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Pulsed laser nitriding offers several advantages such as high nitrogen concentration, low matrix temper-
ature, fast treatment, simple vacuum chamber and precise position control compare to ion implantation,
which is favorable for radioactive material passivation. In this work, uranium metal was nitrided using an
excimer laser for the first time. The nitrided layers are characterized by X-ray diffraction, X-ray photo-
electron spectroscopy and scanning electron microscopy. The nitride layer is composed mainly of UN
and U2N3 and depends on nitriding process. The amount of nitride increases with energy density and
pressure. The irradiated area has a wavy structure which increases the roughness, while scratches and
asperities caused by sand paper polishing were eliminated. Scan speed has a profound influence on
the nitride layer, at low speed U2N3 is more likely to form and the nitride layer tends to crack. XPS anal-
ysis shows that nitrogen has diffused into interior, while oxygen is only present on the surface. Ambient
and humid–hot corrosion tests show the nitrided sample has good anticorrosion property.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Uranium metal readily corrodes under the ambient environ-
ment. Many technologies including physical vapor deposition and
ion implantation were developed to improve its corrosion resis-
tance [1–4]. Physical vapor deposition has the drawback of discon-
tinuous interfaces between the coatings and substrate, which
makes the coatings fall off. Ion implantation produces thin modi-
fied surface layers which avoid the formation of discontinuous
interfaces typical to coatings, but the temperature rise caused by
ion implantation is very high and effective cooling is needed. More-
over these techniques are performed in vacuum chamber consisted
of target, ion source and specimen moving system which are easily
contaminated by radioactive materials. The contaminated equip-
ment is difficult to maintaining.

Pulsed laser nitriding has been studied on metals and the metal-
nitride layer produced by a high-power pulsed laser greatly im-
proves the surface hardness and the corrosion resistance [5–7].
Compared to the ion implantation method, pulsed laser nitriding
offers several advantages such as low matrix temperature, fast
treatment and precise position control [8]. Moreover the vacuum
chamber can be simple in form without cooling system, specimen
moving system (using laser scan externally), target and ion source,
which is favorable for treating radioactive materials. However, up
to now, no research has been reported on nitriding of actinide me-
ll rights reserved.
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tal. In this work, uranium metal is nitrided using an excimer and
samples were characterized by X-ray diffraction, X-ray photoelec-
tron spectroscopy and scanning electron microscopy. The uranium
nitride layer was formed and corrosion tests show that the nitrided
sample has good anticorrosion property.
2. Experimental

The uranium samples (20 mm diameter, 2 mm thickness) were
polished down to 500 mesh by sand paper then cleaned with ace-
tone followed by ethanol. The irradiation chamber was evacuated
to 1 Pa before it was filled with 99.99% pure nitrogen gas. The
samples were irradiated with a Lambda Physik excimer laser
(wavelength k = 248 nm, pulsed width 25 ns). The laser beam
was focused on the sample by a convex lens with spot size of
1 � 2 mm2. Energy density was set by adjusting the output energy
of the laser, which was monitored by a thermoelectric energy
detector. In order to treat extended areas, the vacuum chamber
was placed on a two dimensional motorized linear stage. The laser
scan along X direction with speed changed from 0.1 to 1.28 mm/s.
After scanning a line in X direction, the vacuum chamber moved
1 mm along Y direction. The two steps repeated until full area of
the uranium sample was irradiated. A series of treated samples
were characterized with several methods. For clarity, typical
results for selected samples are presented in the paper. The surface
morphology microstructure of the nitrided samples was examined
by scanning electron microscopy (SEM). The crystallographic
properties were identified by X-ray diffraction (XRD) analysis
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performed using CuKa radiation with a graphite monochromater.
The chemical composition and depth distribution of the treated
uranium samples were analyzed by X-ray photoelectron spectros-
copy (XPS). The argon ion gun was operated at 3.0 kV, the uranium
sputtering rate was estimated to be 3 nm/min. After nitriding, sam-
ples were subjected to a series of corrosion tests, including ambi-
ent corrosion, hot humid corrosion test (temperature 90 �C,
humidity 95%). For the ambient corrosion test, the sample was
placed for 1 year in laboratory ambient and XRD analysis was per-
formed every two months.
3. Results and discussion

3.1. Phase analysis

Phases present in samples irradiated under different energy
density, scan speed and nitrogen pressure were characterized by
X-ray diffraction analysis. For clarity only selected samples are
shown in Fig. 1. The standard a-uranium has four strong peaks at
34.94�, 35.56�, 36.31�, 39.57� (PDF#65-5713), associated with the
planes of (110), (021), (002) and (111) respectively. From the
XRD analysis it can be seen that the peak of (002) plane for the
as-received untreated uranium is far more stronger than three oth-
ers. It can be argued that the untreated uranium samples had a
highly preferred orientation, which probably caused by mechanical
abrasion or machining. After nitriding, the peak of (110) plane for
uranium becomes strongest, the peaks of (021), (002) plane be-
come very small. Laser irradiation of uranium under argon atmo-
sphere was also performed. The XRD spectra is similar to that of
metallic uranium peak for nitrided samples, it can be seen no other
phase of metallic uranium has been formed. After nitriding ura-
nium mononitride can be identified. The lattice constant of UN
was determined to be 0.4853 nm, while the standard lattice con-
stant is around 0.4890 nm (PDF#89-5216). The peak near 28.70�
was attributed to U2N3. Though the UO2 has peak near 28.30�,
Fig. 1. Selected XRD spectra of nitrided uranium, conditions p: nitrogen pressure, v:
scan speed of sample, s: energy density.
the XPS depth profile shows that the UO2 is very thin (�3 nm).
Grazing incident diffraction was performed at 3� to obtain qualita-
tive information on phase of the surface (Fig. 2). It can be seen that
the relative area of the uranium peaks decreases about 70% within
the penetration depth of uranium (250 nm) at 3� X-ray incidence.
Therefore the phases present near the surface is mainly composed
of the nitride. The peak of U2N3 moves to 28.90�. As the uranium
has no peak near 28.70�, the influence of uranium can be excluded.
The lattice constant of U2N3 beneath surface was determined to be
1.076 nm, while the lattice constant of uranium nitride at surface is
around 1.0699 nm. The lattice increase can be attributed to nitro-
gen deficiency as it is often observed in uranium nitride [13]. For
a small change of lattice constant with treatment parameter is also
observed. For energy densities below 1.0 � 10�2 J/mm2, no ura-
nium nitride formed. The amount of nitride increases with energy
density, pressure. Laser scan speed has profound influence on the
nitride layer, at low speed U2N3 is more likely to form. The amount
of nitride decrease with increased scan speed as the number of
pulses radiating the sample is inversely proportional with scan
speed. The nitrogen concentration and nitride phase change with
processing parameters will be presented in more detail in the next
paper.
3.2. Morphology analysis

The contrast between irradiated and non-irradiated area was
readily seen visually after nitriding, the irradiated area being dar-
ker but still has metallic luster. The roughness of the non-irradi-
ated area was Ra = 0.03 lm and that of irradiated area was
Ra = 0.5 lm. Low and high magnification planar view scanning
electron microscopy (SEM) photomicrographs are presented in
Fig. 3a–c, respectively, of laser nitrided and non-nitrided area.
The morphology of the laser nitrided surface shows wavy structure
which increases the roughness. The non-irradiated areas had many
scratches and asperities, while at irradiated area, scratches, asper-
ities were eliminated. The eliminating of asperities could be as-
cribed the flowing or flattening of softening and melting material
under the effect of surface tension. At low scan speed, high nitro-
gen pressure and high energy density, the laser formed nitride
layer tends to crack as shown in Fig. 3d. Among these factors laser
scan speed has greatest effect on the cracking. At speeds
>1.28 mm/s even energy density >8.5 � 10�2 J/mm2 and nitrogen
Fig. 2. Grazing incident XRD spectra of nitrided uranium sample prepared at scan
speed of 0.63 mm/s, energy density of 6.5 � 10�2 J/mm2 and nitrogen pressure of
0.4 MPa.
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pressure >0.8 MPa, the nitride layer does not crack. However, at
speed of 0.3 mm/s, energy density of 4.5 � 10�2 J/mm2 and nitro-
gen pressure of 0.2 MPa the layer cracks. Experiment of multiple
shots on the same area was also conducted, even shots more than
Fig. 3. A SEM micrograph of uranium sample: (a) low magnification showing non-irradiat
regions, (d) crack of nitride layer prepared at scan speed of 0.31 mm/s, energy density o

(a)
Fig. 4. U4f7/2,5/2 N1s O1s core-level spectra versus sputtered depth for layer prepared at sc
0.6 MPa; (a) U4f7/2,5/2 N1s core spectra (b) O1s core spectra.
500 did not make surface crack. (The laser spot area is 1 � 2 mm2,
overlapping of laser scanning lines is 50%. At scan speed of 0.1 mm/
s, a 1 � 2 mm2 area received 20 laser spots.) So cracking has much
to do with scanning process. The mechanism of cracking will study
ed Region A and irradiated Region B, (b) and (c) 2000� photomicrographs of the two
f 4.5 � 10�2 J/mm2 and nitrogen pressure of 0.4 MPa.

(b)
an speed of 0.63 mm/s, energy density of 6.5 � 10�2 J/mm2 and nitrogen pressure of



Fig. 7. X-ray diffraction (XRD) spectra of the laser nitrided and of the non-nitrided
uranium samples that was subjected to hot–humid corrosion test.
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in future with help of multi-physical fields finite element
simulation.

3.3. Corrosion tests

The corrosion testings were done on sample prepared at scan
speed of 0.63 mm/s, energy density of 6.5 � 10�2 J/mm2 and nitro-
gen pressure of 0.6 MPa. Fig. 4 presents the U4f7/2,5/2 core-level
spectra for the pulsed laser nitrided uranium, respectively, as a
function of sputter etch time. The measured U4f7/2,5/2 spin–orbit
pair binding energies for the nitrided sample sputtered surfaces
are 390.2 eV and 391.2 eV, respectively, in agreement with litera-
ture values for uranium in a U4+ valence state [9,10]. After
0.5 min sputtering, new peaks of binding energy 388.3 eV,
377.4 eV and 397.0 eV emerge, which are in agreement with values
for U4f7/2,5/2, N1s O1s core-level for UN [11]. As sputtering depth
increases the peaks for UO2 rapidly disappear. The O1s spectra
has the similar trend as U4f7/2,5/2. The N1s core spectra is over-
lapped with U4f5/2 peak tail, the peak curve of U4f5/2 and N1s were
fitted and peak area was calculated. The associated elemental ra-
tios versus depth are presented in Fig. 5 calculated using instru-
(a) (b)
Fig. 5. Changes in O/U and N/U ratios with depth of uranium sample 60 min after nitriding, 1 year in ambient atmosphere and 20 days hot–humid corrosion, 0.63 mm/s,
energy density 6.5 � 10�2 J/mm2 and nitrogen pressure 0.6 MPa, (a) O/U ratio (b) N/U ratio.

(a) (b)
Fig. 6. X-ray diffraction (XRD) spectra of the laser nitrided and of the non-nitrided uranium samples that were kept for 1 year under ambient atmosphere. (a) XRD spectras,
(b) fractional intensity of peak at h = 28.5�.



Fig. 8. SEM micrograph of uranium sample under hot–humid corrosion test: (a) non-nitrided uranium sample in hot–humid environment 12 h, (b) laser nitrided uranium
sample under hot–humid environment for 20 days.
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ment specific relative sensitivity factors with the measured core-
level peak areas. From Fig. 5 it can be seen that the oxygen is only
present on the surface, while nitrogen has diffused into interior.

Over a year in Sichuan environment (ambient temperature,
70% relative humidity), the nitrided sample turned yellow but
still had metallic luster. The non-nitrided sample became pro-
gressively darker, lost its reflective properties, non-adherent
oxide layer formed. In Fig. 6 the XRD spectra of non-nitrided
sample and nitrided sample are presented. It can be seen that
UO2 formed on the non-nitrided sample. As the major peaks
for U2N3 and UO2 overlap, only the increased intensity of peak
at h = 28.5� can be attributed to UO2. In order to show how the
amount of UO2 vary with time, a simple method is adopted.
The fractional intensity of the peak at h = 28.5� attributed to
UO2 is calculated by using area of peak at h = 28.5� divided area
of all peaks from h = 25� to h = 45�. Fig. 6 presents the fractional
intensity of peak at h = 28.5� vary with time, the UO2 of non-ni-
trided uranium grows steadily, however the UO2 of nitrided sam-
ple ceased to grow after 2 months. XPS depth profile of nitrided
sample kept 1 year in the ambient environment (Fig. 5) shows
the thickness of the oxide layer is not more than 10 nm. Under
hot–humid test (temperature 90 �C, humidity 95%), the corrosion
rate of the nitrided sample is strongly reduced comparing to
non-nitrided uranium as revealed by XRD (Fig. 7). After 12 h,
the non-nitrided sample corroded heavily, the shiny surface
turned black and a loose oxide layer forms that can easily flake
off. After 20 days the laser nitrided sample turned blue, the oxide
film is still protective as shown in Fig. 8. XPS depth profile re-
veals that oxygen diffuse deeply into nitrided layer, The outmost
oxygen forms UO2, its thickness is not more than 80 nm (Fig. 5).
The depth profile of nitrogen shows that as corrosion proceeds
nitrogen tends to diffuse deeper in the specimen, the same trend
is observed as for the long-term amorphisation of C and N im-
planted layers on a uranium surface reported by Arkush et al.
[12]. However, as compared to Arkush et al.’s experiments, the
amorphisation of the laser nitrided layer is less than for the
ion implantation layer. An additional experiment examining the
thermostability of the nitride layer was performed by annealing
sample at 300 �C for 24 h in high vacuum chamber, which shows
no sign of amorphisation. The reason may lies in the fact that the
UN is more stable than UN2 and U2N3.
4. Conclusion

A nitride layer is formed by excimer laser irradiation, which is
composed of mainly UN and U2N3 and depends on nitriding pro-
cess. The amount of nitride increase with energy density and pres-
sure. The irradiated area has a wavy structure which increases the
roughness, while scratches and asperities caused by sand paper
were eliminated. Scan speed has profound influence on the nitride
layer, at low speed U2N3 is more likely to form and the nitride layer
tends to crack. XPS analysis shows that nitrogen diffuses into inte-
rior, while oxygen is only present on the surface. Ambient and hot–
humid corrosion tests show that the nitrided material has good
anticorrosion property.
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