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ENGINEERING DESIGN 
WITH BRITTLE MATERIALS 

In practical design involving the use of brittle 
materials in tension it seems that it is necessary to use 
a statistical distribution function to describe the 
strength of the material and a finite element method 
to calculate the stress distribution in the component. 
Finished components would have to be proof tested 
to eliminate the small fraction fabricated from inferior 
material. 

One of the major objectives of WNRE is to 
produce neutron-transparent, high temperature ma-
terials for advanced CANDU reactor systems. Im-
proved zirconium alloys may be able to fill the need 
up to temperatures of about 500°C but major im-
provements in thermal to electric conversion efficiency 
will require material to withstand temperatures up to 
700-800°C. This need is likely to demand "nuclear 
ceramics", such as special forms of graphite, silicon 
carbide or possibly fibre-strengthened materials. Even 
the best of these materials will be more brittle than 
the metals and will probably require a new approach 
to engineering design. An attempt is being made to 
define this approach so that the designer's needs can 
be factored into the research program. 

In most metals, localized stress concentrations are 
relieved by local yielding, thus the mechanical pro-
perties of production quantities of most metals are 
very uniform. Consequently one can determine 
mechanical properties on the basis of relatively few 
test samples and can design to 1/3 of the ultimate 
tensile strength with a very low probability of com-
ponent failure. However, in ceramics there is no local 
yielding, therefore minute differences in micro-struc-
ture are reflected in significant differences in the 
mechanical properties of the bulk material. Thus if 
one uses the same design approach as for metals, one 
must design to perhaps 1/100 of the average ultimate 
tensile strength of the ceramic in order to accommo-
date the small amount of material that is very weak. 
Also one must test a very large number of samples in 
order to determine what this minimum dependable 
strength is. 

A potential method of overcoming these difficulties 
is by using a statistical probability function to describe 
the strength of the material and by proof-testing 
the finished components to eliminate the small 
fraction made from inferior material. The proof test 
should reproduce actual service conditions as closely 

as possible and the probability curve should be 
established on samples that have been èxposed to an 
environment that reproduces service conditions as 
closely as possible. The probability function most 
generally used is that due to Weibull (I >2). 

P(o) = 1-exp [ - J v
 ( a ' q u^ m dV] 

where P(a) is the probability of failure at stress a, V 
is volume under stress and a u , a 0 and m are the 
three Weibull parameters. These parameters have no 
direct physical significance but CTu approximates the 
stress at zero probability of failure, a 0 describes the 
mode of the distribution, and m is related to the 
variability of the material. Although the Weibull 
distribution is strictly empirical it seems to describe 
the properties of brittle materials quite accurately and 
the parameters can be calculated fairly easily from 
suitable test data. Approximately 30 test samples are 
required to establish the Weibull parameters at each 
specified set of conditions. 

The inability of ceramics to yield creates another 
problem in design. Since stress concentrations are not 
accommodated by yielding, one must make a much 
more detailed stress analysis than one makes for 
metal components. The stress analysis can be done by 
"finite element" methods. The component is divided 
into "n" convenient elements and the load at each 
corner (node) of each element is calculated, taking 
into account the influence of all the other elements in 
the matrix. Once the load at each node is known, 
stress contours for the component can be readily 
determined. The stress at any point in the structure 
must not exceed the allowable working stress of the 
material as established by the Weibull parameters and 
the proof test level. 

Typical models for calculating stress distribution 
can readily be combined with Weibull-type representa-



tions of material properties to obtain the probability 
of failure of ceramic or ceramic-like components 
under different service conditions. A recent paper(3) 
describes the method of determining the probability 
of failure of a ceramic tube under thermal shock 
loading. 

References 

(1) Weibull, W., "A Statistical Theory of the 
Strength of Materials", Ing. Vetenskaps Akad. 
Handle. No. 151, 1939. 

(2) Weibull, W., "A Statistical Distribution Function 
of Wide Applicability," J. of App. Mech. ASME. 
18,293, 1951. 

(3) Hsu, T.R. and Gillespie, G.E., "Thermal Shock 
on Ceramic Tubes", Presented at the 72nd 
Annual Meeting & Exposition of the American 
Ceramic Society, Inc., Philadelphia, Pa., May 
2-7, 1970. To be published in the Journal of 
the American Ceramic Society. 

T.R. Hsu and R.G. Hart 
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TEXTURE & MECHANICAL PROPERTIES 
OF ZIRCONIUM ALLOY TUBING 

The anisotropic mechanical properties of Zirconium 
alloy tubes are shown to be due to the crystal-
lography texture. The effect of fabrication variables 
on the texture developed in tubes is discussed and 
the principles outlined so that texture hardening can 
be exploited. 

The CANDU* reactors require materials for fuel 
cladding and pressure tubes with the following pro-
perties: 

1) low neutron absorption cross-section 
2) high strength and creep resistance 
3) high corrosion resistance in water 

Alloys based on zirconium have been developed to 
satisfy these requirements. 

Alpha zirconium alloys have hexagonal crystal 
structures and therefore have a limited number of 
deformation systems. During deformation in fabri-
cation they develop strong textures and consequently 
have markedly anisotropic mechanical properties. 
Examples of the uniaxial mechanical properties of 
strongly textured Zircaloy-2 and Zr-2.5 wt% Nb are 
shown in Table 1. 

The effect of texture on the properties of uni-
axially and biaxially stressed tubes is further shown in 

the properties of two batches of fuel sheathing. In 
batch I the majority of the a grains are oriented in 
the C and CB orientations (Fig. 1) and in batch II 
they are in the A and AB orientations. For both 
batches deformation in the longitudinal direction will 
take place by slip and the difference in strength 
(Table 2) is due t'o cold-work and chemical compo-
sition. The additional differences in transverse 
strength are due to texture; the batch II tubes which 
deform by twinning are significantly stronger. 

When the tubes are internally pressurized in a 
closed-end burst test the biaxial stress ratio is 
2:1 in the transverse to longitudinal direction. To 
yield and bulge, the wall thickness must be re-
duced. In the batch I tubes this can only occur by 
compression twinning on the (1122) planes which 
requires a high stress (Table 1, line 4), so the tubes 
have a high burst strength. In the batch II tubes wall 
thinning occurs by slip and this results in a lower burst 

CANadian Deuterium Uranium 

TABLE 1 

TYPICAL COMPARATIVE ROOM TEMPERATURE STRENGTHS OF ZIRCALOY-2 AND 
Zr-2.5 Wt% Nb ALLOYS IN DIFFERENT CRYSTALLOGRAPHIC DIRECTIONS 

Axis 
Mode of 

Deformation 
Yield Stress (kpsi) 

Zircaloy-2 Zr-2.5 wt% Nb 
Ultimate Strength (kpsi) 

Zircaloy-2 Zr-2.5 wt% Nb 

"a" Tension 

"c" Tension 

"a" Compression 

"c" Compression 

slip on 
(1010) <1120> 
twinning on 
( 1 0 Î 0 ) o r < 1 1 2 ? > 

slip on 
(1010) < 1120> 
twinning on 
(1122) 

48 

68 

67 

122 

55 

79 

63 

75 

74 

81 

(The numerical values will vary with the oxygen concentration of the alloy 
and the amount of cold-work.) 



TABLE 2 

AXIAL, TRANSVERSE AND BURST TEST PROPERTIES OF ZIRCALOY-2 
SHEATHING AT ROOM TEMPERATURE 

Batch Test 
0.2% Y.S. UTS R. of 

Test (kpsi) (kpsi) (%) 

Longitudinal 79 100 42 
transverse 78 98 42 
burst 111 122 — 

Longitudinal 84 104 37 
transverse 89 110 47 
burst 106 111 — 

strength (Table 2). 
Thus a better combination of strength and ductil-

ity under biaxial stressing is obtained when the grains 
are oriented with their basal plane normals in the 
radial direction. 

Clearly there is an incentive to control texture 
during fabrication and exploit texture hardening. The 
principles of texture development in zirconium alloys 
are: 

1) deformation by slip does not change the texture 

2) deformation by tension twinning reduces the 
proportion of grains with their basal plane 
normals close to the stress axis. 

3) deformation by a compressive stress increases 
the proportion of grains with their basal plane 
normals close to the stress axis. 

R A D I A L 
D I R E C T I O N 

Figure 1 The idealised orientations 

Tubes are fabricated by hot extrusion followed by 
cold-work, usually tube reduction or drawing. Ex-
truded tubes from different manufacturers usually 
have very different textures since the extrusion 
temperature and flow of metal through the die both 
affect the texture that is developed. 

Both cold-working processes reduce the propor-
tion of grains in the D and DB orientations. Cold 
drawing does not have a significant effect on the 
proportions of the grains in the A/AB and C/CB 

orientations. Tube reduction can have a significant 
effect on texture: 

1) if the wall thickness is reduced more than the 
circumference, grains in the C/CB orientations 
will predominate. 

2) if the circumference is reduced more than the 
wall thickness, grains in the A/AB orientations 
will predominate. 

Most factors that control the properties of these 
tubes are understood and fabrication procedures can 
be specified to ensure that texture hardening is 
exploited. 

For further information see: 

(1) B.A. Cheadle and C.E. Ells, "The Effect of 
Crystallographic Orientation on the Fracture 
Ductility of Zr-2.5 % Nb and Zircaloy-2 
Tubular Products", Trans. AIME, Vol. 233, 
1965, p. 1044. 

(2) K.P. Steward and B.A. Cheadle, "The Effect of 
Preferred Orientation on the Mechanical Pro-
perties and Deformation Behaviour of Zircaloy-
2 Fuel Sheathing", Trans. AIME, Vol. 239, 
1967, p. 504. 

(3) B.A. Cheadle, C.E. Ells, and W. Evans, "The 
Development of Texture in Zirconium Alloy 
Tubes", J. Nuc. Mat. 23, 1967, p. 199. 

(4) B.A. Cheadle, S.A. Aldridge and C.E. Ells, 
"The Effect of Temperature During Deform-
ation on the Development of Texture in Zirco-
nium Alloy Rolled Sheet and Extruded Tubes", 
AECL-3372. 

B.A. Cheadle 

* 
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STRUCTURAL DAMAGE 
BY ION BOMBARDMENT 

Ion bombardment can closely simulate the struc-
tural damage caused by reactor irradiation. Use of 
ion bombardment facilitates the study of the damage 
processes. 

Studies of structural damage in reactor materials 
are hampered by the high radio-activity of the irra-
diated specimens. The indirect methods of handling 
the specimens (see companion review by E. Mizzan) 
make any operation more time-consuming and may 
virtually eliminate certain approaches. For instance, 
X-ray diffraction from heavily irradiated samples is 
possible only in special diffractometers designed to 
separate the diffracted X-ray beam from the back-
ground gamma radiation. The difficulties are greatest 
for fuels, due to their high specific activity.. Fortu-
nately, important aspects of the structural damage can 
be simulated by ion bombardment that leaves the 
samples inactive. 

W a l k e r U < 2 ) has examined, both theoretically and 
experimentally, the feasibility of simulating fission 
damage in U3Si by ion bombardment. First, he 
considered how the transfer of energy from fission 
fragments to the U3Si matrix is distributed between 
ionization and displacement collisions. Ionization 
predominates at high fragment energies, but probably 
contributes little to structural damage in metallic 
U3Si. Thus the simulating ion need not have the high 
energy of fission fragments (ca. 80 MeV). Very light 
ions, in sufficient numbers, could provide an energy 
deposition typical of power reactor fuel and would 
have the deep penetration required for the effects 
to be both representative and easily observed. How-
ever, the distribution of damage witliin the matrix 
depends on the mass of the bombarding ion; light ions 
produce a homogeneous distribution of point defects 
while much of the damage due to heavy ions is con-
centrated in isolated regions ("displacement spikes"). 
As a reasonable compromise, argon ions were chosen, 
with their energy (2 MeV) being the maximum con-
veniently available from a particular Van de Graaff 
accelerator. 

With these ions Walker estimated that the struc-
tural damage would closely resemble that due to 
fission and the depth of the damaged layer would be 
of the order of one micron. From a consideration of 
the total energy transfered to the matrix, he cal-
culated the relationship between the ion flux and the 

equivalent fission rate in the damaged layer. 

Experimentally, damage in the bombarded layer 
was followed by a standard X-ray diffractometer, 
without any special modifications. Changes in both 
the heights and integrated breadths of the diffraction 
peaks from Walker's ion-bombarded specimens closely 
reproduced those that Bethune and M a c E w a n ( 3 , 4 ) 

had been able to observe in lightly irradiated U3SL 
Even the predicted equivalence between ion flux and 
fission rate was confirmed quantitatively. After 
bombardment, that part of the specimen surface 
exposed to the ion beam was raised above its sur-
roundings. Walker measured the step height by inter-
ference microscopy and showed that the derived 
volume change was similar to that observed in bulk 
U3Si irradiated in the reactor. Further similarities 
between the two forms of damage were demonstrated 
in their responses to annealing. 

Another advantage of the ion-bombardment tech-

A high temperature specimen holder is being installed in the 
ion-bombardment apparatus to simulate fuel operating conditions 
more closely. 

b 

t 
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nique is that a high fuel burnup can be simulated in a 
short time. Typically, the damage rate in the affected 
layer is a thousand times that for in-reactor fuel 
irradiations. The principal disadvantage is that the 
damage is confined to a thin layer at the surface, so 
that the effects may not be fully representative of 
those that occur throughout a bulk sample. Recent 
modifications now allow the specimen to be heated 
during bombardment, thus more closely simulating 
the fuel's service conditions. However, this technique 
will not replace irradiation testing of reactor fuels. 
Rather, it is best suited to elucidating the damage 
mechanisms and to performing rapid sorting experi-
ments for a wide range of variables, e.g., for ternary 
alloys based on U3SL 

The nature of the damage in U3Si is similar to that 
seen previously by Hj. Matzke(S) in other crystalline 
solids subjected to ion bombardment. He found that 
most cubic materials were resistant to structural dam-
age, while anisotropic materials lost their crystalline 
structure at relatively low exposures. UßSi, which is 
mildly tetragonal, rapidly becomes amorphous when 
exposed to reactor irradiation or ion bombardment at 
temperatures below 10t)°C. 

For further information see : 

(1) D.G. Walker, submitted to the Journal of 
Nuclear Materials. "The Simulation of Fission 
Damage in U3Si". 

(2) D.G. Walker and P.A. Morel, tobe submitted for 
publications. "X-ray Diffraction Studies of Ion-
bombarded U3Si." 

(3) B. Bethune, Journal of Nuclear Materials, 31 
(1969) p. 197. "Structural Transformations in 
U3Si." 

(4) J.R. MacEwan and B. Bethune, Radiation 
Damage in Reactor Materials, IAEA, Vienna, 
Vol. II (1969) p. 447. "Irradiation Damage 
in U3Si." 

(5) Hj. Matzke, Canadian Journal of Physics, 46 
(1968) p. 621. "Inert Gas Diffusion and Radi-
ation Damage in Ionic Crystals and Sinters 
following Ion Bombardment". 

J.A.L. Robertson 

D.G. Walker is a member of the staff of the Australian 
Atomic Energy Commission. He performed this work 
while attached to the Chalk River Nuclear Labora-
tories. 

Hj. Matzke also performed most of his ion-bom-
bardment studies while attached to CRNL from the 
Technical University of Braunschweig, Germany. 
He since moved to the Euratom Transuran Institut 
at Karlsruhe, Germany. 

P. Caillibot (of Hydro-Quebec, attached to CRNL) 
is continuing the high temperature bombardment of 
U3Si in connection with a PhD thesis for Ecole 
Polytechnique, Université de Montréal. 

J.R. MacEwan, B. Bethune and P.A. Morel are 
members of the AECL staff at Chalk River. 
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U3Si that has been ion-bombarded (top right 
of small photo) to simulate reactor irradiation 
is raised above the level of its surroundings. 
The step height, being measured here by inter-
ference microscopy, gives a measure of the 
fuel volume change. 

* 



RESEARCH 
ON SILICON CARBIDE 

Silicon carbide is a candidate for use as a structural 
material in a reactor operating with coolant tempera-
tures above 600°C. The fabrication, physical and 
mechanical properties and microstructure of silicon 
carbide are being studied at WNRE. 

CA0600582 

Good stability under irradiation, a low neutron 
absorption cross section and the ability to retain its 
high strength at temperatures up to 1000°C, make 
silicon carbide an attractive structural material for in-
reactor use. 

Three methods of fabrication are being studied at 
WNRE, hot pressing, reaction bonding and chemical 
vapour deposition. Hot pressing is used to produce 
small specimens under closely controlled conditions. 
The reaction bonding process consists of hydrosta-
tically pressing or extruding a mixture of silicon 
carbide, graphite and a binder into the requiredshape, 
such as a tube (Fig. 1). The tube is then heated in 
a crucible containing silicon. When the silicon melts 
it reacts with the graphite to form more silicon car-
bide, which bonds the microstructure together (Fig. 
2). About 10 vol% excess free silicon is retained in 
the microstructure. Chemical vapour deposition 
(CVD) offers a convenient method of producing high 
purity silicon carbide tubes. Methyltrichlorosilane 
(CH3SiCl3) vapour is mixed with hydrogen and passed 

•HP 

, ( . , „ I l , , ! , , . ( • . , ! n t i i . t . H Ï . W i l r i à i W f t t r t i l l " " 

Figure 1 Silicon carbide test specimens. The two specimens on the 
left are hot pressed, the centre three are reaction bonded and the tube 
on the right is prepared by CVD. 

v ' . d T - : 
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Hot pressed x 1000 Reaction bonded x 1750 

Figure 2 Silicon carbide microstructures 

CVD x 175 
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into a reaction chamber containing a heated graphite 
rod. The silane decomposes on contact with the hot 
substrate and silicon carbide is deposited. When a 
tube of sufficient thickness has been built up the 
graphite is burnt out with oxygen. 

Table 1 gives the strengths of various forms of 
silicon carbide produced by the above methods. 

Because the fabrication conditions are more dif-
ficult to control in the CVD process, the range of 
strength values for this type of silicon carbide is 
greater than for hot pressed or reaction bonded 
material. 

Techniques have been developed for electron 
microscopic study of dislocation structures and ra-
diation damage in silicon carbide. Because of its 
refractory and inert nature the techniques used for 
metals are not applicable. 

Increasing the accelerating voltage in the electron 
microscope allows penetration of thicker specimens 
and gives a more typical picture of the structure of 
bulk material. Fig. 3 shows defects in a chip of 0 
SiC from a fracture surface, taken with a 200 kV 
electron microscope. The Frank-Read sources visible 
at A and B indicate that dislocations are generated and 
are able to move at room temperatures even in the 
most brittle materials under the influence of stresses 
generated near a propagating crack. 

An understanding of neutron irradiation damage 
phenomena is necessary for these materials to be 
applied successfully. Again the electron microscope 
is being used to advantage. One of the problems en-
countered with SiC is the extreme difficulty in obtain-
ing material thin enough for electron transmission. A 
recently developed technique of ion bombardment 

has been successfully applied, in which the specimen 
to be thinned is bombarded with argon ions at 5 - 10 
kV in a vacuum. The method has the advantage that 
it can be used with virtually any material and does not 
attack inhomogeneous areas selectively. 

E. Phillips and R. Stevens 

-rtirf" 
0-5M 

Figure 3 Transmission electron micrograph of a fracture chip of ß SiC. 
A and B are Frank-Read Sources, C is a small angle grain boundary and D is a 
free dislocation. 

TABLE 1 
ROOM TEMPERATURE STRENGTH OF SILICON CARBIDE 

Type of SiC 
Grain 
Size 

(Microns) 
Test 

Strength 
(kpsi) 

Hot pressed 
95 - 98% 
dense 

Reaction 12vol%Si 
bonded 24vol%Si 

22 vol%Si 

C V D dendritic 

12 

5 
5 

50 

20 

Beam - 3 point loading, 
giving modulus of 
rupture value 

Tube - burst test, 
giving hoop tensile 
strength 

Tube - burst test, 
giving hoop tensile 
strength 

45.0 - 54.2 

23.7 - 24.0 
23.1 - 24.3 
15 .7- 18.7 

39.4 - 52.6 
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SHALLOW PHOSPHORUS DIFFUSION 
IN p-TYPE SILICON 

Advances in semiconductor technology have enabl-
ed shallow junction devices to be manufactured re-
producibly. A diffusion system which allows junction 
depths of about 0.2 micron with phosphorus surface 
concentrations 
described. 

of about 3 x 102 0 cm"3 is briefly 

Low energy (less than 20 keV) electrons penetrate 
about 3 microns in silicon. Accordingly, good charge 
collection efficiency of a particle detector operating 
in this section of the beta spectrum is only achieved 
if the localized p-n junction is near the surface. A 
method for producing such a junction is described 
below. 

The diffusion of phosphorus is achieved using the 
gas flow system illustrated in the schematic (Figure 1). 
The diffusion source is phosphorus oxychloride, which 
is a liquid at room temperature. A carrier gas (argon) 
is bubbled through the phosphorus oxychloride en-
abling some of the desired impurity to enter the 

QUARTZ TUBE F U R N A C E — 

quartz furnace tube. A trace of oxygen is mixed with 
the argon, allowing a phosphorus-rich glass to grow 
on the silicon during the diffusion process. This glass 
protects the surfaceand pitting is reduced. 

The main advantages of this type of system over 
one employing a solid source are twofold. First, im-
purity distributions from device to device are easily 
controllable and reproducible. Secondly, there is 
environmental control of the wafers during the whole 
diffusion process from wafer loading to unloading. 

The impurity distribution is governed by the 
following criteria, the temperature of the wafers, the 
flow rate of the carrier gas through the source, the 

E X H A U S T 
j — S I L I C O N 

GAS T R A P 

OXYGEN 
FEED 

ARGON 
FEED 

Figure 1 Schematic of phosphorus diffusion system 
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t I II IV 
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p T Y P E 

B E V E L L E D SECTION THROUGH JUNCTION 

'n REGION 

JUNCTION 

STAINED p REGION 

Figure 2 Junction depth measurement using Tolansky interference technique 

ratio of the carrier gases, predeposition time and 
drive-in time. It has been found necessary to keep the 
temperature below 1000°C for junction depths of less 
than one micron when the resistivity of the host 
material is about 10 ohm cm p-type. Once the 
furnace tube is loaded, the furnace is allowed to 
stabilize with the required gas flows. A predeposition 
time of 5 minutes is followed by a drive-in time of 
about 5 minutes. The wafers are then gradually 
withdrawn along the tube to the cooler zones over a 
period of about 10 minutes. Finally, the silicon is 
transferred to a quartz carrier tube. 

The junction depths are measured as follows. A 
chip from a diffused sample is angle polished and the 
p-region stained. An interferometer head attached to 
the optical microscope measures the depth of the 
diffused phosphorus directly. A sodium light source 
is used and the fringes oriented as shown in Figure 2. 
The diffusion depth is simply the number of fringes 
(or fraction of a fringe) crossed by the line per-
pendicular to the junction, multiplied by half the 
wavelength of the source. Figure 2 illustrates a 
junction depth of about 0.2 micron. 

Impurity distributions from the surface of the 
wafers are obtained by combining four-point probe 
resistivity measurements with a selective etching 
technique. (The junction depth is checked by this 
measurement.) Typical sheet resistivity values for a 
0.3 micron diffusion into various p-type materials are 
as follows:-

-̂1000 °c 

9̂00'C 

02 0.4 i I 0.6 0.8 1 ,0 

Material Sheet Resistance After 
Diffusion 

0.08 ohm cm 18-22 ohms per square 
2.0 ohm cm 31 ohms per square 

13.0 ohm cm 34 ohms per square 

The impurity concentration distributions of phos-
phorus diffused in 10 ohm cm p-type silicon at 900°C 

D E P T H FROM S U R F A C E ( M I C R O N S ) 

Figure 3 Typical diffusion profiles 

and 1000°C are shown in Figure 3. The profiles do 
not correspond to either a complementary error func-
tion distribution or Gaussian distribution using the 
data available in the literature. 

For more detailed information, see the following 
references :-

(1) W.L. Bond and F.M. Smits, Bell Syst. Tech. J. 
35 1209, 1956, "The Use of An Interference 
Microscope for Measurement of Extremely Thin 
Surface Layers". 

(2) P.A. Iles and B. Leibenhaut, Solid State Elec-
tronics 5 331, 1962, "Diffusant Impurity-
Concentration Profiles in Thin Layers on SiU 
icon". 

(3) J.C. Irvin, Bell Syst. Tech. J. 41 387, 1962, 
"Resistivity of Bulk Silicon and of Diffused 
Layers in Silicon". 

D.C. Puddy and A.W. Priebe 

11 
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SCANNING 
ELECTRON MICROSCOPY 

The JSM-11 scanning electron microscope at CRNL 
has been used extensively for topographical studies of 
oxidized metals, fracture surfaces, entomological and 
biological specimens. A non-dispersive X-ray attach-
ment permits the microanalysis of the surface features. 
Techniques for the production of electron channeling 
patterns have been developed. 

Commercial scanning electron microscopes (SEM) 
produce an image by causing a finely focussed beam 
of electrons with energies of 5-50 keV to scan the 
specimen surface in a raster, like that used to scan 
the image in a television camera. A signal obtained by 
collecting emitted secondary electrons, reflected pri-
mary electrons, or the current absorbed by the 
specimen (among other possible signals) is treated 
electronically and scanned across a display tube in 
synchronism with the scanning of the specimen 
surface. Thus an image of the specimen is built up 
with a magnification determined by the ratio of the 
scan length on the display tube to the scan length on 
the specimen. Typical useful magnifications for 
commercial instruments range from X30 to X30,000. 
The SEM is competing therefore, in the range of mag-
nifications commonly used in optical metallography 
and replica electron microscopy. 

The advantages over the optical microscope shown 
by the SEM result from its much greater depth of 
focus (300 to 1000 times greater than the optical 
microscope depending upon conditions) and the 
absence of contributions to the image from specular 
reflection, which can cause considerable loss in image 
quality in the optical microscone. 

. Compared with replica electron microscopy the 
principal advantages of the SEM result from the 
natural "three dimensional" appearance of the secon-
dary electron image. This results from similarities 
between the topographical variations in secondary 
electron emission and the scattering of light by 
objects which we are used to viewing. Thus, although 
the resolution of the commercial SEM is restricted to 
150-200Â the combination of a more realistic image 
with the ease of specimen preparation (many speci-
mens may be examined directly in the SEM with no 
preparation other than cutting to size) often yields 

more valuable information than that obtained by 
replica electron microscopy. 

Although perhaps the greatest advantage of the 
SEM is in topographical studies of macroscopic 
specimens with rough surfaces, other techniques can 
be used to give a wide range of additional information; 
for instance :-

—The surface under examination may be analyzed 
by means of non-dispersive or dispersive X-ray 
attachments which analyze the X-ray emission 
simulated by the primary beam. 

-Atomic number contrast may be obtained in the 
reflected electron image. 

-Contrast due to surface potentials, conductivity 
variations, or induced currents may be imaged and 
can be used in studies of semiconducting devices. 

— Crystallographic information can be obtained from 
electron channeling patterns which may be produ-
ced from either large or small (down to 10/um di-
ameter) areas of crystalline specimens. 

— Specimen luminescence induced by the electron 
beam may be studied. 

— Auger electrons emitted from the specimen surface 
may be analyzed with a suitably equipped micro-
scope. 
Examples of the various investigations wnich are 

possible with the SEM are provided in manufacturers' 
brochures and more extensively in the Proceedings 
of the Annual Conferences of Scanning Electron 
MicroscopyO). The use of the JSM-II microscope at 
CRNL has been predominantly for topographical 
studies, although semiconducting devices have been 
studied and techniques for producing electron chan-
neling patterns have been developed. The topo-
graphical studies involve three main fields: 

(1) Studies of the surfaces of oxide films on 



Scanning Electron Micrographs 

Fracture surface of zirconium embrittled in liquid mercury at room 
temperature. (300 x) 

Electron channelling pattern from a silicon monocrystal 3.28 degrees 
from a<210>pole. The indexing of several prominent lines is given on 
the figure. 

Fracture of a thermally formed zirconium oxide film formed on 
zirconium at 500°C. Note the columnar morphology (10,000 x) 

Head of Dahlbominus Fuscipennis (100 x). 
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zirconium alloys. 

(2) Fractography of both mechanically and en-
vironmentally induced failures in zirconium 
alloys. 

(3) Entomological and biological studies of muta-
tions produced by the irradiation of insects and 
of pathogenic spores. 

Work carried out at CRNL on the SEM is included in 
the bibliography. The accompanying figure shows 
some typical examples of micrographs produced during 
these studies. 
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CRN I FACILITIES FOR THE EXAMINATION 
OF IRRADIATED MATERIAL 

The high radio-activity of irradiated materials 
prevents them being tested in conventional equip-
ment. Nevertheless, the necessary operations can be 
performed behind appropriate shielding. 

Any program to develop reactor materials must 
recognize the very high radioactivity of irradiated 
samples. Even three months af ter discharge a typical 
fuel bundle from the Douglas Point reactor contains 
50,000 curies of activity. Structural materials with-
out any associated fuel have a lower specific activity, 
but a section of pressure tube that has been irradiated 
in a power reactor for a few years can contain 200 
curies. Such levels of activity are potentially dan-
gerous. Thus irradiated specimens must be shielded at 
all times and any examination has to be performed 
remotely. 

Water is the cheapest shielding material and many 
simple operat ions and measurements can be made at 
the bo t tom of a 20 ft deep trench. For instance, fuel 
bundles can be moved around with specially con-
structed long tongs and inspected through a periscope, 
as shown in Figure 1. Individual elements can be 
weighed to a high degree of accuracy and changes in 
the apparent weight of the submerged element af te r 
successive periods of irradiation can be a t t r ibuted to 
volume changes of the element . However, more 
complex operations are difficult under water. 

Most of the examination of irradiated specimens 
is conducted in "hot cells" (Figure 2) which are 
shielded by walls up to 3Vi ft thick, made f rom a 
special dense concrete. One of the groups of cells at 
CRNL is shown in plan view (Figure 3). Viewing is 
through windows of high density glass having the 
same thickness as the walls. Handling is by beauti-
fully engineered master-slave manipulators that can 
duplicate most of the movements of the human arm, 
wrist and hand. Normal commercial equipment , 
e.g. a lathe or a chemical balance can be moved into 
and out ol these hot cells and operated by manipu-
lators, with only minor modif icat ions to the handles, 
controls, etc. 

Where continuing and frequent use of a particular 
piece of apparatus is envisaged it is of ten more eff i -
cient to design the shielding around the apparatus. 
This principle has been adopted for the metallography 
of active specimens. Since these specimens are 
relatively small their activity is correspondingly lower 
and much more compact shielding is possible. Even 

Figure 1 An irradiated fuel element is examined, photo-
graphed and weighed (background) under water in the NRX 
trench. 

Figure 2 Reactor materials are handled by master-slave manipulators 
in a large shielded hot cell while under view through a high density glass 
window. At the far right material is examined under a stereomicroscope. 
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Figure 3 Plan view of Building 375 hot cell facilities. 
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Figure 4 A very small irradiated fuel sample is weighed 
for microdensity determination in a specially designed mini-
cell using a recording electrobalance (2). The apparatus on the 
left (1) is for vacuum drying and liquid impregnation of the 
sample. 



small boxes shielded by lead blocks (Figure 4 ) can be 
used for specific opera t ions , e.g. high accuracy 
de terminat ions of the density of 100 mg samples cut 
f r om fuel e lements . Small samples for e lectron micro-
scopy need only light shielding; replicas taken f rom 
them can be cleaned of adhering active con tamina t ion , 
then handled normally. 

P ro to type fuel for all Canadian power reactors 
has bëen tes ted in loops in the research reactors at 
CRNL and its pe r formance de termined by extensive 
post-irradiation examinat ions . An irradiated bundle 
is first complete ly dimensioned. The bundle is centred 
in a lathe bed and traversed by measuring heads con-
taining transducers. The appara tus is largely auto-
mat ic and prints ou t results in the fo rm of longi-
tudinal or c i rcumferent ia l profiles, etc. Similar equip-
ment is subsequent ly used to determine the dimen-
sions of individual fuel e lements when these have been 
separated f r o m the comple te bundle . Bundles or in-
dividual e lements can be tested for leaking sheaths by 
inserting t hem into a chamber which is then evacuated 
through a charcoal collection trap. An increase of 
activity in the t rap indicates a leak. To locate the leak 
the element is submerged first in liquid nitrogen and 
then in alcohol, when a s t ream of bubbles emanates 
f rom the leak. Intact e lements can have their sheaths 
punc tu red under vacuum using a remote ly opera ted 
drill. The fission p roduc t gases within the sheath are 
collected and analysed. Next , the element is sectioned 
(transversely or axially) and prepared for metallo-
graphic examinat ion of b o t h fuel and sheath. Auto-
radiographs f r o m high resolut ion photographic plates 
that have been placed in contac t wi th polished cross-
sections provide useful in format ion on the distri-
but ion of radioactive fission products . More quant i ta-
tive data can be ob ta ined by coring ou t and analyzing 
minute samples f rom selected points . 

Determinat ions of critical crack length represent 

one operat ion required on irradiated pressure tubes. 
A short length is cut f r om the comple te tube and an 
accurately dimensioned slit machined th rough the 
wall. A liner to contain the pressurizing med ium is in-
serted and end fi t t ings are a t tached . The m o u n t e d 
tube can be inserted in a furnace to give results at 
tempera tures u p to 3 0 0 ° C . Simple burst tests 
can also be pe r fo rmed on sheath tubes in which the 
tempera ture control is by electrical resistance heating 
of the sheath itself. Af t e r bursting, the circumfer-
ential elongation at the rup ture can be measured by a 
remote device which wraps a flexible tape measure 
around the tube. 

Remote operat ion and adapta t ion or development 
of necessary equ ipment has become suff icient ly 
advanced tha t when the hot-cell opera tors are asked 
if they can do a certain j o b they reply, "If you can 
do it in your lab, we can do it in the hot-cell - and 
probably be t t e r ! " 

Fur ther in format ion on C R N L facilities for exam-
ining irradiated materials can be found in the follow-
ing publicat ions: 

(1) A.S. Bain et al, "Work Methods for Post-
Irradiation Examinat ion of Exper imenta l Fuel 
Elements" , In ternat ional Sympos ium on Work-
ing Methods in High Activity Hot Laboratories , 
Grenoble , June 1965, Paper No. 51. 

(2) Z. Domaratzki , J. Christie and A.S. Bain, 
"Dimensional Measurements on Irradiated Fuel 
Using Differential Transformer Ins t rumenta-
t ion" , 11 th Hot Lab Proceedings, ANS, Novem-
ber 1963, page 311. 

(3) A. Ananthakr i shnan , " R e m o t e Handling Facil-
ities at Chalk River", AECL-1658, December 
1962. 

E. Mizzan 
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