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Porosity influence on the mechanical properties
of polycrystalline zirconium nitride ceramics
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Abstract

Polycrystalline zirconium nitride (ZrN) pellets, which have three kinds of porosity but have the same grain size, were
prepared by the spark plasma sintering (SPS). The room temperature mechanical properties of the samples were evaluated
by ultrasonic pulse echo measurements, Vickers hardness tests and nanoindentation tests. The general equations for the
porosity influence on Young’s modulus and hardness were proposed.
� 2006 Elsevier B.V. All rights reserved.

PACS: 62.20.Dc; 62.20.�X
1. Introduction

Zirconium nitride (ZrN) is being studied as an
inert matrix of actinide targets of accelerator driven
system (ADS) [1], because of its superior thermal,
neutronic and chemical properties for a nuclear fuel
cycle. For example, it has high melting temperature,
high thermal conductivity, low creep rate and high
chemical compatibility with SUS 316 stainless steel
and liquid Na [2–4]. In addition, ZrN is a good can-
didate for ceramics coating films because it exhibits
the excellent mechanical characteristics [5,6].

However, the thermophysical properties of ZrN
have been scarcely evaluated because it is very
0022-3115/$ - see front matter � 2006 Elsevier B.V. All rights reserved

doi:10.1016/j.jnucmat.2006.07.002

* Corresponding author. Tel.: +81 6 6879 7905; fax: +81 6 6879
7889.

E-mail address: j-adachi@stu.nucl.eng.osaka-u.ac.jp (J. Ada-
chi).
difficult to prepare the high-density bulk samples.
Therefore, most of the researches on the physical
properties of ZrN have been performed on thin
films [5–7]. In the present study, we prepared the
polycrystalline sintered pellets of ZrN with various
densities (in other words, various porosities) and
measured the mechanical properties such as
Young’s modulus, Vickers hardness and nanoinden-
tation hardness. From the experimental results, the
influences of porosity on mechanical properties of
ZrN were evaluated. Load dependence was also
evaluated for hardness.

2. Experimental procedure

2.1. Sample preparation and characterization

The crystal structure and lattice parameter of
ZrN powder (99.9%, Soekawa Chemical Co. Ltd.)
.
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were evaluated by powder X-ray diffraction (XRD)
method using Cu-Ka radiation at room tempera-
ture. The powder was placed into a 20 mm diameter
graphite die and sintered by the spark plasma sinter-
ing (SPS, SUMITOMO COAL MINING Dr Sinter
SPS-1020 apparatus) at 1773, 1873 and 2073 K each
at the heating rate of 100 K/min in a nitrogen atmo-
sphere. The bulk density of the sintered samples was
determined by a geometric measurement. Mirror
polish was performed on the bulk samples using
SiC polishing papers and alumina colloidal powders
whose grain sizes were 1.0, 0.3 and 0.05 lm. For the
bulk samples, the shape and size of the grains and
pores were evaluated with a scanning electron
microscope (SEM, HITACHI S-2600H) and an
optical microscope (OLYMPUS BX51M). The sur-
face roughness was determined with an atomic force
microscope (AFM, JEOL JSPM-4200).
2.2. Mechanical property measurements

The longitudinal and shear sound velocities were
measured by the ultrasonic pulse–echo method
(NIHON MATECH Echometer 1062) at room
temperature in air. Various elastic moduli such as
Young’s modulus and shear modulus can be calcu-
lated from the measured sound velocities.

Vickers hardness was measured with a micro-
Vickers hardness tester (MATSUZAWA SEIKI
MHT-1) at room temperature in air. Applied load
and loading time were chosen to be 0.98, 2.94 and
9.8 N, and 15 s, respectively. This measurement
method follows JIS R1610.

The nanoindentation tests were performed at
room temperature in air using an AFM with a
nanoindenter (Hysitron Inc. TriboScope) for the
sample prepared by SPS at 2073 K. The nanoinden-
tation loads were chosen to be 2000, 4000 and
6000 lN. In the nanoindentation tests, the loading
and unloading time, were chosen to be 5 s, each.
According to the method of Oliver and Pharr [8],
the load–displacement data obtained by nanoinden-
tation tests enable us to calculate nanoindentation
hardness (Hn) and reduced modulus (Er). Young’s
modulus can be calculated from the following
equation:

1

Er

¼ 1� m2
i

Ei

þ 1� m2
S

ES

; ð1Þ

where E and m are Young’s modulus and Poisson’s
ratio, and the subscripts of s and i represent a sam-
ple and an indenter, respectively. Young’s modulus
(Ei) and Poisson’s ratio (mi) of the diamond tip are
1140 GPa and 0.07, respectively.
3. Results and discussion

3.1. Sample characteristics

From the powder XRD patterns of the samples
at room temperature of the samples, it was con-
firmed that a single phase of ZrN with a NaCl type
cubic structure was obtained in the present study.
Lattice parameter evaluated from the XRD pattern
is a = 0.4586 nm, which is consistent with the litera-
ture value (=0.4585 nm) [9]. The relative densities of
the bulk type samples are 82.2, 91.3 and 93.4% T.D.
for the SPS temperatures of 1773, 1873 and 2073 K,
respectively. From the SEM and optical microscope
observation results, the following two facts were
confirmed. First, the grain size of the bulk sample
is almost the same as that of one another in spite
of the different sintering temperature because the
sintering time is very short in the SPS process. In
other words, the grain size of the powder sample
before SPS corresponds to that of the bulk sample
after the SPS. Therefore, the grain growth did not
occur during the SPS process and so the grain sizes
are comparable among the three bulk samples.
Actually, the grain size was observed to be 10–
20 lm. Second, the shape of pores is nearly spherical
and the size of the pores is �1–2 lm. In addition,
most of the pores concentrate along the grain
boundaries. The sample characteristics are summa-
rized in Table 1.

Fig. 1(a) and (b) shows the indentation images
of the micro-Vickers indentation and nanoindenta-
tion, respectively. From these figures, the nanoin-
dentation size is of a sub-micro scale, which is
remarkably smaller than the grain size. In this case,
the nanoindentation is scarcely affected by the
porosity [10,11] because the nanoindentation is
just performed in the grain. For instance, the dia-
mond tip does not touch the grain boundary or
the pores. Therefore, it is assumed that the results
obtained from the nanoindentation tests represent
mechanical properties of the porosity-free materi-
als. From AFM analysis, the arithmetic average
of surface roughness of the bulk samples was
detected to be below 5 nm, which is extremely low
compared to the contact depth of the nanoindenta-
tion tests.



Fig. 2. Porosity dependence of Young’s modulus of ZrN,
together with the literature data [12–14].

Table 1
Sample characteristics and mechanical properties of ZrN

Sintering temperature (K) 1773 1873 2073

Relative density (% T.D.) 82.2 91.3 93.4
Crystal structure NaCl type
Lattice parameter at R.T. (nm) 0.4586
Grain size (lm) 10–20 10–20 10–20
Pore size (lm) 1–2 1–2 1–2
Arithmetic average roughness (nm) 3.7 4.9 4.6
Longitudinal sound velocity (m/s) 5561 7126 7196
Shear sound velocity (m/s) 3335 4066 4135
Young’s modulusa (GPa) 156 275 288
Shear modulus (GPa) 64 109 115
Bulk modulus (GPa) 92.7 190 195
Poisson ratio 0.219 0.259 0.253

a Young’s modulus was obtained by the ultrasonic pulse echo
measurement.
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3.2. Mechanical properties

3.2.1. Young’s modulus

The values of sound velocities and elastic moduli
obtained from the ultrasonic pulse echo measure-
ments are summarized in Table 1. Fig. 2 shows
the porosity dependence of Young’s modulus
obtained from the ultrasonic pulse echo measure-
ments and the nanoindentation tests, together with
the literature data [12–14]. The following equation
suggested by Wachtman Jr. [15] describes the poros-
ity dependence of Young’s modulus:

EðP Þ ¼ E0 expð�aP Þ; ð2Þ

where E0 is Young’s modulus of a porosity-free
material, a is a constant, and P is the porosity. In
Fig. 2, the results of Young’s modulus obtained
from the ultrasonic pulse echo measurement were
represented by Eq. (2) and we obtained the follow-
ing equation:
Fig. 1. Indentation image (a) micro-Vickers indentation (metal
EðP ÞðGPaÞ ¼ 442� expð�5:69� P Þ ð0 < P < 0:2Þ:
ð3Þ

The value of E0 (=442 GPa) is very close to the
result obtained from the nanoindentation tests
(= 452 GPa). This result proves that the Young’s
modulus obtained from the nanoindentation tests
represents the value of the porosity-free material.

3.2.2. Hardness

Fig. 3 shows the porosity dependence of the
Vickers hardness at the loads of 9.8, 2.94 and
0.98 N, together with the literature data [16]. The
following equation suggested by Luo [17] describes
the porosity dependence of Vickers hardness:

H VðF ; P Þ ¼ HV;0ðF Þ � expð�bðF Þ � PÞ; ð4Þ

where HV,0 is Vickers hardness of a porosity-free
material, b is a constant that depends on the applied
load, and P is the porosity. In Fig. 3, only the results
of Vickers hardness obtained in the present study
lographic picture) and (b) nanoindentation (AFM image).



Fig. 4. Load dependence of hardness of ZrN.

Fig. 3. Porosity dependence of hardness of ZrN, together with
the literature data [16].
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were represented by Eq. (4) and the following equa-
tions were obtained:

H Vð9:8N;P ÞðGPaÞ ¼ 13:5� expð�5:93� P Þ
ð0 < P < 0:2Þ; ð5Þ

H Vð2:94N;P ÞðGPaÞ ¼ 14:3� expð�5:02� P Þ
ð0 < P < 0:2Þ; ð6Þ

H Vð0:98N;P ÞðGPaÞ ¼ 14:6� expð�3:67� P Þ
ð0 < P < 0:2Þ: ð7Þ

In Eq. (5), the estimated value (= HV,0(9.8 N) =
13.5 GPa) of the Vickers hardness for the porosity-
free material under the load of 9.8 N is nearly consis-
tent with the experimental value (=13.2 GPa)
reported in the literature [16]. Therefore, it is consid-
ered that the porosity dependence of Vickers hard-
ness under the load of 9.8 N could be described by
Eq. (5), accurately. Based on this, it is thought that
HV,0(2.94N) and HV,0(0.98N) in Eqs. (6) and (7)
should be consistent with the values of Vickers hard-
ness for the porosity-free material under the loads of
2.94 N and 0.98 N, respectively. In addition, the b

value decreases with decreasing load. This indicates
that the porosity influence on the hardness decreases
with decreasing load.

Fig. 4 shows the load dependence of Vickers
hardness and nanoindentation hardness of ZrN. In
this figure, the estimated values of Vickers hardness
using Eqs. (5)–(7) are shown as solid stars. From
Fig. 4, it is found that the hardness decreases with
increasing load. In the case of the nanoindentation
hardness (Hn), nanoindentation hardness decreases
with increasing load, according to the indentation
size effect [18]. In the case of Vickers hardness
(HV), the number of cracks occurring from Vickers
indentation increases with increasing load. This
leads to the decrease of Vickers hardness arising
from an increasing load.

4. Conclusion

The polycrystalline ZrN samples with various
densities were prepared by SPS and their mechani-
cal properties were measured.

From the ultrasonic pulse echo measurements,
the following equation, which represents the poros-
ity dependence of Young’s modulus of ZrN, was
obtained:

EðP ÞðGPaÞ ¼ 442� expð�5:69� P Þ ð0 < P < 0:2Þ;

in which 442 means Young’s modulus of the poros-
ity-free material. 442 GPa is consistent with the
value obtained from the nanoindentation test, i.e.,
451 GPa. It is found that the nanoindentation is a
very effective method to evaluate the mechanical
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properties not only of thin films and/or single crys-
talline but also of polycrystalline ceramics.

From the results of Vickers hardness tests, the
following equation, which represents the porosity
dependence of Vickers hardness of ZrN, was
obtained:

HVð9:8N;P Þ ¼ 13:5� expð�5:93� P Þ ð0< P < 0:2Þ;

in which 13.5 means hardness of the porosity-free
material. The nanoindentation hardness and Vick-
ers hardness decrease with increasing load due to
the indentation size effect and increasing the crack
density, respectively.

In the present study, Young’s modulus and hard-
ness of ZrN were able to be evaluated systemati-
cally, and the equations for the porosity effect on
Young’s modulus and hardness were obtained.
These equations allow us to calculate Young’s mod-
ulus and hardness under various sample characteris-
tics and measurement conditions.
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