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Rhines [6] has been criticised on experimental 
grounds [7]. Furthermore, the work by Spear 
and Gardner [8] originating the dendrite 
spacing/cooling-rate correlation the authors 
advocate, itself contains unambiguous evidence 
of a marked effect of alloy constitution. When 
expressed as a power relation, in line with other 
measurements [1], the effect of composition, 
they [8] find, for example, is at least as great as 
that of cooling-rate. The authors' unqualified 
statement that "Hence the dendrite arm spacing 
method can safely be applied to all alloy 
systems" seems precipitate in relation both to 
this evidence and to all that is available, amount- 
ing to measurements on just a few (mainly A1- 
base) systems over restricted ranges of variables. 

On the fifth point, the Nusselt number of 0.03 
for the grit-blasted substrate indicates that cool- 
ing is only just within the lower bound [9] of the 
intermediate cooling-range. Ruhl's calculations 
[9] show [10] that the assumption of Newtonian 
conditions under such circumstances* introduces 
an error of considerably less than a factor of two 
which is certainly not greater than other sources 
of error and uncertainty in this and in other 
methods. 

The attraction of the dendrite method is 
undoubtedly its ease of application and wide 
opportunity for use. This is no reason for dis- 
regarding the limitations of its present basis and 
for advocating its universal use without qualifica- 
tion. Obviously, spot checks by alternative 
methods are a minimal safeguard and there is 
clearly a general need to check one method 

against another on common systems. This is the 
approach which will enable present estimates to 
be improved, and, ultimately, to be superseded 
by measurements. 
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*Brower et al [8] reached the same conclusion for an  even higher  Nussel t  n u m b e r  (0.5) observed in splat-cooling 

Observations during Annealing of 
Cold-Drawn Polyethylene* 

This letter describes some preliminary observa- 
tions made during cold drawing and subsequent 
annealing of bulk-crystallisedlinear polyethylene. 
The structures that are observed to develop 
during annealing on a microscope heating stage 
are probably due to the presence of low 
molecular weight fractions, 

Sheet specimens, 0.2 mm thick, of compression 
moulded Rigidex 2 high-density polyethylene 
were observed during cold drawing by a micro- 
*This work  was  carried out  at  the  Universi ty o f  Surrey, Guildford.  
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tensile machine fitted to a Zeiss photomicro- 
scope. The polyethylene contained particles of 
silica catalyst, ranging up to 25 /~m diameter, 
which initiated the formation of cavities during 
the cold-drawing process. The natural draw ratio 
of 8 resulted in considerable elongation of the 
cavities, and the influence of the transverse 
tensions associated with the cold-drawn neck 
boundary are evident from the fact that the voids 
were very much wider in the plane of the sheet 
than perpendicular to it. Fig. la shows the out- 
line of a void in as-drawn material and lb a view 
of another void in a section perpendicular to 
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Figure I (a) Voids in as-drawn polyethylene, viewed through the plane of the sheet (•  620). (b) Voids in as- 
drawn polyethylene, viewed through the edge of the sheet (• 435). 

the sheet plane. 
Certain specimens were annealed for a few 

minutes at a temperature of 130~ close to the 
melting point of the material, and it was 
subsequently found that the previous smooth 
outline of the cavities had developed marked 
serrations, as shown in fig. 2. This unexpected 
phenomenon was investigated by observing the 
changes which occurred during the annealing 
cycle on a heating stage fitted to a Zeiss photo- 
microscope. Figs. 3a, b and c are taken from a 
time series of photomicrographs of a single void 
during heating and cooling. Fig. 3a shows the 
initial outline of the void, which is serrated due 
to a previous anneal. Fig. 3b shows the cavity 

Figure 2 Serrated outl ine of a void in drawn and annealed 
polyethylene. A silica catalyst particle is situated at the 
centre of the cavity (•  4(0). 

when the specimen had attained its maximum 
temperature of 120 ~ C, and it can be seen that the 
volume has apparently decreased considerably, 
particularly the lower part. 

On cooling from 120~ little change was 
observed until the temperature had dropped to 
108~ when serrations began to form in the 
region between the old and new boundaries of 
the void. The serrated structure continued to 
develop during cooling from 108 to 90~ 
below which no further change in outline could 
be detected (fig. 3c). 

Later experiments using both the hot stage 
and an oil bath emphasised the importance of 
cooling rate in developing the serrated structure: 
low cooling rates appeared to inhibit its forma- 
tion, while the highest rates attainable by 
quenching into liquid nitrogen developed pro- 
nounced serrations at almost all voids. 

Observations relevant to the void annealing 
were also made at the free surface of the sheet 
specimens. During heating on the hot stage, the 
specimen buckled slightly and pressed against 
the cover glass, the presence of a thin fluid layer 
on the surface then became evident. Due to the 
curvature of the specimen surface, a number of 
meniscus boundaries were formed between the 
window and the specimen, and on cooling from 
the upper anneal temperature solidification 
occurred at these boundaries by pronounced 
acicular growth, as shown in fig. 4. Like the 
growth of serrations in the voids, the needles of 
solid were perpendicular to the draw direction, 
and grew in a series of discrete jumps from the 
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Figure 3 Time series of photographs of a void during heating and cooling (x  750). (a) Showing the initial state 
of the void in drawn and annealed material before reheating. (b) Showing the void of decreased size at 120~ 
(c) Showing the void cooled to 90~ with the serrations reformed. 

thicker to the thinner part of the fluid surface 
layer. 

The temperature range of this acicular growth 

Figure 4 Acicular growth perpendicular to the draw 
direction, at the boundary of the wetted surface between 
the polyethylene and the cover glass (• 310). 
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was from 115 to l l0~ but slower growth of 
more widely spaced needles was observed in the 
specimen temperature range 60 to 40~ These 
were also perpendicular to the draw direction 
(fig. 5). 

A second phenomenon was found in the 
temperature range 115 to 110 ~ C: the formation 
of a number of opaque regions about 200 t~m in 
diameter, which proved on closer microscopic 
inspection to have a lamellar structure with a 
spacing of about 1 /~m, as shown in fig. 6. These 
lamellae, though slightly irregular, had a general 
orientation perpendicular to the draw direction. 
On reheating, the structure disappeared in 
roughly the same temperature range as that in 
which it was formed. This structure was not 
restricted to the surface, but was found within 
the specimen as well. The Lamellar regions were 
not detected in the rapidly quenched specimens, 
in which pronounced serrations were found. 

There are numerous points of interest in these 
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results. The formation of holes at foreign 
particles, and their subsequent growth during 
plastic deformation, is strikingly similar to the 
processes which initiate ductile fracture in metals 
[1 ]. Although the particle density of silica in the 
Rigidex 2 material is less than that of inclusions 
in metals, such particles may have an important 
influence on strength and fracture properties. In 
this note, however, we wish to consider the 
growth phenomena associated with cooling from 
temperatures of 120 to 130~ 

Most of the specimens described here had been 
annealed at some time just below the melting 
point of the bulk material. Thus the crystalline 
polyethylene lamellae are ordered so that, in the 
plane of the sheet, the long axis of each lamella is 
perpendicular to the drawing direction. The low 
temperatures at which the void "shrinkage" 
shown in fig. 3 occurred, and at which there was a 

crystallisation at temperatures as low as 40~ 
Observations on the annealing of oriented high 
density polyethylene by Anderson [5] have shown 
that low molecular weight molecules exude to the 

Figure 6 Lamellar structure formed within the polyethylene 
sample (x  1370). 

Figure 5 Low temperature acicular growth at the boundary 
of the wetted surface between the polyethylene and the 
cover glass (• 265). 

fluid layer on the free surface, strongly suggest 
that both are due to the segregation of material of 
low molecular weight, low melting point poly- 
mer, as described by Geil [2]. Anderson [3] has 
reported that fractionation on the basis of 
molecular weight does occur, leading to separate 
crystallisation of the different molecular weight 
fractions. Calculations using the empirical 
equation of Broadhurst [4] would suggest that in 
the present case paraffin chains containing as few 
as 22 carbon atoms may be responsible for the 

sample surface, migrate and recrystallise epi- 
taxially on this surface. The molecules recrystal- 
lised in the form of needle-like lamellae, arranged 
with their long axes perpendicular to the orienta- 
tion axis of the sample. However, the scale of 
this growth was about an order of magnitude 
smaller than that seen in the present observa- 
tions. 

The lamellar structure of fig. 6, which occurs 
within the bulk of the specimens, forms and 
disperses in the same temperature ranges as the 
surface structures. It thus appears that this, too, 
is the result of solidification of low melting 
point material. 
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A Method for Laboratory Scale Melting 
and Solidification Studies of Cast Irons 

Most studies on the melting and solidification of 
cast irons have involved the use of large scale 
melting operations. In studies that examine the 
effect of impurities on solidification behaviour 
two major difficulties are encountered. These are 
the difficulty of making additions to the iron, and 
the low yields of such additions. 

A technique has been developed whereby these 
difficulties are largely overcome and the present 
communication describes this method in which 
accurately weighed, compacted powder samples 
are rapidly melted in an induction coil. The 
technique involves the use of high purity metal 

powders (electrolytic iron, spectroscopic grade 
graphite, and high purity silicon) which are 
weighed and thoroughly mixed. The resulting 
powder mixture is compacted to form a cylinder 
1 cm in diameter under a pressure of approxi- 
mately 25000 psi. 

The compacted sample is placed under an 
inert atmosphere in an alumina crucible situated 
in a graphite susceptor and the whole assembly 
positioned in a high frequency (400 kHz) 
induction coil. 

Temperature measurements are recorded 
continuously during melting and freezing using a 
thermocouple located at the base of the sample. 
Considerable alloying occurs in the solid state 
before fusion as the recorded melting tempera- 

Figure 1 (a) Microstructure of an alloy of Fe-3~/o C-2~/o Si showing graphite present as nodules. Nital etch (• 200). 
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