siderations one can estimate that
the solar wind or plasma protons are
scattered and absorbed within a few
tenths of a micron of the surface of
the solid and that each proton produces
about seven displaced atoms. Thus in
a few months each fresh particle of
dust should be sintered to its neigh-
bors at the points of contact. This is
much less than the time required for
sintering through sputtering. Neverthe-
less, this efficient sintering process is
limited to the outermost layer of the
dust. It is also continually inhibited
by the impact of micrometeorites and
by breaking up by larger meteorites
(16). Deeper layers of the dust are
sensitive only to the more energetic
protons. Thus 2-Mev protons will be
stopped within less than 0.1 mm of the
surface of the dust layer and 10-Mev
protons will not reach beyond 1 mm.
The flux of protons of higher energy,
even if one includes the solar flares,
is relatively low, and the defects the
protons produce are spread over a
much thicker layer. Thus, while a
sintering process under these circum-
stances is possible on the scale of
thousands or millions of years, its ef-
ficiency is critically dependent upon
the meteorite bombardment. It appears
thus that radiation sintering of lunar
dust may play an important role in
determining the mechanical properties
of the outermost lunar surface. In a
quantitative comparison of all the vari-
ous phenomena which affect the co-
hesion and formation of surface dust,
the recently discussed chemical de-
gradation (I/7) should also be taken
into account. Evidently much careful
experimental and theoretical work is
needed before the whole problem of
the structure of the lunar dust layer
is understood.

R. SMOLUCHOWSKI
Solid State and Materials Programme,
Princeton University, '
Princeton, New Jersey 08540
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Intercrystalline Links in
Bulk Polyethylene

Abstract. Strength-promoting inter-
crystalline links in polyethylene, crys-
tallized from the melt, have been ob-
served under the electron microscope.
The links measure up to many thous-
ands of angstroms in length (depend-
ing upon the molecular weight of the
polymer) and are of the order of 100
A in diameter. Their formation appears
to be initiated by molecular chains
which contact, and begin to crystallize
upon, the surfaces of two or more dif-
ferent crystals, often some distance
apart. Deposition continues until these
molecular bridges are pulled taut. More
molecules are laid down upon the
bridges to build up the larger links,
which are themselves crystalline and
may well be extended-chain single
crystals.

When crystallized from the melt,
synthetic high polymers such as poly-
ethylene develop spherulitic structures
which consist, in the main, of chain-
folded lamellar crystals (7). It is evi-
dent from the ductility and strength
of these materials, however, that neigh-
boring lamellae are probably bound
by ties stronger than those provided
by Van der Waals attraction between
planes of molecular folds, even in the
case of lamellae whose surfaces are in
intimate contact. Consequently, it has
generally been thought that molecular
folding is not as regular in polymers
crystallized from the melt as it appears
to be in single crystals grown from
dilute solution. Some molecules (tie
molecules) participate in the growth of
two or more adjacent lamellae, thereby
providing relatively short molecular

links which reinforce the structure (2).
We now report what we believe to be
the first direct observation of inter-
crystalline links in a melt-crystallized
high polymer. These links are much
more substantial (and thus much
stronger) than has been anticipated.
The links have been revealed by co-
crystallizing fractionated samples of
linear polyethylene with n—Cj,Hgg, this
hydrocarbon diluent being removed
later by dissolution in xylene at room
temperature to expose the skeletal
structure of the high polymer.

The photograph on the cover of
this issue is an electron micrograph
of the boundary between spherulites
grown at 95°C in fractionated poly-
ethylene (weight = average molecular
weight, M,,, = 726,000) blended with
50 percent of n—CsHgg. The fibril-
lar links, which bridge radial arms
of the spherulites and also the bound-
ary between these spherulites, meas-
ure up to 15,000 A in length and are
between 30 and 300 A in diameter.
They are a genuine growth feature
and not an artifact resulting from de-
formation of the sample. Electron-
diffraction analysis of selected areas
indicates that chain molecules lie
parallel to the long axes of the links,
and we have reason to believe that
each link may be an extended-chain
single crystal.

No intercrystalline links were found
in polyethylene of molecular weight
4500 and only a few relatively short
links were observed in polymer of
molecular weight 27,500. In fractions
of higher and higher molecular weight,
however, links were found in increas-
ing profusion, and their maximum
length  (l,.«) obeyed the relation
Luax —~20 (M) % A. Since the average
maximum dimensions of a coiled chain
(the average distance between the seg-
ments furthest removed from one an-
other) should vary as (M,)%, this
relation suggests the following inter-
pretation of our observations.

At the appreciable supercoolings
generally employed in crystallizing
high polymers from the melt, chain
molecules may occasionally come into
contact with, and begin to crystallize
upon, the surfaces of different, and
often widely separated, crystals. These
molecules continue to crystallize until
they are pulled taut. In some manner
not as yet clear (possibly with assist-
ance from entanglements) further
molecules condense upon the nuclei
provided by the bridges established
initially in this way.
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Samples of polyethylene cocrystal-
lized with less than 50 percent of
n—~CzoHgq show a greater profusion of
links than is found in the sample il-
lustrated in the photograph on the
cover. It is unlikely that crystallization
will be drastically different in an un-
diluted high polymer in which, there-
fore, extrapolation leads us to expect
an even greater number of links to be
formed. Being highly oriented (in the
molecular sense) and, because of their
mode of formation, being firmly an-
chored to the crystals, these links
should possess considerable strength.

It is interesting to note that, for
polyethylene fractions of higher mo-
lecular weight, observed values of I,
are larger, by more than an order
of magnitude, than root-mean-square
values of the end-to-end lengths of the

participating molecules as computed
statistically (3). This may indicate that
polymer molecules are much more ex-
tended in the melt than in dilute solu-
tion.
H. D. KertH
F. J. PApDEN, JR.
R. G. VADIMSKY
Bell Telephone Laboratories,
Murray Hill, New Jersey

References and Notes

1. For reviews see P. H. Geil, Polymer Single
Crystals (Wiley, New York, 1963); H. D.
Keith, Physics and Chemistry of the Organic
Solid State (Interscience, New York, 1963),
chap. 8.

2. H. D. Keith and F. J. Padden, Jr., J. Polymer
Sci. 41, 525 (1959); D. C. Bassett, A. Keller,
S. Mitsuhashi, J. Polymer Sci. Part A Gen.
Papers 1, 763 (1963); J. D. Hoffman, Soc. Plas-
tics Engrs. Trans. 4, 315 (1964).

3. P. J. Flory and R. L. Jernigan, J. Chem.
Phys. 42, 3509 (1965).

16 August 1965 ™

Iron Minerals Formed by a Nuclear Explosion in a Salt Bed

Abstract. The nuclear event, Gnome, was carried out in halite in the Salado
formation and yielded a varied mineral assemblage. The iron support members
reacted in the salt melt and formed several iron oxide phases. The magnetite
which formed during the fireball stage reached in various ways with the environ-
ment to form higher oxides and hydrated oxides.

The Gnome event was a nuclear
explosion carried out at a depth of
361 m in bedded rocksalt in the
Salado formation near Carlsbad, New
Mexico, on 10 December 1961. Mi-
croscopic and Xx-ray examination of
postshot drill cores sampled in the
summer of 1963 and containing device
debris showed a number of minerals
which were not present before the
shot. We want to draw particular at-
tention to some of the iron-containing
minerals which were identified; name-
ly, magnetite (Fe;O,), hematite
(e-Fey0O3), maghemite (y-Fe,O;), goe-
thite (o-FeO*OH), and lepidocrocite
(y-FeO*OH). Of these, only hematite
was positively identified as being pres-
ent in the formation before the event.

The main source of iron was sev-

LEPIDOCROCITE —Hp0 MAGHEMITE
750°
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200-500° >400°
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Fig. 1. Relation between iron oxides.
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eral tons of structural steel which had
been placed in the shot room before
the event. Although the initial environ-
ment was probably conducive to chem-
ical reduction owing to the presence
of rather large amounts of paraffin,
material of the walls of the room con-
tributed to the fireball and rendered
the atmosphere  oxidizing: large
amounts of H,O and CO, were re-
leased as compared to only small
amounts of H, and CO. It may, there-
fore, be assumed that magnetite, the
dominant iron mineral formed, was a
primary product of the reaction be-
tween metallic iron and oxygen from
minerals such as anhydrite with the
possible addition of water from the
Salado formation.

Magnetite has been usually, but not
always, associated with considerable
amounts of device debris. The presence
of maghemite, lepidocrocite, and goe-
thite are undoubtedly the result of sec-
ondary reactions which occurred after
the temperature had dropped consid-
erably. Figure 1 shows the relations
between some of these minerals. Lepi-
docrocite can be formed by the oxi-
dation of freshly prepared magnetite
in the presence of water. Its dehy-
dration below 750°C yields maghemite
(1). The conditions of direct con-

version of magnetite to hematite and
maghemite have been discussed récent-
ly by Colombo et al. (2) and by Lepp
(3). In particular, maghemite may be
formed between 200°C and 500°C in
the absence of hematite, and depend-
ing upon particle size and oxidation
rate. Smaller particles and a large rate
promote maghemite formation.

The conditions in the cavity shortly
after the detonation were favorable
for the formation of Ilepidocrocite,
since a large amount of water vapor
was present. Consequently, under these
conditions it would appear that mag-
hemite would not be formed by the
dehydration of lepidocrocite. One
might hypothesize that magnetite oxi-
dation could occur in a salt melt con-
taining sulfate as an oxidizing agent.
The NaCl-CaSO, eutectic lies at about
740°C, and although this temperature
may be reduced by the addition of
K,SO, and MgSO, (from polyhalite),
temperature conditions are such that
probably hematite rather than maghe-
mite would result. If, however, lepido-
crocite becomes engulfed by hot and
perhaps partially fused rock, it may
well become isolated from the sur-
rounding atmosphere and become de-
hydrated with the formation of mag-
hemite. In view of the violent partial
cavity collapse which started within
a few seconds after the explosion
and which was completed within 3
minutes, such a mechanism would rea-
sonably explain the occurrence of
maghemite.

Presumably goethite is formed by
an entirely different path, namely, the
oxidation of solutions of iron (II)
compounds. Since small amounts of
austenite and q-iron were found, we
propose that goethite is formed by re-
action of metallic iron (i) with the
melt followed by hydrolysis under the
prevailing hydrothermal conditions in
the cavity, or (ii) with subsurface wa-
ters since December 1961.

M. W. NATHANS

Tracerlab, Richmond, California
D. K. SmitH
J. S. KaBN

Lawrence Radiation Laboratory,
University of California, Livermore
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