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a b s t r a c t

The indentation hardness, Vickers hardness, fracture toughness, and Young’s modulus of polycrystalline
uranium mononitride (UN) at sub-microscale and macroscale were evaluated by an indentation test,
Vickers hardness test, and the ultrasonic pulse echo method. The Young modulus and Vickers hardness
were in good agreement with the literature values. The fracture toughness of UN was about three times
that of UO2. In addition, we revealed the indentation size effect on the indentation hardness of UN.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Because of its superior properties, nitride fuel is being studied
as an advanced fuel for the fast breeder reactor (FBR) [1,2] and
accelerator driven system (ADS) [3,4]. For example, the superior
properties are a high melting temperature, high thermal conduc-
tivity, high chemical compatibility with SUS 316 and liquid Na,
and so on [5–7]. In order to evaluate the potential of nitride fuel,
a lot of research has been performed to evaluate the macroscale
properties of polycrystalline uranium nitride (UN). However, fis-
sion products (FP) such as the platinum family element make the
microstructure of the nitride fuel complex [8–10]. Therefore, when
studying the characteristics of the burnup nitride fuel, it is impor-
tant to evaluate not only the macroscale properties, but also the
sub-microscale properties.

The indentation test [11–13] has recently been developed, and
mechanical properties such as indentation hardness and Young’s
modulus within sub-micron and nanoscale are widely discussed.
The test is expected to be useful for measuring the mechanical
properties of thin film [14,15], single crystal materials [16,17],
and so on. However, there have been few studies that have applied
the indentation test to nuclear fuels.

In the present study, we performed indentation tests for poly-
crystalline uranium mononitride (UN) to evaluate the mechanical
properties of UN at the sub-microscale. For comparison, we per-
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formed the ultrasonic pulse echo measurement and Vickers hard-
ness test. From the results of the Vickers hardness test and
ultrasonic pulse echo measurement, we evaluated Vickers hard-
ness and fracture toughness, and various elastic moduli such as
Young’s modulus and Poisson’s ratio as the macroscale mechanical
properties.

2. Experimental

The powder sample of UN was prepared from uranium dioxide
(UO2) by a carbothermic reduction. Powders of UO2 and graphite
were mixed at a molar ratio of C/U = 2.4. In order that the oxide
phase would not remain in the product, excess graphite powder
was added to the UO2 powder. The mixed powder was heated at
1773 K under N2 atmosphere with a flow rate of 10 l/min for 8 h,
and successively heated at 1773 K under N2 +5% H2 atmosphere
with a flow rate of 10 l/min for 8 h to remove the residual carbon.
After the carbothermic reduction, the powder sample of UN was
crushed by wet type ball milling using hexane for 40 h. In the ball
milling, a WC ball was used. The green pellet (10 mm�u10 mm)
was obtained by the pressure under 196 MPa. The high density
bulk sample of UN was sintered at 2073 K under Ar atmosphere
with a flow rate of 3 l/min for 4 h and hence the bulk sample of
UN was obtained. The oxygen (O2) and carbon (C) contents were
measured by an infrared absorption method, while the nitrogen
(N2) content was measured by a differential thermal conductivity
method. The sample preparation and measurements of O2, N2

and C contents were performed in a high-purity atmosphere glove
box, in which the O2 and H2O contents were below 10 and
40 wt. ppm, respectively.
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Fig. 1. XRD pattern of UN (a) literature data [21], (b) powder sample and (c)
polished bulk sample.
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Mechanical polishing was performed for the bulk sample using
SiC polishing papers and Al2O3 powders, whose grain sizes were
1.0, 0.3 and 0.05 lm. Finally, chemical mechanical polishing was
performed using Al2O3 powder with the grain size of 0.05 lm in
alkaline solution (pH 9.0) to remove the surface altered layer such
as the oxidation layer and strain hardening layer. The lattice
parameter and crystal structure were evaluated by the X-ray dif-
fraction (XRD) method using Cu–Ka radiation at room tempera-
ture. The bulk density of the sintered sample was determined by
a geometric measurement. The area function of each grain was
evaluated by the electron backscattering diffraction (EBSD) in a
high vacuum (<10�8 Pa), and the average grain size was calculated.
The surface observations were performed by a scanning electron
microscope (SEM) in a high vacuum (<10�8 Pa) and scanning laser
microscope (SLM) in air. The surface roughness was evaluated by
an atomic force microscope (AFM) in air.

The longitudinal and shear sound velocities were measured by
an ultrasonic pulse echo method at room temperature in air. The
frequency of the transducer used in an ultrasonic pulse echo
method was 5 MHz. Various elastic moduli such as Young’s modu-
lus and shear modulus can be calculated from the measured sound
velocities.

Vickers hardness was measured using a Vickers hardness tester
at room temperature in air. The applied load and load time were
chosen to be 49, 98, 196, 490, 980, 1960, 2940 and 9800 mN, and
15 s, respectively. In the case of ceramics, fracture toughness is
generally evaluated from an indentation fracture method using
the length of the microcrack generated from the vertex of the Vick-
ers indentation. However, the fracture toughness of UN had not
previously been evaluated because the microcrack was scarcely
generated at the Vickers indentation process, and the length of
the microcrack is very short in the UN sample when the load is
lower than 9800 mN. In the present study, we could observe the
microcrack in the UN sample using high-resolution SLM. The frac-
ture toughness of UN was calculated using the Niihara equation
(Eq. (1)) [18]:

K IC ¼ 0:0181E0:4H0:6
V a0:5 C

a
� 1

� ��0:5

ð1Þ

where E, HV, a and C are the Young modulus, Vickers hardness, half
of the diagonal length of the Vickers impression, and length of the
microcrack. As the value of E, Young’s modulus evaluated from
the ultrasonic pulse echo method was used.

The indentation tests were performed at room temperature in
air using an AFM with a nanoindenter. Details of the apparatus
are reported in our previous paper [19]. Using the fused silica as
the standard sample, it was confirmed that the area function [11]
of the Berkovich indenter used in the present study was the same
at any indentation depth. The indentation loads were chosen to be
2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 10, 20, 50, 100, 200, 500, 980, and
1960 mN. In the indentation tests, the loading and unloading times
were chosen to be 15 s each. From the indentation tests, the load-
displacement curves of UN were obtained and include the informa-
tion on the indentation depth, load and stiffness. According to the
method of Oliver and Pharr [11], the indentation depth, load and
stiffness enabled us to calculate the indentation hardness (Hin)
and reduced modulus (Er). The Young’s modulus can be calculated
from the following equation:

1
Er
¼ 1� m2

i

Ei
þ 1� m2

S

ES
; ð2Þ

where E and m are the Young’s modulus and Poisson’s ratio, and the
subscripts s and i represent the sample and indenter, respectively.
Young’s modulus (Ei) and Poisson’s ratio (mi) of the diamond tip
are 1140 GPa and 0.07, respectively. In the present study, Poisson’s
ratio calculated from an ultrasonic pulse echo method was used as
the values of mS because the Poisson’s ratio is almost independent of
the porosity [20].

3. Results and discussion

3.1. Sample characteristics

Fig. 1 shows the XRD patterns of the powder sample and pol-
ished bulk sample of UN with the literature data [21]. The powder
sample was obtained from part of the bulk sample before polish-
ing. From Fig. 1, it was confirmed that the single phase of UN with
a NaCl type structure was obtained in both the powder sample and
bulk sample. The lattice parameters of the powder sample and bulk
sample evaluated from the XRD pattern corresponded to each
other, and the value was 0.4888 nm, which is consistent with the
literature value (0.48897 nm) [21]. In the EBSD measurement,
obvious Kikuchi patterns were observed. When there is an oxida-
tion layer and strain hardening layer with a thickness beyond sev-
eral dozen nm, the Kikuchi pattern could not be observed. From
these results of XRD and EBSD, it was confirmed that there was al-
most no oxidation layer and strain hardening layer in the bulk
sample of UN. The relative density of the bulk type sample was
92.2% of the theoretical density (%T.D.) calculated from the lattice
parameter obtained from XRD analysis. From the EBSD analysis,
the average grain size was 10.3 lm. From the SEM and SLM obser-
vations, the shape of the pores is nearly spherical and their sizes
are approximately 1–2 lm. The sample characteristics are summa-
rized in Table 1.

Fig. 2(a) and (b) show the indentation images of the Vickers
hardness test at the load of 9800 mN and the indentation test at
the load of 4.0 mN, respectively. From these figures, the indenta-
tion size obtained in the indentation test at the load of 4.0 mN is
a sub-micro scale, which is remarkably smaller than the grain size.
In this case, the indentation test is scarcely affected by the pore
[14,22], because the plastic zone and elastic zone generated in
the indentation process don’t contact the grain boundaries and



Table 1
Sample characteristics of UN

Structure type NaCl
Lattice parameter nm 0.4888
Mass density g/cm3 13.21
Relative density % T.D. 92.2
Grain size l m 17.4
N2 content wt% 5.68
O2 content wt. ppm 2464
C content wt. ppm 938
Arithmetic average surface roughness nm 2.4

Fig. 3. Indentation depth dependence of Young’s modulus of UN.

Fig. 4. Schematic of elastic and plastic zone on indentation test [13].

Table 2
Sound velocities and elastic moduli obtained by ultrasonic pulse echo measurement
of UN

Longitudinal velocity, VL m/sec 4378
Shear velocity, VS m/sec 2507
Young’s modulus, E GPa 208
Shear modulus, G GPa 83
Poisson’s ratio, m 0.256
Bulk modulus, B GPa 142
Debye temperature, h K 339
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pores. Therefore, it is assumed that the results obtained from the
indentation tests at the low load represent the mechanical proper-
ties of the porosity-free materials. From the AFM analysis, the
arithmetic average surface roughness of the bulk samples was de-
tected to be below 3 nm, and its value is adequately lower than the
indentation depth (>80 nm). In addition, the pile-up and sink-in
[13] were not observed.

3.2. Mechanical properties

Fig. 3 shows the indentation depth h dependence of Young’s
modulus of UN obtained from the indentation test. In Fig. 3,
Young’s modulus of UN is independent of the depth in the region
of h < 1000 nm. On the other hand, Young’s modulus rapidly de-
creases with an increase in depth in the region of h > 1000 nm.
The reason is that the elastic zone shown in Fig. 4 reaches the grain
boundary from the depth of 1000 nm and the expansion of the
elastic zone is interfered by the grain boundary. As a result,
Young’s modulus obtained from the indentation test becomes
low. In the present study, we considered the average of Young’s
modulus obtained in the region of h < 1000 nm to be Young‘s mod-
ulus of porosity-free UN. The values of sound velocities and elastic
moduli obtained from the ultrasonic pulse echo measurements are
summarized in Table 2. Fig. 5 shows the porosity dependence of
Young’s modulus obtained from the ultrasonic pulse echo mea-
surements and indentation tests, together with the literature data
[23–27]. Hayes and Peddicord [23] revealed the porosity (P) and
temperature (T) dependences of Young’s modulus (E) of UN as
the following equation:

EðMPaÞ ¼ 0:258½ð1� PÞ � 100�3:446½1� 2:375� 10�5T�
ð0 < P < 0:3; 298 < T < 1473 KÞ: ð3Þ

From Fig. 5, Eq. (3) is consistent with the results obtained from the
ultrasonic pulse echo measurement at 92.2%T.D. and the indenta-
tion test at 100%T.D. This result proves that Young’s modulus
Fig. 2. Indentation image (a) Vickers hardness test at the load of 9800 mN (SLM image), (b) indentation test at the load of 4.0 mN (AFM image).



Fig. 5. Porosity dependence of Young’s modulus of UN, together with the literature
data [23–27].

Fig. 6. Porosity dependence of Vickers hardness of UN at load of 9.8 N, together
with the literature data [23,28–32].

Fig. 7. Load dependence of the fracture toughness of UN, together with the
literature data of UO2 [33–36].

Fig. 8. Load dependence of the hardness of UN, together with the literature data of
UO2 [19,34,35,37]. In this figure, the white and black points represent the
indentation hardness and Vickers hardness, respectively.
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obtained from the indentation test represents the value of the
porosity-free material.

Fig. 6 shows the porosity dependence of Vickers hardness at
9800 mN, together with the literature data [23,28–32]. Hayes and
Peddicord [23] and Godfrey and Hallerman [29] revealed the
porosity and temperature dependences of the Vickers hardness of
UN as the following equation.

Hayes½22� : HVðGPaÞ ¼ 9:334½1� 2:1P� expð�1:882� 10�3TÞg
ð0 < P < 0:26;298 < T < 1673KÞ ð4Þ

Godfrey½29� : HVðGPaÞ ¼ 4:7778½1� 2:1P�ð0 < P < 0:26Þ ð5Þ

From Fig. 6, the Vickers hardness of UN obtained in the present
study is very consistent with Eq. (5).

The load dependence of the fracture toughness of UN is shown
in Fig. 7, together with the literature data of UO2 [33–36]. In the
present study, the microcrack could not be observed below the
load of 980 mN. At the load of 9800 mN, the fracture toughness
of UN is about three times that of UO2. From this result, it is
thought that the pellet cracking in nitride fuels resulting from
the thermal stress is vastly smaller than that in oxide fuels, be-
cause the fracture toughness and thermal conductivity of UN are
higher than those of UO2.
Fig. 8 indicates the load dependence of Vickers hardness and the
indentation hardness of UN, together with the literature data of
UO2 [19,34,35,37]. In this figure, both the Vickers hardness and
indentation hardness decrease when the load is increased. This
phenomenon is called the indentation size effect (ISE). Nix and
Gao [38] formulated the ISE by the strain gradient plasticity [39]
based on geometrically necessary dislocations (GNDs) [40]. In the
Nix and Gao model, the ISE is represented by the following
equation:

H
H0

� �2

¼ 1þ h0

h
ð6Þ

where H and h are the indentation hardness and depth, H0 is the
indentation hardness when the depth (h) becomes infinitely large,
and h0 is the length scale. H0 and h0 are generally obtained by the
fitting of Eq. (6) for the experimental data. Thus, the ISE cannot
be explained from the load dependence of the hardness, but can
be explained from the relationship of 1/h and H2. Therefore, the
relationship of 1/h and H2 is shown in Fig. 9. In this figure, the
experimental data follows the Nix and Gao model in the region of
h > 170 nm, but the Nix and Gao model overestimates the hardness



Fig. 9. Square of indentation hardness versus inverse of depth (UN).
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in the region of h < 170 nm. In the same way, Swadener et al. [41]
and Feng and Nix [42] evaluated the ISE on Ir and MgO, respectively.
In the case of Ir and MgO, the Nix and Gao model also overestimated
the hardness at low h. In the Nix and Gao model, it is assumed that
all the GNDs are contained in a hemisphere plastic zone, with a ra-
dius equal to the contact radius a. Swadener suggested that this
assumption may not be correct at low h and that GNDs spread-
out from the hemisphere plastic zone with a radius equal to the
contact radius a due to the repulsive force between dislocations.
The spread-out effect was experimentally confirmed by Feng. Feng
suggested the effective plastic zone with a radius of fa to account for
the spread-out effect, and improved the Nix and Gao model as the
following equation:

H
H0

� �2

¼ 1þ h0

f 3h
: ð7Þ

Feng formulated the form of function (f ðhÞ) as Eq. (8):

f ¼ 1þ ae�h=h1 ; ð8Þ

where a and h1 are the fitting parameters. From Eqs. (7) and (8), Eq.
(9) was obtained:

H
H0

� �2

¼ 1þ 1þ ae�h=h1
� ��3 h0

h
: ð9Þ

The experimental data was adequately fitted by using Eq. (9), as
shown in Fig. 9. From the fitting by Eq. (9), the depth dependence
of the indentation hardness of UN was revealed as the following
equation:

H
4:948

� �2

¼ 1þ 1þ 1:550e�h=35:52� ��3 408:7
h

ð70 nm < h < 2000 nmÞ ð10Þ

Eq. (10) allows us to estimate the indentation hardness of UN under
various indentation depths and loads. In Fig. 8, the Vickers hardness
of UN is smaller than that of UO2. However, the indentation hard-
ness of UN is larger than that of UO2. This reason would be also
the indentation size effect.

4. Summary

The bulk sample of polycrystalline UN was prepared by a carbo-
thermic reduction and the mechanical properties of UN were eval-
uated at the sub-microscale and macroscale. The values of Young’s
modulus estimated from Hayes’s equation (Eq. (3)) were very con-
sistent with the results of the ultrasonic pulse echo method and
indentation test. The Vickers hardness of UN obtained in the pres-
ent study was consistent with Godfrey’s equation (Eq. (5)). The
fracture toughness of UN was about three times that of UO2. The
indentation hardness decreased with an increase in the load due
to strain hardening resulted from the generation of geometrical
necessary dislocations in the indentation process. Using the model
for the indentation size effect, which was suggested by Nix and Gao
and improved by Feng, the authors revealed the relationships be-
tween the indentation depth and indentation hardness as the fol-
lowing equation:

H
4:948

� �2

¼ 1þ 1þ 1:550e�h=35:52� ��3 408:7
h

ð70 nm < h

< 2000 nmÞ

By using this equation, we can estimate the indentation hardness
under various indentation depths and loads. From these results, it
was confirmed that the indentation test would be very useful when
evaluating high-burnup fuel and cladding material, which have very
complex microstructures.
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