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658 ~ C is about 0.000 27 A in the a parameter and 
about 0.001 03 A in the c parameter. 

The temperature dependence of the coefficients 
of thermal expansion alia long the c-axis and a L at 
right angles to the c-axis are represented by the 
following equations: 

all = 6.221 x 10 -6 +4.876 x 10-9T--2.226 x 

10-a3T 2 (1) 

O~L = 5 .583 X 10 -6 +7.181 x 10-9T--7.023 x 

10-12T 2 (2) 

where Tis the temperature in ~ 
The observed coefficients of expansion at 

different temperatures are given in Table II along 
with the calculated values obtained from 
Equations 1 and 2. 

TABLE II Coefficients of thermal expansion of InBO 3 
at different temperatures 

Temperature (~ all X 10 6 ~• X 106 

Obs. Cale. Obs. Calc. 

50 6.53 6.46 5.70 5.93 
90 6.69 6.66 6.22 6.18 

130 6.77 6.85 6.47 6.41 
170 6.85 7.04 6.73 6.61 
210 7.26 7.24 6.84 6.79 
250 7.58 7.43 7.15 6.95 
290 7.74 7.62 7.15 7.08 
330 7.74 7.80 7.15 7.19 
370 7.98 7.99 7.26 7.29 
410 8.07 8.18 7.36 7.35 
450 8.47 8.37 7.04 7.40 
490 8.47 8.55 7.36 7.42 
530 8.87 8.74 7.36 7.43 
570 8.87 8.92 7.51 7.40 
610 9.11 9.11 7.51 7.36 

In Table III, the room temperature lattice 
constants obtained in the present study are com- 
pared with those available in the literature. The 
value of the e parameter obtained in the present 
study is slightly higher than those reported by tile 

T A B L E  III Lattice parameters of lnBO 3 at room 
temperature 

Reference a (A) e (A) 

[7] 4.823 15.456 
[8] 4.766 -+ 0.01 15.455 -+ 0.04 
Present study 4.8224 -+ 0.0002 15.4891 -+ 0.001 

other investigators. In the case of a, the value 
reported by Goldschmidt and Hauptmann [8] 
is lower than the other values. 
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Fracture surface energies of high 
explosives PETAl and RDX 

PETN (pentaerythritol tetranitrate) and RDX 
(cyclotrimethylene trinitramine) are important 
solid high explosives which are used extensively 
in industrial and military applications. Explosion 
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in these materials can be initiated by mechanical 
impact and shock. Although a considerable amount 
of work has been done on their sensitiveness, the 
exact role of their mechanical properties is not 
understood. It has, however, been pointed out by 
some workers that the localization of energy by 
plastic flow can play an important role in the 
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initiation of reaction [1 -3 ] .  It is also likely that 
mechanical break-up in these materials can alter 
their explosive behaviour, (i) by increasing surface 
area and thus enhancing their reactivity [4] and 
(ii) by facilitating propagation of reaction [5], 
especially during the early stages of its growth. It 
is clear that a knowledge of the failure behaviour 
of these materials is desirable. 

One method of characterizing the susceptibility 
to fracture of a material is through its fracture 
toughness, which is equal to 27 where 7 is the 
energy required to create a unit area of surface. In 
the present study we have used a micro-indentation 
fracture mechanics approach to determine the 
surface energy of PETN and RDX single crystals. 
A particular advantage of indentation is that it 
allows fracture toughness to be evaluated from 
relatively small samples. 

The method involves indenting the test material 
with a Vickers diamond pyramid. At small loads, 
indentations in a material can usually be formed 
without any associated cracking, even in brittle 
solids; however, at relatively high loads circular 
cracks develop beneath the indenter and, with 
increasing load, extend to the surface, giving traces 
of surface cracks. The fracture mechanics of such 
indentation cracks have recently been developed 
by Lawn and Fuller [6]. They show that the load 
on the indenter, P, and the length, C, of the surface 
crack are related b y  

xP [ 2 7 E t  1/2 
= \ l---~ff  ] (for plane strain conditions) (1) 

where E is the Young's modulus, v is Poisson's 
ratio and X is a constant dependent upon the 
geometry of the indenter, the Poisson's ratio of 
the indented material, and the coefficient of 
friction between the indenter and the indented 
material. The values of  the coefficient of friction 
for crystals of PETN and RDX rubbing against a 
hard surface (for example, glass) are 0.4 and 
0.35 [7] respectively. The constants X for PETN 
and RDX with a Vickers indenter are, therefore, 

0.17 and ~ 0.15 respectively. The value of 
Poisson's ratio v is 0.22 for PETN [8], and it has 
been assumed to be the same for RDX. 

Good quality single crystals of  PETN and RDX 
of dimensions 10 mm x 5 mm x 2 mm were grown 
in the laboratory; PETN crystals were recrystal- 

lized from solution in acetone whereas RDX were 
obtained from solution in dimethylformamide. 
Indentations were made on a flat face of a crystal 
with a Vickers diamond indenter using a Leitz 
microindentation hardness machine. The indenter 
load was varied in the range 0.15 to 0.7N. It  was 
found that cracks appeared in both PETN and 
RDX crystals, even for the smallest load. The 
extent of the surface crack was measured for each 
load with an optical microscope using transmitted 
light. Indentations in bothPETN and RDX crystals 
were made so that the cracks were formed on well- 
defined cleavage planes. This allowed a study of 
the anisotropy for various cleavage planes in the 
crystal. The cleavage plane in PETN is {1 1 0}. The 

Figure 1 (a) and (b) Vickers hardness indentations in 
PETN for indenter loads of 0.15 and 0.5 N respectively. 
The traces of slip lines (arrowed) are parallel to the trace 
of surface crack, CC, and extend appreciable distances 
from the indentation. (c): Vickers hardness indentation 
in RDX for indenter load of 0.5 N. Trace of surface flaw 
marked KK, is normal to growth features (not shown). 
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cleavage planes in RDX were found to be parallel 
and perpendicular to the extended diamond-shaped 
growth features characteristic of RDX crystals 
grown in the manner mentioned earlier. Fig. 1 
shows micrographs of typical indentations in 
crystals of PETN and RDX; traces of the slip lines 
around the indentation in the PETN crystal are 
indicated by the arrows. Plots of P against C 3/2 for 
both types of crystal are shown in fig. 2a and b. 
Knowing the value of E for PETN [8] (E = 1.37 
x 101~ -~) and the slope of the straight line, 
we can obtain the surface energy from Equation 
1. For PETN the fracture surface energy is 
0.i 1 Jrn -2. 

The value of the Young's modulus E for RDX 
is not known. However, a reasonable estimate can 
be made from the knowledge that in materials of 
similar bonding (PETN and RDX are both van der 
Waals solids) the ratio of the Vickers hardness 
number and the Young's modulus is approxi- 
mately constant. The values of the Vickers hard- 
ness number for PETN and RDX are 17.9 and 
24.1 kgmm -2 respectively, so the value of E for 
RDX can be estimated as 1.84 x 101~ -2, and 
the fracture surface energies of the two cleavage 
planes as 0.11 J m-2, and 0.07 J m -2 respectively 

z 6  

"12 

~4 

c- 
I1) 

~ 2  

for the cleavage planes parallel and perpendicular 
to the growth features. These values are of the 
same order of magnitude as those found for other 
organic solids using different techniques [9]. 
When compared with values for crystals with other 
forms of bonding (see, for example, [10]) it is 
clear that PETN and RDX are relatively weak and 
therefore very susceptible to fracture. It should 
also be emphasized that gross plastic flow associated 
with the cracks is likely to give an overes t ima te  of 
the surface energy. It can be seen from Fig. l a 
and b that extensive plastic flow was observed in 
PETN, and therefore the true value of its surface 
energy may be somewhat lower than 0.11 Jm -2. 

The fracture surface energy of explosive samples 
is a reasonably good indicator of their structural 
integrity characteristics. It has been found [11] 
that some loss of structural homogeneity occurs in 
propellants in rocket motors and explosive charges 
in shells during launching. Although there may be 
a number of  factors contributing towards this 
phenomenon, we believe that the low surface energy 
of many explosive materials is important. Thus, by 
suitably controlling the surface energy of explosive 
composites (for example, by using additives), their 
performance may be considerably improved. An 
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Figure 2 (a) The variation o f  flaw size C (half the  surface trace) with indenter  load P for PETN. (b) The variation o f  
flaw size with indenter  load for RDX. The  lines A and B are for the  two cleavage planes, parallel and normal  to the  
diamond-shaped growth features. 
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important feature of the present paper is that it 
has demonstrated that a simple technique such as 
indentation can be effective in determining both 
the plastic flow properties of a material (from the 
hardness value) and the fracture surface energy. 
This is particularly useful with explosive materials 
where samples cannot conveniently be obtained 
for more conventional fracture mechanics tests. 
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The dependence of  the fracture stress of  
beta-alumina on microstructural defects 

The use of sodium beta-alumina as a solid electro- 
lyte and separator in the sodium-sulphur battery 
is now well established [1 -5 ] .  The majority of 
cell designs use polycrystalline beta-alumina in 
the form of a thin-walled tube although flat plate 
designs have been considered [6, 7]. In either case, 
the electrolyte contributes substantially to the 
overall cell impedance and in order to minimize 
this, the electrolyte should be a thin membrane 
with a low intrinsic ionic resistivity. At the same 
time, the membrane must have adequate mech- 
anical strength to allow construction and operation 
of the cell without premature ceramic failure. 

The fracture strength, of, of ceramic materials 
is largely governed by the stress necessary to 
propagate small microstructural flaws according 
to the familiar Griffith relationship, 

Of = (2ETi/Trc) 1/2 (1) 

where 7i is the fracture initiation energy, c is half 
the length of an elliptical flaw and E is Young's 
modulus. Experimental data on the tensile strength 
of ceramics in short-term tests can be conveniently 
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analysed statistically using Weibull's weakest link 
concept [8]. The probability of survival, P, is 
given by, 

P = exp [-- D(of -- Ou/oo)m], (2) 

where D is the stressed volume, ou the zero pro- 
bability stress, o0 a normalizing constant and m 
the Weibull modulus. Consequently, 

lnln lIP = mln(of--Ou)--mlnoo + l n D ,  (3) 

and so a plot of In in lIP against in ere with go set 
equal to zero yields a straight line with a slope 
equal to the Weibull modulus. In this note we 
report strength measurements of beta-alumina 
with two extremes of sample size and describe 
a preliminary study of the types of microstructural 
defect responsible for weakening the material. 

The beta-alumina used in this work was pre- 
pared as closed-ended tubes by direct mixing of 
the constituent oxide powders together with small 
amounts of Li20 and MgO to promote the forma- 
tion of the more conductive ~"-phase. Green shapes 
with uniform density and close dimensional toler- 
ances were prepared by isostatic pressing and these 
were rapidly sintered at temperatures between 
�9 1977 Chapman and Hall Ltd. Printed in Great Britain. 


