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ABSTRACT 

I- 

Gas desorption and positron annihilation techniques have been employed to study@ $ *F 
metals has a rather high affinity to vacancy type defects. The results obtained for low irradiation 
dose show that substitutional nitrogen (NV; with V-vacancy) is formed. The nitrogen vacancy 
complex dissociates at temperatures ranging from 350 K for Ni to 900K for Mo and 1 100 K for 
W. At high doses defects are fonned which can be characterized as nitrogen saturated vacancy 
clusters. These defects, as observed by helium probing, disappear during annealing for nickel at 
SOOK, and for Mo at 1100 K. The direct observation of the desorbing nitrogen for nickel and 
molybdenum reveals a very fast desorption transient at the dissociation temperature of the 
clusters. This is the characteristic desorption transient of a small nitride cluster,e,g., by shrinkage 
with constant rate. For iron the nitrogen desorption is more complicated because of a general 
background that continuously rises with temperature. With the positron beam technique depth 
information was obtained for defects in iron and the defect character could be established with the 
help of the information provided on annihilation with conduction and core electrons of the defect 
trapped positrons. 

nitrogen associated defects in nitrogen irradiated metals: Fe, Ni, Mo and W. Nitrogen O in T O f  t ese 

INTRODUCTION 

Nitrogen interaction with defects may occur on different occasions during processing of metals. 
A good example is nitrogen irradiation of metals to improve wear resistance and hardness [ 1,2]. 
The very early stages of the nucleation and agglomeration of nitrogen defects is not fiequently 
studied [3]. In this article it Will be shown that desorption techniques and positron beam techni- 
ques, here only used for iron, can be applied to monitor the defect evolution during implantation 
and thermal annealing. Helium and positrons are used to probe the formed defects. Both particles 
have a large aflinity to defects, in particular when open 9olume is associated with the defect. 
Besides the use of helium desorption to learn about the binding of the helium probe particle also 
monitoring of the release of nitrogen directly is applied. The present study gives information on 
the type of defects formed, but even more important, it gives the thermal stabiIity of the formed 
defects. The nitrogen defecr complexes probably act as precursors to the different phase particles 
or precipitates that may occur. Therefore in a number of cases samples irradiated with high 
fluences are investigated. 

EXPERIMENTAL 

The samples are single crystals Ni( 1 IO), Fe( IOO), Mo( 100) and W( 100). To ensure a low 
eonceritration of defects in the bulk of the smyles they had been eleetropolished and subsequently 
~acucrn xmea!!eit to about 0.8 of the melting temperature. iuy 
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The nitrogen implantations have been carried out by a mass anaiyzed ion beam from an ion source 
operating in the 0-3 keV range for the desorption experiments and a 30 keV ion implanter for the 
positron annihiIation experiments. Helium for defect probing purposes was at low energy 
implanted by the former ion source. For a review on helium desorption studies see ref [4], and for 
the principles of the positron beam analysis see ref. [SI. 
For the positron annihilation experiments on iron a single crystal was prepared with a dose of with 
10l6 cm-’ N -. Characterization of defects was done by monitoring two positron annihilation 
parameters which describe the Doppler broadening of the 5 1 1 keV gamma annihilation peak: the 
shape parameter S which is sensitive to the fraction of annihilations with low momentum 
conduction and valence electrons and the wing parameter W which is sensitive to annihilation 
with high momentum core electrons. 

DESORPTION RESULTS 

The irradiation and annealing experiments with helium as a probe were performed as follows: 1. 
Irradiation with N,’-ions, 2. Annealing to a specific temperature T, 3.  Low energy helium 
implantation (50 eV for Ni 300 eV for W) to decorate the defects with helium without creating 
aditional damage, and 4.The final helium desorption measurement. In addition nitrogen 
desorption measurements were done where the nitrogen was implanted and subsequently the 
sample was heated to observe the nitrogen release. 
The results are summarized in table 1. and described in detail in the following. 

Molybdenum The results earlier obtained by van Veen and Caspers [6], and FiIius and van Veen 
[7] for nitrogen defects probed by helium indicated that all He,V,N complexes release helium first 
and thus show desorption spectra which are virtually indistinguishable from a sample with just 
multiple helium filled monovacancies He,V. For high nitrogen doses nitrogen vacancy clusters are 
developing which contain more than one nitrogen atom. No nitrogen bubbles develop. The helium 
desorbs at a little higher temperature than ffom the monovacancy. This indicates that the free 
volume of the defect is rather limited. It might be concluded that the defects are small nitride 
nuclei with some mismatch with the sunounding lattice. 
Nitrogen desorption spectra, not shown here, for nitrogen doses from 2 x  10 I‘ to 10 I’ cm-’ reveal 
that at low dose desorption occurs from surface chemisorption sites p, at 1100 K and p2 at 1350 
K. When the implantation dose exceeds 10 Is cm” N, Le. , surface coverage >1 the P I  peak grows 
fast. At I O  l6 cm-’ surface peaks are dominated by much nmower desorption peaks B, at 1 100 K 
and B, at 1200 K (see table 1).  We ascribe these peaks to nitride phases in the molybdenum. Eyre 
and Evans [SI observed MozN precipitates to disappear at about 830 K whith a heating rate 
applied of 0.03 Us. In our case the heating rate is about 1000 times higher. therfore, it is not 
unreaonble to expect nitrogen release fiom similar precipitates at temperatures some 300 K higher 
than Eyre and Evans found. 

Nickel The helium desorption spectra shown in fig. 1 obtained for 2 keV N,’ ions at a dose of 10 
l3 cm‘2 show mainly the G and H peak. Like for molybdenum the vacancies and interstitial 
nitrogen will either recombine during the collision cascade or whenever one of the two defects 
becomes mobile. It is most likely that the room temperature decoration with helium will cause 
HeNV defects be formed. The appearance of E and H peaks is explained by the fact that nitrogen 
is dissociated eariier from the complex than the helium. The helium desorption in other peaks that 
appear at high nitrogen dose must partly be explained by helium release from otherwise stable 
nitrogen complexes or high nitrogen dose (5 x 10 l4 ern-,) several of these new peaks 
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DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United 
States Government Neither the United States Government nor any agency thereof, nor 
any of their employees, make any warranty, expm or implied, or assumes any legal IiabiIi- 
ty or rrsporsibility for the accuracy, completeness, or usefulness of any information, appa- 
ratus, product, or process disdosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, procesr, or service by 
trade name, trademark, manufacturer, or otherwise does not necessarily constitute or 
imply its endorsement, recommendation, or favoring by the United States Government or 
any agency thereof. The views and opinions of authors expressed herein do not necessar- 
ily state or reflect those of the United States Government or any agency thereof. 



Table 1 Desorprion peaks aid defect reactions; peak temperatiire in K, AT is relatwe width 
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Figure I .  Helium desorption spectra obtained for 2 key  N2+ ion irradiated Ni(I IO) with doses 
(top) 5 x IO'" cm3, and (bottom) IOi3 cmJ. H and G peaks are indicated 
Figure 2 Nitrogen desorption spectra obtained for 2 ke V Nz' ion irradiated Ni(l IO) with doses a. 
loi3 cni2, b. z x  ioi3 mi2, c. 2x  IO" cm-', ancia! 2 x  ioI4 
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Figire 3. Helium peak populations meaured 
during the annealing of 2 keV N,+ nitrogen 
irradiated nickel (low dose: Id3 cm-', and high 
dose: 5 x IO" cm-' ). Dissociation reactions and 
precipitates are indicated. 
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figure 1. Helium peak populalions vs anneal 
temperature for W{f 00) tungsien irradiated with 
3 ke V N,+ nitrogen ions (dose: 5 x IO" cm-?). 

appear from 500K until 900 K Rather prono- 
pounced is the increase of a 750 K peak and a 
rather sharp peak at about similar temperature 
as the H peak. In fig 1. these peaks are 
shown. Thermal anneding of the nitrogen im- 
planted nickel causes changes in the helium 
trapping and helium peak populations as is 
shown in figure 3. In the low dose case ail heli- 
um peak populations drop quickly at a tempe- 
rature of 350 K. This is ascribed to the disocia- 
tion of NV defects (see also the table). At high 
nitrogen dose extra recovery stages are obser- 
ved at 450K and 750 K, respectively. Helium 
desorption spectra taken in the temperature 
interval from the last stage, e.g., at TA=700 K, 
show a spectrum with a dominating peak at 
780K. The nitrogen desorption spectrum un- 
dergoes a change from second order desorpti- 
on at about 800 K for the low dose to a rather 
narrow desorption peak at about the same tem- 
perature for the highest dose in fig. 2. We as- 
cribe the observed phenomena to the formati- 
on of cubic Ni,N precipitates at intermediate 
nitrogen dose and the formation of hexagonal 
Ni,N precipitates at high dose. Trapping of 
helium occurs at the interface between the 
precipitate and the matrix. The dissociation of 
the nitrogen precipitate is much faster than 
first or second order kinetics. Similar fast kine- 
tics has been observed for regrowth of amorp- 
hous silicon, and the dissociation of helium 
vacancy clusters in molybdenum [4,5]. 
Anaiogousiy to the regrowth process the pro- 
cess might be ascribed by assuming a certain 
shrinkage velocity drldt = vo exp (-ED /kT), 
with r the radius of the precipitate, and v, a 
prefactor. This leads to a nitrogen release rate 
cW/dt= -Nu v exp (- I? / k n  , with a = 0.5 or 
0.66 for flat and spherical precipitates, respec- 
tively, which is indeed faster than 1st and 2nd 
order processes. A similar explanation might 
apply to the nitrogen desorption from molyb- 
denum. It should be remarked that the break 
up of the precipitate coincides with the release 
of all the helium. In this case the ratio of probe 
helium to nitrogen in a precipitate is much 
smaller than unity. Therefore the nitrogen 
dissociation governs also the heiium dissociati- 
on. 



liiti‘ybfeti The helium desorption results for low dose nitrogen irradiation of tungsten with 5k IO” 
cm-’ N ? - -  ions and helium probe implantation of 300 eV I O l 3  cm” He--ions reveal helium 
desorption peaks which are indistinguishabIe from the desorption peaks ’obtained from samples 
with just muItiply helium filled vacancies He,V. The peaks E, F, G, H indicate the same 
dissociation reaction as in the case of molybdenum. Therfore also here must be concluded that 
whenever a single nitrogen occupies the He,V-complex it will be released before the helium is 
released . Thus He, NV -> He,V T N. The results of thermal annealing ( 40 Ws) are shown in 
figure 4. It can be observed that the peak populations remain nearly constant until 750 K. Then a 
slow decrease is observed until T= 950K. Thereafter the defects disappear finally. 
The behaviour is expIained by assuming that the nitrogen irradiation produces vacancies which at 
T=550 K, when interstitial nitrogen becomes mobiIe, are filled with nitrogen. Then, at T= 750 K 
the monovacancies that are not filled with nitrogen become mobile and disappear, and finaliy at 
1000 K they dissociate by NV => N + V . The increase of the E-peak at 950 K is ascribed to the 
effect that by reduction of the number of NV’s the amount of helium per NV complex increases 
and therf‘ore the population of the E-peak increases. It is of interest to note that by decoration of 
NV complexes with helium the nitrogen desorption temperature can be reduced. This also holds 
for nickel and molybdenum. 

Iron It is more difficult to iden* the contribution of nitrogen vacancy clusters in the desorption 
spectra fiom iron than it is for the previously investigated metals. In figure 5 the desorption 
spectra of nitrogen irradiated iron are shown. The spectra are dominated by a background of 
nitrogen release which starts at about 800 K and continues to rise up to T= 1200 K. At this 
temperature the phase transition from a- to y- Fe takes place which causes a drastic reduction of 
the nitrogen release. The contribution of nitrogen fiom nitrogen vacancy complexes is found 
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Figure 5. Nitrogen uesorption spectra obtai- Figure 6. Positron beam analysis results for 
ned for 2 key  N2+ ion irradiated Fe(lO0) with 30 key N’ ion irradiated Fe(lO0) with dose 
doses a. IO” cm-2 , and 6. 5 x  ioi3 cm-’. At l O I 6  cm;’. a. S- vs positron energy, b. W vs 
1200K the a, yghase transition is indicated positron energy, and c. S- Wpiot 



centered around 1000 K (indicated by an arrow). Apparently, considerable quantities of nitrogen 
are dissolved in the bulk of the material during the experiments. In particular. during annealing at 
P I 2 0 0  K nitrogen is easily dissolved because of the negative heat of solution in the y-phase [SI. 
Positron annihilation results of nitrogen-irradiated iron are shown in the S-W map plotted in 
Figure 6. S- and W- parameters of the Doppler broadened annihilation peak have been nieasured 
as a fbnction of the positron energy. From these results it is derived that defects are present in a 
zone centered around 170 nm deep below the surface. The defects have parameters relative to 
pure iron S,, = 1. I3 and W,,, = 1.52 which for metals indicate medium size vacancy clusters. It 
is likely that during the room temperature irradiation the vacancies and interstitial nitrogen atoms, 
which are both mobile at room temperature in iron, will agglomerate. Kumar et ai [IO] measured 
with a two detector coincidence set-up the core eiectron momentum distribution of positrons 
trapped in these defects and arrived at the same conclusion. In the future, positron measurements 
will be used to follow the evolution of the defect complexes. It will be of interest to see whether 
nitrides or nitrogen bubbles will be created. 
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CONCLUSIONS AND FINAL REMARKS 

Helium desorption and nitrogen desorption measurements have proven to give useful information 
on the nucleation and intermediate phases of nitrogen agglomerates in metals. In the metals with 
low solubility for nitrogen the nitrogen atoms are able to immobilize the monovacancies and 
simple nitrogen vacancy complexes dissociate at temperatures of about 0.2-0.3 of the melting 
point. The formation of stabele nitrides was observed for molybdenum and nickel. In tungsten 
the nitrogen agglomerates turned to be less stable than in molybdenum. Nitrides appear to 
dissociate or shrink in rather narrow temperature intervals. The obtained data may be used to 
model the nucleation and growth of nitrides. Positrons are valuable to detect the open volume 
associated with the irradiation induced nitrides. The results are encouraging enough to apply the 
technique also to cases where fixed nudeation centers, e.g. AI, Zr in Fe, are present. 
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