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PART !l., The Effect of the Rate of Cooling upon Certain Structural

Féatures of Metals and Binary Alloys.

Introduction.

An investigation of the mechanical properties of alloys, if it
is to be satisfactory, necessitates a knowledge not only of the
proportions of the various constituents, but also of the degfee of
aggregation and the manner of distribution of these constituents
after different conditions of treatment of the alloy. In this
respect the investigation of Part ! is deficient. The mechanical
properties of a sensibly pure metal are modified by rate of cooling, i
mechanical distortion, and annealing ; those of an alloy are modified
by the same three factors, and are changed also by a change in the !
ﬁroportions of the constituent metals. There are corresponding
changes of structure, some of which are well known and some not so.
This part of the subject is very wide; since the effects produced in
different materials by the same treatment vary greatly. Accordingly
the following paragraphs are devoted chiefly to a comparison of the
structures of a few metals and alloys after being cooled with .
considerable rapidity, with the structures which are developed during
a relatively slow rate of cooling, and to the changes which take
place in both during short periods of annealing. It will be seen,
in paragraph 16, that a chill cast eutectic may show what are
effectively some primary crystals of one of its structural constit-
uents, an unexpected feature which somewhat vitiates the calculations
of "Bart I,

Most of the materials dealt with.herein are not of importance |

from the engineer's point of view, but the method of experiment, a

scientifically sound one, was to examine first a number of materials

of relatively simple constitution and easy to manipulate, and to
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proceed from these to more complex cases. The preponderance of the
comparatively useless materials is merely due to the fact that the
investigation as originally planned is at present far short of

completion, a defect which it is intended to remedy as time becomes

available.
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11. The Effect of the Rate of Cooling, and of.the Presence of Small

Amounts of Foreign Material, upon the Size of the Grains of Nearly

Pure Metals.

Tt has not yet been found possible to establish a definite
relationship between the rate of cooling and the size of the crystal
grains of a metal, partly because of the influence of other factors.
Coarse crystallisation is favoured by slow cooling and absence of
vibration ; agitation of the liquid metal at the freezing temperature
assists greatly in the formation and distribution of nuclei, and
therefore gives rise to a larger number of crystal aggregates with
a consequent finer structure of the solid metal ; a rapid fall of
temperature during the period of freezing often has a similar effect.
The variations of structure caused by stirring, and by the intro-
duction of nuclei into the freezing mass have not been in%estigated
here, since they do not promise to be of industrial importance.

In a general-way it may be said that as the rate of cooling is
increased the grain size diminishes, but this may be due only
indirectly to the change in the cooling rate. For if a mass of
liquid, supposed without nuclei, is in a mould losing heat from its
outer surface, crystallisation begins at the walls of the mould and
spreads inwards ; each crystal aggregate assumes a pyramidal form,
having its long axis ;pproximately perpendicular to the surface of
cooling. If all the heat is lost from the outer parts, and there are
no nuclei within the interior mass of liguid, each tiny crystal is
formed in the neighbourhood of a pre-existing one (supposing solid-
if;cation already begun), to which it becomes attached. Thus, once
a number of crystal grains sufficient to form a continuous crust has
grown, this number is not increased during the solidification of the
remaining metal ; the grains grow in size but not in number. In

order that the number of grains shall be increased it is necessary
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that there shall be germs within the liquid portion of the ingot.
In an actual mass of metal it may easily happen that t here are germs

of a foreign material, or it may also happen that cooling is so

irregular that the temperature falls sufficiently low at points
within the mass for crystallisation to start at these positions

before the inwardly growing crust has reached them. In the absence

of either of these circumstances it may be possiple for tiny crystals

to be distributed by means of currents in the liquid mass. Of the
existence of such currents there oan.be no question ; slight and
unavoidable variations in the temperature at different parts set up
convection currents, and if the liquid metal has been poured into

the mould, as is usually the case, other currents, possibly very
vigorous ones, are generated, and take a long time to die away
altogether. The actual process of solidification appears to consist
in the slight undercooling of the liquid in the immediate proximity
of an existing crystal, followed by the abrupt formation of a crystal
element of small but appreciable size ; the abrupt and discontinuous
method of crystallisation is easily verified by simple observations.
Some observars consider that the material about to crystallise
pecomes a drop separate from the rest of the liquid before it actually
solidifies ; even if this be not so, the attachment of the new crystal
to its immediate predecessor must be somewhat precarious at first.

Tt seems not unreasonable that a relatively weak current should be
sufficient to carry away the material about to crystallise, or even
the newly formed crystal itself, and thus introduce a nucleus into

a2 remote portion of the liquid mass. The more rapid the rate of
cooling the stronger would be the convection ¢urrents, and the
stronger also.any currents set up by pouring, since a shorter time
would elapse before crystallisation pegan ; hence more nuclei would

be washed about in the mass and the number of grains would be

correspondingly increased. A rather serious objection to this versiam




of what takes place is that, since all heat must be lost through the
crust, crystallisation would still proceéd in the immediate proximity
of the crust and not around the new nuclei, unless these could be
continually fed by a relatively cool current. It would be sufficient
for the purpose, however, if certain of the new crYstals, instead of
being carried away from the crﬁst, remained in its neighbourhood but
were rotated through some angle by the liquid currents, and their
orientation {hus changed ; each tiny rotated crystal would then
become the starting point of a new grain.

(ot oppt Frans)

The size of an elementary crystal/formed at each step,
subsequent to the first, of the discontinuous process of crystallis-
ation depends upon the degree of undercooling of the liquid in this

ﬁmaéﬂﬁ7¥WW KZrnmm

region ; a relation which is probably approx1mate1y ues after

orystallisation.has fully begun, is,
= Meos of nar Crpolit x&mwof‘rm.%m'

This assumes that all the undercooled material, by the solidification
of a portion of it, is raised to the freezing temperature. Now rapid
cooling in general increases the degree of undercooling, and there-
fore would seem to increase the size of the elementary crystals which
build up the grains. The average size of the graingigggg%ds upon the
number of nuclei or original crystals formed, and the exact condit-
ions which govern the formation of a nucleus are not known at present
A temperature below the freezing point of the metal is one condition,
and when the degree of undercooling is considerable the variation of
temperature throughout the mass is probably much greater than with
slight undercooling, so that it is possible that the number of centres
of crystallisation may diminish, and therefore the average size of

grain may increase, after a certain rate of cooling is exceeded.
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In attacking the subject in an experimental manner an important
difficulty is due to the fact that a.piece of metal haé to be exam-
ined by means of sections. If the piece consisted of a number of
egqual polyhedra, say cubes or rhombic dodecahedra, all similarly
directed, there would be a definite relation between the volume of a
polyhedron, the shape and area of its cross section, and the position
and direction of the plane of section ; the number of grains to a
given volume could be determined from a prepared_section of the piece’
But in an actual piece of metal the polyhedra are unequal, they are
irregular, and are oriented at random. The determination of the
grain size, even as an average figure, is not then possible with
accuracy. If each grain is approximately equiaxed, its volume is
fairly definitely related to the area of a section taken through the
centre of the grain. A section of a mass of metal cuts the grains at
all kinds of distances from their respective centres, but since a
central section is the largest, the size of grain is best determined
from the largest polygons visible on the section. On the other hand
this method ignores the possibility of a variation in the size of
the grains 3" it is probably(therefore to select a few of the largest
polygons and average the areas of these. There is considerable
probability that if the grains are of roughly equal size, are
approximately equiaxed, and are directed at random, every section of
a piece of'metal will show about the same number of polygons to a
given area, if this area is large in comparison with one of the
polygons ; so that although the average area of a polygon is less
than that of a central section of the average grain, it is an approx-
imately constant fraction of the central section. The average area
of a polygon would be then a measure of the grain size, and the volum

of the average grain would be,

——

where a is the area of the average polygon.
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If the grains are not sensibly eguiaxed any great degree of
accuracy in the determination of the mean volume from a section is
hopeless, and if they are not sensibly equal the measurement 1is of
comparatively little use ; a preliminary examination of several
sections of the same piece is therefore necessary for information on
these two heads. When the-gréins are of considerable size , 1/10th
inch or more in diameter, a2 number of parallel sections may be taken
by repeatedly regrinding the surface of a specimen ; photographs of
these parallel sections allow of reconstructing .a+ grain or an
assemblage of.grains in its entirety. The writer has employed this
method, but the particular examples chosen are not of interest here.

The problem of the determination of grain size is really a
statistical one, and necessitates a large number of measurements
before useful numerical data can be obtained. Only a few such
measurements have been carried out at present, but these give promise
of interesting results. A single example is sufficient here ; the
sub ject is again dealt with briefly in paragraph 19. The section for
which the data are given is that shown in Fig. 218, a narrow outer
ring being excluded. The measurements were made from an enlargement
of about 40 diameters. The best method of attacking the problem was,
and still is, a2 matter of doubt. - The most obvious beginning is to
measure the area of each polygon ; this was done by means of a
planimeter. There are 295 polygons with a total area of 161.65
square inches on the enlarged micrograph ; the mean area therefore
is 0.548. The area of the largest polygon is 2.02, so that the ratio
of maximum to mean is 3.69. In other examples this ratio was usually
higher, lying between 4 and 5. If the number of po lygons are plotted
in relation to their relative area, a skew curve of error results,
with a peak in the neighbourhood of 90 per cent. of the mean area ;
in otheér cases the position of the peak varied from 40 to 80 per cent

.of the mean area. This curve appears of no particular use.
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Further consideration shows the necessity of drawing distinct-
ions between the polygons. The most obvious way of distinguishing
them is by the number of their sides. Thus in the present case the
295 polygons consist of 1 triangle, 26 quadrangles, 82 pentagons,

104 hexagons, 56 heptagons, 15 octagons, 8 nonagons, 1 decagon, and

2 undecagons. If these numerals are plotted against the number of
sides to the polygon a fairly symmetrical curve results,with a peak
at 6 sides., If theﬂhw #Lareas of each kind of polygon is plotted
instead of their number the result is to give a slide to the previous
curve in the direction of the larger number of sides, while leaving
the position of the maximum unchanged ; it is noticeable that the
mean area for each group of polygons increases consistently with the
number of sides. Examination of the first skew curve of error
described above suggests that a better form of curve would be obtaina
if a linear dimension were used instead of an area ; the one which
suggests itself first is the maximum diameter of each polygon. The
relation between the area and the square of the maximum diameter
varies with the form of the polygon. For regular polygons this ratio
increases with the number of sides from 0.433 for an equilateral
triangle to 0.785 for a circle ; the manner of variation is no{
continuous through odd and even sides alternately, but is slightly
different according as the number of sides is odd or even. Similarly,
for polygons of equal area, the length of the maximum diameter when
plotted against the number of sides gives two nearly parallel
straight lines, one referring to an odd, and the other to an even
number of sides. When the polygons are not of regular shape the
ratio between the area and the square of the maximum diameter varies
consideraply ; for instance, in the regular four-sided polygon the
ratio is 0.500, while in the 26 four-sided polygons in the example

it varies from 0.33 to 0.52, with a mean value of 0.43. The problem

thus involves a number of variable gquantities about which no very
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complete information has been yet secured.

As it appeared unlikely that a definite relation between the
rate of cooling and the size of grain of a sensibly pure metal could
be established at present, the study of the effect of the cooling
rate was limited to the comparison of the structures found after very
rapid cooling with those which originate during fairly slow cooling
of a few metals, For rapid cooling, the métal, at a few degrees
above its melting point, was poured into a split cylindrical Gaét
iron mould, about 3/8 inch internal diameter and 1% inohés long, kept
at atmospheric temperature. For slow cooling, the metal was first
poured into a graphite mould of about the same size as the above ;
the mould containing the small ingot was then reheated in the gas
furﬁace until the metal was remelted, and the whole was allowed to
cool slowly. Fig. 47 is a cooling curve for the furnace. The metals

: 5 !
employed were antimony, bismuth, cadmium, tin, and zinc.}(gections
were cut from the small ingots and photogréphed entire, with a
uniform magnification of 7% diameters, under oblique illumination,
which more readily differentiatesf%rains than vertical illumination.
A glance at Figs. 48 to 57 gives one an idea of the great differences
in the manner of crystallisation of different metals subjected to
similar treatment.

As regards the chill cast metals, antimony, bismuth, and zinc,
Figs., 48, 50, and 56, show columnar crystals passing radially from
the periphery to the centre of the piece. In the case of tin, Fig.
54, the columnar crystals do not quite reach the centfe, a small
middle region being occupied by a few grains which appear approx-
imately equiaxed ; an increase in the diameter of the mould would
have exhibited this feature more clearly. The case of cadmium,

Fig. 52, is remarkable, the radiating crystals at the periphery being

extremely small and penetrating only a short way inwards ; the greater

part of the area of the section is occupied by small grains, approx-
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imately equiaxed. The temperature of pouring the chill cast metals
can be varied considerably without causing appreciable change of
structure ; Figs. 58 and 59 show the appearance of bismuth and of tin
poured at a temperature of 760° G,

Among the slowly cooled metals, bismuth, tin, and zinc, Figs.
51, bb, and 57, exhibit a very coarse crystallisation, the whole
cross section showing only two grains in the case of bismuth, and
possibly three for tin. The structure of the slowly cooled cadmium,
Fig. B3, is similar to that of the quickly cooled sample, but is
somewhat coarser. The slowly cooled antimony, Fig. 49, presents a
relatively fine structure also, though the individual units are
difficult to distinguish clearly in the photograph.

The metals employed above, though sold as pure, contain small
amounts of various impurities. It is of interest to examine the
effects of different impurities upon the structure of the chill cast
and the slowly cooled metals. For this purpose the amount of impuri@'.
added was fixed at 2 per cent., and ingots weré prepared of bismuth,
cadmiums, and tin, containing 2 per cent. each of four of the metals
antimony, bismuth, cadmium, tin, and zinc, except that the tin-antimmy
jﬁggh%mitted inadvertently.

Dealing first with bismuth, in the chill cast alloys the trans-
verse dimension of the pyramidal grains is but little altered by the
addition of 2 per cent. of zinc, Fig. 66, but is considerably reduced
by antimony, cadmium, and tin, Figs. 60, 62, and 64. In the case of
the ingot containing cadmium, Fig. 62, the pyramidal grains do not
reach the centre, but in the other three cases they do so. ﬁsrregards
the slowly cooled ingots, the size of the grains is not reduced by
antimony, tin, and zinc, Figs. 61, 65, and 67, but is somewhat reducd
by cadmium, Fig. 63.

In the ingots of cadmium the scale of the structure of the chill

cast metal is somewhat reduced by tin and zinc, Figs. 72 and 74, but
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that of the slowly cooled metal is sensibly unaltered by these
impurities, Figs 73 and 75. On the contrary, antimony and bismuth
considerably increase the size of the grains of the chill cast cadmimg:
Figs. 68 and 70 show radiating crystals at the periphery, but in each
case most of the section is occupied by nearly equiaxed polygons.
The slowly cooled mixture containing bismuth, Fig. 71, is hardly
coarser than the chill cast one ; but the slowly cooled cadmium-
antimony alloy has much larger grains than when chilled, Fig. 69.

Figs. 76 to 81 show that for tin the size of neither the chill
cast nor the slowly cooled grains is much changed by bismuth, cadmium
or zinc,

The effect of small quantities of one metal upon the grain size
of another, with similar conditions of treatment, does not lend itself |
to classification so far as the few experiments above are concerned.
The point seems worth further study, and the experiments are being

continued with other metals.
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12. The Size of the Primary Grains in a Binary Alloy, as affected by

the Composition of the Alloy and by the Rate of Cooling.

The size of the primary crystal grains in an alloy is affected
by the fact that the composition of the primary solid material is
usually different from that of the liquid, and that there is a more

or less extended interval of temperature during which crystallisation

proceeds. The difference in composition between the solid and liquid -

portions of the mixture has the effect of temporarily dep?iving the
liquid of crystallising material in the immediate neighbourhood of
the newly formed crystals. Any currents in the liquid tend to
equalise its composition, and the varying density caused by varying
composition is in itself capable of generating feeble currents. If
the currents do not bring sufficient new material forward to the
existing crystais to supply the heat lost in radiation, &c., by means
of the latent heat rendered available during the formation of new
crystals, the temperature of the mass will fall until it is so low
that a nucleus appears elsewhere, in a richer part of the liquid
solution.

When the composition of the alloy is altered, in such a way
that there is less of the primary structural constituent, the
difficulty of supplying material for the growth of the primary
crystals increases ; these crystals therefore become smaller, partly
because there is less material to crystallise, and paftly because
the increased difficulty of diffusion leads to the formation of a
greater number of nuclei. In an alloy of two structural constituents
the primary crystals are not completely filled in, but retain to a
greater or less extent their original skeleton form ; the determin-
ation of grain size in such a case can be interpreted only as the
determination of the lengths of the axes of the grains. Sometimes

a section suggests that small grains originating at separate nuclei
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have become loosely strung together into a skeleton form, by their
partial rotation in the liquid under the action of forces of crystal-
lisation ; there is no direct evidence of such a rotation, but the
primary crystals of an alloy poor in primary material are not
infrequently of greater axial length than those of a richer alloy.

To illustrate the change in the size of the primary grains
choice has been made of the bismuth-tin alloys oohtaining more than
56 per cent. of bismuth, the composition of the eutectic of the
series. The crystals of bismuth assume compact forms, of which the
size is more easily apprehended by the eye than when the section
shows interlacing dendrites. On account of the large size of the

of brormtt—
orystalszin slowly cooled alloys, the particular samples taken have
been chill cast. Figs. 82 to 87 require no explanation to elucidate
the continuous diminution in the size of the primary grains as the
proportion of bismuth is diminished.

In a rapidly cooled alloy,crystal skeletons, when present, have
branches which are thinner and less developed than when the alloy is
cooled slowly, and this is the case whether the proportion of primary
Imaterial is large or small. Numerous examples could be given, but
a few will suffice. In Figs. 88 and 89, taken from an alloy contain-
ing 85 per cent., of copper and 15 per cent. of lead, there is a
large proportion of the primary material, nearly pure copper ; the
numerous small skeleton branches to be seen in the chill cast alloy
are in striking contrast with the large ones of the slowly cooled
mixture. Fig. 90, a slowly cooled bismuth-tin mixture containing
25 per cent. of tin, may be compared with Fig. 86, the same alloy
when chill cast ; although the magnifications of the two micrographs
are didiferent, it is easily seen that the primary crystals in the
slowly cooled mixture are enormously greater than in the quiqkly

cooled one. In Figs. 91 and 92, taken from an alloy containing 25

per cent. of copper and 75 per cent. of bismuth, the primary material
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is not very abundant ; the rate of cooling of the two pieces was not
so greatly different as in the previous cases, and ‘the difference in
the development of the crystal skeletons of copper, though distinct,

is not so striking.
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13. fExamples of the Varying Composition of the Primary Grains of a

Solid Solution.

There is no need to dilate here upon the gradually varying
composition of each crystal skeleton of a solid solution, from its
centre to its periphery, when the rate of cooling is not excessively
slow, since i1t has been dealt with quantitatively in Part I. A few
examples of the corresponding type of structure, mentioned in para-
graph 1, are given for the sake of illustration.

Fig. 93 shows-a case in which the degree of solubility is very
small, but the width of the light bismuth-rich network is evidence
that bismuth is soluble in copper to an appreciable extent, probably
about 0.5 per cent. Fig. 94, a lightly repolished and more highly
magnified section of the same specimen, shows distinctly .the fine
network and the small globules of bismuth not held in solution. In
Fig. 95 the degree of solubility is greater than in the last case ;
the bright specks of undissolved silver are readily distinguished
from the half-tone network of the silver-rich solution, which is
itself rather sharply delineated from the dark copper-rich cores.
Fige 96 illustrates a case in which the degree of solubility is
considerable ; the alloy would become a uniform solution if suitably

annealed,
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14, Advantages of Rapid Cooling in Reducing Segregation.

One very useful effect of rapidly cooling certain alloys is
the prevention of the gravitational separation of the constituents.
During the period of partial solidification, if the density of the
liquid differs from that of the primary crystals, these will tend
gither to float or to sink, more particularly when the rate of coolirng
is slow and when the primary crystals have simple forms with smooth
surfaces. The alloys of antimony with lead and with tin furnish good
examples. In Figs. 97 to 100 the flotation of the antimony-rich
cryétals in the slowly cooled alloys, and its prevention by rapid
cooling are very evident. The méthodlof casting white metal bearings
is partly regulated by this fact. Fig. 139 similarly shows that the
bismuth crystals sink to the bottom of a bismuth-tin alloy.

In alloys where the primary crystals take complex skeleton
forms these become entangled with each other, and form a more or less
complete network throughout the partially liquid mass, so that
gravitational separation is largely prevented. Thé prevention is
more complete with rapid cooling, as, for instance, in Fig. 101,

a copper-lead alloy, where slow cooling would have permitted much of
the liquid lead, now entangled among the skeleton branches of the
copper and distributed with fair uniformity, to have oolfeoted at

the bottom of the ingot. The smaller scale of the structure of
rapidly cooled alloys when compared with slowly cooled ones necess-
itates, in cases where there are two structural consti%tents, a more
uniform distribution of these constituents. Rapid cooling also
permits of satisfactory castings of alloys in which, when slowly

cooled, two separate liquid layers are formed ; Fig. 101 is an

example.
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15, Traces of Fluid Currents retained by Solid Alloys.

When liquid metal is poured into a mould vigorous currents are
set up 3 if, as is usual, solidification is completed soon after
pouring, the crystal skeletons may be deformed, their branches lying
along the various streams, so that distinct indications of the fluid
motion may be visible on the section of a casting. In Fig. 102
several small eddies can be detected, and one of these is shown more
highly magnified in Fig. 103. With a somewhat slower rate of cooling
the larger currgnts break up into smaller vortices, each consisting
of a number of currents taking closed paths about a common centre,
or arranéed spirally ; they are reinforced or modified by convection
currents due to local differences of temperature. These vortices
virtually divide the liguid metal into a number of closed cells, the
number of which may be increased by fission. The cellular structure
developed in the liquid is often retained more or less perfectly by
the solid. As the liquid approaches the point of solidification it
becomes more viscous. The increased viscosity renders the eddies
more stable - that is, it tends to prevent their division into smaller
ones - but at the same time causes more rapid diséipation of eneréy,
and tends to damp out the currents altogether. On the other hand,
any viscosity of the liquid hinders the re-arrangement of molecules
necessary to crystallisation. The resultant structure of the solid
is thus determined partly by the forces of crystallisation, and
partly by the system of circulation within the liquid. Génerally
Speaking, the crystalline forces have the more powerful effect, but
the opposite case is illustrated by Fig. 104, which represents the
surface of a piece of zinc-iron alloy taken from a galvanising bath ;
the details of the surface structure here suggest very strongly that
the formation seen is due to eddies. The surface layer, about % inch

thick, can be easily broken by the fingers along the boundaries of
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the cells ; below the surface layer the structure is different, and
the alloy is very friable. Unfortunately, this particular alloy
experienced a recrystallisation after cqmplete solidification, so
that no traces of the closed currents within the cells could be found.

The evolution of gas within a solidifying mass of metal may
give rise to local curvature of the crystal skeletons. Fig. 106
shows an apparent eddy in a silver-copper alloy ; there were several
of these in the specimen, and regrinding the surface showed a number
of small blowholes occupying positions beneath the apparent eddies.
Fig. 106 shows a curious hollow primary crystal, and above it a much
bent primary skeleton, in a copper-arsenic alloy which when'liquid

was freely evolving arsenic vapour.
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16. The Effect of the Rate of Cooling upon the Structure of Binary

Eutectics and of Eutectiferous Alloys.

The case of an eutectic alloy is similar to that of a pure
metal in so far as solidification is completed at constant temperatum,
The liquid again crystallises from centres as a number of independent
grains of irregular shape, but, instead of being formed of a single
substance, each grain is a mixture of two different kinds of crystals
in a relatively fine state of division. When these two substances
are present in not very unequa} proportions, a section of the éutectm
appears divided into a number of irregular areas, and each of these
shows bands, more or less curved, of the two constituents ; the
boundaries of the irregular areas are defined by the abrupt change
in the direction of the bands on neighbouring grains, Fig. 107. If
the volume of one constituent is much in excess of that of the other,
the eutectic consists of a ground mass of the more abundant substance
having in it bars and globules, or even small geometric crystals, of
the other, Fig. 108.

An etched section of an eutectic mixture frequently shows no
recognisable traces of regular crystalline orientation ; when
definite geometrical arrangements are found they indicate the
predominance of the crystalline forces of one metal over those of
the other metal. Desch and others have observed that a strongly
crystalline metal, like bismuth or antimony, is apt to impress its
own {orm.upan an eutectic in which it is present. FEach small partiob:
of such a metal may take a form approximating to its usual crystal
habit, or a group of such particles may arrange themselves as a
crystal skeleton, and the second constituent of the eutectic merely
fills the intersfioes. Thus, in Fig. 109, a section of the eutectic

mixture of antimony and SbCugy, the metal has assumed its ordinary

crystalline form, while the compound acts as a filling material.



126

Casual inspection of this micrograph does not reveal whether the
antimony or the compound has determined the form of crystallisation,
since the small areas of both constituents have approximately the
same triangular shape, and both are strongly crystalline substances.
Examination of sections in which primary crystals of one or other of
these bodies is present, however, shows that the ewmsedes extremities
of antimony crystals are usually quite sharply angular, while those
of SbCu2 are irregular and have no definite geometric form, so that
the antimony is to be held responsible for the arrangement of the
eutectice Fig. 110 shows a common appearance in the bismuth-tin
eutectic, the labyrinthine skeleton crystal being due to the predom-
inating influence of the bismuth ; as in the previous case, the
constituent which acts merely as a filling material, here the tin,
may be compelled to assume pseudomorphic forms, Figs. 111 and 147.
In some cases the radiate appearance of eutectic grains is
strikingly evident. In Fig. 112, a low-power photograph of the bottam
part of an ingot of bismuth-tin eutectic, a few radiating grains may
be seen, but examination under a higher power,.Fig. 113, shows that
the arrangement is 3ZZ$§7not a truly radiate one, but a skeleton
crystallisation of bismuth. A truly radiate appearance has been
noticed by Rosenhain and Tucker in the lead-tin eutectic, and the
writer has found a somewhat similar arrangement on an ingot of pure
tin, Fig. 114. A dendritic type of structure is to be found in many
eutectics, but the outlines resemble more those of a feather than a
fern, the branches being usually curved, Figs. 115, 116,Iand i fies
In some cases the inclination of the branches to the central axis is
indefinite, Figs. 118, 1;9, and 120, but in others it is approximately |
constant along the length of.each dendrite, Figs. 121 and 122,
suggesting that the form of growth is the result of the combined
crystalline forces of the two materials which are solidifying

ogether, or that the axes——of {the skeletoni(of the predominating
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constituent are modified by the difficulty of securing crystallising
material, and become curved, just as in the case of hoar;frost upon
2 window;pane. Whatever are the usual arrangements of the eutectic
structure they do not seem to be much affected by the presence of
primary crystals of either constituent.

Sections of some slowly cooled eutectics suggest that gravity
may be an important cause of segregation even in completely liquid
alloys. If the constituent mefals are present in closely accurate
eutectic proportions it is quite common to find primary crystals of
the heavier constituent at the bottom of the ingot and primary
crystals of the lighter constituent at the top, separated by an
‘intermediate layer of pure eutectic. Thus, in Fig. 116, there are
copper-rich primary crystals at the top, arsenic-rich ones at the
bottom, and feathery dendrites of eutectic in the middle. In Fig,112
some small crystals of bismuth can be séen, and the top of this ingot
sho;ed dendrites of tin. This effect, perhaps, is not to be ascrined
entirely to a varying composition of the liquid mixture, since if
cooling is slow many of the small solid particles unite to form
larger ones, and these may float or sink in the liquid portion of
the mixture ; an example of such enlarged crystals is given in
Fig. 123, where a dendrite of tin is in contact with a grain of
bismuth. If, however, the action were entirely of this latter kind
.one would expect to find a few relatively large crystals of both
constituents in the middle rggion of the ingot, but this is seldom
the case.

The effect of rapid cooling upon the structure of an eutectic
is usually twofold ; there is first a developmentl of the columnar
type of formation, and secondly a more or less radical change in the
distribution of the constituents.. The radiating oolﬁmnar crystals

are seen to advantage in the chill cast eutectic of antimony and
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SbCu Fig. 124, In this example the redistribution of the

oF
constituents is not much in evidence, but a few isolated skeletons
of antimony may be detected in Fig. i24. Fig. 125 shows two such
crystals to a larger scale ; they are embedded in a matrix of eutectic .
of much finer structure than that of the slowly cooled mixture,
Fig. 120. The presence of these crystals of antimony might be merely
an indication that the proportions of the mixture were not truly thos
of the eutectic. The same kind of result, however, is obtained with
other eutectic alloys. For instance, the chill cast lead-antimony
eutectic shows, in a ground mass of ill defined structure, a consid-
erable proportion of lead skeletons, Fig. 126, more than would be
accounted for by any probable inaccuracy in the proportions of the
mixture. Similarly the chilled bismuth-tin eutectic shows skeletons
of tina

It is of some interest, therefore, to examine the effect upon
the appearance of the chill cast alloy when the proportions of the
constituents are varied somewhat to one side and to the other of
the eutectic composition. A further point of interest is the effect '
of varying the temperature at which the molten mixture is poured into
the mould. Some experiments on these lines were carried out with
Dismuth-tin alloys ; the mixtures were poured from three different
temperatures, 1600, SOOO, and 750° C. ; the mould used was that
described in paragraph 11.

The bismuth-tin eutectic contains about 56 per cent. of bismuth.
Types of structure commonly to be seen upon sections of the slowly
cooled mixture have been shown already in Figs. 107, 110, 121, and
122. Fig. 127 is from the middle of the slowly ingot which was
afterwards remelfed and used for the chilling experiments. Fig. 128

represents the centre of an ingot of this mixture when chilled from

)
180~ ; the structure is on the whole coarser than that of the slowly

cooled eutectic, well developed crystals of bismuth being found in
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contact with skeletons of tin, while parts show a finer and laminated

structure. At the edge of the ingot, Fig. 129, where the metal was

in contact with the cold mould and the rapidity of cooling therefore

greater, the general structure is finer than in the centre, but it
is to be noticed that the dark skeletons of tin are relatively much j
more developed than-the bismuth crystals, and are even larger as a
rule than the tin skeletons at the centre. In this and sucoeeding
sections the edge of the ingot is at the extreme right. When the
pouring temperature is raised to 300° the tin skeletons show a more
extended axial davelopmént, while the bismuth crystals disappear,
Fig. 130 ; at the edge of the piece the dark skeletons grow chiefly
in a direction approximately at right angles to the cooling surface,
Fig. 13l. When the pouring temperature is raised to 750° the
structure approximates more nearly to thét of the slowly cooled alloy.
Fige 132 shows one crystal of bismuth and a few skeletons of tin,
but on the whole the constituents are well mixed ; the outer edge of
the piece, Fig. 133, is not very different. These results seem to
show that the more rapid the rate of cooling the greater is the
develbpment of the tin skeletons, and the more complete is the
suppéession of the larger crystals of bismuth. Heating the metal to
2 high temperature before pouring is équivalent td heating the mould
and reducing the rate of caoling, but it does not follow that the
lowest pouring temperature gives the most rapid rate of cooling ; on
the contrary, it is probable that as the pouring temperature is raisd
above the freezing point of the metal the rate of cooling is at first
more rapid, and that there is a more or less well defined pouring
temperature which gives a maximum rate of cooling, this temperature
varying with the nature of the mould and the condition of its surface
No attempt has been made to determine such a pouring temperature, but
it is noticeable in the present series of alloys that those poured

at 300° seem to have had their periphery more drastically chilled
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than those poured at either 1600 or at 7500.

Corroborative evidence of the preferential crystallisation of
tin in these alloys is furnished by other mixtureS-; some containing
more than 56 per cent. of bismuth will be examined first. Fig. 134
Shows the fine eutectic structure of the centre of a slowly cooled
ingot containing 60 per cent. of bismuth and 40 per cent. of tin ;
the single crystal is a sufficient indication that bismuth is present
in excéss of the eutectic proportion. When chill cast from 160° the
centre of the piece shows a few small crystals of bismuth and some
imperfectly developed skeletons of tin, Fig. 135, but most of the
area indicates that the segregation of the bismuth has been arrested
at an intermediate stage ; at the edge of the section, Fig. 138, the
tin shows a more complete development than the bismuth. When chill
cast from 300° this mixture has an appearance very similar to that of
the pure eutectic under similar circﬁmstances, both at the centre and
the edge, Figs. 137 and 138. As the proportion of bismuth is
inpreased there is greater difficulty in preventing the formation of
the larger crystals of this metal, but the ¥apidly cooled outside
portions of chilled ingots show that a similar action is taking
place. Fig. 139 is a vertical section through a slowly cooled ingot
containing 70 per cent. of bismuth ; all the bismuth crystals but
two have collected at the bottom. Fig. 140 shows shows the structure
of the bottom part when more highly magnified, and Fig. 141 is taken
at the edge of the layer of bismuth crystals. When chill cast from
160° “the middle part of the ingot is like Fig. 142, the skeletons of
bismuth being moderately well developed ; these skeletons become more
attenuated towards the periphery of the ingot, and are hardly
discernible as such at the extreme edge, while fairly large but
irregular masses of tin appear, Fig. 143. ¥When chilled from 300°
the crystals of bismuth are more compact than in the preceding case,

though of smaller diameter, both as regards the middle and the edge
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of the section, Figs. i44 and i45 ; the dark inclusions of tin at
the edge of the section are not so large as before.

Other mixtures were employed in which tin was the excess metal.
The first contained 45 per cent. of tin, that is, only 1 per cent.
more than in the eutectic. Fig. 146 shows a few dark primary
skeletons of tin at the top of the slowly cooled ingot of this
comﬁosition, while Fige. 147 exhibits the pseudomorphic arrangement
of the excess tin at the bottom of the ingot. When chill cast from
160° the alloy, as was to be expected, showed small skeletons of tin
at the centre, Fig. 148, but no crystals of bismuth of corresponding
size ; the structure at the edge was similar but less coarse, Fig.
149,  When c¢hilled f#om 300° the development of the skeletons of tin
was very striking, especially their radial arrangement at the
periphery of the ingot. Fig. 150 shows the change in the arrangement
from the periphery towards the céntre. Fig. 151 shows to a larger
scale the relatively well developed tin skeletons at the centre of
the ingot, and Fig. 152 the long but attenuated ones at the edge
and their columnar disposition. Pouring from 750° allowed a few
bismuth crystals to develop at the centre, but the bulk of the mass,
botth centre and edge, had the appearance of imperfectly separated’
eutectic, Figs 153 and 154. Increasing the proportion of tin in the
alloy just has the effect of increasing the preponderance of the
skeletons of this metal in the chill cast mixture. Only one example
need be given. Fig. 155 shows the structure of the middle part of
a slowly cooled ingot containing 50 per cent. of tin. When chill
cast from 1600 this alloy appeared like Fig. 156 at the middle and
like Fig. 157 at the edge. Chilling from 300° caused considerable
alteration in the tin skeletons at the middle, but little at the
edge, Figs. 158 and 159.

The suppression of the growth, or rather of the aggregation,

of bismuth crystals in the alloys seems to be dye to the assumption
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of compact forms by this metal in preference to skeleton forms. In
the case of tin small particles of the metal solidify at considerable
distances from the nucleus and yet arrange themselves as branches of
the skeleton crystal. With bismuth the particles apparently experience
a strong attraction towards the nucleus, and tend to move thence in
radial directions. Evidence of such action is to be seen in many of
the above sections, notably in Figs. 148 and 151 ; it becomes still
more striking when these pieces are annealed, as will be seen in
paragraph 21. Slowly cooled specimens often show a similar effect,

as, for dinstance, in-Fig. 141.
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17. Example of the Presence of More Than Two Phases in a Binary Alloy

which experiences a Transition when Partly Solid.

There is no need to give here more thHan one example of a type
of structure that was discussed quantitatively at sufficient length
in Part I. The case chosen is that of an antimony-tin alloy ; the
equilibrium diagram for the series is given in Fig. 45. The selected
alloy contains 55 per cent. of antimony and 45 per cent. of tin. 1If
cooled under conditions of egquilibrium,the A -crystals formed during
the first period of crystallisation would react with the liquid and
be converted entirely to {5 at 430° C., and the whole alloy would
become solid, as uniform rS s at about =702, The chill cast alloy,
Fig. 160, shows bright crystals of the antimony-rich o-solution ;
these are enveloped in rounded masses of ?6 s, which etch somewhat
darker than o , and the interstices are filled with a dark tin-rich
substance. The slowness with which equilibrium is reached in such
mixtures can be Jjudged from Fig. 161, a section of the same alloy
cooled slowly in the furnace. Here, of course, the structure is on
a larger scale, but the proportion of X-crystals is not much
diminished, though ﬂs has increased chiefly at the eprnsé of the
dark tin-rich inclusions, only a.few of which remain. I'ni Edos 1167
ol appears darker than (3 » on account of the change in the etching

reagent employed.
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18. Changes in the Structure of Completely Solid Metals and Binary

There are several varieties of instability of structure. In a
pure metal, not subject to allotropic change, there may be instability
of crystal size or of crystalline arrangement. For instance, the
permanent distortion of a piece of metal renders the original
arrangement unstable, and under favourable circumstances the piece
pecomes more or less completely recrystallised. In an alloy there
may be the physical instability of crystal size or the chemical

instability of the phases present at a certain temperature.

It is not unreasonable to expect that in a pure or nearly pure
metal ycooled with extreme rapidity, the crystals may assume an |
arrangement which is less stable than that which develops under the
more favourable conditions of slow cooling. Thus the structure of a
rapidly cooled metal, in the course of time, may show a considerable
change when compared with that of the slowly cooled one. A complica-

tion may be introduced by the occurrence of distortion of t he metal

~on account of shrinkage or expansion, and this may be also expected

of a2 more serious nature in the rapidly cooled than in the slowly

cooled metal.

In eutectics and eutectiferous alloys, where the mode of
crystallisation may be considerably changed by rapid cooling, a
corresponding instability of structure might be expected to assert
itself,

In alloys which suffer a chemical transformation after becoming
Eompletely solid, the manner in which the new phases grow and develop,
and their arrangement at various stages when transition is only
Partialiy accomplished, are of great interest.

Although structural instability may become manifest at ordiqary

atmospheric temperatures the change is promoted by heating, so that
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in the work to be described the specimens have been usual ly annealed
at temperatures higher than atmospheric. Vibration may be expected
also to favour a latent change, and some experiments were carried

out to investigate this point. Small piecés were placed in a wooden
tumbling barrel and rotated some millions of times. 1In some cases
distinct changes of structure were noticed, but these must be
asc}ibed, at least in part, to deformation of the outer skin, caused
by the succession of small blows received by the specimens in the
apparatus. The exact change due to vibration pure and simple is very

doubtful, and the results of the experiments will not be considered

here,
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19. The Effect of Annealing upon the Structure of Chill Cast and of

Slowly Cooled Métals, with and without Small Amounts of Added Impurity.

A number of specimens, some similar to and others the same as
those desdribed and illustrated in paragraph 11, were annealed for a
period of 400 hours in an electrical heating apparatus, the surface
of éaoh specimen being polished, etched, and photographed at the end
of 100, 200, and 400 hours. Generally speaking, the changes occur
chiefly during the earlier periods of annealing, though one remark-
able exception is noted. The most suitable annealing temperature
is different for different metals, but as only the single apparatus
was available the specimens were annealed in batches at a temperature
of 140° ¢, ¥ 5°., This is consideraoly below the melting points of
the pure metals employed, and of some of the eutectics present in the
impure metals, and is slightly higher than those of the eutectics of
bismuth-cadmium (138°) and bismuth-tin (133°). The method of
treatment is certainly defective, but it is the best that could be
managed under the circumstances.

Dealing first with the unadulterated metals, neither antimony
nor zinc suffered a detectable change of structure, even after 400
hours ; a further period of 5 hours at a temperature of 2700 * 8°
made no difference. Fig. 1682 shows the chill cast bismuth in its
original state, Fig. 163 after 100 hours, Fig. 164 after 200 hours,
énd Fig. 165 after 400 hours annealing ; these and succeeding sets of
photographs are arranged as nearly as possible in similar position
so that comparison may be easy. In Fig. 163 it is seen that rathér
more than one-half of the original pyramidal grains have broken up
into smaller ones ; in Fig. 164 the change has progressed very
slightly ; in Fig. 165 the size of the small grains has increased
on the whole, and some have been apparently re-absorbed by the

original pyramidal grains. It is to be noticed that several of the
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original grains, notably those at the upper left;hand part of the
section, show no sensible change, and that the disappearance of many
of the small grains from Fig. i65 has left the boundaries Sf the
erisinal pyramidal grains sensibly identical with their original
shape. It is considered that the appearances shown do not indicate
any appreciable recrystallisation of the mass of the metal, but
chiéfly, or perhaps wholly, a recrystallisation of the surface film
formed during the original grinding and‘polishing processes. It
(Gt P

would have been possinle to p¥eve this(by carefully polishing and
etching the specimen alternately to remove the thin surface layer,
but unfortunately the actual specimen was melted when the temperature
of annealing was raised. Such a recrystallisation of the surface
film on bismuth has been noted by the writer elsewhere ; in Fig. 166
zzé%gvers the whole surface, while in Fig. 167 most of it has been

s
removed by light alternate polishing and etching. In this case.the
film recrystallised at atmospheric temperature. The alloy of bismuth
with 2 per cent. of antimony, described below, affords another good
example of such a film. The slowly cooled bismuth, Figs. 168 to 171,
shows few traces of a surface film ; the reason is not known, but the
initial preparation may have been carried out with more care. The
growth of small grains around the edge of the sample during annealing
is propbably due to the unavoidable fractures, accompanied by
distortion, which occur when this brittle metal is cut, and does not
represent a mere surface change.

In the case of cadmium both the chill cast and the slowly
cooled metal certainly recrystallise, the new crystals gradually
growing in size as the period of annealing is prolonged, Figs. 172
to 177 ; the original structure is shown in Figs. 52 and 53. The
chill cast tin recrystallised in a partial manner, that is to say,
some new grains developed, some of the original grains increased in

size, and some remained apparently unaltered during annealing,
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Figs. 178 to i81 The slowly cooled tin showed almost complete
recrystallisatlon after 100 hours anneallng, Figs. 182 and 183, after
which there was but little change, Figs. 184 and 185. When chill
cast from 750° the recrystallisation, though less complete than in
the case of slow cooling, was more so than in the metal chill cast
from 240° ; the change subsequent to the first 100 hours annealing
was again unimportant, Figs. 186 to 189. Careful trial in the case o
cadmium and tin showed no appreciable surface film such as that on
bismuth.

Comparing the results for the three metals, bismuth, cadmium,
and tin, the first is sensibly unaltered during annealing, the second
recrystallised throughout, so far as can be judged, and the third
more or less completely accordihg to circumstances. It is to be
noted that the annealing temperature employed is least favourable
to change in the cadmium, the metal of highest melting point, in
which the change is apparently most complete.

The specimens of bismuth with an admixture of 2 per cent. of
other metals, employed in the annealing experiments, were those
already shown in their original condition in Figs. 60 to ©67. The
mixture containing 2 per cent. of antimony has been mentioned
already as exhibiting a noticeable surface films In Fig. 190, after
100 hours annealing, the recrystallisation of this surface film has
largely obliterated the outlines of the underlying pyramidal grains ;
in Fig. 191, after 400 hours annealing, most of the film has been
removed during repolishing, but there seems to have been also some
recrystallisation of the mass of the metal when Fig. 191 is compared
with Fig., 60. The existence of the surface film was conclusively
proved in the case of the slowly cooled alloy containing antimony.
Figs. 192 and 193 show the appearance after 100 and 400 hours
annealing respectively ; it is to be noted that only one of the large

original grains is covered with the recrystallised film. Fig. 194
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shows the specimen with the surface film partly removed by light
re—griﬁding, polishing,and etching, and in Fig. i95 the removal is
complete. A comparison of Fig. i95 with Fig. 61 shows that the long
period of annealing has not altered the outlines of the original
grains to any noticeable extent.

In the case of bismuth containing cadmium the annealing
temﬁerature was somewhat above the melting point of the bismuth-
cadmium eutectic, so that the original polished surface became rough,
and the structure after the first 100 hours annealing, Figs. 196 and
200, is not very clearly distinguishable as the surface was not
re-ground. The cadmium is eventually dissolved by the bismuth, and
the melting point of the solution is higher than 1400, so that there
was no further trouble on this head. Fig. 197 shows the chill cast
specimen after 200 hours, and Fig. 198 after 400 hours annealing.

In this case there are only slight traces of a surface film, but the
re-ground specimen, Fig. 199, showed the unexpected feature of smooth
granular boundaries,when on the surface, Fig. 198, they exhibit
innumerable small irregularities. Thé slowly cooled alloy shows
considerable, but not by any means complete, reorystéllisation after
400 hours annealing, Fig. 201.

The annealed bismutﬁ-tin and bismuth-zinc mixtures, Figs. 202
to 205, show practically no change from the original conditions,
Figs. 64 to 67, except that the solid solutions have become more
nearly uniform. In Fig. 205 there appears to be a surface film, but
this has not been examined carefully. Thus, on the whole, there is
very 1itfle tendency to recrystallisation of bismuth when 2 per cent.
of each of the various impurities is present.

The behaviour of the cadmium mixtures is more interesting, as
might be expected from that of the sensiply pure metal. In the chill
cast cadmium-antimony mixture there is relatively little change after

400 hours, Fig. 206, though the fact that the illumination here is
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rather different from that of Fig. 68 makes comparison somewhat
difficult ; there are slight traces of a surface film. In the slowly
cooled mixture the surface film is well developed, and after annealirng
it gives rise to a remarkable appearance. Antimony is but slightly
soluble in cadmium, and the original cadmium-rich grains, Fig. 69,
are traversed by fine dark antimony-rich threads, which divide the
polished section of each grain into a number of irregular closed cells,
all of course sf—eeurse- of constant orientation in any one grain.
After annealing, Figs. 207 and 208, the orientation of some of the
cells appears changed, while that of others remains as before, so
that each large grain appears to be resolved into a number of smaller
ones ; a curious point is that the change of orientation usually
occurs at one of the original antimony-rich boundaries, a feature

which is somewhat analogous to the case of Fig. 193, where there is

a film on one grain and not on the other. That the effect is a
surface one can be seen from Fig. 209, annealed for 400 hours, where ‘
much of the film has been removed. |
In the cadmium-bismuth alloy the melting of the eutectic causes
roughening of the surface of the specimen, just as in the bismuth-rid
mixture of the same two metals, but now the structure is very clearly
defined in spite of the roughness, Fig. 210. Further anneéling allows
of the growth of some grains at the expense of others, Fig. 211 ; in
Fig.-QIQ the granular boundaries after 400 hours annealing‘are
superposed upon the remains of those developed by etching after 200
hours. Fig. 213 is the same as Fig. 212, but re-ground ; it is
somewhat marred by a -surface film, which is easily developed upon
the annealed alloy, and recrystallises rapidly at the ordinary
temperature. The slowly cooled cadmium-bismuth behaves in much the
same manner as the above, but the grains are somewhat larger, both

before and after annealing, Figs. 214 to 217. The cause of the

curious markings on some of the grains of Fig. 215 was not discovered
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The rapid recrystallisation of the surface film at atmospheric

temperature is exhibited by Fig. 217. The structure of these

specimens before annealing is shown in Figs. 70 and 71.

The cadmium-tin alloy behaves much like cadmium-bismuth, but
the relative growth of the crystalline grains is more consideraple.
The original structure of the chill cast and of the slowly cooled
met;l is rather fine, especially that of the former, Figs. 72 and 73.
After 100 hours of annealing the chill cast metal has become somewhat |
coarser than the slowly cooled one, Figs. 218 and 221 ; the roughness
of the surface of these specimens is again caused by the melting of
the eutectic. Further annealing allows of the growth of some grains

and the disappearance of others, and at the end of 400 hours the chill

cast alloy cannot be distinguished from the sldwly cooled one., It is
remarkable that the rate of growth of tﬁe grains, which is evidently
much less during the second‘IOO hours than during the first 100 hours,
Figs. 219 and 222, is accelerated again during the third period of
annealing, Figs. 220 and 223. A similar action, though much more
pronounced, takes placelin the chill cast cadmium-zinc alloy. Here j
at first there is a complete recrystallisation, so that at the end of %
100 hours, Fig. 224, the structure is much finer than that of the |
original alloy, Fig. 74, just as 'in the case of pure cadmium. During
the next 100 hours the growth is slow but distinct, Fig. 225, but at
the end of 400 hours, Fig. 226, the structure is absolutely
revolutionised, such that while the number of grains visiole'on the
surface after 200 hours annealing might be numbered by thousands,

after 400 hours there are only a dozen. The most curious feature of
this case is that the slowly cooled alloy shows no such remarkaole
change, Figs. 227 to 229. A partial explanation, to which the
appearance of Fig. 227 lends colour, is that a surface film was
developed which covered the whole specimen until polished for the .

last time ; against this is to be placed the fact that even a careles
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polishing of the annealed alloy ; and annealed metals are generally
most sensitive in this respect ; failed to produce a film. The
phenomenon evidently requires further investigation.

As regards the alloys of tin, of which the original structure
is shown in Figs. 76 to 8l, some behaved much like the metal itself,
while.others showed individual characteristics. The chill cast
tin-bismuth alloy at the end of the first 100 hours annealing was
almost completely broken ﬁp, Fig. 230, but the amount of change after
further anneaiing was comparatively slight, Fig. 231. The slowly
cooled mixture similarly recrystallised, Fig. 232, but the size of
the grains increased continuously with the time of annealing, Figs.
283 and 234, The chill cast tin-cadmium alloy presented a remarkable
appearance after annealing, each large pyramidal grain showing
strings of tiny grains lying along the directions of the original
skeleton axes, Fig. 235. This appearance at once suggests a surface
film ; but there was no great change after a longer period of
annealing, Figs. 236 and 237, and repeated polishing and etching
after 400 hours annealing always gave the same apparent structure,
which under the microscope is one of considerable beauty. In the
slowly cooled alloy the eutectic has melted throughout a part of the
specimen, and the structure of this part has been but poorly
‘developed by the etching reagent. There is evidence here of an
imperfectly developed surface film, for the skeleton forms seen in
Fige 79 are partly covered in Figs. 238 and 239, and reappear with
considerable clearness and amplified dimensions in Fig. 240. What
really happens to the grains of this alloy is doubtful. The chill
cast tin-zinc alloy shows the development of a few small grains,
which may or may not be merely on the surface, Figs. 241 to 243 ; in
the slowly cooled mixture the break-up is more general, though

portions of the original large grains may be still traced after 400

hours annealing, Figs. 244 to 246.
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Looking back over all the sections, it is quite clear that
annealiﬁg_reveals no particular instability in the crystallisation
of the chill cast as compared with the slowly cooled Qpecimens.
Occasionally, as in the case of cadmium containing 2 per cent. of
tin, the growth of the grains in the chill cast metal is at first
more rapid than in the slowly cooled metal ; at other times, as in
the case of tin, the recrystallisation of the slowly cooled metal
is far more complete than that of the chill cast ; in most cases
there is comparatively little difference.,

But the period of 100 hours annealing may be too long for
evidence of an initial differénce between the two states of the metal
to remain noticeable ; such a difference might be detected best after
a very short period of annealing. The most favourable condition for
recrystallisation is the partial liquefaction of the mass. Accord-
ingly some of the metals containing a 2 per cent. mixture of foreign
material were heated until they showed signs of incipient melting,
and they were then allowed to cool, the whole process lasting only a
few minutes. In this way it was. thought that any tendency to
recrystallise would be exhibited by an abrupt change in orientation
in portions of the metal - especially in regions where the eutectic
had melted - which could be easily detected by lightly repolishing
and re-etching the treated metal.

Fig. 247 shows the original appearance of bismuth containing
2 per cent. of cadmium. Fig. 248 is the same piece repolished and
re-etched after the lower portion had been melted ; the original
crystalline arrangement is seen to be unaltered up to the very edge
of the melted portion. In the case of the slowly cooled mixture of
the same composition, however, the treatment has resulted in a
radical alteration of the orientation of various portions of the
largest grain on the original section, Figs. 249 and 250 s 14 is

noticeable that the portions of changed orientation are nearly always
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limited by the narrow cadmiﬁm;rich boundaries of the bismuth skeleton
arms. This change took place in a time which did not exceed five
minutes. For the bismuth-tin alloy no change was observed in either
the chill cast or the slowly cooled metal. The other bismuth-rich
mixtures were not tried.

The cadmium-pismuth and cadmium-tin mixtures became more or less
comﬁletely recrystallised. The change was most noticeable in the
former, but there was no characteristic difference petween chill cast
and slowly cooled metal, Figs. 251 to 254. In the case of cadmium-
tin the change is less noticeable on account of the fineness of
structure, but it is none the less unmistakeable, Figs. 255 to 258 ;
the slowly cooled mixture after reheating is still of coarser
structure than the chill cast after similar treatment, but this may
be accidental, since the times of reheating could not be made exactly
the same in both cases. -

The chill cast tin-bismuth alloy recrystallised completely when
heated to incipient melting, Figs. 259 and 260. The slowly cooled
mixture changed in a less radical way, Figs. 261 and 262 ; difficulty
was experienced in getting a satisfactory micrograph of the original
section with oblique illumination, and Fig. 261 was taken with
vertical illumination. The chill cast tin-cadmium alloy was
unfortunately melted complétely through inadvertence ; the slowly
cooled mixture showed partial recrystallisation, though this is not
vefy distinct in Figs. 263 and 264.

Thus the experiments involving incipient melting agree with
the annealing experiments in showing no general instability of the
crystals -of the rapidly cooled metals as compared with the slowly
cooled ones. In the cases where there is much recrystallisation it
seems to occur indifferently in chill oast.and slowly cooled metal,
as with the cadmium-bismuth, cadmium-tin, and tin-bismuth mixturesl;

in the bismuth-cadmium alloy there is a change in the slowly cooled
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and none in the chill cast metal. Although the results of these
experiments in the direction sought are largely negative, the
information obtained indirectly is of value, particularly as regards
the persistence of surface films and their perfect simulation of
a possible internal structure of the metal concerned, and also as
regards the remarkable changes of cocrystallisation in alloys contain-
ing cadmium.

When 2 per cent. of antimony is present in cadmium the alloy
oxidises in a remarkable manner, emitting red fumes and becoming
rapidly converted to a frothy mass of brick-red colour. There is no
particular difriculty.in preparing the alloy in a gas furnace, but
the reaction begins as soon as the melted mixture is removed from the
furnace, and takes place to some extent during slow cooling in the
furnace if the infiltration of air is not prevented. The alloy
when annéaled in the air at a temperature of about 250° ¢, experiences ;
the same change.

In studying the problem of grain size, as set forth in .
paragraph 11, some sections of the annealed alloys which exhibited
a well defined polygonal structure were examined, namely Figs. 214, ]
215, 216, 218, 220, 221, and 223. After excluding an outer ring |
from each specimen, the area of each polygon was measured, and the |
skew curve of frequency, already described, was drawn for each
specimen. The results are not claimed to be of great value at present,
but they afford interesting comparisons, and are given in Table XXXV}
the growth in the size of the grains during annealing is well shown,
and also the accelerated growth in the cadmium-bismuth alloy during
the last stage, but it would be unwise to insist on other features

while the data are so scanty.



—y

TABLE XXXV.

146

Details of polygonal structure of annealed alloys.,

= Relil.] Cutss’ of |Whfretinstefoaind
Grnpondian. Ll / K4 ot |feaof dbrr G
MZZ}; ,,f J‘_“,cme,,( 7{ al&r? { ‘a‘ = = %Mh%m%
a4&7£ : ?&ﬁvaUA-m&u?hmawa?/waujﬁa;axa
-777?-3/9— @f%ﬁfl MWW@/@M Sos ol G ‘ul
“ f\Q/S' " . " v Roo ?q_-é, Ly &/ 7 ;)
. 2t . z w oo «| [£]0 (o ES 7y
o2 CZ?f"gtl a{u&te‘@{ Beniiiled (00 Kour) ST 3'6? '?0
v 220 " Uoo « /57-7 2L 3 "“q
« L2/ @Z?st:Lz. %MW/MW Ho-&8 3'75 '7:5_
“ 923 2 « o Jign | M3e | 253 S5




147
20. The Effect of Annealing upon Distorted Chill Cast and Slowly

Cooled Metals.

It was not intended originally to observe the changes in the
structure of metals and alloys when these are annealed after having
suffered permanent distortion ; but the presence of Neumann's
1ameilag on many of the sections, for instance, Figs. 50, 56, and 59,
may be regarded as evidence of some degree of deformation, possibly
arising while the metal was cooling ; and there are signs also, for
instance on Figs. 50, 51, 54, and 55, that some distortion was caused
duringlthe cutting of the sections and the preparation of the polished
surfaces. In some cases, for instance, Figs. 178 and 179, these
latter markings remained sensibly unaltered after a long period of
annealing, but in cases where much recrystallisation occurred, for
instance, Figs. 182 and 183, they were obliterated. It was advisables,
therefore, fo;lpurpose$ of comparison, to anneal the various metals
and alloys already examined after they had been distorted to some
extent. Fresh specimens were accordingly cut from the small ingots,
and these were squeezed in a single direction in the vice so as to
become approximately elliptical in shape ; the relative distortion
was made about the same for all the specimens, though it is not
perfectly identical throughout. The amount of distortion of tﬁe whole
section and of individual grains can be judged by comparing Fig. 265
with Fig. 266, and Fig. 268 with Fig. 269. The distortion is greated
in two triangular zones, each having for its base one of the new
straight boundaries of the squeezed piece, anﬂhaving its apex at the
centre of the section ; the regions outside this double triangle
experience less distortion. There is an obvious advantage in having
a varying degree of distortion throughout the specimen, as the changes
in the more distorted parts can be compared with those in the less

distorted ones. Previous experiments having shown that in many cases




148
the changes of structure are most rapid in the early stages of anneal-
ing, the present series of specimens were examined at the end of 1,
2, 5, 20, and iOd hours after the commencement of annealing.

After the specimen shown in Fig. 265 had been squeezed, the
surface, which was now rough and lumpy, was filed flat and repolished
Beyond the change in the shape of the pyramidal grains, the only
evidénce of distortion consists in a few Neumann's lamellae at the
left of Fig. 266. Annealing made but little change, only a few small
new grains being noticeable in the neighbourhood of the flat sides
after 100 hours at 140° C. The slowly cooled bismuth, after distor-
tion, showed an interesting development of Neumann's lamellae, Fig.
269, which by comparison with the original section, Fig. 268, are
seen to ;§§z:?:??gl to the cleavages, In metals like bismuth, where
cleavage lines can be readily developed by etching, it is sometimes
necessary to use special illumination to distinguish cleavages from
lamellae, but in Figs. 268 and 269 the distinction is clear. Fig.
270 shows a consideraple growth of new grains in the middle region
of the piece after one hours' annealing, but the appearance remained
practically unchanged after 100 hours.

In the case of cadmium both specimens show a relatively fine
recrystallisation in the middle zone, and apparently little change
in the outer regions, Figs. 271 to 274, The fine scale of all the
strﬁctures makes detailed comparison difficult.

Tin is 2 metal which is very susceptible to the effects of
distortion. The structure of the newly squeezed metal was difficult
to reveal in a satisfactory manner by etchipg, Elese 275 and 278.

The middle regions of the chill cast specimen recrystallised rapidly,
Fig. 276 showing the appearance after 2 hours annealing. The growth
of the grains progressed continually ; Fige. 277 shows t he appearance

after 100 hours. It is noticeable that some of the original large

grains remain practically unchanged at the end of this period, though
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they exhibit numerous lamellae. Much the same sort of action is to
be observed in the slowly cooled specimen, Figs. 278 to 280. This
sample, especially in Fig. 279, appears to contain a considerable
degree of impurity, though the metal employed was bought as pure
grain tin. There is but little likelihood of appreciable metallic
contamination, and the most probable substance to suspect is tin
oxide ; the matter has not been investigated yet. The structure of
the metal chill cast from 750° varies in a manner similar to the
above, Figs. 281 to 284.

Dealing next with the metals adulterated with 2 per cent. of
foreign material, Fig. 285 shows the chill cast bismuth-cadmium
mixture. This experiences marked recrystallisation, beginning in the
middle region, Fig. 286, and spreading gradually outwards, Figs. 287,
288, and 289, until the whole mass is involved, Fig. 290, The change
in the slowly cooled mixture is of a similar nature, Figs. 291 to
295, but is not perhaps quite so complete at t he end of the experimemnt.
The bismuth-tin alloy, both chill cast and slowly cooled, remains
practically unchanged by the treatment, Figs. 296 to 299.

The cadmium alloys show very pronounced recrystallisati;n. The

chill cast cadmium-oismuth mixture, Fig. 300, at the end of one hours'
annealing has recrystallised to the extent shown in "ig. 301, and the
process continues uninterruptedly to the end of the experiment,
Figs. 302 and 303, The slowly cooled alloy behaves similarly, Figs.
304 to 307, bu{??gkan even more marked extent. In the cadmium-tin
alloy the recrystallisation is relatively slow during the earlier
stages of annealing, but shows little falling off in rate at the end
of 100 hours, so that the final structure is as coarse as in the
previous case, Figs 308 to 315,

The tin-bismuth alloy behaves much the same as t he unadulteratd

tin, though the new crystals grow at a slower rate, Figs. 316 to 321.

The change observed in the chill cast tin-cadmium mixture is of



50
exactly the same nature as in the undistorted specimen strings of
small grains develop along the skeleton axes of each original grain,
Figs. 322 and 323. In the present case, however, the new grains
appear to develop more fully, Fig. 324, and at the end of 100 hours
the original granular boundaries are partly obliterated, Fig. 325.
The slowly cooled alloy shows rapid recrystallisation at first, Figs.
326 and 327, with but little change afterwards, Fig. 328,

The experiments reveal curious variations in the degree of
sensitiveness of the metals to the effect of distortion followed by'
annealing. Thus, chill cast bismuth is practically inert, while the
slowly cooled metal shows considerable recrystallisation ; bismuth
containing 2 per cent. of oédmium recrystallises entirely, while
bismuth containing 2 per cent. of tin shows no change. Comparing
Figs. 162 to 264 with Figs. 265 to 328, and the more and less greatly
distorted parts of the latter with each other, leads-to the following
conclusions. BRismuth when undistorted shows no tendency to recrys-
tallise, and even when distorted the chill cast metal does not
recrystallise readily. Cadmium recrystallises whether distorted or
not, but more readily in the former case. Slowly cooled tin recrys-
tallises in both cases ; if chill cast it may not change unless
distorted, but this is doubtful. In bismuth containing 2 per cent. d
cadmium distortion increases the rate of growth of crystals in the
annealed metal, but bismuth containing 2 per cent. of tin remains
jnert whether distorted or not. Cadmium containing 2 per cent. of
bismuth or of tin recrystallises rapidly whether distorted or not.
Tin containing 2 per cent. of bismuth recrystallises more readily
after distortion if chill cast, bu@ shows little difference between
the two states if slowly cooled ; tiﬁ containing 2 per cent. of
cadmium shows much more marked recrystallisation when distorted than

when not.

As regards the specimens in which distortion was not deliberatdy
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caused, Figs. 162 to 264, it is dﬁngidered that the changes of
crystalligation observed are due either to inherent instability of
the original crystalline arrangement, or to the effect of distortion
arising during cooling, except in cases where there is a surface film,
and in a few instances, like Fig. 171, where recrystallisation around
part of the edge of the section may arise from distortion caused
during the cutting of the section. It is intendedito repeat a few of

the observations for the purpose of confirmation.
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2l The Effect of Annealing upon the Chill Cast Eutectic and Rich

Eutectiferous Alloys of Bismuth and Tin.

The effect of annealing upon the chill cast bismuth-tin alloys
of paragraph 16 has been studied also. In these experiments the
temperature was 100° C., and the period of annealing was 300 hours
for 'some specimens and 200 hours for others. The slowly cooled
eutectic, when annealed at 100° for 300 hours, showed no sensible
change in appearance, but there was reason for expecting a change in
the chill cast eutectic. The bismuth-tin alloys of paragraph 16
were prepared in March 1909, but owing to pressure of other matters
most of them had to be laid aside without examination. A few were
somewhat roughly prepared and photographed. Figs. 329 and 330 are
from the eutectic alloy chill cast from 160°, and Figs. 331 and 332
are from the mixture containing 45 per cent. of tin chill cast from
300°, These micrographs, particularly the first tﬁo, are marred by
scratches, but if they are compared with Figs. 128, 129, 151, and 152,
taken from the same specimens,lightly repolished andktched after a
period of nearly five years, a remarkable difference will be observed
in thé appearance of the ground mass in each case. In the earlier
micrographs, Figs. 329 to 332, the structure of the ground mass is
fine and nebulous, with occasional patches which show better defin-
ition ; in the later ones the two constituents of the ground mass are
always distinct from each other. If Fig. 329 be compared with Fig,
128 it is readily noticed that the sharp angularity of the crystals
of bismuth in the former is altogether lost in the latter ; comparing
Fig. 33] with Fig. 151 the dendrites of tin in the latter no longer
arrest the attention as in the former. The comparatively careless
preparation of the earlier micrographs might be urged as the reason
of the bad definition of the ground mass, but the clearness with

which the other details of the structure are shown militates strongly
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against thislview. The change in the appearance of these sections
after a five years' interval is regarded by the writer as evidence
of a slow but continuous rearrangement of the constituents of the
samples at atmospheric temperature during that period.

The annealed specimens were actually annealed over boiling water
nearly five years ago also, but were not examined until recently.
Thef show two noticeable features. The first is the segregation of
the constituents into larger masses, a common result of anhealing 3
the second is the arrangement of many of the particles of bismuth in
skeleton form, a feature which helps to confirm the observation that
the crystallisation of the slowly cooled eutectic is determined
chiefly by‘the bismuth. The first is evident on all the micrographs,
from Fig. 333 to Fig. 352. The second is most striking on Figs. 333,
341, and 342 ; it may be noticed also on Figs. 135, 148, and 151,
those specimens having_been virtually annealed, but to a less extent
than the oneé of the present paragraph. Information relating to
Figs. 333 to 352 is given with the illustrations, and no further

description is necessary here.
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22. Modifications of Structure produced by the Growth of a New Phase

in a Completely Solid Alloy.

In alloys subject to transformation after becoming completely
solid, there is considerable hindrance to the formation of the new
phase. For the reaction necessitates diffusion through the solid
masé, always a slow process, and possibly the migration of small
crystals ; it may also involve a change of volume of the mass. In
cases where the original alloy consists of grains of a solid solution
this solution is seldom perfectly uniform ; as a rule the outer or
more recently formed portions of each grain have a composition which |
approximates, more nearly than that of the central portions of each
grain, to the composition of the new phase about to develop. That
this is the case is readily seen from equilibrium'diagrams for such
alloys. Accordingly the growth of the new phase usually begins at
the granular boundaries of the original phase, so that t hese no
longer appear as fine lines, but bécome an irregular network of
appreciable width. Thus in Fig. 353, a chill cast alloy of 57 per
cent. of copper with 43 per cent. of antimony, the development of the
purple compound SbCuQ has been checked in its earliest stages, and
: i HE ackiat Lhecumen) :
only a narrow irregular purple band(surrounds the grains of the solid
solution. As the new phase grows the borders of the grains become
thicker, and often throw out branches into the interior of the grains;
new and apparently independent growths also begin at various positiors
within each grain. The location of the starting points of the latter
is probably determined by spots of richer composition enmeshed within
the skeleton branches of the grain during its formation, just as the
spots of bismuth are enmeshed within the grains of copper in Fig. 94.
The new phase may grow out in skeleton manner much as if the

i)

surrounding medium were liquid instead of solid. In Fig. 354, frpm

the same alloy as Fig. 353 but slowly cooled, the growth from the
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boundaries has proceeded in skeleton manner. In Fig. 355, a copper-
zinc alloy containing 54 per cent. of zinc, the small skeletoné of
the new phase are more distinct. (The smaller granulation within the
large grains in this micrograph is due to the fact that the alloy has
been reheated).

In other cases the development of the new phase in the interior
of each grain takes place partially or wholly along the cleavage
directions of the grain, or along selected cleavages. Thus in Fig.
356, a copper-zinc alloy containing 68 per cent, of zinc, thefe are
three cleavages in each grain sharply outlined by the new phase. In
Fig. 357, a copper-aluminium alloy containing 12 per cent. of_
aluminium, there is a similar structure, though less neatly defined.
In both of these examples there is very little development of the new
phase at t he granular boundaries. In Fig. 358, an alloy of 65 per
cent. of copper with 35 per cent. of tin, the granular boundaries are
moderately well marked, but the new phase has developed chiefly in
straight parallel bands, of which there is only one system in each
grain., As the new phase develops the bands along the cleavages becom
thicker, and sometimes retain their arrangement unchanged. At other
times, as in Fig. 359, a copper-tin alloy containing 23 per cent. of
tin, the bands apparently break up into irregular elongated globuies;
or they may throw out plant-like skeleton growths, as in Fig. 360.
The exact manner in which the growth proceeds varies with the
individual phases concerned, the relative proportions of the p hases,
and the rate of cooling.

The reason for the growth of the new phase along the cleavage
directions is obscure. It may be that the argument applied above to
each grain of a solid solution often holds good for each elementary
geometric crystal which goes to build up that grain, so that in cases

Ao 1n [Ke oclatedro,

where the cleavages are parallel to the crystal faces, for to some

of them!Xthe same explanation suffices. Or, if the growth of the new
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phase is accompanied by increase of volume, it would take place
preferably whefe the mechanical resistance to this increase is least,
namely at the granular boundaries.and at the cleavages, or at selectd
cleavages of least resistance. The partiality of the new phase to
develop at the granular boundaries and cleavages explains why a

transition has the effect of weakening and embrittling many alloys,

more especially when the new phase is itself brittle.
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Summary of Part I1,

There is no definite relation between grain size and rate of
cooling when a melted metal is poured into a small mould.
The grain size of different metals cooled under similar

conditions varies greatly with the metal.

The grain size of a metal cooled under certain conditions may |
suffer consideranle alteration if a small amount of foreign metal is
added to the mass.

- The size of the primary grains of an alloy is diminished by
increasing the rate of cooling, and by diminishing the proportion of
primary material present.

Quickly cooled alloys may retain traces of currents which
existed in the fluid mixture.

Quickly cooled eutectics may show primary skeletons of one of |
the constituents.

Ouickly cooled metals dolnot show, on the whole, any particular
instability of crystalline arrangement as compared with that of the
slowly cooled metals.

A surface film is readily formed upon certain metals and alloys |
and this recrystallises when annealed, in such a manner as to
simulate a possible real structure of the mass.

Certain metals and alloys, when annealed after being oonsideraﬁwi
distorted, show little or no tendency to recrystallise ; others i
recrystallise more or less completely, and usually with more
considerable rapidity in the earlier stages.

The above statements are deduced from the behaviour of antimony

bismuth, cadmium, tin, zinc, and certain alloys of these metals, and

also of a few othef alloys.
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