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Introduction

Pelleted uranium dioxide is now used as a nuclear 
fuel for WWER. It is well known that, compared 
with metallic materials, ceramic materials have 
positive physical and chemical properties, viz., 
high melting temperature, hardness, durability, 
corrosion resistance, resistance to chemicals, and 
others. A drawback of ceramics, which limits their 
applications, is brittleness. As a measure of brittle-
ness, the fracture toughness is an important char-
acteristic of uranium dioxide fuel pellets.

The mechanical properties of pellets play an 
important role in the interaction of fuel and clad-
ding. For linear power growth, the integrity of the 
cladding depends on the capacity of the fuel to 
balance the growing stress by means of plastic 
deformation and creep or by microcracking. The 
emission of gaseous fi ssion products beneath the 
cladding via radial cracks is due to the prone of 
the fuel matrix to local cracking. Aside from in-re-
actor conditions during standard operation, these 
problems can become critical during non-standard 
reactor situations or transient regimes, since they 
can lead to accidents.

Analysis has shown [1–8] that one method of 
investigating the fracture toughness of ceramics, 
including based on uranium dioxide, is to make in-
dentations, using a diamond tip, with cracks being 
formed on the of the samples. Compared with me-
chanical tests, this method of evaluating the me-
chanical properties of brittle materials is effective 
and inexpensive.

Uranium dioxide fuel pellets with grain sizes 
13, 26, and 33 μm for WWER were investigated in 
the present work in order to determine crack for-
mation and the fracture toughness.
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1. Experimental

Crack formation was studied on three batches of 
WWER-type (batches P1, P2, and P3) uranium 
oxide fuel pellets, all manufactured commercially. 
Basic physical and chemical characteristics of pel-
lets are presented in the Table 1. The content of 
impurity elements did not exceed the technical 
specifi cations.

Young’s modulus (the elastic modulus) of the 
pellets was found at room temperature using the 
MUZA setup (Russia) and the ultrasonic reso-
nance method, which consisted of exciting longi-
tudinal ultrasonic waves in the sample and mea-
suring its characteristic resonance frequency. The 
calculation was performed using the relation
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where h is the height of the pellet, m; ƒ is the 
characteristic resonance frequency of the oscilla-
tions, sec-1; kƒ is the form factor, which depends on 
the height-to-diameter ratio of the sample; and ρ is 
the density of the pellet, kg/m3.

The microhardness was determined by the 
Vickers method with the maximum force applied 
to the sample equal to 1 kg. The Vickers micro-
hardness test consists in making an imprint by in-
dentation into the surface of the test sample under 
a static load applied for a defi nite period of time 
(usually 10–15 sec) to a diamond tip, which com-
prises a regular rectangular pyramid with apex an-
gle 136° between the opposite faces (Fig. 1). The 
Vickers hardness is the ratio of the testing force to 
the surface area of the indentation found from the 

Table 1. Basic physical and chemical characteristics of pellets

Characteristic
Batch

P1 P2 P3

Oxygen ratio (О/U) 2,0016 2,0024 2,0016

Density, g/cm3 10,59 10,53 10,57

Average effective grain diameter, μm 13 26 33
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average length of its diagonals:
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where m is the load, kg; g is the acceleration 
of gravity; Θ = 136°; and d is the average length of 
two diagonals (d1 + d2)/2, m.

The fracture toughness is the resistance of the 
material to the advancement of a crack in it. In lin-
ear fracture mechanics, the stress intensity factor 
K is used to describe the stress fi eld near the crack 
tip. The condition for the onset of crack propaga-
tion can be formulated as the stress reaching a 
critical value. Then, if K1 is the stress intensity 
factor for the loading conditions under which the 
crack edges move in a direction normal to the 
plane of the crack (fi rst mode of deformation), then 
K1c is the critical stress intensity factor of the fi rst 
mode of deformation under static loads, which de-
termines the stress intensity with rapid propaga-
tion of a crack. The factor K1c is called the fracture 
toughness.

A Mitutoyo HM-211 Micro-Vickers hardness 
tester machine (Japan) was used to determine 
the fracture toughness by making imprints on the 
surface of the sample and measuring the length of 
the diagonals and cracks formed. In most cases, 
this method of monitoring can be regarded as be-
ing nondestructive (fracture surface area ~0,01 
mm2). Investigations can be performed on sam-
ples of any shape and size. The accuracy of the 
method depends on the care taken in monitoring 
the condition of the surface, the measurement er-
ror of the dimensions of the microcracks, and the 
effect of the residual stresses. The attractiveness 
of the method based on the direct determination 
of the fracture toughness is due to the possibility 
of making repeated tests on small surface areas. 
The load can be chosen on the basis of the need 
to obtain microcracks of a defi nite type: relatively 
small loads – radial Palmqvist cracks (Fig. 2a), 
which as they grow transform into well-developed 
semi-disk-shaped median half-penny cracks (Fig. 
2b).

To a signifi cant degree, the characteristics of 

Figure 2. Palmqvist (a) and half-penny (b) cracksFigure 1. Imprint in the surface of the sample

 

Figure 3. Palmqvist (a) and half-penny (b) cracks on the surface of a sample before
and after repeated polishing
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cracks become noticeable after the surface of the 
sample is repeatedly polished: in the case where 
Palmqvist cracks are formed, a region with unde-
formed material is formed around the imprint (Fig. 
3). Therefore, a conclusion can be drawn about 
the characteristic form of the cracks arising under 
a given load.

The determination of the fracture toughness is 
based on the relation between the crack length L 
and the applied force P:

,3/2nPL     (3)

where n is the coeffi cient of proportionality [9].
The investigation of surface cracks [10] en-

compassed a wide range of elastic materials with 
fracture toughness 0,9–16 MPa·m1/2. The compu-
tational expression had the form
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where k ~ 3,2 is a constant; Φ = HV/σy ~ 3 
is a limiting factor; σy is the yield point, Pa;
a = (d1 + d2)/4 is half the average length of the 
diagonal of the imprint, m; and c is the average 
length of a median crack, measured from the cen-
ter of the imprint, m.

The following relation was obtained for median 
cracks [11]:
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Subsequent investigations [12–14] showed 
that the initially formed cracks have the form of 
Palmqvist cracks. They propagate radially along 
the median planes and remain near the surface of 
the sample. Upon unloading, they grow in length 
and somewhat in depth. As the load increases, the 
formation of median cracks becomes the predomi-
nant character of fracture.

The relation (4) was transformed as follows 
on the basis of a large number of experimental re-
sults and a detailed mechanical and mathematical 
analysis:
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       - for Palmqvist cracks, (6)
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       - for half-penny cracks, (7)

where l is the average length of a Palmqvist 
crack, measured from the corner of the imprint, 
m [13, 14]. These expressions increased the reli-
ability of the computed fracture tough-ness deter-
mined by the Vickers method. The results of the 
experiments using small (Palmqvist cracks) and 
large (median half-penny cracks) loads, calculated 
using relations (6) and (7), re-spectively, agree for 
materials whose elastic modulus lies in the range 
43 GPa ≤ E ≤ 407 GPa, the microhardness in 
the range 0,24 GPa ≤ HV ≤ 72 GPa, the fracture 
toughness in the range

0,5 MPa•m1/2 ≤ K1c ≤ 13 MPa•m1/2 [12]. In 
the present work, these expressions were used to 
cal-culate the fracture toughness.

2. Results and Discussion

Young’s modulus of a ceramic material can vary 
because of the presence of pores, dislocations, a 
second phase, and other microstructural detects. 
The effect of pores is especially large – the elas-
tic modulus decreases with increasing porosity 
(decreasing density). The experimental Young’s 
modulus of the fuel pellets correlates with the 
density ~95 % TD (the theoretical density), as is 
generally accepted for uranium dioxide pellets [5] 
(Table 2). For almost equal density for pellets from 
all batches and therefore the same general poros-
ity, the elastic modulus increases with increasing 
grain size, which, evidently, is associated with the 
differences in the number, shape, size, and spatial 
orientation of defects.

For small loads, there exists a region of high 
microhardness [3]. For this reason, it is necessary 
to determine the optimal load above which the mi-
crohardness remains almost constant, so that in 
some approximation it can be assumed to be in-
dependent of the applied force and suitable for a 
characteristic of the material.

To determine the optimal load of the experi-
mental pellets, their microhardness was measured 
in the range 0,05–1 kg in 0,05 kg steps (Fig. 4). 
The loading time, duration of the testing force, and 
the unloading time were 7, 15, and 7 sec, respec-
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tively, as the optimum for uranium dioxide [8]. A 
horizontal section of stabilization of the microhard-
ness is observed for samples of all batches with 
load ~0,5 kg and average microhardness 5,5, 5,7, 
and 5,9 GPa for the batches P1, P2, and P3, re-
spectively. Thus, subsequent measurements of the 
microhardness of the materials were performed 
under the load 0,6 kg (see Table 2). The imprints 
were made from the center along the radius in four 
mutually perpendicular directions on the surface 
of the sample. As a result, no dependence of the 
microhardness of the pellets on the coordinates of 
the imprint was found, which confi rms the unifor-
mity of the mechanical properties of the samples.

The microhardness of the pellets from batch 
P1 with grain size 13 μm is lower than that of the 

pellets from batches P2 (26 μm) and P3 (33 μm), 
which corresponds to the theoretical notions con-
cerning the reduction of the hardness of a poly-
crystalline material with decreasing size of its 
constituent crystallites [7, 8]. On the whole, the ex-
perimental microhardness of the pellets correlates 
with that of uranium dioxide [6–8].

The type of cracks arising on the surface of the 
experimental pellets was determined by compar-
ing two series of photomicrographs of the imprints: 
before and after repeated polishing. In order for 
well-developed cracks to form, the force used to 
determine the fracture toughness of the materials 
is almost always greater than that used for measur-
ing the microhardness. Thus, the load is 0,8–1 kg.

Table 2. Mechanical properties of pellets

Batch E, GPa HV, GPa l/aav K1c, MPa·m1/2

P1 184 (3)* 5,52 (0,04) 1,01 2,09 (0,04)

P2 197 (2) 5,73 (0,04) 2,19 1,46 (0,03)

P3 205 (2) 5,80 (0,04) 3,01 1,26 (0,03)
* The standard deviation is given in parenthesis.

 

Figure 4. Microhardness versus the load for pellets from batches P1 (♦), P2 (○), and P3 (+)
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It is evident in Figs. 5a, b that no visible chang-
es are observed beneath the imprint in the experi-
mental load range. Comparing Figs. 5c, d and Fig. 
3a shows that the characteristic cracks formed in 
the experimental batches of pellets at loads up to 
1 kg are Palmqvist cracks, which are characteristic 
of ceramic materials under relatively small loads.

To determine the fracture toughness, the pel-
lets were subjected to loads up to 0,8 kg, since 
with larger forces asymmetric imprints with cleav-
ages and a web of cracks were observed in some 

Figure 5. Characteristic appearance of the imprints and cracks on the surface of pellets from
batches P1 and P2 after an imprint is made (a, b) and after repeated polishing (c, d)

cases. Imprints with the straightest Palmqvist 
cracks which were continuations of the diagonals 
of the imprints were used for measurements. Oth-
erwise, strongly distorted results can be obtained.

The fracture toughness of pellets from batch-
es with the smallest grains is higher than that of 
pellets from batches with large grains (see Table 
2). This can be explained by the particularities of 
crack advancement in the samples. It is evident in 
Fig. 6 that for large grains (batch P3) the cracks 
propagate freely over a signifi cant distance right 
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Table 3. Crack propagation versus the microstructure of ceramic materials [8]

Case Porosity type Grain size Type of crack
propagation Branching

1 Fine intergranular Large Transgranular Not present

2 Large pores
between grains Small Transgranular /

Intergranular Present

3 Channels from pores along 
grain boundaries Small Intergranular Present

Figure 7. Cracks on the surface of pellets from 
batches P1 (a) and P2 (b)

through a grain (transgranular propagation); for 
smaller grains (batch P1) they propagate along 
grain boundaries with branching (intergranular 
propagation).

In small-grain materials, there exists a large 
resistance to intergranular propagation of cracks 
in the form of their blunting on large pores or a 
break in direction (refl ection) of a crack on the 
grain boundaries [8]. Transgranular propagation 
is characteristic for materials with small pores and 

Figure 6. Cracks on the surface of pellets from 
batches P1 (a) and P3 (b)

large grains. In this case, a crack can propagate 
over distances several-fold longer than the diago-
nal of the imprint. On the whole there are three 
basic variants of crack propagation which are as-
sociated with the grain size and the porosity of the 
material [8] (Table 3). For the same load, the aver-
age length of the cracks formed on the surface of 
large-grain pellets is two–three times larger, which 
qualitatively confi rms their lower fracture tough-
ness (see Table 2 and Fig. 7).
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3. Conclusion

The investigation of crack formation in uranium ox-
ide fuel pellets of the WWER-types showed that 
Young’s modulus and the microhardness of poly-
crystalline samples increase with increasing grain 
size, while the fracture toughness decreases. 
Characteristically, radial Palmqvist cracks form on 
the surface of uranium dioxide pellets for loads up 
to 1 kg.

Transgranular propagation of cracks over dis-
tances several-fold larger than the length of the 
imprint diagonal is observed in pellets with large 
grains and small intragrain pores. Intergranular 
propagation of cracks along grain boundaries with 
branching occurs in pellets with small grains and 
low pore concentration on the grain boundaries. 
Blunting on large pores and at breaks in direction 
does not permit the cracks to reach a signifi cant 
length.
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