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Zirconium nitride is a promising alternative material for the use as an inert matrix for transuranic fuel,
but the knowledge of the radiation tolerance of ZrN is very limited. We have studied the radiation stabil-
ity of ZrN using a 2.6 MeV proton beam at 800 �C. The irradiated microstructure and hardening were
investigated and compared with annealed samples. A high density of nano-sized defects was observed
in samples irradiated to doses of 0.35 and 0.75 dpa. Some defects were identified as vacancy-type pyra-
midal dislocation loops using lattice resolution imaging and Fourier-filter image processing. A very slight
lattice expansion was noted for the sample with a dose of 0.75 dpa. Hardening effects were found for
samples irradiated to both 0.35 and 0.75 dpa using Knoop indentation.

Published by Elsevier B.V.
1. Introduction

Interest in nitride-based fuels has arisen within the advanced
fuel cycle initiative (AFCI) of the US Department of Energy [1],
and several authors proposed zirconium nitride as one of the most
promising inert matrix materials based on superior thermal and
neutronic characteristics [2–5]. In addition, the compatibility with
sodium and solubility in nitric acid for ZrN has also been tested and
confirmed [4]. ZrN based inert matrix fuels could potentially en-
hance proliferation resistance of next generation reactors and re-
duce the environmental impact of nuclear energy production via
transmutation of transuranic fission products. ZrN has also been
proposed as a surrogate material for developing, testing and char-
acterization of transuranic fuel since it has an isostructure with
many actinide mononitrides [6].

However, very little information concerning radiation tolerance
of ZrN is available. Most of the reported research was using ion
irradiations, such as He, Xe, and Kr ion bombardment at various
temperatures [7,8]. Neutron irradiation was performed at moder-
ate neutron fluence, but only the electrical resistivity was evalu-
ated [9]. Like many transition-metal carbides and nitrides,
stoichiometric ZrN has a B1 (NaCl) structure, consisting of two
intercalated face-centered sub-networks. A strong covalent Zr–N
bonding confers the refractory properties, while the variability in
physical properties is reportedly due to the various stoichiome-
tries, which can affect the electronic structure, intrinsic vacancy
concentrations, and potentially the radiation damage structures
[10,11].
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The purpose of present study is to provide some fundamental
insight into the radiation response of ZrN under a proton beam.
The microstructural evolution at two different fluences with irradi-
ation at 800 �C was analyzed and the microhardness changes were
also evaluated.

2. Experimental

2.1. Materials

Commercial grade ZrN rods were obtained from CERCOM Inc.
(Vista, California 92801). The material was produced by hot press-
ing of commercial powder from H.C. Stark Inc. (Newton, MA
02461). The ceramic was received as 25 mm long rods with a diam-
eter of 3 mm. The density was measured as 7.06 g/cm3 using an
immersion method, and the ratio to the theoretical density
7.32 g/cm3 shows 3.7 vol.% porosity in the material. The chemical
composition determined by NSL Analytical Services, Inc. with
ICP–MS and Leco methods, is listed in Table 1 [12]. The ratio of
N/Zr is 0.803 and the material is sub-stoichiometric with a nitro-
gen-deficient sublattice. Impurities of O and C possibly originated
from the ZrN power fabrication procedure, i.e., carbothermic
nitridation of oxides.

2.2. Proton irradiation

The irradiations were performed with a 2.6 MeV proton beam
using the UW Tandem Accelerator, and the desired irradiation tem-
perature was reached via a combination of a heating stage with an
attached Gaumer GB301X-500-CB cartridge heater and the proton
beam heating. The damage profile, calculated using TRIM2008
(Transport of Ions in Matter) [13] with a threshold displacement
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Table 1
Chemical composition of ZrN [12].

Element Ti Cr Si Hf Fe W C N O Ca Mo V Sn Zr

wt% .095 0.034 .007 .015 <0.069 0.19 0.76 10.81 1.27 0.011 0.021 0.02 0.011 Bal.
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energy (Ed) of 35 eV for zirconium and 25 eV for nitrogen, is shown
in Fig. 1. The values of Ed are based on the estimation of ZrC [14],
though the true values of Ed for Zr and N are not available. It is rea-
sonable to assume that the value of Ed for N is nearly the same as
that of C, and to assume that Ed for Zr atoms is 20–40 eV, which is
typical for many metal atoms. The depth of greatest interest is the
‘flat’ region 10–25 lm before the peak and this region is where the
damage, as given in displacements per atom (dpa) was calculated.
The H+ ion concentration is nearly negligible in this region. The
damage rates were taken from the ‘Full Damage Cascade’ calcula-
tion condition in TRIM program, and the calculated dose rate is
�1 � 10�5 dpa/s. Two irradiations, to doses of 0.35 and 0.75 dpa,
were performed on the samples at a temperature of 800 �C mea-
sured by the three stage-embedded thermocouples, and the unifor-
mity of the experimental temperature across the samples was
monitored using an infrared camera. The irradiation temperature
deviations are ±23 and ±9 �C for the doses of 0.35 and 0.75 dpa,
respectively.

2.3. Characterization

For comparison, the as received ZrN samples were also vacuum
annealed at 800 �C for 20 h which corresponds to the time needed
to accumulate 0.75 dpa at our irradiation conditions, and the re-
lated microstructure was fully characterized using scanning elec-
tron microscopy (SEM), transmission electron microscopy (TEM)
and X-ray diffraction (XRD). For the irradiated samples, a thin layer
of �10 lm was removed from the irradiated surface to eliminate
the free surface effects from the subsequent microstructural and
mechanical property studies. The plan-view and cross-section
TEM samples were prepared using wedge polishing followed by
low angle ion milling, and for the plan-view specimen, the electron
transparent area was controlled to be at the range around 20 lm
below the irradiated surface. The TEM characterization was con-
ducted using a Philips CM200UT TEM, and the possible radiation
induced segregation along grain boundaries or the dislocation
loops was examined using electron dispersive spectroscopy (EDS)
Fig. 1. Damage profile estimated with TRIM2008 in ZrN and concentration of
implanted H (broken line), irradiated with 1 � 1019/cm2 2.6 MeV protons.
with a spot size of 6 nm diameter. To study the lattice expansion
caused by proton irradiation, X-ray Diffraction (XRD) was con-
ducted using a STOE X-ray Powder Diffractometer. The hardening
from proton irradiation was evaluated using a Knoop micro-inden-
ter with a load of 50 g and 15 s load time. The sample surfaces were
diamond lapped to 1 lm and finished with a �0.04 lm silica final
polish. The indentation penetration is �2.5 lm which is only one
tenth of the irradiated depth; the shallow impression effectively
eliminates the influence of underlying damage peaks and unirradi-
ated matrix materials and complies with the ASTM standard [15].

3. Results

3.1. Microstructure of as-annealed conditions

The SEM image in Fig. 2 shows the grain structure of the an-
nealed ZrN. The material has a relative high porosity, especially
at triple grain boundary junctions. A second phase was identified,
indicated with arrows in Fig. 2. It contains �57 at% oxygen with
the balance zirconium, and is identified as ZrxOy using EDS.

The TEM microstructure of annealed ZrN is shown in Fig. 3. In
general the material is nearly free of dislocation lines or networks,
but some dislocation lines can be found in the vicinity of submi-
cron-sized precipitates as shown in Fig 3(c). Significant numbers
of heavily twinned oxides were observed at the triple grain bound-
ary junctions as shown in Fig 3(b), which was consistent with the
mix of monoclinic, tetragonal and cubic phases found in ZrN by Ege-
land using glancing angle XRD [7]. Additionally, clusters of faceted
voids were observed in some grains, and high resolution TEM
(HRTEM) revealed the existence of a thin layer of an amorphous Six-

Oy at the edge of the voids. Diamond shaped voids were also found by
Wheeler et al. in ZrN annealed at 1400 �C in a N2–6%H2 environment.
However, the formation mechanism of these voids has not been pos-
itively determined, and sintering and annealing conditions defi-
nitely can affect the microstructure and mechanical properties [6].

3.2. Characterization of irradiated ZrN

The irradiated microstructures were characterized using bright
field (BF), weak beam dark field (WBDF) and HRTEM at or near the
zone axis [011]. The microstructure of annealed and irradiated
Fig. 2. SEM image of annealed ZrN, the second phase is identified as ZrxOy.



Fig. 3. (a) General view of the microstructure of ZrN; (b) Heavily twinning of ZrxOy phase at triple boundary junction; (c) Faceted voids and submicron-sized precipitates of
Zr�Oy observed in some grains; (d) HRTEM shows the amorphous SixOy at the edge of voids.
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material is compared in Fig. 4. No radiation induced nano-sized
voids or bubbles were observed for dose levels of 0.35 or
0.75 dpa using the through-focus technique, and no amorphization
was observed.

From Fig. 4 (b)–(e), it can be noted that the irradiated micro-
structures are dominated by nano-sized black spots and streaks.
Compared with the 0.35 dpa irradiation, a dose of 0.75 dpa pro-
duced a higher density of defects, but the sizes of defects are still
in a similar range. Although, the Moiré fringes associated with the
defects can already be observed in the 0.35 dpa irradiated sample,
they became more pronounced in the microstructures irradiated
to 0.75 dpa. The same feature was also observed in Kr-irradiated
samples and it was postulated they resulted from the overlap of a
ZrO2 films formed during irradiation [8]. However, since EDS is
not sensitive enough to detect oxygen concentrations in the Moiré
fringes spot regions, the final conclusion needs to be further inves-
tigated with Z contrast imaging and EELS technologies.

Fig. 5 shows that the irradiated microstructure is very different
from that previously studied in proton irradiated ZrC. The diffrac-
tion pattern of the irradiated ZrN at a 2-beam condition with
g ¼ 311 near the [011] zone axis does not reveal any rel-rod
streaks, which are often used to image the faulted dislocation loops
lying on the four {111} planes in materials with an fcc structure
[16,17]. Therefore for the irradiated ZrN, there are much lower den-
sities of faulted dislocation loops than in ZrC. The differences may
be caused by the different ionic-covalent bonding. There is a lower
tendency for localization of electrons near the Zr core in the nitride
than in the carbide [18]. The much higher initial vacancy concentra-
tion on the N sublattice may also favor different defect structures.

To explicitly identify the nature of the defects observed in irra-
diated ZrN, the lattice image was analyzed using Fourier-filtering.
Fig. 6 shows an image of a typical planar-like defect projected as
streaks along the B = [011] direction. After masking the 200 dif-
fraction spots and applying inverse Fourier transformation, a pyra-
midal dislocation loop is clearly displayed. As shown in Fig. 6(c),
the dislocation loops appear as two opposite-sign dislocations (di-
pole) between which there exists a region of lattice distortion. Note
that these two dislocations are spaced only at a distance of approx-
imately four (200) planes and the defect appears as vacancy-type.
However, it should be noted that lattice images are obtained from
very localized and thin regions of the sample (<20 nm thick) and
the images are very sensitive to sample thickness and microscope
settings. Individual images may not represent the real feature and
certainly not the entire characteristics. Further experimental work
is needed to identify the vacancy pyramidal plane condensation
mechanism in irradiated ZrN.

To examine the irradiation damage along the proton penetra-
tion depth, TEM images were taken on cross-sectional samples.
To illustrate more clearly, an optical image of the cross-sectioned
irradiated ZrN sample is shown in Fig. 7, and it can be seen that
there is a very sharp crack line located near the position of the radi-
ation damage peak calculated using TRIM. The detail of the crack
line is shown clearly in Fig. 8, and it can be seen that the crack
may have formed from the coalescence of aligned voids, and three
more lines of small voids can be seen parallel to the crack and per-
pendicular to the proton beam direction. It seems that the voids
were aligned by the proton beam front and moved forward along
the irradiation direction and stop at the peak of the damage profile.
Additionally, based on the crystal orientations on both sides of the
crack, it was found that the crack is transgranular instead of inter-
granular. The void surfaces and the material interconnecting the
voids on the crack line were revealed as silicon rich oxides shown



Fig. 4. BF, DF, and HRTEM images of as-annealed and irradiated ZrN: (a) and (b) annealed ZrN; (c) and (d) sample irradiated with 0.35 dpa with average loop size of 2.23 nm
and density of 8.36 � 1015 m�2; (e) and (f) sample irradiated with 0.75 dpa with average loop size of 2.35 nm and density of 1.12 � 1016 m�2.

Fig. 5. Two-beam condition diffraction pattern with g ¼ 311 near zone axis [011]: (a) 0.75 dpa irradiated ZrN and (b) 0.75 dpa irradiated ZrC [17].
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Fig. 6. (a) [011] lattice image of planer like defect; (b) Fourier transformation of selected area; (c) Fourier-filtered (200) diffraction lattice images revealing the pyramidal
dislocation loops.

Fig. 7. Optical image of the cross-section of irradiated ZrN.
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by the EDS spectrum in Fig. 8(b). However, the mechanism of the Si
segregation to the aligned voids caused by the proton irradiation is
Fig. 8. TEM image of cross-section sample of irradiated ZrN with dose of 0.75 dpa: (a) a
from the coalescence of aligned voids, and silicon rich oxides on the voids surface was
unclear. Additionally, any hydride formation especially near the
damage peaks needs to be further studied.

3.3. Lattice expansion

The lattice expansion was measured using X-ray diffraction. To
eliminate the error induced by any possible misalignment during
the X-ray diffraction setup and to obtain more accurate lattice
parameters, a thin layer of alumina was deposited on the sample
surfaces as a reference marker. As listed in Table 2 for the
0.35 dpa irradiated sample, there is no noticeable lattice variation
from the unirradiated value, since the difference falls within the
range of measurement error. For the 0.75 dpa, a slight lattice
expansion was observed. This measurement is consistent with
our HOLZ evaluation, which shows no noticeable changes in the
HOLZ patterns of irradiated samples compared with the
unirradiated.

3.4. Irradiation hardening

Irradiation hardening was evaluated using Knoop micro-inden-
tation. The increase of the microhardness due to proton irradiation
is 9.5% for 0.35 dpa and 14.6% for 0.75 dpa, shown in Fig. 9. Irradi-
ation hardening in ceramics is mainly attributed to the formation
ligned bubbles perpendicular to the proton beam direction; (b) Crack lines formed
identified using EDS.



Table 2
Lattice variation in ZrN for different irradiated conditions.

Condition Lattice constant
(nm)

Lattice variation
(nm)

Std. Dev. of mean (nm)

Annealed 0.458353 – 0.000601
0.35 dpa 0.458237 �0.000160 0.000237
0.75 dpa 0.458696 +0.000343 0.000147

Fig. 9. Knoop hardness of ZrN with different irradiation conditions (15 indents
were measured for each condition, and error bars denote the standard error of
mean).
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of point defects [19,20]. The strain fields around point defects
interact with dislocations during deformation and act as a pinning
center and the point defects also play an important role in dynamic
processes such as crack propagation. Hardening due to irradiation
had been studied in Al2O3, MgO + 3Al2O3, MgAl2O4, AlN, and SiC
using the indentation method, and the mechanism of hardening
has been clarified particularly in spinel [19–21]. As an example,
when AlN was irradiated by Iseki at 470 �C to a fluence of
2.4 � 1024 neutrons m�2, a large number of small dislocation loops
were observed and the microhardness increased by �51%. After
annealing at 1400 �C, the microstructure still contained a large
number of small dislocation loops, but the hardness recovery was
almost complete, as was the swelling recovery which was caused
by point defects. Therefore, it was concluded that point defects
and small defect clusters cause the hardening, while relatively
large dislocation loops may play little role in the hardening [20].
Further annealing experiments with irradiated ZrN are planned
to study microstructure and hardening.

4. Conclusion

Proton irradiation of ZrN at 800 �C produced no radiation in-
duced voids or bubbles for a dose up to 0.75 dpa. Crack lines and
aligned bubbles were observed in the vicinity of the irradiation
damage peak which has a much higher dose level and concentra-
tion of stopped hydrogen. No irradiation induced amorphization
or precipitates were detected at a dose of 0.35 or 0.75 dpa. The irra-
diated microstructures are dominated by a high density of disloca-
tion loops and point defects, and lattice resolution TEM images
show some of the loops are vacancy-type in nature. Compared with
the 0.35 dpa sample, the average size of the defects in the 0.75 dpa
sample remains nearly constant but the density increased. Only a
very slight lattice expansion was observed for the 0.75 dpa irradi-
ated sample; for the 0.35 dpa sample, the lattice change falls into
the range of measurement error.

Radiation hardening was found for doses of 0.35 and 0.75 dpa
and this hardening is attributed to the formation of point defects.
However, further annealing experiments on the irradiated sample
are needed to make firm conclusions on the mechanism of radia-
tion hardening in ZrN.
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