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ABSTRACT
A method is developed for detailed studies of solidification events. Preheated crucibles are used for sampling and
analysis. In that way thermal balance will be attained before start of solidification, which makes it possible to use a simple
algorithm for calculation of fraction solid in every moment during solidification. This can not be done, if the samples are
cast into cold moulds.
Temperature logging is performed using two thermocouples, one in the centre and the other close to the wall of the
crucible. The difference-temperature curve, becomes very useful in predicting the start of a rigid coherency between
dendrites in a solidifying melt. Deformation experiments of solidifying melts show, that the maximum of the temperature
difference, coincides with a sudden increase in coherency, i.e. the point is reached, where volume changes observed as
shrinkage of castings can start to develop.
The latent heat of silicon precipitating from liquid aluminium-silicon melts is determined to 29.5 kJ/mole, at eutectic alloy
composition. This value is used in the fraction solid calculations of aluminium alloys containing silicon.
A convenient program for IBM compatible computers is developed, which filters data and calculates derivative,
fraction solid, and difference temperature between wall and centre.
Detailed descriptions of solidification events are presented for different groups of aluminium based foundry alloys.
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Preface

Soon after man learned to use fire, he discovered that this new tool could change properties of material. He also learned
to melt ores and extract metals, and found that one of the most important parameters in producing metal objects was the
way of transforming liquid into solid state. Demands from customers increased, however, with time, and a need for
improvement of product quality arose, which in practice meant: a better control over the production parameters, of which
temperature is one of the most important. The only “thermometer” so far, was the optical analysis of the wave length
distribution in the visible range of the radiation emitted from the material treated. This method has in fact been used until
our days, although with some better knowledge of the physical background.
At early times, the definition of temperature was still somewhat undeveloped. The
temperature was thought to be the result of a mixture of heat and cold in the body. For a
more accurate definition (at least more close to the modern), we have to wait until about
100 A.D., when the Greek philosopher Plutarchos postulated that cold was only a lack of
heat. This statement opened the possibility to quantify the amount of heat in a body, if
we could find something that changed its properties proportionally to temperature, in a
way that is easy to measure. The phenomenon of thermal expansion was already known
in Alexandria some hundred of years B.C., but it was not before 1592 A.D. someone
understood, that this phenomenon could be used for measuring temperature. This
person was the Italian physicist G.Galilei. He designed an instrument that he called a
thermoscope. This was a vertical glass tube, half filled with water. The top end of the
tube was closed and expanded to an air filled sphere (Figure 1). The bottom end was
open and immersed into a water filled bowl. The movement of the air/water interface in
the tube could now be used for measuring temperature. The gas thermometer improved
to perfection during the 18th century, when many temperature scales were invented (e.g. Figure 1: The Thermoscope
by the Swedish astronomer A. Celsius). This was a time of rapid development. The
of Galileo Galilei.
Scottish chemist B.J. Black could 1760, by careful temperature measurements, for the
first time separate heat and temperature. When the Swedish physicist J.C. Wilcke, a short time after, discovered the latent
heat, all the fundamentals necessary for thermal calculations were known.
The next big step forward towards modern thermal analysis was made 1820, when the Danish physicist H.C. Oerstedt
discovered electromagnetism. Already the following year, the new phenomenon had been put into practice in the form of
galvanometers, useful instruments for measuring electric currents. T.J. Seebeck, a German physicist, found now, using
the new-born instrument, the thermoelectricity: The thermocouple was invented. The basic tool for convenient
registration of temperatures in the range of molten metals now existed. Only the way of analysing the output changed,
through mirror galvanometers, paper chart recorders, digital volt meters to micro computers of today. The micro computer
has changed the potential of thermal analysis very much, from the level of simply looking and comparing curves on
paper, sometimes combined with tedious calculations, to a hopefully convenient routine instrument for more or less
automatic evaluation of temperature data. Now its only up to man to do something out of it. I hope this paper will bring
us a step forward on the way.
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Review

1887 may be regarded as the birth year of thermal analysis. Le Chatelier published this year a paper in Zeitschrift für
Physikalische Chemie, about heating experiments on clay minerals. Le Chatelier could associate observed temperature
arrests during heating with reactions in the clay. At the turn of the century, thermal analysis by cooling curves, had
already turned up to be a useful tool for determination of phase diagrams (Tamman 1903). Since that, the method has
developed into several branches, but they still have a common feature: The recording of the temperature change during a
process. Here follows a short summary of some of them:

Different Techniques
The Cooling Curve Method
This is the fundamental method, and the most widely used in the case of solidification of metals. The performance is
simple: insert a thermocouple, connected to a suitable recording equipment, into a melt and let the system cool. The
temperatures recorded may be plotted against time, which gives a cooling curve as result.
The cooling curve method has however branched into different techniques, depending on ideas and purposes. A main
division is between natural cooling and controlled cooling. The latter needs a furnace with temperature control
equipment.
The controlled furnace method was invented by Plato (1906), and has attracted many workers, as it comfortably allows
selection of cooling rate. The furnace should have low heat capacity and be equipped with a programmable temperature
control unit, and sometimes also water or gas cooling.
A variant of this was used by Smith (1940), and later by Fink (1949). In this set-up the temperature difference between
sample and furnace is used for furnace control in a way that the difference is kept constant. A constant temperature
difference means a constant heat flow out from the sample, which makes calculations of specific and latent heat easy.
The natural cooling has some advantages over the other methods in this chapter: Equipment size and price. The
equipment is reduced to a crucible with thermocouple(s) and a recording device, which may be as simple as a pocket
computer. The potential of this simple set-up is much higher than a first glance tells. This is also the technique mainly
used in this work, and will be discussed in further detail.

Differential Thermal Analysis
Another branch on the thermal analysis tree, is the Differential Thermal Analysis, DTA. As the name indicates, this
method uses the difference temperature between a usually inert reference sample, and the test sample. The analysis is
normally performed in a furnace, with a programmed cooling rate. DTA is a sensitive procedure, and is, with calibration,
well suitable for determination of latent and specific heat. A sprig on this branch is the Differential Scanning Calorimeter,
DSC, which instead of recording a difference between the samples, uses two separately controlled furnaces, to force the
temperatures to be equal. In this case the energy consumption difference is recorded, which directly can be used for heat
calculations.
A principal disadvantage with commercial DTA equipment, when used in solidification experiments, is the sample size:
As the sample size is of the same magnitude as one crystal in the material investigated, the statistics of nucleation is
inadequate. The small sample size also prevents from studies of steady state growth conditions, as we only detect
nucleation and growth of one or at the best, some few crystals.
Other disadvantages, which will remain even though the sample size is increased, is the bulkiness of the instrument. The
closed design, and the need for perfect thermal balance in the system, makes it less useful for rapid tests of melt batches
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at foundries and production plants. Therefore the instrument is not so often used for solidification experiments of metals,
but e.g. Dichtl and Mitsche (1969) found it useful when investigating solidification of nodular cast iron.

Thermogravimetry
A third branch of thermal analysis is Thermogravimetry, TG, which is a balance installed inside a furnace. TG is in
metallurgical applications especially suitable for detecting gaseous phases released from samples during heating.

Earlier Work using the Cooling Curve Method
The cooling curve method is a technique not only for use on solidifying metals. The technique was in fact not at all
developed on metals, but I will keep on the metal track.

Phase diagrams and Solidification Sequences
The determination of phase diagrams has been an important area for the use of cooling curves. Encyclopaedic works like
Physical Metallurgy of Aluminium Alloys (Fink 1949) and Ullmans Encyklopädie der technischen Chemie (Foerst 1961)
both make use of the technique. DTA may however, be a more adequate method in many cases, but still cooling curves
give a rapid and lucid overview of a solidification sequence. Furthermore, used with the two thermocouple set-up and
fraction solidified calculations described in this work, the cooling curve method gives much more information on
structure development during solidification, than any other technique described in literature.
Early users (Morrogh and Williams 1954, Hultgren et al 1954) only used the temperature versus time curve for searching
arrests on the curve, and as a possibility to follow the solidification in progress, e.g. for selecting quenching points. Still
the change of arrest temperatures with alloying element content are generally considered to be important parameters for
production control in foundries and production plants (Bäckerud 1970, Caspers 1974, , Höner 1982a, 1982b). Some work
e.g. Ryntz et al (1974) are completely descriptive. Ryntz et al studied nodular cast iron, by mapping the relations between
composition, metallography, and cooling curve shape. They divided the cooling curves into different regions, and the
evaluation was done by comparison with transparent overlays in each region. No efforts were made, however, to
understand the mechanism behind the changes in the cooling curve shapes.
The time derivative of the temperature curve as a sensitivity improving aid, was introduced in a patent application
concerning control of solidification mechanisms, by Bäckerud 1970. The same idea was taken up by Strizik some years
later (1973, 1974) (Strizik et al 1975). Strizik made comparisons between the shape of the derivative curve and
metallography. Assignments of observed phenomena on the curves to different reactions was also done. The problem of
assigning reactions to phenomena on cooling curves will be discussed further under the heading: Two thermocouples.

Fraction Solid Calculations
The knowledge of the fractions solidified and rate of formation of solid phase in each moment during the solidification
process makes it possible to calculate amounts of various phases precipitated, and coarseness of the dendritic network,
if the growth period for each reaction is known.
Wlodawer introduced 1971 a model for use with thermal calculations, which he called “Die technologische Kalorimetrie”,
which also was used by Rabus (1972). The method was a deduction directly from heat transport equations. Parameters,
such as thermal conductivity and heat capacity of the mould into which the sample was cast, were calculated, which
might introduce erroneous commencement data in the succeeding calculations. Already the difficulty of reproducing the
same cooling rate in a series of experiments, performed with the same equipment, calls for a method, that is self
correcting, and not dependent on calculated parameters. Another weakness of the technique was dependence of
tabulated data for reactions involved. Such data may be well known in the iron base systems, but rarely known at all
when concerning aluminium alloys.
Hribovsek and Marincek (1974) have also presented a formula, which was a result of a simplification of the heat transport
equation in one dimension.
A graphical method was presented by Schlatter 1976. It was based on the lever rule, which should be used on
extrapolations of parts of the cooling curve, in a temperature to square of time plot. The extrapolation of curves and the
assumption of growth as proportional to square of time, may introduce errors when using the method.
A rather useful equation was formulated by Fredriksson and Rogberg (1979). It is close to the one used in this work,
which will be described in the chapter on experimental technique, but they made the simplification, that the heat emission
from the sample is constant during the solidification. When looking at cooling rate before and after solidification, we can
see that this assumption may be erroneous. Some aluminium alloys have solidification range close to 200 ºC. The
difference in the cooling rate of these alloys may differ as much as 50% before and after solidification.
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Preparation of Test Material
As a main part of the experimental work was supported by the Scandinavian Aluminium Industry, and the results aimed
to be published as a “Solidification Atlas” of commercial aluminium alloys, most material for investigation was supplied
by the industry in the form of as-cast samples from production lots. The study was therefore performed on material of
commercial purity, with compositions within the standard specification for each alloy type, as set by the Aluminium
Association (AA). The first volume of this atlas, covering wrought alloys, is already published (Bäckerud et al 1986),
while a part of the second, not yet published volume, “Foundry Alloys”, is supplied in this publication as an appendix.
Some alloys of commercial purity were prepared by Gränges Aluminium — Aluminium Teknik, in their research
laboratory.
Other alloys used were prepared in our laboratory from either some of the alloys in the atlas project, virgin aluminium of
99.5% purity or refined aluminium of 99.995% purity, depending on purpose. The alloying elements were added as master
alloys (manganese splatter 60% Mn), or as the pure element (silicon granulate, iron nails, electric copper wire, magnesium
rod). The furnace used was of resistance type with a capacity of 2 kg aluminium in a Salamander crucible. The melts were
stirred manually, and cast into moulds, when all solid particles were dissolved. Samples from each batch were analysed
by spark emission technique.

Measuring Technique and Data Collection
Melt Tre atment
Test material was melted in a Salamander crucible by means of a resis tance furnace and the temperature was increased to
about 800ºC. At this temperature it is probable that most precipitates are dissolved.
Sampling was preceded by stirring of the melt. The high temperature gave enough
time to assemble the measuring equipment to the sample, before the solidification
started.
wt%

0.15

0.10

Si

Fe

0.05

The holding time was kept under two hours, to avoid uptake of impurities from the
Salamander crucible (mainly iron and silicon). A 24 hour holding time test with refined aluminium was performed, to test uptake from crucibles, Figure 1. The uptake
could usually, in the case of commercial alloys, be ignored. The decrease in grain
refinement during this time was negligible (see also Kiusalaas 1986).

4

8

12

16
20
time (h)

24

Figure 1: Test of uptake of Fe
and Si from melting crucible

In the presence of easily oxidising alloying elements, e.g. magnesium and sodium,
the surface of the melt was flushed with nitrogen to avoid oxidisation. Samples taken into refined aluminium. XRF.
in the beginning and at the end of an experimental series from magnesium rich alloys,
were analysed on magnesium to check losses, which however were small, when
using nitrogen.
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Crucible Design
Size and Shape
Sample size and geometry has varied a lot among different authors. The symmetrical shape of the sphere, has tempted
some e.g. Ableidinger and Strizik (1973), while most laboratories have selected a vertical cylinder, as it is easier to use
than a closed geometry. Even box like shapes appear (Rabus 1972a, 1972b), in spite of the complicated temperature
distribution that will appear in such a sample. A cylinder of infinite length will give a perfect two dimensionally
symmetrical temperature dis tribution in the sample, as we have no net heat transport in the z-direction. This geometry is
in fact more simple than the sphere, but no authors seem to have tried to approach this geometry. A problem caused by
moulds with large vertical extension is the high probability of convection currents occurring, which will disturb the
temperature distribution. The sample shape in this work is however an effort to approach the symmetry advantage of an
infinite cylinder, considering heat conduction, at the same time as the convection problem is minimised. By using a short
vertical cylinder, which is isolated on top and bottom surfaces, and in case of forced cooling, chilled on the cylindrical
surface, in a way that heat transport in z-direction can be neglected, the sample may thus be considered as a cut from an
infinite cylinder.
Few or no authors give any reason for the sample size selected by them. Probably the size only happened to be so, or the
size was a result from some empirical tests. In this work sample size is selected in a way, that if possible, only one
reaction at each time should occur in the sample. This is approached when the temperature difference between centre
and wall is small. As soon as we have overlapping of reactions, the resolution becomes insufficient, and with that the
possibility to distinguish different reactions. In most cases a maximum temperature difference of 6ºC in the sample will be
acceptable, which means different sample size for each cooling rate. The resolution increases with decreasing sample
size, but the sensitivity for disturbance also increases, e.g. uneven chilling will show up very clearly. Also the heat
properties of the thermocouple will be difficult to neglect in a small sample. Another principal problem arising with small
samples, is the difficulty to approach steady state growth. When solidification start at the wall, the first moments are
strongly influenced by the nucleation events at the wall, before a steady state growth continues into the sample centre.
This change can usually be seen in samples as a cellular growth close to the wall, and dendritic growth further inward. In
the samples studied in this work, the extent of the non steady state zone has never been larger than 5 mm in radial
direction, which means that sample diameter must exceed 10 mm, to record steady state growth.
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An application of this discussion to sample size, means an inner diameter of 35 mm at
cooling rates below 1ºC/s, and 15 mm at 20ºC/s. The inner height of the crucibles was
constant = 30 mm and so the wall thickness: 5 mm, Figure 2, somewhat thicker in small
crucibles. Resulting sample weight was 60–20 g. For future work, a bigger inner height,
e.g. 50 mm, of the crucible should be recommended, as for some alloys a sink around the
thermocouple disturbed the temperature readings.
Figure 2: Crucible with
Crucible Material
thermocouples. Dimensions
The crucibles for thermal analysis were made of graphite, quality AGR, due to traditions.
in mm.
That quality could however cause some problems in case of long holding time, i.e. 2 hours
or more, due to the high iron content (.5%). A cleaner quality should be preferred.

Thermocouples
The thermocouples used were of type K (=chromel-alumel), with a wire gauge of 0.5 mm. They were welded together, and
the free ends were inserted into a double hole tube of alumina (outer diameter = 3 mm) for protection. The tip was
covered with sputtered alumina or with Fiberfrax® cement, otherwise they were dissolved by the melt. The selection of
thermocouple type K, was due to the low cost as they often broke by thermal chock, and to their high output signal,
which makes the signal less sensitive to noise.
It was essential to temper the thermocouples for at least 15 minutes in furnace before use, as a considerable drift was
observed in all new thermocouples. As no two thermocouples are identical, prior to each series of measurements, all
couples were calibrated several times with pure 99.995% aluminium at a cooling rate of about 1ºC/s, until a stable output
voltage was recorded. The same pair of thermocouples were used through out a whole series of experiments, which
meant that the sample had to be melted off after each measurement. A final calibration test was also performed at the end
of the series. In this way it was possible to get reliable absolute temperatures for the reactions. The reproducibility was
better than 1ºC.
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Figure 3: The cooling methods.
At high cooling rates the sensitivity for weak reactions was not always too good, why some test were made with ∅ 0.1
mm thermocouples, but their life time were too short. They usually lasted only the calibration cycles.

Sampling Procedure
Taking the Sample
The crucible was pre-heated by immersion in the melt, as it is fundamental for the method, that no nucleation occurs in
the sample before the system is in thermal balance. Only very few authors have realised this e.g. Ryntz (1974). If the metal
is poured into a could crucible with a premounted thermocouple, like most users have done, nucleation and some solidification will happen at the first contact with the crucible. Although, if the superheat is high enough, most of the
solidified metal will remelt, but some phases will remain, and growth will continue out from these particles, which means
that initial undercooling is not directly related to the process of crystal formation. Further the system never reaches
thermal balance before the solidification starts, which means that it is impossible to perform realistic calculations based
on the curve. Some authors do very curious extrapolations (e.g. Rabus 1972) to compensate for the unbalanced
beginning of the cooling curve.
Cooling Rates
After sampling, the crucible was placed on a piece of 6 mm thick Fiberfrax® felt, which prevented heat emission down
into the holder, as the aim was to simulate a section of an infinite cylinder.
The reported cooling rates were measured immediately after completion of the solidification process, or if there was an
overshoot: when the cooling rate had stabilised. The cooling rates were achieved in the following ways (see also Figure
3):
• 0.3ºC/s. The crucible was completely enclosed in a pre-heated shell of 6 mm cemented Fiberfrax®. In this case the
solidification geometry probably diverged from an infinite cylinder. The inner diameter of the crucible was 35 mm.
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1ºC/s. A preheated Fiberfrax® lid was put on top of the crucible. The cylindrical surface was left bare. The crucible
diameter was also now 35 mm, and the temperature difference between wall and centre was at most 6ºC, acceptable in
most cases.
6ºC/s. The sample was chilled by compressed air from a perforated ring shaped tube around the crucible. Crucible
diameter: 20 mm. No lid was used, but as the coolant was in contact with cylindrical surface, the “infinite” cylinder
geometry still was achieved.
20ºC/s. Water mist was sprayed from nozzles around the crucible, which had an inner diameter of 15 mm. With this
forced cooling it was difficult to get an even chilling of the sample. As the diameter was so small, it was also very
sensitive to unsymmetry. Both incorrect centring of thermocouple and uneven cooling caused the solidification
frontier to pass the centre point (it should end there). To reduce the problem with uneven chilling somewhat, wall
thickness of the crucible was increased to 10 mm. On the other hand, solidification time may have been reduced
somewhat, due to the increased thermal capacity of the crucible, but when comparing dendrite arm spacing, the effect
seemed to be negligible.

The use of Fiberfrax® for isolation of small samples has a disadvantage, due to the high heat capacity, especially if
Fiberfrax® cement is used to cover the felt. If the isolation is not preheated, a strong chilling effect is observed in the
beginning of each cooling curve.
Thermocouple Set-up Geometry
Two thermocouples were dipped into the melt in the sampling crucible, one at the centre and the other close to the wall,
with their tips 10 mm above the bottom of the crucible, as shown in Figure 2. This height was enough to avoid the
cooling front from bottom to arrive at the thermocouples before the front from the cylindrical surface, but as mentioned
earlier, a slightly higher crucible should more preferably be used, as this allows the thermocouples to be mounted at a
higher level.

Thermocouple Signal Recording
The thermocouples were connected to thermocouple input conditioners (TCS D005), which were of total galvanic
isolation type, without linearisation but with cold junction compensation. The output signals, 0–10 V, were fed both to a
12 bit A/D converter of successive approximation type, with 16 differential input channels, and to a two channel pen
recorder, the latter for on line checking of the ongoing process. The A/D converter was bus connected with a Z8 single
chip microcomputer. Programming was made in “Tiny Basic” with measuring and calculation loops in machine code. The
RS232C port was used for communication to a personal computer, located in the office department. The Z8 programs
were stored in the PC and downloaded to the Z8 at the start up of the system. As the 8 had a very small memory
installed, all data collected were continuously sent to the PC.
The A/D-converter was of successive approximation type, which means that each reading of the A/D converter, reports
the voltage in exactly that moment, as in contrast to integrating types, that report a mean value measured during the
sampling period. The latter are less sensitive of noise, but are on the other hand much slower. To reduce noise, each
sampling loop involved eight readings of the A/D converter, and a mean value calculation, which was all written in
machine code. The calculated result was then reported to the PC, still keeping the advantage of higher speed. The
desired sampling frequency was controlled by a wait loop in the PC, and each sampling started with one request byte
from the PC, and two reporting bytes (high and low) from the Z8. The request byte also contained status information,
which were shown on a LED display on the control box.

Figure 4: The equipment used
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Once the system was started from the PC, all operations during a collection pass, could be done from the Z8.
Sampling frequency could also be changed before start of each experiment. During waiting periods between the
experiments, the A/D converter logged the voltage over a 10 revolution potentiometer, which could be set from 1
sampling per minute to the maximum 35 per second, the latter was limited by the communication speed, 9600 baud.
The sampling frequency was chosen in a way that the maximum temperature difference between two samplings should
not exceed 0.1ºC during solidification, which means, as a rule of thumb, sampling rate (/s) should be twice as high as
cooling rate in ºC/s.
The input conditioners were prewired for requested temperature ranges. Two different sets were used: 700–500 and 700–
400ºC. The larger interval was used for foundry alloys, while the smaller was enough for most wrought alloys. A smaller
interval increased resolution, as the number of conversion levels of the A/D converter were constant (4096). These
temperature ranges covered all alloys tested. This was verified with another set-up, which was not prewired.

Interpretation of Cooling Curves
Hard ware
Storing and treatment of data were made in the same PC. The microcomputer used was at first a Panafacom SBC Duet-16,
equipped with 348 kbyte of RAM memory, running under MS-DOS®. The compatibility with IBM® was only on the MSDOS® level. The main external difference from IBM® was the graphic screen, which had a resolution of 400 x 600 pixels
in 8 colours. Internally there were no similarity at all, as all memory addresses and interrupts were different. The thermal
analysis program is now converted for use on IBM® PC compatibles, equipped with EGA/ECD graphics. For hard print
output, a Facit 4512 matrix printer with pin-graphics was used.

Soft ware
General
Programs were written in Microsoft® Pascal with some subroutines in Assembler. The graphic control unit of the
programs was specific for this computer, but as mentioned that part is now converted, partly by use of Grafmatic®
graphics tool kit.
The interpretation program is menu and screen oriented, see Figure 6. Some of the possible treatments of temperature
data are: Expansion of the screen plot, differentiation of temperature curves, difference temperature between wall and
centre, and filtering of all curves. A facility for calculation of fraction solidified and relative growth rate is also included,
and a two cursor data extraction possibility. The program will be presented here, module by module.
New Data Set
The temperature data on disk are stored in ASCII text format, i.e. as
digits and letters. An example is listed in figure 5. The first line contains
data collection and the second line number of samplings. The number
of samplings is used for allocation of memory for data arrays.
The data area of all arrays in the program is located outside the data
segment of Pascal. This is because the 8086 micro processor family has
a segmented memory addressing. Each segment is 64 Kbytes. The code
of the program may override segment borders, but the data area is
limited to one segment. MS Pascal has however a facility to allocate
memory outside the data segment. The pointer addressing system of
Pascal makes it easy to access data anywhere in the memory of the
computer, and thus all the memory up to 640 Kbytes may be used by
Figure 5: Listing of a short data file. The two
programs for data storage. If data were stored inside the default data
last lines are comment lines, always
segment of Pascal, the size of treated data arrays should have been less pres??ent on the screen.
than 1000 samp lings. Now up to 7000 samplings may be treated,
depending on memory size installed. No pre-set value of maximum data amount is needed in the source code of the
program, and therefore the program can be run on computers with different size of installed memory, only with different
limits of the maximum data set size. To avoid running out of memory, all allocated memory is freed, before reading a new
data set.
Figure 6: General flow chart of the thermal
analysis program. (Not shown)
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Filtering
Most experimental data is burden by noise, which however may be
reduced by filtering. There are several possible algorithms for filtering.
A commonly used method is simp ly to calculated mean values for a
number of samplings in sequence, around the actual sampling point.
This causes a loss of information, as each operation linearly evens out
the data, which can be seen by repeated cycling: The curve
successively will approach the straight line. Sometimes this method is
combined with higher weights on samplings close to the filtering point,
but this will only reduce the speed towards the straight line. A much
better method, also used in this program, was suggested by Savitzky
and Golay (1964). Instead of linearising, they fit the data, by a least
squares algorithm, to a third degree curve. Depending on the amount of
points included in the loop, the grade of smoothing can be selected.
The method in fact removes all features, smaller than a selected size, but
the shape of the curve above this resolution is unaffected. This is
shown by repeated cycles, which after about the second time, leaves
the curve unchanged.
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Figure 7: An example of resonance effect on
square curve, filtered 0-3 times by the algorithm described.

A small disadvantage is that sudden “discontinuous” changes on a
curve causes a single resonance at this point, see Figure 7.
The filtering option is made possible to perform to all curves generated, except fraction solid curves. The fraction
solidified (fs), discussed below, is an accumulative function, which is “self smoothing” and rate of formation is based on
the derivative curve, which may be filtered before the solidification calculations, if necessary.
Filtering may be performed, both with or without erasing and
redrawing of the curve on the screen, see flow chart in Figure 8. This
is because the drawing operation is time consuming, and if the
difference in appearance is below screen resolution, as in the case of
temperature curves, or if the whole screen will be redrawn before
closer examination, the redrawing of a curve is only a waste of time.

Figure 8: Flow chart of the filtering utility.
(Not shown)

Derivative
The derivative calculations uses the same kind of algorithm as the filtering option, also described by Savitzky and Golay
(1964). The algorithm generates a somewhat smoothed curve, much better than a simple (T1-T2)/(t1-t2) method, but still it
needs a filtering cycle, to be enjoyable.
A note may be made on the derivative of the wall temperature. The
Figure 9: Flow charts for derivative and dify-axis is not shown, except on request, as the amount of
ference temperature utilities. (Not shown)
information shown have to be kept at a minimum, for readability.
The vertical scaling for all data, except fs and related plots, may be
scaled automatically or with a selected range. It is therefore
possible to select same scaling for both derivatives, which is also usually done, and thus the need for a separate scale
for the wall derivative, is only occasional. Flow charts are shown in Figure 9.
Difference Temperature
This option is a simple difference calculation, point by point, between wall and centre data. The reason for selecting TwTc , and not inversely, is partly by chance, but also because in this way the curve will intersect the other curves at higher
angles, which makes the plots more readable. Flow chart in Figure 9.
Cursors
The cursor moving procedure is written i Assembler, as it accesses the interrupts of EGA BIOS and keyboard directly.
The cursors are made as dotted vertical lines which may be moved horizontally, using arrow keys, pixel steps or with
shift key down, ten pixel steps. The lines are made up of each third pixel only, as the moving speed is strongly dependent
on the amount of dots plotted. As the underlying curves should not be destroyed by the cursors, the dots are set by xoring the underlying pixel with the cursor pixel, and removed by xor-ing the cursor another time.
The cursors can be used both for marking selected parts of curves in other procedures, and for reading all stored
information about the curves at both cursor positions: t, Tc , Tw, (dT/dt)c , (dT/dt)w, ∆T and fs. Differences calculations is
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performed and shown between the cursors for
t, Tc, Tw, fs. The quotient of the difference in
Tc and t is also calculated, and can be used as
a mean derivative.
Expand Screen
Using the cursors, it is possible to select a
suitable time interval for the plot. At the same
time scaling of temperature axis is made, either
automatically, or by inserting low and high
temperature limits.

Quantitative Calculations of Fraction
Solid

Figure 10: Cooling curve from the centre with its derivative and
calculated “base line”.

Base for Calculations
As mentioned in the review, it is necessary to compensate for the temperature dependent change of heat emission from
the sample. According to Bäckerud and Pfeiffer (1972), a simple algorithm for fraction solid calculations, will be presented
here.
Let us consider the heat transport equation including latent heat evolution

ρC p

dT
df
= ∇ (κ∇ T ) + ρL S
dt
dt

(1)

where ρ is the density, Cp the specific heat, T the temperature, t the time, κ the heat conductivity, L the latent heat and fs
the fraction already solidified. The expression can be divided in two parts, the first part of which is independent of latent
heat evolution.
When no solidification occurs, i.e. before and after solidification, L is zero, and under these conditions the heat flow out
from the sample is proportional to dT/dt. Therefore this part of the derivative can be used as a measure of the rate of heat
transfer out from the system. Using a least square approximation on the derivative as a first degree function of
temperature before and after solidification, the heat flow out from the sample can be calculated at each moment during
solidification, provided the actual temperature/time relation has been properly recorded. Let us define this function as
“base line”, see Figure 10, or (dT/dt) T-dependent. A necessary condition of this calculation, is complete thermal balance in
the system before start of solidification.
If the other part of equation (1), which is dependent on latent heat evolution, is considered we get

ρC p

dT
df
= ρL S
dt
dt

(2)

rearrangement gives

L df S
 dT 
=


 dt  L− dependent C p dt

(3)

The heat flow out from the sample can now be expressed as

dT  dT 
 dT 
=
+ 

dt  dt  L −dependent  dt T −dependent

(4)

or rearranged

dT  dT 
 dT 
 dT 
=
−
= ∆ 
 

 dt  L− dependent dt  dt T −dependent
 dt 

(5)
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(3) and (5)

df S C p dT
=
∆
dt
L dt

(6)

incremental addition over time from start of solidification

fS =

1 t 
 dT (t )  
 C p ∆
 
∑
L t= 0 
 dt  

(7)

∆(dT/dt) is actually the difference between the measured derivative and the base line, see Figure 10. Cp is the heat
capacity of the whole system. Since the sample during solidification is a mixture of solid and liquid phase, which have
different Cp , it is necessary to calculate the overall specific heat capacity of the sample, at each moment during
solidification out from the fractions of solid and liquid, which, however, are actually not known.

C p = f S C p solid + (1 − f S )C p liquid

(8)

As a first approximation, the fraction solid can be treated as a linear function of fraction of solidification time.

fS =

1

(9)

t solidification

where t is time from start of solidification. Successive iterations with new fs may be used to get better values. The
difference in Cp between solid and liquid phase is, however, so small that two iteration have proven to give satisfactory
results.
In most cases, it is sufficient to use the latent and specific heat of pure solid and liquid aluminium in the calculations.
However, when we have large amounts of secondary precipitates, i.e. alloys with more than 1.6% silicon, it is necessary
to include Cp, L and the eutectic precipitation ratio for the other phases, in equations (6) and (8). As Cp for the liquid
phase we still may use data for pure aluminium, mainly because there are no other data available, but probably the
difference is small. Data for Cp in the solid phase are available in literature, and could easily be inserted

(

)(

)

C p solid = f SStartEutC p Al + X Eut _ AlC p Al + X EutPrecC p Prec f S − f S StartEut
s

s

(10)

where fs StartEut is the fraction solidified when eutectic precipitation starts, Xeut Al and Xprec is mole fraction aluminium and
precipitate respectively in eutectic precipitation, and Cp Al s and Cp prec are the heat capacities of the solid phases
involved.
Application in the Thermal Analysis Program
The fraction solid calculations in the program are based on the equations presented above. The main problem applying
them practically is the need for reliable thermal data, for the reactions involved and precipitated phases In most cases,
however, the amount of precipitate compared to the simultaneous precipitation of aluminium, is very small. An example:
In the system Al–Fe there is one eutectic point at about 2% Fe. The relation of the phases involved in the eutectic
precipitation is 95% Al and 5% Al3Fe. A possible deviation in latent heat in the latter is negligible in comparison with
errors introduced by technical reasons, also if the difference in latent heat of Al3Fe is large. One important precipitate,
which can not be neglected is silicon. As no data was found published, a special investigation was performed, and has
been devoted a separate chapter. The constants used in the fraction solid calculations, are shown in
Table I.
Table I: Constants used in fraction solid calculations 1.
Cp calculations (J/° C, mole):

liquid aluminium 660-1000° C:

Cp LiqAl = 29.30
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solid aluminium 25-660° C:

(

)

C p SolAl (T ) = 4.19 A + B10 −3 (T + 273)
where A=4.94 and B=2.96

solid silicon 25-900° C:
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(

C p SolAl (T ) = 4.19 A + B10 −3 (T + 273) + C10 5 / T + 273

)

where A=5.79, B=0.56 and C=-1.09
Latent heat calculations (J/mole)

LAl = 10470
LSi = 29500

aluminium:
2

silicon :

1: Smithells (1976)
2: See Part 3 of this work for definition and experimental determination.
The flow chart of the fraction solid calculations is shown in Figure 11. After allocating arrays and initialis ing fraction
solidified as a linear growth, the temperature dependence of heat transport rate out from the sample, the “base line”, is
determined. This is done by selecting two representative parts of the derivative curve, with the cursors, one before and
the other after the solidification process. The calculated curve is displayed, and it is now easy to check if the sample was
in thermal balance: The base-line should match the derivative before
Figure 11: Flow chart of fraction solid caland after solidification, otherwise the calculations will give unreliable
culation utility. Closer details of algorithms
results.
see Figure 12. (Not shown)
The next step is marking start and end of solidification, again using
the cursors. The selection of break points on the curves will be
Figure 12: Flow chart showing fraction solid
discussed in the chapter on solidification sequence.
calculation for different kinds of alloys. (Not
The last block, where the operator is involved, is selection of alloy
shown)
type: low alloyed aluminium, hypo- or hypereutectic aluminiumsilicon alloys. In the two latter cases, also the limits of the eutectic precipitation have to be marked with the cursors.
Optionally the screen will now be dumped on the printer, before next two iterations take place, in which the algorithms

C  dT

∆f S
= p 
− BaseLine (t n ) 
∆t (t n ) L  dt (t n )


(11)

and

f S (t n ) = f S (t n−1 ) +

∆f S
∆t (t n )

(12)

are used in the loops. L is the latent heat released by the whole system during the sampling interval ∆t, and Cp is
depending on the phase composition at that moment. Time intervals when only a single phase is precipitating, the latent
heat for the pure phase is used, i.e. Al or Si respectively. During eutectic precipitation

LEut = LAl X Al + LSi X Si

(13)

is used, where XAl=0.893 and XSi=0.107 are the fractional composition of the eutectic.
During pre-eutectic precipitation of aluminium, or in low alloyed aluminium the system only consist of liquid and solid
metal, and Cp of the system is described by

C p (t n ) = C p LiqAl (1 − f S (t n )) + C p SolAl(Tn ) f S (t n )

(14)

while at pre-eutectic precipitation of hypereutectic silicon alloys solid silicon is precipitated

C p (t n ) = C p LiqAl (1 − f S (t n )) + C p SolSi (Tn ) f S (t n )

(15)
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As the eutectic precipitation has a constant composition it can be treated as a phase with

C p Eut (Tn ) = X AlC p SolAl (Tn ) + X SiC p SolSi(Tn )

(16)

which is used in the following equations for the whole system. Hypoeutectic alloys consist of aluminium solidified
before start of the eutectic reaction, already solidified eutectic, with Cp as above, and remaining liquid, which is treated as
aluminium, in the absence of anything better:

C p (t n ) = f S (t StartEut)C p SolAl (Tn ) + (1 − f S (t n ))C p LiqAl + ( f S (t n ) − f S (t StartEut))C p Eut (Tn )

(17)

In the case of hypereutectic silicon alloys, the aluminium solidified before eutectic reaction is exchanged by silicon:

C p (t n ) = f S (t StartEut)C p SolSi(Tn ) + (1 − f S (t n ))C p LiqAl + ( f S (t n ) − f S (t StartEut))C p Eut (Tn )

(18)

In the first iteration the initial linear fraction solid data is used, while the second time uses the result from the first loop.
The mean rate of solidification is calculated, as the quotient of the value of equation 12 at 100% solid, and amount of
samplings from start of solidification. The members of the array of solidification rate are then divided by the mean rate, to
get a normalised rate of solidification, which is displayed. The members of the fraction solid array, resulting from
equation 12, are scaled to the interval 0-100%
Finally the curves, described in the chapter of data presentation, will be displayed on the screen, and if desired, plotted
on a matrix printer. The fraction solid array is stored in the memory, and can be checked with the cursor option.
Of course these calculations are useful in any alloy system involving a eutectic reaction. The thermal analysis program
has therefore all the data in Table I, and also the mole fractions of the eutectic precipitates, stored in a separate ASCII
text file, in which data may be changed optionally, using a standard text editor.

Metallographic investigations
As the calibrated thermocouples had to be used for as many experiments as possible, they had to be melted off after each
experiment. Therefore it was impossible to prepare metallographic samples from these pieces. The samples for
metallographic preparation had to be prepared separately. The sampling was performed in the following way:
First, a normal cooling curve was taken and analysed. From this curve, suitable quenching points were selected. The
cooling rate before solidification was also checked. Then a new experiment, with only one thermocouple in the central
position, was performed. This time the thermocouple was pulled out form the melt, and the stop-watch started, as soon
as the first sign of solidification could be observed on the pen recorder. “All the way samples” were taken at all cooling
rates, while quenched samples, only at 1ºC/s. The quenching was performed, at the selected points, by chilling the
sample with the water spray unit, and after a while, immersing them into water. Samples taken late in the process, when
the dendritic network already had formed, could directly be chilled in a water bucket.
After checking the cooling rate, the metallographic surface was prepared at the normal level of the thermocouple tips.
Sample preparation technique was conventional (Bäckerud et al. 1986).
The metallographic analysis was performed both by optical microscopy and by SEM. Particle compositions were
analysed with an EDXS unit, connected to the SEM. Particles were also extracted in alcohol for powder diffraction
analysis, which however was difficult to use, as most intermetallic phases have a composition range, and therefore also a
range for cell parameters. These phases are usually not listed in the JCPDS file. Many phases also dissolved during
extraction (ethanol and iodine), especially silicon and magnesium containing phases.
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Two Thermocouples
Review
The basic tool for following the solidification sequences in this work, has been the temperature difference between wall
and centre. A similar technique was already used by Ruddle 1950, although he used a whole series of thermocouples
positioned from wall to centre of ingot castings. He followed “nucleation” and “end-of-freezing” waves on their way
through the castings. Hultgren et al. (1954) tried to measure temperature differences during solidification of cast iron, but
they did not notice any. Perhaps the instrument was not sensitive enough, or they discarded a difference of some few
degrees only. 1969 Bäckerud and Chalmers presented a work in which the temperature difference was recorded in the
same configuration as described in this work. Although they used it to verify growth conditions of the dendritic network,
they did not realise the full usefulness of the method.
Jacobi and Pitsch (1975) recorded the difference between centre of a sample and the outside of an alumina crucible. This
procedure decreases the sensitivity. Als o effects of changing thermal contact between sample and crucible may disturb
the interpretation of their measurements. The experiments were performed inside a furnace, which also was used for
melting of the samples. It takes long time before a balance occurs in the furnace when switching off the power, which can
be seen in the curves presented, as they have a strongly curved appearance. The way of plotting the resulting
temperatures as the difference temperature against central temperature, makes it difficult to get an overview of the
reactions, and also to make simultaneous comparisons to the cooling curve, which is also needed for the interpretation.
The differential method was used no more, probably due to their strange way of plotting the data.

Interpretation of Difference Temperature Data
Solidification of a Pure Metal Melt
Figure 2, shows a sequence of temperature gradients during the solidification of pure aluminium (or any other pure
metal), in a crucible, as described in the chapter of experimental technique. The corresponding cooling curve, with central
derivative and difference temperature is shown in Figure 1. The letters A—G in the text below, can also be found in
Figures 1 and 2.
A: Before start of solidification the heat gradient in the sample is the result of a balance between specific heat release
uniformly in the sample, and the heat conductivity through the sample.
B: Initially an undercooling is observed. The first nucleation and growth is just going to start at the wall.
C: Due to the under cooling in the whole sample, an inverse temperature gradient will arise for a mo ment, when an
intense heat production starts at the wall.
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D: A mo re or less planar solidification front moves
inwards through the sample, in the opposite
direction to the heat flow. There will be no heat
gradient ahead of the growth front. The central
part of the mould is enclosed by the growth
front, which is the only heat source present, and
therefore the central temperature will adapt to
this. A constant temperature is recorded in the
centre of the sample, and during this period of
time the central derivative is therefore zero
(Figure 1). Meanwhile a temperature gradient is
set up in the sample, behind the growth front,
causing an increasing temperature difference
between wall and centre (∆T-curve).
E: Front advances towards the centre.
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Figure 1: Thermal analysis data collected from centre and wall
in a sample of pure aluminium at cooling rate 1C/s. Letters
A-H: see text and Figure 2

F: When the solidification front has penetrated through the sample volume, the temperature difference reaches its
highest value.
G: There is no local heat source in the sample any more. The only heat
released is due to the specific heat, which is uniformly dis tributed in the
sample. The thermal conductivity of the solid phase is also higher than
that for liquid. The gradient therefore decreases suddenly. The central
temperature drops more rapidly than the wall. The gradient will “twist”,
as in G. This is recorded in the derivative as a small arrest (Figure 1),
which in alloy systems should not be interpreted as a precipitation of
some secondary phase. The ∆T-curve returns rapidly back to a steady
value, which will only slowly decrease while the sample cools down to
the surrounding temperature (H).
Solidification of an Alloy
Figures 3a and 3b show the central temperature and its derivative for alloys
AA 6063 (0.4% Si, 0.20% Fe, 0.4% Mg) and AA3004 (0.1% Si, 0.4% Fe, 1%
Mn, 1% Mg), respectively. Using these curves with traditional
interpretation, indicates four reactions in both Figures 3a and 3b. It is easy
to be mislead. The difference curve is necessary here for a full
understanding.
During the initial stage of solidification in a simple alloy system, a dendritic
network develops at practically constant temperature, as recorded in the
centre of the sample (“1” in Figures 4a and 4b). A temperature gradient is
built up, as in the pure metal case, but smaller. When the dendrites have
penetrated through the entire sample volume, the central temperature falls
rapidly. The temperature difference in the sample decreases, as in pure
aluminium, due to increased heat conduction through the dendrite stalks,
and due to the uniform heat release in the sample. During this process of
temperature equilibration, a plateau is recorded in the central derivative, but
as in pure metal, this plateau shown as “2” in Figure 3a has no connection
with any precipitation reaction taking place, while the plateau “2” in Figure
3b, is the result of two thermal events: equilibration and precipitation of a
secondary phase.
The difference curve shows the “primary growth” period, when the skeleton
of the dendritic network is formed, the shaded areas “1” in Figures 4a and
4b. Lateral growth and ripening of the dendrites will continue after this
primary growth period.

Figure 2: Temperature profiles
through sample at moments A-H, in
Figure 1. TE=equilibrium growth temperature, TG=growth temperature and
TN=nucleation temperature.
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Figure 3a & b: Temperature data from centre and its derivative in alloys AA6063 (0.4% Si, 0.2% Fe, 0.4% Mg) and
AA3004 (0.1% Si, 0.4% Fe, 1% Mn, 1% Mg), respectively.

Figure 4a & b: Thermal analysis data collected from centre and wall of the same alloys as in Figure 3. Primary
growth periods are shown as shaded regions. Numbers 1-4, see text.
In complex systems, other reactions, releasing large amounts of latent heat e.g. eutectic reactions, also cause arrests in
the cooling curve and therefore plateaux or even increases in the derivative are recorded, while heat waves pass through
the sample (reactions always start at the wall and proceed inwards). The ∆T-curve gives detailed information on such
reactions, analogous to the dendritic growth period, and makes it possible to discriminate between changes in the
derivative caused by temperature equilibration and precipitation of new phases, “2” and “3” in Figure 4b.
Late reactions which release only small amounts of latent heat and which take place over a narrow temperature interval,
however, only show themselves by sharp peaks in the derivative. These phenomena are illustrated as “2” and “3” in
Figure 4a.

Selection of Break Points and other Data on Cooling Curves
Cooling Rate
Cooling rate before solidification was measured on the undisturbed part of the cooling curve just before the solidification
starts. This value was used for comparison between samples for metallographic examination, where the thermocouple
was removed from the melt at start of solidification, and the samples where complete thermal analysis was performed. In
this way it was possible to reject samples which for some reason had erroneous cooling rate. The knowledge of actual
cooling rate was especially important for quenched samples, as the quenching was executed by time from start of
solidification.
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Cooling rate after solidification was measured immediately after the end of solidification, if no overshoot arose, as in
Figures 4, otherwise, see Figure 1, it was measured when a stabilised level was reached. This was the value that was used
in the atlas presentation, a demand from the industry, as it is not influenced by any operations before solidification, e.g.
the addition of fresh melt in continuos casting. The cooling rate is however not reliable for comparison of model and full
scale castin, which will be discussed below.

T
dT/dt

time

time

t'o to
Figure 5: Definition of start point of reaction using
derivative and tangent of plateau.

A

B

Figure 6: Definition of start of reaction using the ∆Tcurve. The shaded area shows the primary growth
period.

Start of Reaction
Start of solidification, t 0, was chosen as the point where the derivative of the wall temperature suddenly deviates from the
gently increasing base level, see Figure 5. t 0 works both in alloys that start with undercooling and in alloys with grain
refining additives, without undercooling. The start of secondary reactions, that did not show themselves on ∆T-curve
were determined analogously.
The traditional start-of-reaction-point, valid when an undercooling occurs (the intercept between a horizontal tangent of
the first central plateau maximum, and the part of the Tc (t)-curve just before the undercooling, in Figure 5), called t 0',
usually coincides with t 0.
Start of a secondary reaction, that was shown on the ∆T-curve, was selected as the point, where the ∆T-curve started to
deviate down from the expected undisturbed curve, point A in Figure 6.
These points were used for the solid phase calculation, and for the reporting of growth periods.
Start temperature for reactions was selected either as the maximum plateau temperature, if the reaction was preceded by
an undercooling, or as wall temperature at start of
reaction (Tw(t 0)). If the latter method was used in the
case of under cooling, the same temperature was
time
usually achieved.
End of Reaction
The termination of solidification was defined as shown
in Figure 7. This method is independent of any
overshoot in the derivative. The derivative tangent is
drawn from a point, when the derivative has stabilised.
End of primary growth of a reaction, as defined above,
when the reaction could be detected on the ∆T-curve,
was selected as the point when the curve started to
turn back towards equilibrium level, point “B” in
Figure 6. For other reactions, that only showed up as
peaks on the derivative curve, an analogous point to
end of solidification was selected.
End of total reaction, was selected as the point when

dT/dt

tend
Figure 7: Definiton of end of reaction point.
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next reaction in sequence started, or the end of solidification.
The corresponding temperatures were always read from the central curve, as reactions end in the centre.

Comparison of Presented Data with various Casting Processes
The method used resembles mould casting, as growth rate and temperature gradient are dependent variables, in contrast
to continuous casting, where growth rate and chilling are varied separately. In continuous casting the liquid usually has
a temperature gradient, while in permanent mould and sand casting the temperature in the liquid can be approximated
with the growth temperature.
The dendrite arm spacing becomes much shorter in a DC-casting process, but the relative amount of various phases and
the fraction solid as function of temperature can be expected to be very much the same, when the same cooling rate in
solid phase is observed. In the DC-casting the suddenly released latent heat during the short solidification event, is
directly absorbed by the cold solid thermal buffer with good thermal conductivity, consisting of the already solidified
metal. The graphite crucible in experiments of this work has no buffer capacity, and can only emit heat at a constant rate,
which causes the solidification time to by many times longer. Therefore, if direct comparison is desired, also samples with
the same dendrite arm spacing should be compared.

Presentation of Data
In the Solidification Atlas, of which a part from Volume 2 is shown in Appendix A of this dissertation, the collected and
calculated data are presented in five different diagrams, see Figures 3 and 8 of alloy 204.
The four diagrams resulting from the fraction solid calculations at intermediate cooling rate, are assembled in one group,
with common axis (Figure 204-3a—d). The entrance to the group is through diagram a, temperature of centre and its
derivative versus time curves. In this diagram it easy to familiarise oneself in the system and make comparisons with the
complete two thermocouple plots of Figure 204-8, where growth periods of occurring reactions are shown. To keep the
picture clean, the data from wall is excluded. Diagram a shows solidification range of the alloy, with leading lines to
diagram b: Rate of solidification versus time. This curve nicely shows during which part of the solidification period the
growth rate is high or low. The rate of solidification is normalised so that the mean rate equals to one. The same diagram
also shows fraction solid accumulated, which gives an idea of how the solidification precedes with time. The most
quantitatively useful function is shown in diagram c, temperature versus fraction solid, as the temperature is the easiest
parameter to measure in full scale processes. The last diagram in this group shows the rate of solidification, with same
scaling as in the second diagram, versus fraction solid. As diagrams c and d are independent of time scale, these two
diagrams can be used with any thermal data, regardless of experimental conditions.
Data from both thermocouples versus time are shown in the fifth diagram (Figure 204-8). In this diagram the main growth
period of each reaction during solidification is marked as a shaded area. It is important to remember that after this main
growth period, still a considerable amount of solid phase may precipitate, though the precipitation frontier has already
arrived to the centre.
Reactions that are clearly detectable by the ∆T-curve (mainly in the beginning of the solidification sequence), have the
shaded area connected to that curve, while other reactions, detected by the (dT/dt)c, are connected to the latter. The
derivative of the wall temperature is excluded, as it provides less information than it disturbs the readability of the
diagram. The main growth periods are numbered, and the corresponding reactions are shown in Table 204-II. Table 204-V
gives some detailed information about growth time and fraction solid of the reactions at different cooling rates. If there is
a significant difference in the thermal analysis curves at different cooling rates, also these curves, or parts of them, are
presented in separate figures.
The solidification range and actual solidification time in each experiment are given in Table 204-IV, as well as measured
dendrite arm spacing.
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