20°C. 

Two types ofN2+ implanted samples were studied. One 
type which was first Xe irradiated and then annealed at 
400 ·C, will be referred to as the [ 1020 N (Xe, 400) ] sample. 
The other type, which was first annealed at 400 ·C and then 
irradiated with Xe, will be referred to as the [1020 N (400, 
Xe)] sample. These and further anneals at 450·C and 
500 °C were performed in a vacuum of better than 10 - 6 Torr 
for 1 h each. All the Xe irradiations were performed at room 
temperature. 

The CEMS data were obtained in a backscattering ge
ometry. A proportional counter in which He-5% CH4 was 
allowed to flow was added to a conventional constant accel
eration Mossbauer spectrometer. The 1.~ keY K-converSlon 
and 5.6 keY Auger electrons are excited by the 14.4 keY r 
radiation from a 57CO radioactive source in a Rh matrix. In 
addition, the N depth distributions were profiled through 
the 14N (p,r) 150 reactionH in the as-implanted condition 
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TABLE I. "Fe Mii""h,.uer parameters obtained from the least square fit to the present data. H" H" H" and H. are the sets of characteristic magnetic fields 
corresponding to Fe. f-Fe. , . (C,N l. f-Fe,. (C, N), and O-Fe, (C,N), respectively and Q, and Q, are the characteristic quadrupole splitting corre,ponding to 

.-Fe. (C,N) and f-Fe. (C."I). The isomer shift tJ is given relative to Fe metal at room temperature. 

Fe 

f-Fe ...• 1C,N) 

!i-Fe,(C.N) 
f-Fc,IC,N) 

H 
(kG) 

331 ± 3 

279 ± 4 

218 ± 4 
\33 ± 5 

238 ± 3 

298 ± J 

198 ± 5 

H, 

H, 

Q-

H, 

H. 
Q, 

and after post-irradiation annealing. The y-rays were detect
ed using a 3' X 3' Nal(Tl) scintillator detector. 

III. RESULTS 

Well-characterized nitrides and carbonitrides formed 
by standard techniques in different kinds of steels have been 
extensively investigated via Mossbauer spectroscopy. As a 
consequence their characteristic hyperfine parameters (in
ternal magnetic field H, isomer shift 15, and quadrupole split
ting AEQ ) are nowadays well established. Table I shows the 
parameters used in the present work which agree with those 
published previously.: Tables II and III display the normal
ized CEMS spectrum areas for the martensitic phase and the 
carbon it ride precipitates present in each sample at various 
stages of the experiment. 

A. 1020 N (Xe, 400) sample 

The CEMS spectrum of the N / implanted sample is 
shown in Fig. 1 (a). In addition to the characteristic sextet of 
the mllrtensitic phase. the spectrum also displays a quadru
pole doublet typical of (; or E-Fe2 (C,N), plus a minor contri
bution from 8-Fe1 (C,N). As is wen discussed in the litera
ture4 it is not possible to distinguish, only via Mossbauer 
meaSHfements, betwcm E and S nitrides or carbonitrides. 

- 0.06 ± 0.Q2 
0.76 ± 0.02 

0.32 ± 0.02 

tJ 
(mm/s) 

0.01 ± 0.Q2 

0.27 ± 0.05 

0.25 ± 0.02 
0.43 ± 0.04 

0.31 ± 0.02 
0.24 ± 0.04 

0.45 ± 0.02 
0.40 ± 0.02 

However, results from small-angle x ray diffraction experi
ments performed on similar systems2 have shown that car
bonitrides are always formed whenever a carbon steel is N 
implanted. Moreover, it was argued in Refs. 9 and 10 that 
this situation occurs whenever a N implantation is per
formed on a carbon steel. Therefore, in what follows we as
sume that our sample contains carbon it rides, rather than 
nitrides in particular E-Fe2 (C,N) precipitates. 

The Xe irradiation to a fiuence of 2.5 X 101" atoms/cm2 

considerably changes the CEMS spectrum, as shown in Fig. 
1 (b). The new spectrum shows a drastic dissolution of the 
E-Fe2 (C,N) and a formation of E-Fe2 + x (C,N) carboni
tride 2 (with x < I). Table II shows that the amount of E

Fe2 (C,N) was reduced from 48% to only 8%. Dissolution 
feature is also observed for the 8-Fe,(C,N) precipitate 
which after the Xe irradiation is reduced to about 50% of its 
original amount. 

The subsequent annealing of the sample at 400 °C pro
duces a complete dissolution of the E-Fe2(C,N) and 
E-Fe2 + x (C,N) compounds and a formation of a 
E-Fe] 2 (C,N) carbonitrides-see Fig. 1 (c). At this stage, a 
significant part of the total CEMS area (55%) still corre
sponds to carbonitrides. However, annealing at 450°C dras
tically reduces the precipitate concentration to only 5%- as 

TABLE II. Normalized CEMS spectral areas (in %) of carbonitride precipitates for [1020 N (Xe,400) J sample irradiated at 2.5 X 10" Xc/cm- fluence. 
Typical errors are ± 5%. 

Precipitates 
Fe 

Matrix f-Fe,(C,N) 

Sample 

1000+N 0.35 0.48 
Xe(2.5X: 10") 0.40 0.08 
400'C 0.45 
450°C 0.95 
500 'C 1.00 

4488 J. Appl. Phys .. Vol. 68, No.9. 1 November 1990 

f-Fe, 2 (C,N) 

0.46 
0.05 

f-Fe, , ,(C,N) 

0.40 

{;I-Fe,(C.N) 

0.17 
0.12 
0.09 
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TABLE III. Normalized CEMS spectral areas of carbonitride precipitates annealed and irradiated with different Xe ftuences. The six samples have been 
initially equally N implanted and annealed at 400 'c [1020 N (4oo,Xe) J samples. Typical errors are ± 5%. 

Precipitates 

Sample 

1020 + N 
4oo"C 

Sample 1 
Xe( 10'4) 
450'C 

Sample 2 
Xe(8X 10'4) 

450"C 

Sample 3 
Xe(IOI.') 
450'C 

Sample 4 
Xe(2.5 X 10") 
450"C 

Sample 5 
Xe(5X 10") 
450'C 

Sample 6 
Xe( 10") 
450'C 

Fe 
Matrix 

0.35 
0.53 

0.54 
1.00 

0.55 
0.97 

0.45 
0.94 

0.37 
0.61 

0.42 
0.87 

0.43 
0.92 

E-Fe,(C,N) 

0.48 

shown in Fig. I (d). Finally annealing at 500 ·C dissolves all 
the carbonitrides present in the analyzed region. 

B. [1020 N2 + (400, Xe)] sample 

The 400·C anneal of the N 2+ implanted sample pro
duces: a complete dissolution of the E-Fe2 (C,N), a partial 
one of the O-Fe3 (C,N) carbonitride and a formation of 
E-Fe32 (C,N) precipitates-see Fig. 2(a) and Table III. 

Irradiation of the above specimen with Xe ions to a dose 
of 2.5 X 1015 at/cm2 (sample 4) changes completely the 
CEMS spectrum as shown in Fig. 2(b) and described by 
Table III. The E-Fe3 .2 (C,N) precipitate has been completely 
dissolved and reprecipitated into E-Fe2 +x (C,N) (x < I). 
On the other hand, the O-Fe3 (C,N) carbonitrides remains 
stable. The data of Table III shows that variation in the Xe 
bombarding fiuence between t/J = 1014 Xe/cm2 and 1010 Xe/ 
cm2 does not produce any further effect on the reprecipita
tion process. 

The subsequent 450°C annealing of sample 4 produces a 
complete dissolution of the E-Fe2 + x (C,N) carbonitrides 

4489 J. Appl. Phys., Vol. 68, No.9, 1 November 1990 

E-Fe" (C,N) E-Fe, ,,(C,N) 

0.36 

0.38 

0.36 
0.03 

0.42 
0.06 

0.46 
0.35 

0.43 
0.13 

0.43 
0.08 

0.17 
0.11 

0.08 

0.09 

0.13 

0.17 
0.04 

0.15 

0.14 

and reformation of the E-FeJ2 (C,N) phase, as is shown in 
Fig. 2(c) and Table III. At this stage the CEMS spectrum 
shows that there is a considerable amount of carbonitrides 
present. Further annealing at 500 ·C completely dissolves all 
precipitates. 

An inspection of Table III shows that the retention of 
the carbonitrides at 450 ·C strongly depends on the previous 
Xe-implanted fluence. In fact, for the lowest fluence (sample 
I) there is no retention at all. With increasing fluence the 
amount of retained carbonitrides increases (samples 2 and 
3). A maximum is reached at 0.5 at. % (sample 4) and then 
for the remaining Xe fluences (samples 5 and 6) there is a 
continuous decrease in the amount of retained precipitates. 

The nitrogen evolution during different stages of the ex
periment was followed by the N.R.A. technique. The as
implanted profile of the N implanted sample ( 1020 + N) is 
shown in Fig. 3. The ion distribution ~<les from near the 
surface up to around 2000 A and the plateau concentration is 
around 40%. A subsequent anneal performed at 450·C pro
duces a nitrogen diffusion from the plateau region and con
sequently drastically reduces the particle concentration to 

Beharetal. 4489 
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FIG. \. '7 CEMS spectra measured at room temperature for 1020 steel (a) implanted with N; , (b) same ~s (a) after Xe post-bombardment with 
,p = 2.5 X 10" Xc/em'. (c) same as (b) after annealing at 400 'C for I h. (d) same as (c) after annealing at 450 C for I h, 

less than 10%-[ (1020 + N) + 450°C] profile. Instead, 
similar annealing of a previously Xe-irradiated sample 
[ ( 1020 + N) + Xe + 450°C 1 produces a much smaller re
duction in the N concentration, as can be observed from the 
figure. This behavior certainly should be attributed to the 
presence of Xe in the N-implanted region. 

I 

~ 1.022 

1000 

~~--L_---'J 

FIG, 2, "Fe spectra measured 
at room temperature for 1020 
steel a) N, implanted and an
nealed at 400 'C for I h, b) 
same as (a) and irradiated with 
,p = 2,5x 10" Xe/em', e) 
same as (b) after annealing at 
450 'C for I h, 
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IV. DISCUSSION 

The Xe irradiation of the carbonitrides formed by N 
implantation in the 1020 carbon steel produces two main 
features: (i) dissolution and then reprecipitation of the car
bonitrides; (ii) modification of the thermal behavior of the 
precipitates. These features are going to be discussed sepa
rately. 

A, Dissolution and reprecipitation 

Table II shows that for ifJ = 2.5x 10 15 Xe/cm2 (which 
corresponds to 50 dpa) there is drastic dissolution of the 

~ 30 

z 
20 

10 

! 1020 + N I 

/'-" . 
/ " 

/' 
[(1020. N 'X,I+450'C I 

1----" 0 / -,"--

tJ~.-.- "':Oo"i':"' 
t· / ........ _________ 1 ! 

500 1000 1500 

DEPTH (AI 

I 
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FIG, 3. Nitrogen profiles obtained through the NRA technique, 
[ 1020 + N 1: as implanted profile of the N implanted sample, 
[( 1020 + N) + 450) 1: same as before and annealed at 450 T, 
[ ( 1020 + N + Xe) + 450 'C 1: profile of a nitrogen implanted sample. Xe 
post-bombarded and further annealed at 450 'C 
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FIG. 4. Normalized CEMS subspectraJ areas corresponding to one (H'), 
two (H'), and three (Hl) near neighbors to iron atoms at different Xe 
fluence. The lines are drawn only to guide the eye. 

e-Fe2 (C,N) carbonitrides and reprecipitation of the 
e-Fe2+ x (C,N) phase. 

On the other hand, analyzing the Xe irradiation data of 
the e-Fe]2 (C,N) carbonitrides, it is possible to observe that 
already for the lowest dose (corresponding to - 1 dpa) there 
is a complete e-Fe32 -> e-Fez + x (C,N) transformation. The 
e-Fe2 j x (C,N) carbonitrides have an hcp crystal structure 
where C and N are interstitial nearest neighbors (nn) to the 
iron atoms. II The magnetic hyperfine fields corresponding 
to one, two, and three nn are H~ = 279 kG, H~ = 218 kG, 
and Hi = 133 kG, respectively.z.ll Therefore, from the 
Mossbauer spectrum and the resonant areas of each subpat
tern, it is possible to determine the population that corre
sponds to each nn configuration. In Fig. 4, the evolution of 
the 1, 2, and 3 nn populations are shown for the 
e-FeJ2 (C,N) ->e-Fe2 + x (C,N) transformation. The main 
features of this evolution are: the increase in the 1 nn popula
tion and the decrease in the 2 nn population with increasing 
Xe irradiation fluence. Therefore, one observes that the par
ticle bombardment not only produces the e-Fe,Z (C,N) 
->e-Fez + x (C,N) transformation, but also changes the nn 
populations. This variation should in principle be reflected 
in the final stoichiometry of the e-Fez + x (C,N) precipitates. 
However, an inspection of Table IV shows that x is almost 
independent of the bombarding fluence, its value varying 
between 0.6 and 0.7. 

It is interesting to compare the present data with the He4 

and Ar' post-bombardment irradiation results. 
(a) The Xe irradiation is the most effective in dissolving 

the e-Fez (C,N) precipitates. For a Xe irradiation fluence of 
20 dpa, 84% of the carbonitrides are dissolved. By contrast, 
Ar irradiation to 50 dpa dissolves only 50% of the 
e-Fez (C,N) precipitates." Finally, an alpha irradiation of 1.5 
dpa is not able to produce any noticeable carbonitride disso
lution.4 

(b) The e-Fe'2 (C,N) carbonitrides are very unstable 
during particle irradiation. Xe, Ar, and He seems to be 
equally effective in dissolving these precipitates. However, 
the different bombarding ions produce different nn configu
rations in the resulting e-Fe2 + x (C,N) carbonitrides. For 
approximately the same 1 dpa fluence the He irradiation 
produces almost equal 1, 2, and 3 nn populations (around 
15% ).4 For Ar, the 3 nn population is around 24% while the 
other two nn configurations are around 14%." Finally, for 
Xe the 1 nn population is of 6% and the 2 and 3 nn popula
tion are around 15%. 

(c) The final stoichiometry of the e-Fez t x (C,N) car
bonitrides formed from the e-Fe,.2 (C,N) ->e-Fez +, (C,N) 
transformation seems to be a function of the bombarding 
ion, but not of the fluence. In Fig. 5 are displayed for each 
bombarding ion the final stoichiometry as a function of the 
dpa fluence (for the He case we quoted only the values near 1 
dpa). An inspection of the figure reveals a correlation 
between the x values and the ion used during the bombard
ment. For He, x oscillates between 0.8 and 0.9, for Ar 
0.7<x<0.8 and for Xe 0.6<x<0.7. Therefore, it seems that 
the heavier the bombarding ion is the richer the carbonitride 
phase. This is a tentative statement because the x values are 
affected by an uncertainty of 10%-15%. Nevertheless a sys
tematic trend seem to emerge from the set of data taken as a 
whole. 

Extensive work has been done in the last several years 
studying the stability of coherent and semicoherent precipi
tates under heavy ion and neutron irradiations-see for ex
ample reference 12. However, these studies have not lead to 
one unique explanation for the mechanisms of dissolution 
and reprecipitation of the precipitates. Nelson et al. \3 have 
argued that the dissolution and reprecipitation processes are 
due to competitive effects between radiation enhanced diffu
sion and cascade disordering and/or dissolution. On the oth
er hand, Vaidja 14 claims that the stability of the precipitates 
under irradiation is due to interfacial dislocations. Loss or 

TABLE IV. C or N interstitial near neighbor (nn) population for the Fe atoms in the E-Fe" (C,N) ~ E-F'e, ., (C,N) transformation as function of Xe 

fluence. The bottom line represents the final E-Fe, • ,( C.N) stoichiometry after the Xe irradiation. 

Xe fluence 10 14 Xe/cm' 8 X 10'4 Xe/cm' 10" Xe/cm' 2.5 X 10" Xe/cm' 5 X 10" Xe/cm' 10" Xe/cm' 

Inn 6 9 11 11 12 12 
2 nn 14 9 9 8 9 8 
3 nn 16 21 22 23 22 21 

Fe2 + x 2.6 2.6 2.7 2.6 2.7 2.7 

4491 J. Appl. Phys., Vol. 68, No.9, 1 November 1990 Behar eta/. 4491 
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FIG. 5. X ,alues as a function of the dpa Huenee in the 
f-Fe" (C,N).f-Fe, . \ (C,N) transformation as a consequence of particle 
Irradiation. Full points correspond to He bombardment. Open circles to Ar 
irradiation. Diamond to Xe bombardment. The lines are drawn only to 
guide the eye. 

modifications of these dislocations would be responsible for 
the dissolution of the precipitates. 

Our results can be explained, at lest qualitatively, by 
both models. They show that the dpa fluence is not the 
unique parameter that characterizes the dissolution of pre
cipitates. Our results suggest that the cascade density pro
duced during the bombardment also plays a major role (as 
predicted by both models). In fact, the larger the ion mass, 
the higher the cascade density produced by the ion bombard
ment. Thus. it is possible to understand why 1 dpa fluence of 
Ar ions is able to dissolve the E-Fe~ (C,N) while the He is not 
able to produce dis,;olution. Following the same arguments, 
it is not surprising to observe that Xe is the most efficient ion 
(for equal dpa fluence) in dissolving the E-Fe2 (C,N) car
bonitride. 

B. Thermal behavior of precipitates 

Previous work I 5.2 has shown that nitrides and carboni
trides produced in Fe and in carbon steels are stable only up 
to 400 0c. At higher temperatures, the precipitates dissolve 
as a consequence of N diffusing out from the implanted re
gion. 

The results of our NRA experiments clearly show that 
the presence of Xe atoms strongly inhibits the N diffusion. 
As a consequence, one should expect that the carbonitrides 
in Xe irradiated samples will remain stable during annealing 
at higher temperatures. This feature is fully confirmed by the 
CEMS experiments which show that the precipitates remain 
stable up to 450 T. 

All of these facts can be understood if we analyze the 
behavior ofXe in metals. In principle Xe is not soluble. but it 
can accumulate in large quantities via the formation of Xe
vacancy complexes (Xe- V). For low implantation fluences 
and at room temperature, small Xe- V systems are formed. 
However. for higher temperatures or for increasing Xe 

4492 J. AppL Phys., Vol. 68, No.9, 1 November 1990 

TABLE v. Comparison of f-Fe" (C,N) retentions after annealing at 

450 'C for similar samples and post-bombarded at the same peak concentra
tion with He, Ar, and Xe ions. 

Ion Sample Retained f-Fe, , (C,N) 
at 450T (%) 

He lD2DN(a,400) 5 
He 1020 N (400,a) 20 
Ar 1020 N(Ar,400) 15 
Ar 1020 N(400,Ar) 44 
Xe 1020 N(Xe,400) 5 
Xe 1020 N(400,Xe) 35 

fluences, the Xe- V complexes migrate and agglomerate and 
eventually form Xe bubbles. The above mechanism can be 
associated with the carbonitride retention effect observed in 
the present experiment. The implanted Xe creates Xe- V 
complexes which migrate to sinks. like grain boundaries, 
precipitates and dislocations. When the anneal is performed, 
two competitive processes can occur. First the Xe- V will act 
as trapping centers for the N atoms released from the precip
itates, Therefore, the N diffusion would be inhibited and the 
precipitates will remain stable up to higher temperatures. 
Second the same annealing process will favor coarsening of 
the distribution ofXe- V complexes, making them larger and 
less concentrated. and therefore less efficient at inhibiting 
the N-diffusion mechanism. 

The retention effect after annealing at 450 T has been 
basically observed for the [1020 N (400 Xe) 1 sample. For 
the [1020 N (Xe,400) 1 specimen, retention is less efficient. 
As discussed in a previous paper,4.5 the difference in the ther
mal behavior of both samples should not be attributed to the 
crystalline structure of the different precipitates involved in 
the thermal processes, E-Fe2 j .1'2 (C,N) for the [1020 N 
(400,Xe)] and E-Fen (C,N) for the {1020 N (Xe,400) J 
one. Rather it should be related to thermal behavior of the 
Xe- V complexes. Analyzing the thermal behavior of both 
samples one observes that in the [1020 N (400,Xe) 1 case, 
the Xe- V complexes are submitted to only one annealing 
process performed at 450 DC. Instead for the other sample 
they are submitted to two successive annealings at 400 and 
450 DC. Then the complexes should agglomerate more than 
in the first case becoming less efficient in retarding the N 
diffusion. 

In Table V we compare for the same peak concentration 
(0.5 at. %) the previous He and Ar irradiation results with 
the present ones. In all the cases the Ar irradiation produces 
the highest amount of carbonitride retention. For the [1020 
N (NG,400) I kind of sample (NGstands for He, Ar, or Xe) 
the Ar retention is three times higher than He or Xe (15 % 
compared to 5%). On the other hand, for the [1020 N (400 
NG) I samples the Ar produces a retention of 44%, the Xe 
35% and the He only 20%. 

Two more features should be pointed out. First, for all 
three ions the maximum retention occurs at the approxi
mately same peak concentration (0.5 at. %). Second, the Ar 
retention effect is not only the most effective, but it also ex
tends over the widest concentration range (see Fig. 6). In 
fact, for He, the retention starts at 0_35 at. % and ceases to be 
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FIG. 6. Relative amount of carbonitrides retained after annealing at 450 'c 
as function of He, Ar, or Xe post-bombardment dose (measured in at. % at 
the peak). 

effective at 0.75 at. %. The Xe starts to be effective at 0.15 
at. % and still produces retention effect at 2 at. %. For Ar, 
the lowest concentration limit is 0.05 at. %, and it does not 
decreases significantly even at 1.4 at. %. 

v. CONCLUSIONS 

The present work shows that the carbonitrides pro
duced in N-implanted 1020 carbon steel are affected by the 
Xe irradiation in two ways. First they are partially or totally 
dissolved by the post-bombardment. Second the presence of 
Xe ions in the N implanted region modifies the thermal be
havior of the carbonitrides by raising the temperature of dis
solution. 

Comparison of the Xe, Ar, and He experiments show 
several interesting features. (a) For the same dpa fluence Xe 
irradiation most efficiently dissolves the €-Fe2 (C,N) precip
itates. This result indicates that the cascade density plays an 
important role in the mechanism of dissolution. (b) For re
precipitation of €-Fe32 (C,N) ->€-Fe2 + x (C,N), all the 
bombarding ions are equally efficient. However, each im
planted ion produces different nn configurations in the final 
carbonitride. Moreover, the E-Fe2 + x (C,N) stoichiometry 
appears to be affected by the type of ion used in the irradia
tion. For the heavier ion (Xe), the richest carbonitride is 
produced while for the lightest (He), the precipitate phase 
formed is the poorest in C and N of those possible. (c) In all 

4493 J. Appl. Phys., Vol. 68, No.9, 1 November 1990 

cases, the noble gas irradiation modifies the subsequent ther
mal aging behavior of the carbonitrides. The maximum re
tention of precipitates occurs at the same atomic concentra
tion of irradiating gas ions (c = 0.5 at. %). However, the Ar 
ion is not only the most efficient but also is most effective at 
the lowest atomic concentrations. These features suggest 
that the mass or the size of the bombarding ions are not the 
only relevant parameters in the retention effect. 

The retention temperature is independent of the bom
barding ion. On the other hand this temperature was higher 
when nitrides formed in Fe were bombarded with He. 3 

Therefore, it should be concluded that the retention tem
perature is strongly related to the composition of the matrix. 
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