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ANALYSIS OF BERYLLIUM PARTS 
FOR COSMOS 954 

ABSTRACT 
Operation Morning Light was conducted to search for the reactor core of Cosmos 

954, the nuclear-powered Soviet satellite that crashed in the northwest territories of Canada 
in late January 1978. Many of the satellite parts found were beryllium. This study discusses 
the geometry, condition, microstructure, and possible fabrication history of these beryllium 
parts. 

INTRODUCTION 

The Soviet satellite Cosmos 954, launched on 
September 18, 1977, crashed in the northwest 
territories of Canada on January 24, 1978. A 
nuclear reactor with many kilograms of enriched 
uranium 235 was on board. The amount and dis
position of the highly dangerous fuel was not 
known, and it was imperative that it be located. 
Canadian Prime Minister Trudeau asked President 
Carter for assistance in the search for the reactor 
fuel, and the Lawrence Livermore Laboratory 
provided the major portion of the scientific team for 
the American Task Force. 

In the massive search, called Operation Morn
ing Light, only about 15 kg of debris were found, 
although the satellite weighed several thousand 
kilograms. Most of the debris consisted of 
beryllium. 

A total of 49 pieces of beryllium from the 
Cosmos 954 Russian satellite have been found to 
date. These pieces fall into three general categories: 

* Thirty-three rods approximately 2 cm diam 
by 10 cm long were found in a pattern approx
imately 100 nautical miles long and 5 nautical miles 
wide in sectors 1 and 2 {Fig. 1) during the initial 
search from January through April, 1978. An ad
ditional rod about 2 cm diam by 2 cm long was 
found, which may be a portion of a beryllium rod. 
Most of the rods (from 20 to 25) were found in a 
pattern 15 nautical miles by 5 nautical miles in sec
tors 1 and 2. During the summer of 1978, eight more 
rods were found. Analysis of all the rods indicates 
that they are solid beryllium rods with a niobium 

sheath. There is a localized scale on the outside of 
the sheath consisting of uranium (with fission 
products) and an iron base alloy (either stainless 
steel or a low alloy steel). 

• Six beryllium cylinders 10 cm diam by 
40 cm long were found in sectors 2 and 3. They were 
in remarkably gooc condition and appear to be 
solid with no mechanical or electrical connections. 
The six cylinders all weigh within about 10 g of 
3600 g. 

• An irregularly shaped piece known as the 
"Moose Hoof" was found in sector 2. It was 10 cm 
diam by 5 cm long with a 45-deg hevel. There was a 
U-shaped groove about one third of the way 
through on trre diameter and extending the length of 
the axis. 

Beryllium is not a common structural mate-ial, 
but it is a good neutron rejector and useful in 
nuclear reactors. It is known that the "—design 
provided for destruction of reflector at entry— 
followed by total destruction of reactive zone.", and 
that " . . . the beryllium reflector included six mov
ing elements... and several tens of rods of cylin
drical form."' Therefore, it is logical to assume that 
both the beryllium rods and cylinders are part of a 
reflector and/or control mechanisms for the nuclear 
reactor on board Cosmos 954. It would be quite 
useful to study the beryllium parts in detail. 

Under difficult conditions, a short laboratory 
study was only conducted on two rods, one cylin
der, and one niobium sheath. The beryllium parts 
were all radioactive, necessitating examination 
mainly in hot cells. Coupled with changing 
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FIG. 1. Location of beryllium parts. 



Equaxed grains 

*- Melted flat and 
beryllium material absent 

FIG. 2. Schematic of WNRE photomicrograph of 
rodML-II (I). 

priorities during the course of the search, this 
severely limited the extent of the beryllium parts 
study. There is considerably more which could be 
done. Following is an analysis of the beryllium 
parts. It is based on (1) color and black and white 
photographs of rods, (2) a partial metallurgical 
analysis of two rods and a niobium sheath at 

Whiteshell (WNRE) Laboratories (see Fif,. 2), (3) 
limited direct observations by J. Robbi;is, LLL 
metallurgist, on an early visit to W hiteshell 
Laboratory, (4) critique of (I) ami (2) by 
J. Hanafee, LLL' metallurgist, and (5) jiscussion 
and laboratory work by } . Hanafee while at 
WNRE. 

RODS 

GENERAL APPEARANCE 
The rods are shown in Figs. 3 through 76 and 

are listed in Table 1. Note that the observations 
presented here are based on photographs rather 
than direct examinations of the pans, which would 
undoubtedly yield more information. None of the 
rods are in pristine condition; all have melted 
somewhat, particularly on both ends, and they have 
some oxidation products on the outer surface. The 
melting and oxidation products occur on only one 
side of the rods; the other side is generally in fairly 
good condition. The niobium sheaths are in 
relatively good condition on most of the rods, i.e., 
at least one-half of the sheath is usually intact. It 
does not appear that any rod is totally devoid of a 

niobium sheath, although a large por ion of a 
sheath was found by itself [see rod ML-12 (1) in 
Table 2]. 

The extent of melting varied considerably. In 
some cases, beryllium melted and was lost along the 
entire length of the rod [e.g., ML-16 (2)]. In other 
cases, there was little melting and loss of material, 
and the ends of the rods were fairly flat [e.g., ML-2 
(2)]. 

The rods usually appeared straight, but rod 
ML-17(2) was bent along the axis at both ends 
making it slightly bow shaped. The bend appeared 
to be fairly symmetrical about the center, and, con
sidering the diameter of the rod, the force to bend 
the rod would not be small. 
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Table 1. Thirty four Cosmos 954 beryllium rods recovered. 

•s (l) 
-6 (1) 

-9 (2) 

-10 ( 2 ) h 

-11 (2> 

-12 (2) A 
B 

-13 (2) 

-14 (2) 

-15 (2) 

ML-16 (2) 

-17 (2) 

W E 940 803 

W E 746 717 
W E 959 809 

-13 <1> WE 816 740 

15 (1) WE 683 667 

19 (1) 
-20 (1) 

WE 874 766 
WE 881 778 

-23 (1) WE 250 488 

-24 (1) WE 183 424 

-32 (1> XE 030 849 

2 (2) XE 154 906 

•6 (2) A/'? 
B f . g 

XE 074 866 
XE 074 866 

-7 (2) <i) XE 049 861 

-8 (2) (j) XE 090 881 

XE 028 845 

XE 251 946 

XE 300 975 

XE 100 885* 
XE 100 885 

XE 125 879 

XE 131 884 

XE 159 903 

XE 206 936 

X E 228 932 

Weight, g 

52.2 
53.4 

55.0 
48.7 

Field 
photograph 

1618-19 
1620-06 
1589-18 

1670-08 
1670-37 

1642-01 
1631-04 

lUborRtory 
photugrsph c 

W9560-278 
W9561-278 
W9564-278 

W954 3-278 
W9544-278 
W9545-278 
W9546-278 
W9550-278 

W9624-378 

W9627-378 
W962B-378 

W9634-378 
W960B-278 
W9637-378 

W9642-378 
W9643-378 

60.6 1674-34 W9613-378 
W9614-378 

- 1574-11 W9565-278 
50.0 W9566-278 

1603-20 W9571-278 

55.8 1573-12 W9558-278 
1604-15 W9568-278 
1573-17 W9570-278 

55.3 1603-25 W9562-278 
1571-28 W9569-278 
1574-27 
1574-12 

W9572-278 

•2.5 W9600-278 
W9621-378 

::6.6 1674-45 W9617-378 
W9618-378 

58.0 1674-58 W9622-378 
W9623-378 

- CAFOPML #016 « 3 W9601-278 
53.5 W9602-278 

57.4 W9603-278 
W9604-278 

59.4 1687-20 W9625-378 
W9626-378 

52.0 W9605-278 

48.5 1674-21 W9606-278 
W9607 278 

51.1 1674-62 W9630-378 
W9631-378 
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Table 1. (continued) 

Field 
photograph 

Laboratory 
Identiiicadf*" Location*1 Weight, g 

Field 
photograph photogcaph c 

-18 (2) XE 219 912 51.4 W9632-378 
W963 3-378 

-19 (2) XE 230 913 45.1 1687-33 W9635-378 
W9636-378 

-20 (2) XE 318 961 54.0 1689-31 W9638-378 
W9639-378 

-21 <2) XE 325 968 56.2 1689-25 
1689-20 

W9640-378 
W9641-378 

-23 <2) XF 3S4 974 51.5 1689-40 
1689-45 

W9644-378 
W9645-378 

-S (10) A VE 762 2 6 l { 
2 6 3 1 

_ 1687-28 W9619-378 
, B VE 762 

2 6 l { 
2 6 3 1 51.0 CAF OPML « 0 2 4 «5 W9620-37C 

-6 (10)' VE 700 220 5 CAF OPML «016 «22 

Coordinates refer to the universal transverse mercatron grid system. 
Field photograph by EG&G unless noted otherwise. 
Laboratory photographs by WIRE. 
See Appendix A. 
Photograph number not known. 
Two tods found at these locations. Identification of Hit No. (A or B) and photographs is uncertain. 

"identification of these three rods, locations, and photographs was obfuscated at the time of discovery. This relation between rods 
and photographs represents the correction made in Edmonton in February 1978. 

.SamensXom. 
*20 mm diam by 20 mm long. Not confirmed as beryllium material. 

Table 2. Cosmos 954 beryllium cylinders, moose hoof, and niobium sheath recovered. 

Identification Location Weight, g 
Field 

photograph 
Laboratory 
photograph 

Cylinders 

ML-26 (2) XF 493 115 3600 1689-61 
1689-54 
1689-57 
1689-60 

-28 (2) CA 911 261 3600 CAF OPML 003-28 
CAF OPML 050-9 

3 photos 

-29 (2) CA 919 256 3609 CAF OPML 014-6 W9646-378 
W9647-378 
W9648-378 
W9649-378 

•33 (2) CA 854 238 3600 CAF OPML 057-6 

-34 (2) CA 865 245 3600 CAF OPML 957-21 

-1 (» DA 654 304 3600 CAF OPML 014-15 

Moose hoof 

ML-17 (2) CA 839 185 543 CAF OPML 003-22 
CAF OPML 014-9 

W9611-278 
W9612-278 
W9650-378 
W9651-378 

Niobium sheath 

XE 006 765 See Appendix B 



IDENTIFICATION OF ROD 
MATERIAL 

To my knowledge, a chemical analysis for 
beryllium, per se, was not conducted. The iden
tification of the rod material was based on density 
and activation products. The reported density 
(1 .S3 g/cc) was slightly below the theoretical den
sity. Emission spectroscopy for impurities was done 
and boron was not detected in the beryllium. 

It was reported that beryllium oxide was ob
served, but a chemical analysis was not reported, 
and I do not believe one was conducted. This is not 
a difficult analysis and could be useful for three 
reasons: 

• There are two general categories of 
beryllium, each with very different mechanical 
properties and applications. Generalizing 
somewhat, the category with much higher 
mechanical strength contains from about 0.5 to 2% 
beryllium oxide. Confirming the existence of and 
determining the exact quantity of beryllium oxide 
would contribute substantially to characterizing the 
rods. The Soviets have reported on research to im
prove (attain higher mechanical properties) the 
other type of beryllium not containing beryllium ox
ide. 

9 Beryllium oxide has a higher density than 
beryllium. Hence, if the rods are basically beryllium 
with 0.5 to 2% beryllium oxide (typical of powder 
origin beryllium), the density should be slightly 
higher than the theoretical density. This is contrary 
to the density of the rods reported to be slightly 
below theoretical density. Note that beryllium ex
posure to radiation may lower its density. 

• There are second-phase particles in the 
microstructure of the rods. Positive quantitative 
knowledge of the presence of beryllium oxide would 
indicate that these second-phase particles are 
probably beryllium oxide. 

BERYLLIUM BORIDES 

The possibility that the rods were beryllium 
borides of various sorts was discussed early in time. 
Boron is essentially not soluble in beryllium at or 
near room temperature, and it would form one or 
more of six compounds. With the information then 
available, two observations could be made. First, 
the compounds with the lower amounts of boron 

(Table 3) are fairly red in color and should not be 
mistaken for beryllium. The density measurements 
could conceivably be inaccurate enough not to con
flict with the measured rod densities of about 1.83, 
altho'igh I believe this is unlikely. The compounds 
in the "ligh boron range do resemble beryllium in 
color, but the densities are substantially higher. I do 
not believe such a large consistent error in densities 
is possible. 

It is possible to make the microstructure of 
beryllium borides appear similar to that of 
beryllium. However, after comparing the 
microstructures of rod ML-5 (1) with the beryllium 
boride photomicrographs at LLL, E believe that the 
rod microstructure resembled beryllium rather than 
the beryllium borides. The latter generally have a 
more acicular grain structure and polarize much 
more readily. The absence of boron was later con
firmed by emission spectroscopy analysis. 

MICROSTRUCTURE 

WNRE only conducted metallographic studies 
on rods ML-5 (1) and ML-11 (I); Appendix A con
tains a report issued on ML-5.2 A metallurgical 
analysis on ML-1 (1) was not issued, but the results 
were discussed briefly at the April, 1978 meeting at 
WNRE. 

Grain size is a major factor in determining the 
mechanical properties of beryllium. WNRE 
measured grain size on a cross section of rod ML-
5(1) and they reported a size of 50 fi. From 
WNRE photomicrographs on a cross section of the 
rod, I used the line intercept method to determine a 

Table 3. Beryllium borides and densities (Ref. 2). 

Theoretical density 
Compound p°, g/cm 

Be 1.847 
Be 2 B 1.89 
Be 4 B 1.94 
Be B 2 2.42 
Be B 6 2.35 
Be B 9 2.36 
Be B I 2 242 
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grain size of 48.1 fi across one diameter and 51.3 
across a line 90 deg from the first determination. 
The average, 49.7 u, is fortuitously close to the 
WNRE value, particularly considering the 
problems associated j;;*ith grain size determinations 
in beryllium. The grain sizeisquiie uniform with no 
evidence of a dupt»5c structure. The 50-fi grain size 
is on the high sid,; for powder origin beryllium, with 
"middle-of-the-.ine" beryllium in the United States 
ranging from 25 to 35 ft. 

The rr.etallograpnic preparation of these 
specimens was not quite perfect, resulting in two ar
tifacts. F irst, some of the grain structure \s obscure 
and hr nee the grain size determinations may be 
high From careful study of the available 
phrtomicrographs, [ do not believe an error of 
rrore than 10 to 15% is possible. This would not 
r.ignificantly affect the strength estimate. Second, 
some twins can be seen in the microstructure (see 
Appendix A). Twin:, in beryllium are caused by 
specific mechanical forces, and they can usually be 
removed by temperatures above about 700 to 
850°C. Thus, the presence of twins can sometimes 
be used to ascertain the thermal and mechanical 
history of a part. In this case, however, I am sure the 
twins were formed during the metallographic 
preparation and should be ignored. 

Because of the inherent anisotropy of 
beryllium, grain morphology is an important factor 
in obtaining isotropic properties. The grains appear 
to be equiaxed, i.e., they are not elongated or pan
cake shaped as a result of, for example, some possi
ble earlier extrusion or rolling process. This has not 
been confirmed by examination of the microstruc
ture parallel to the rod axis. 

In rod ML-5 (I) a layer of columnar grains on 
the outer surface extends along approximately 
7 mm of the 63-mm circumference (Appendix A). 
The extent of the columnar grains in the axial direc
tion is not known. The grains extend inward 0.2 to 
0.5 mm, the length of the columnar grain. There is 
some indication of epitaxial grain growth, and there 
is no giain growth in the matrix adjacent to the 
columnar grains. Grain growth may take place in 
powder origin beryllium from 700 to 1000°C over 
a period of several minutes to a few hours. (The ex
act times and temperatures could easily be deter
mined using samples from the rods.) The columnar 
grains were caused by melting and resolidification 
(beryllium melts at 1284°C). Beryllium is a good 
heat conductor and if the surface were at the 

melting temperature for a long period, some grain 
growth would be expected farther in from the sur
face. This sort of structure (columnar grains and 
original equiaxed grains) is often seen in the fusion 
zone/parent metal area of welded beryllium. It is 
concluded that this microstructure was caused by a 
high heat input for a short period of time (seconds 
or less). It would be interesting to know if this 
feature occurred in any or all of the other rods and, 
if so, if there is a pattern. 

Another layer of material occurred intermit
tently on the outside of the columnar and equiaxed 
grains (see Appendix A). Its appearance differs 
somewhat from beryllium, and it is porous. It 
probably consists of a substance other than 
beryllium, such as part of the niobium sheath; or 
perhaps it is the product of a reaction ^stween the 
molten beryllium and other materials. This could be 
easily determined by current analytical methods, 
but from the photomicrograph alone it is not possi
ble to be more definitive on the nature of the outer
most layer. 

Fissionable products were found on the outside 
surface. Using mass spectrometry, WNRE detected 
Uranium 2 3 5 on the surface of rod ML-5(1), and 
autoradiography showed that it extended over only 
about 6 mm of the 63-mm circumference (Appen
dix A). 

Four photomicrographs of ML-l l( l ) were 
shown at the April, 1978 meeting at WNRE. 
Labeled 233 E 1, they showed that beryllium had 
melted and been removed underneath the niobium 
sheath (Fig. 2). Columnar grain growth along a 
melted edge of rod ML-] 1 (1) was observed which 
was similar to that found in rod ML-5 (1). 

MECHANICAL PROPERTIES 

Three of several major factors controlling the 
mechanical properties of beryllium are unknown, 
vis., PeO, Fe and Al levels. A fourth factor, method 
of manufacture, is not positively known. However, 
if the grain morphology is fairly isotropic and BeO 
is present, then the beryllium is of powder origin. 
The most common method of consolidating 
beryllium powder is vacuum hot pressing. 

A simple relationship has long been established 
between grain size and strength for many metal 
alloy systems. This relationship, Hall-Petch. has 
been found to apply to powder-origin beryllium. 
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Using this information and assuming that there is 
nothing exceptional ahout the BeO, Fe, and Al con
tents, and that the rods are powder-origin hot 
pressed material, then the 50-/t grain size would in
dicate dn ultimate strength from 30 to 35 ksi and 
yield strength from 15 to 2f ksi, which is fairly low. 

WNRE measured the hardness on the 
transverse sections of two rods as follows: 

• ML-5(1): center (in fine equtaxed grain 
structure)—140 VPN; 
inner edge of the columnar 
grains—121 VPN; 
outer edge of the columnar 
grains—148 VPN. 

• M L-11 (I): center (in fine equiaxed grain 
structure)—153 VPN, 

The hardness of berylliam reported by several 
investigators ranges from about ICO to 300 VPHN. 
For this span of values, the beryllium ranged from 
fully annealed to highly cold-worked ingot 
beryllium tc powder-origin beryllium; impurity 
content varied considerably. Because of the lack of 
information on the chemistry and texture of the 
rods, it is impossible to draw quantitative conclu
sions from the hardness data; but qualitatively, the 
rods are in the lower one-third of the reported 
hardness range for beryllium. This would indicate a 
fairly low strength, but as for the grain size and 
strength relationship, it would be somewhat 
speculative to quantitatively relate hardness to 
strength without additional laboratory study. 

Thus, from the available evidence, viz., grain 
size and hardness, it appears that the beryllium rods 
are medium to low strength. It is pertinent to note 
that the rods are large enough to make tensile 
specimens, and it would not be difficult to conduct 
the mechanical tests. 

ROD DIMENSIONS 

Field observations consistently reported the 
rods to he 3/4 to 1 in. in diameter by 4 in. long, but 
these were estimates. Some of the rods are actually 
slightly elliptical in cross section. In view of ample 
evidence of melting and loss of material upon reen
try, I believe the original cross section to be circular. 
The single Whiteshell rrport quotes a diameter of 
20 mm. For measurements of the photograph, I find 

a diameter of 20 ± 1 mm. Thus, 1 concluded that 
the original cnss section was circular with a 
diameter of 20 mm. 

The original length is a more difficult problem. 
To my knowledge, length has not been measured, 
although some photographs of rods have included a 
centimeter rule. The melting and distortion in
troduces uncertainties, but the present length ap
pears to be from 9 to 11 cm. Knowing the correct 
original length would be quite helpful; for example, 
was the original length many times 10 cm designed 
to break at 10-cm intervals upon disassembly? Op
tical and scanning microscopy could be used to help 
ascertain the original length of the roas. 

NIOBIUM SHEATH 

A portion of one niobium sheath was found 
separately on sample ML-I2(I) (see Table2), and 
WNRE conducted SEM and EDX analyses on the 
piece. A formal report was not issued to my 
knowledge, but the experimental data are shown in 
Appendix B. Figure B-I clearly shows the 
corrugated shape in the cross section view. 

The sheath is 0.05 mm thick and there appears 
to be two kinds of deposit on the outside surface. 
The first is an iron-uranium scale (Figs. B-1 through 
B-3). It appears that the iron alloy (probably stain
less steel) and uranium reacted with each other in a 
molten state and were deposited in that state on the 
niobium sheath. In one place (Fig. B-2), the iron 
alloy forms a less-porous thin layer next to the 
sheath, with the iron alloy mixture on the outside. 
No significant reaction occurred between the iron-
uranium alloy and the niobium sheath. 

A deposit of calcium or cp.lcium compound ap
pears on the outside surface tFigs. B-4 and B-5); it 
was deposited in a molten state. The calcium is 
deposited in bands both along and across the 
corrugations. Considering the high reactivity of 
calcium with moisture and air, the deposit is 
probably a calcium compound. From this evidence, 
1 would conclude that r. molten calcium compound 
was sprayed across t'.ie niobium sheath during the 
satellite disintegration. Other tests could further 
elucidate the nature of the calcium deposit. 
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CYLINDERS 
Six beryllium cylinders were found for 30 km 

along the flight path in sectors 2 and 3 (Figs. 77 
through 90, and Table 2). The cylinders were 
about 10 cm diam by 40 cm lonv, with six notches in 
each end and a step at one end. WNRE used emis
sion spectrography on a single chip from cylinder 
ML-28 (2), and it was found to be "high-purity 
beryllium." This would be unusual—high-purity 
beryllium is weak mechanica'.ly and expensive to 
make. Although emission spectrography can pick 
up the common "parity elements in beryllium, 
special techniques liave to be used, particularly for 
oxygen. Thus, it is clearly established that the cylin
ders are beryllium, but which of three general 
categories is not known, viz.. powder origin, ingot 
beryllium, or some special high-purity grade. 

The cylinders had several remarkable features. 
First, all cylinders were in excellent condition. 
There was some discoloration from oxidation and a 
very small amount of melting at the ends only, bui 
otherwise they were not damaged; no electrical or 
mechanical connections were observed; all the cylin
ders weighed within about 10 g of 3600 g; and 
finally, they were solid. Three cuts were made in 
cylinder N. 1-28 (2), as shown in Figs. 91 through 
94. The 1-cn-thick slice was macro-etched (20% 
HNO3, 2% HF, remainder H 2 0) halfway across the 
diameter. The macro-etching did not reveal any in-
homogeneities, indicating that the cylinder was 
solid. After cutting for some time along the axis of 
one-half of the cylinder, it was deliberately frac
tured the remainder of the way (Figs. 91, 92, and 
92). The fracture surface did not show any discon
tinuities along the axis, again indicating that the 
cylinder was solid. 

Although no metallography was conducted on 
the cylinders, several observations were made. 
Earlier reports indicated a row of spot welds on at 
least one cylinder. I examined ML-1 (3) up to 

This part is unique in that only one was found 
(Figs. 95 through 99). It is about 10 cm in diam 
by 5 cm long, with a 45-deg bevel and an extensive 
groove. I believe it was determined to be beryllium 

magnifications of 30 in the hot cell at WNRE and 
the reported row of spots did resembh spot welds; 
but upon closer examination, I found many more 
such spots. In some cases, the pattern appeared to 
oe random. The straight row was lined up with one 
of the machined notches that contained a moderate 
amount of melted metal. I concluded that the spots 
were caused by a spray of molten metal during 
satellite disintegration, and that seme of the spots 
tended to line up as some molten metal sprayed 
from the notches. 

The surface finish of the cylinders was very 
coarse. Such machining procedures, I am sure, 
would introduce considerable machining damage, 
lower the ultima'*? strength perhaps as much as 25%, 
and reduce the total elongation to fracture to less 
than 1%. It is possible to heat treat or etch the 
beryllium to remove the machining damage and 
restore mechanical properties. These cylinders were 
not etched, and it would require a simple 
metallographic study (one specimen) to determine if 
the cylinders had been heat-treated to remove the 
damage, if the machining damage was not re- ->ived, 
then the cylinders were used in a situation requiring 
very little mechanical strength. 

Examination of ML-1 (3) in the WNRE hot 
cell revealed numerous cracks around tin. step and 
no'ches at each end. In one case, the cracks ex
tended along the axis of the cylinder for about 7 cm. 
From the oxidation and melting pattern, five of the 
cylinders appeared to have traveled "step end first"; 
the sixth traveled with the other end first. The cylin
ders were radioaclively contaminated. ML-28 (2) 
measured 1.5 to 2 K at about 1 cm. This was uni
form across the diameter of the 1-cm-thick slice, in
cluding the etched portion. Collimation may iiot 
have been sufficient, and the 2-R reading may have 
been caused by contamination on the outside 
diameter or impurities in the beryllium. 

by density, although I have not seen a chemical 

analysis. A considerable amount of scale appears on 

the part. No laboratory studies were conducted. 

MOOSE HOOF 
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SUMMARY 
I orty-one beryllium rods 2 cm diam by 10 cm 

long were found They were enclosed in a niobium 
sheath and had holh aclivation and fission 
products. Most rods and sheaths had undergone 
Mihslantial melting and loss of material at one or 
holh ends, or in some cases along the entire length. 
The beryllium was most likely o^ powder-origin 
manufacture and appears to be of medium or low 
strength. 

A rod about 2 em diam by 2 cm long was found 
lhal might be a portion o\' a beryllium rod. Six 
beryllium cylinders were found. They were in 
pristine condition. They had six notches on each 
end and a step on one end. bul otherwise ihey were 
solid with no electrical or mechanical connections. 
The six c\linders all weighed within about 10 G of 

3600 g. A single piece of beryllium with a unique 
geometry A as found. It is 10 cm diam b\ 5 cm long 
with a substantial bevel and groove. 

The beryllium parts were not extensively 
characterized, because of the high priority given to 
fuel-particle analysis. For a laboratory and person
nel familiar with beryllium (and with the handling 
of radioactive material), established methods could 
be used to determine many elementary properties, 
e.g.. strength, unique physical and chemical proper-
lies, original geometry, and method of manufacture. 
In iiddition, 1 am confident lhal a metallurgical 
study of the microstruetures of these ben Ilium parts 
would reveal more information about the thermal-
mechanical history of the satellite upon disintegra
tion, should this be desired. 
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FIG. 76. ML-6(I0). 

FIG. 77. ML-2612). 
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FIG. 81. ML-2812). 
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FIG. 82. ML-2812). 

FIG. 83. ML-29(2>. 
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FIG. 84. ML-29(2). 

FIG. 85. ML-29(2}. 
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FIG. 92. Sections of cvlindcr ML-28(2|. 
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FIG. 93. Cross section of cylinder ML-28|2|. 
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FIG. 94. Close-up of longitudinal saw cut and fracture of cylinder MI.-28(2). 
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FIG. 96. ML-27(2). FIG. 99. ML-27(2). 
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APPENDIX A 
WNRE REPORT ON BERYLLIUM ROD ML-S(l)* 

OPERATION MORNING LIGHT 

Metallographic Report Sample ML-5(l)tW3 

Origin: 

Transverse cross-section of sample ML-5(1)-I identified as Be (with some BeO). 

Macroscopic Examination: 

The cross-sectional shape was tending to tear drop or pear shaping (Figure 1). Approximately one-
third of the circumference was circular and relatively smooth; the balance was relatively rough. 

Assuming that the cross-section was initially circular, reconstruction indicates that the diameter 
would have been about 20 mm. 

Autoradiography: 

A BY autoradiograph showed extremely little or no activity over the entire sample except for a small 
portion of the circumference shown by Figure 1A. 

Microscopic Examination: 

The microstructure present in the majority of the cross-sectional view was of small equiaxed grains 
of a -phase beryllium (Figures 2 and 2A) with particles of BeO evident at the higher magnification. This struc
ture extended from the center out to the circular periphery but was replaced by a columnar structure before 
reaching the periphery on the non-circular portions. The average grain size in the equiaxed region was 50 um. 

Close to the non-circular surface the structure consisted of columnar grains of a -Be (Figures 3 and 
3A). Figure 4 shows where the columnar grain region ended as the surface changed from non-circular to cir
cular. Frequently there was a further layer outside the columnar grain growth (Figure 5). This tended to be in
termittent and probably is another layer of a -Be nucleated separately from the columnar grains (probably at 
the outer surface) and represents material at one time 8-Be which had transformed to a-Be on cooling. 

The outermost layer frequently had an appearance of porosity and the inclusion of material foreign 
to the basic beryllium structure. This is apparent in Figure 3A and in the unpolarized photographs 6 and 6A. 

Interpretation: 

The basic microstructure is indicative of the vacuum hot pressed route of manufacture. The 
modification of this basic structure on the non-circular portions indicates that this part of the surface was the 
leading surface during re-entry resulting in frictional iieating. Due to BeO particles dispersed in the matrix 
grain growth is strongly inhibited and only occurs at very high temperatures. The apparent formation of 8 -Be 
on the surface indicates that the temperature reached at least 1260°C and the intermittent occurrence of this 
phase indicates probable loss by melting and ablation (melting point 1277°C). 

*This is an exacl copy of a WNRE report. 
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FIG. IA. Autoradiograph magnification 5X. 

W-fffe-:'^ 

I!(;. 1. Magnification 5X. 

Definite identification of the materials at the surface was impossible since the sample was too 
radioactive to place in a microprobe. Gamma spectrometry showed the presence of fission products, and mass 
spectrometry detected 2 1 5 U on the surface of the unseclioned sample Ml.-5(1)-I. 

Summary: 

Sample ML-5(l)-t was a portion of a 20 mm diameter Be rod presumably used for reactor control 
purposes. 
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FIG. 2. Magnification SOX. Polarized light. FIG. 2A. Magnification S90X. Polarized light. 
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l"l(;. 3. Magnification 20X. Polarized light. FIG. .1A. Magnification SOX. I'olari/cd light. 
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FIG. 4. Magnification 20 X. Polarized light. Fl(i. 5. Magnification 2UX- Polarized light. 



FIG. 6. Magnification 100X. Bright field. FIG. 6A. Magnification 100X. Bright field. 

Since one side of the rod was not heat affected we must assume tliat it was partially protected during 
re-entry—there was no sign of protective material or,—in a fixed orientation during re-entry (not tumbling). 

The implication of high activity on the leading surface would appear to indicate that the core was 
ahead of this component in the re-entry train. 

M. G. Wright 
78-02-20 

Materials and Component Development Branch 
Whiteshell Nuclear Research Establishment 
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APPENDIX B 
WNRE DATA ON NIOBIUM SHEATH* 

ML-12(1) 
COSMOS SPECIMEN ML-I2-(1)-I-W2 

SCANNING ELECTRON MICROSCOPY AND X-RAY MICROANALYSIS 

ANALYSIS REPORT 

Sample Description: Cosmos Specimen ML-12-(1)-1-W2 

Corrugated Niobium Sheath with attached scale. 

Submitted by: R. B. S'ewari 

Results: X-•ray microanalysis of cross-sectional area shown in Figure 2. 

X-Ray Energy 

Relative 
Intensity 

(counts/100 s) Interpretation 

1.62 keV 
2.13 keV 

122 
2678 

AiK a 

N b L a 

possible artifact from 
stub 

3.20 keV 
5.37 keV 

229 
65 

U M a 

CrKa 
6.35 keV 
7.01 keV 

752 
94 

F e K a 

FeKp-
9.65 keV 
11.45 keV 

199 
77 

AULQ. 
AuLg 

artifact from coating. 

16.51 keV 
18.56 keV 

129 
28 

NbiQ,, 
NbKp 

Remarks: 1. 

2. 
3. 

Polished metallographic section was 
layer of gold. 
Background x-ray intensities (with 
X-ray intensities quoted above are 

i mounted on aluminum stub and coated with a thin 

electron beam off) are negligible, 
not directly related to elemental concentrations 

because of matrix effects. 
4. Electronbeam accelerating voltage =20 kV. 
5. The technique is sensitive only to elements with atomic number >10 
6. Excitation depth <1 fxm. 

•This is an exact copy of WNR.P data. 



ANALYSIS REPORT 

Sample Description: Cosmos Specimen ML-12<1>1-W2 
Corrugated Niobium Sheath with attached scale. 

Submitted by: R. B. Stewart 

Results: A '-ray microanalysi is of cross-sectional area showr i in Figure Z 

X-Ray Energy 

Relative 
Intensity 

(counts/100 s) Interpretation 
1.60 keV 
2.16 keV 

70 
3958 

AlK a 

N b L a 

3.20 keV 
4.20 keV 

1079 
24 7 

5.39 keV 
5.95 keV 

345 
26 

CrKa 
CrK,3 

6.38 keV 
7.02 keV 
7.47 keV 
9.68 keV 

3127 
387 
191 
158 

FeK„ 
FeKp 
NiK a 

AULQ, due to coating 
11.48 keV 
13.57 keV 

54 
24 

AuLn 
U L a 

16.54 keV 
18.59 keV 

149 
35 

NbLjj 
NbLjj 

Remarks: Same comments as for x-ray microanalys is of ; area of Figure 2. 
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ANALYSIS REPORT 

Sample Description: ML-12-(1>1-W5-B 

thin-walled, corrugated tubing 

Submitted by: R. B. Stewart 

Results: SEM/EDX Analysis (micrographs attached) 

Remarks: 1. Major concentrations of Nb and Ca, with trace amounts of Fe. 
2. The Ca appears as a deposit on the Nb sheath, but it is not known whether this is 

the exterior or interior surface. 
3. Corrugated nature of tube visible from stereo-pair. 

39 



Corrugated Niobium Sheath 

i :i.>'' niu-jiV'.tjih ni ,1 polished -.eel ion o n he corruiMied she.iih Irom t i bcr> Ilium rod. 
. 'i tu'Mi.ii:-. tu-.-ul.ir ill cross--.eel ion. is broken ,HK1 hem kick .il the M i of I he 
I'll.-! 1.1 \!L'\MIIL'. the specimen ^ i i i embedded in ,i resin, sectioned, polished, .uid 
i :li;r l.i\ei I • 2011 X i ol ijold i-- render the surLicc conducive. Some siirluce scale 

ndu.tled !v. '.he ,u rou . n is ruUio.icmc .ind believed lo be on the euermil surface. 
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ML 12 (I) i W2 
I « # S E C t c e t i N T 

V S 2 3 8 8 _"HS: 5 I E V / C H 

&*1 
Fe Map I M 

Figure 2 

l-i£ure2 Scanmnt! electron micrograph (and corresponding wa> spectrum .mo \-i.i> di>".'.'Mii 
shouini: the section n! sheath and scale al somewhat higher niaumlication ! In.- \-\.t\ -.IK-.. •; ..n < 
ten-at> vs cncri!\ in keV I indicates components- ol stainless \ieel (I c. ( r. \ i i. !i:e! 11 i. .r •: ••' -
(Nb). see attached report for spectral details. The wa> maps dinu the ek-nien:.-! d^t; i'n.l.. -> 
1 e, \ , and Nh and indicate that I e and I are conccirralcd preieieniiali;, n> the ^ •:. ,i ,\ V 
the sheath. (The densin ol white dot- in the \ - ra \ m a p - i - p iopomoru i tu the .OIK en; Mtum -•'> 
yi\en el.'ment.) The micrograph shows that part oi the scale is quite pohuis \ N , \ Limn:.,! ^'.'. 
are seen at the inner houndan. of sheath, result mi! in spailme of nia:cnal from (his - tirf,:ce 
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Figure 3 

Sv. inmni : e k v i r m i i nk : 1'L'r.iph 

.IppI' i lMllKllL-K 4(1 )J!II t h k l . .1 

I . I \ maps .ii hiL-h [ I K I ^ I I I I ' K M I u u i NIHUMI IL ' MIL' n i n h i u m sheath. 

i endi ilk- LM. I I I I sU i ieu i rc o\ the scale Sec the . i l l . i d l e d report 

I.M ,1 i.i hiil.11 in n i>\ \ - I \ I \ intensit ies .IM-I energies d e m e d I U M I I the spec t rum >ti the l o p o f the h i iu rc 

\ i . i \ m i c r o a n a K si- indicates : l i . i t the scale is , ' u i i i | i i i \ a l u i 'e lements a-.snci.iied v. i th sLimless siccl 

11 c. I ! . N i j .nui n i k l c i i luc l 11 i \ k > n i k mi in her c t H r . i s i in I he e lec t ion opuc . i l ml ape repeals 

i p i c i o h c t c r o p e n c i i i c s in the 1 e- and I nch s Va!c I i j jh i .ire.is nn.ik-.iie higher a tomic numher and 

c o n c s p o n d In [ - r ich m i c r o d o i n . i m s D .nkc i areas n u l k . i i e lo \ \ c r a tomic i i un iher and co r respond 

I.I I e-neh rep it MIS [ f i e d e n d n t k texture s u r e s t s y r o u ih f r o m the uiel i A lso m u c ift;it (ne re is an 

I c - i i ch h i u t i u l . n \ l . i \er between the N h she.ith and the stainless sieel-ur. tniLini aUo\ ot the scale. 
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ML-12-(1)-1-W5-B 
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