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On the Crystallisation Processing of Al-base Alloys

J. Fjellstedt
Division of Casting of Metals / KTH / Stockholm / Sweden

Abstract
The crystallisation processing of Al-base alloys have been studied from

different perspectives.
An Al-TiB2 composite can be produced in-situ by letting Ti- and B-

bearing salts react with an Al melt. To increase the knowledge of this
process the intermediary phases AlB2, AlB12 and TiB2 were studied. The
binary Al-B and ternary Al-Ti-B systems were studied and parts of those
phase diagram were calculated. The reaction between the K2TiF6, KBF4 and
molten Al were studied in laboratory scale melts. The resulting microstruc-
ture was studied and the heat of reactions evaluated by a calorimetric
method developed for this purpose.

The primary precipitation of hypoeutectic Al-base alloys as well as the
primary precipitation of Si in hypereutectic Al-Si alloys were studied in a
wide range of cooling rates ranging from 0.03 to 104 K/s. A non-equilibrium
model considering the formation of lattice defects at the solid/liquid inter-
face was presented and compared with the experimental results.

Observations of differences between primary precipitation in
hypoeutectic Al-base alloys solidified on earth and in space are also pre-
sented.

Keywords: Al-B, Al-Ti-B, Al-Cu, Al-Si, primary precipitation, in-situ compos-
ite, lattice defects, microgravity
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1 Introduction

Aluminium and its alloys have been competitive in engineering applica-
tions for more than a decennium. The electrolytic reaction where aluminium
is reduced from Al2O3 was developed independently by Hall and Heroult at
the end of the 19th century. At the same time the automotive industry
started to grow important and found applications for aluminium. Some
decades later the first aeroplane was able to take off.

The reason that aluminium alloys have become important are a combina-
tion of properties such as light weight, physical and mechanical properties,
an attractive appearance, the corrosion resistance and that it is relatively
easy to produce. The aluminium alloys are usually divided in casting
compositions and wrought compositions The most important casting alloys
that is used for about 90% of the shaped castings produced are the alloys
with Si as major constituent also containing Cu and Mg. These alloys show
good castability and are possible to harden by solution heat treatment.

The solidification process and the resulting microstructure is very
important for the mechanical properties of the cast material. By increasing
the basic knowledge of the crystallisation process it will be possible to
improve the properties and tailor the material for different applications.

While the aluminium alloys are still competitive there has been a need to
further increase different properties and considerable efforts have been
made to develop advanced Al-base alloys. In the 1970s the Al-Li alloys
were born to reduce weight in aircraft and aerospace structures [1]. These
alloys show lower density, higher specific modulus and excellent fatigue
and cryogenic toughness. However, the price for the improvements are
reduced ductility, fracture toughness.

Another branch in the advanced Al-base materials are the MMCs that
have emerged during the last 30 years [2]. Many Al-MMCs are more
suitable for higher temperature operations than unreinforced alloys. The aim
is also to get improved strength, stiffness, thermal conductivity, abrasion
resistance, creep resistance and dimensional stability. The reinforcement is
typically a ceramic material.

The Al-MMCs can be divided by the structure of the reinforcements.
There are continuous fibers, short fibers and particle strengthened materials.
The particulate MMCs can be used partly in already existing production
investments and can be produced at a lower cost. They also show higher
workability while they still possess a significant increase in the perform-
ance compared to unreinforced alloys [2].  The volume fraction reinforce-
ment is usually about 5-40%  in most MMCs and the particle size 1-50 µm.
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The relatively high fraction makes the load transfer between the matrix and
the partilces important. One way to achieve a good bonding between the
particles and the matrix is to form the particle in-situ in the melt.

The work presented in this thesis have mainly been directed at increas-
ing the knowledge of different processes concerning primary precipitation
during solidification.

The thesis covers the study of the in-situ processing of an particulate Al-
TiB2 composite material and basic research on phase diagram data to
describe these processes (Suppl. 1-4). There is also a part dealing with the
primary precipitaion of fcc-Al in hypoeutectic Al-Cu and Al-Si alloys
(Suppl. 5-6) as well as the crystallisation of primary Si in hypereutectic Al-
Si alloys (Suppl. 7). Some observations of differences in the solidification
of Al-base alloys on earth and space  has also been described (Suppl. 8).

An overview of the different supplements is outlined below and the most
interesting results and conclusions are presented.

2 Overview

2.1 The Al-rich Corner of  the Al-Ti-B System (Suppl. 1-3)

2.1.1 Background
Phase diagrams are very useful when analysing different crystallisation

processes. When studying the in-situ process of producing TiB2 particulate
composite materials the Al-Ti-B is of great interest. The aim was to calcu-
late isothermal sections of the Al-rich corner of the Al-Ti-B system. It was
found that certain questionmarks had to be straightened out to succeed with
this goal. Firstly there has been a long debate in the literature whether AlB2
and TiB2 exist as two separate phases or if they form a continuous series of
solution (Al,Ti)B2. The other problem was the data of the binary Al-B
system. Large discrepancies between different authors were found. There-
fore the Al-rich side of the binary system Al-B was studied experimentally
as well as the intermediate phases in the binary Al-B and ternary Al-Ti-B
systems.

2.1.2 Experimental work
Al-rich Al-B alloys were prepared from pure Al and AlB2 powder. The

samples were studied using DSC. The liquidus temperature, peritectic
temperature and eutectic reaction temperature was evaluated from the
experiments.
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In addition to the Al-B alloys, ternary Al-Ti-B alloys with a Ti/B-ratio<1/
2 was prepared by several synthesis routes. The intermediate phases were
studied by x-ray diffraction (XRD) and analysed in a scanning electron
microscope equipped with an energy dispersive (EDS) analysis system. The
results showed that AlB2 and TiB2 do indeed exist as two separate phases.

Finally the ternary alloys were heat treated for long times at different
temperatures. The peritectic four-phase reaction

liquid (L) + AlB12 ⇔ AlB2 + TiB2

was experimentally found to occur at some temperature between 1073 and
1173K.

2.1.3 Phase diagram calculations
The Al-B system was assessed using data found in the literature and new

data from the experiments. The calculated phase diagram is shown in Fig. 1.
This was used as input data when calculating the isothermal sections of the
Al-rich corner of the Al-Ti-B phase diagram at 973, 1073, 1173 and 1273 K.
These are shown in Fig. 2.

 The peritectic four-phase reaction was calculated to occur at 1150 K.

Fig. 1. Assessed and calculated Al-B system

0 0.02 0.04 0.06 0.08 0.1
800

900

1000

1100

1200

1300

1400

1500

1600

1700

XB

Te
m

pe
ra

tu
re

 [K
]



12

10-10 10-8 10-6 10-4 10-210-6

10-5

10-4

10-3

10-2

10-1

XTi

X
B

L+AlB12 

L+AlB12+
TiB2      

L+TiB2 

L+Al3Ti+
TiB2    

L+Al3Ti 

L 

10-8 10-6 10-4 10-210-6

10-5

10-4

10-3

10-2

10-1

XTi

X
B

L+TiB2 

L+AlB12+
TiB2      

L+AlB12 

L+TiB2+
Al3Ti  

L 

L+Al3Ti 

10-10 10-510-8

10-6

10-4

10-2

X
Ti

X
B

L 

L+TiB2 

L+AlB
2
+

TiB
2
   L+AlB2 

L+Al
3
Ti+

TiB
2
    

L+Al3Ti 

10-10 10-5

10-6

10-4

10-2

XTi

X
B

L+AlB
2
+

TiB
2
   L+AlB

2
 

L+TiB
2
 

L+Al
3
Ti+

TiB
2
    

L+Al
3
Ti 

L 

Fig. 2. Calculated isothermal sections of the Al-rich corner of the Al-Ti-B
system. The corners of the three phase triangles are drawn schematically with
dashed lines: (a) 973K, (b) 1073K (O [21], squares [23]), (c) 1173K, (d)
1273K  squares [23]).

2.1.4 Conclusions
- The AlB2 and TiB2 intermediate phases were found to exist separately and
   to be close to stoichiometric in composition
- The Al-rich side of the binary system was assessed and calculated
- A perictectic four-phase eaction:
   liquid (L) + AlB12 ⇔ AlB2 + TiB2
   was found to occur between 1073 and 1173K
- Isothermal sections of the Al-rich corner of the Al-Ti-B system were
   calculated

2.2 In-situ processing of Al-TiB2 Composites (Suppl. 4)

2.2.1 Background
The primary structure of Al-based alloy castings are often refined by

adding master alloys containing Ti and B. One way to produce such master
alloys is to let Ti- and B-bearing fluoride salts react with  molten Al, yield-
ing a ternary Al-Ti-B alloy [3]. Ti and B atoms are transported over the salt/
melt interface by diffusion where they dissolve and precipitate as intermedi-

(a) (b)

(c) (d)
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ate phases. It has been suggested that it is possible to produce an in-situ
metal matrix composite (MMC), with favourable mechanical properties, by
modifying this production route. The aim is to achieve a suitable fraction of
finely dispersed TiB2-particles of optimum size of 1-2 µm [4], by moving
into the L -TiB2 two-phase region in the ternary phase diagram and thus
avoiding formation of Al3Ti.

Hence, it is important to increase the knowledge about the reactions and
the kinetics of the salt/Al-melt process.

2.2.2 Experimental work
The reactions between molten Al and the salts K2TiF6 and KBF4 were

studied in laboratory scale melts. The solid salts were added, individually or
as a mixture with a Ti/B-ratio=1/2, to the Al melt held at either 1073 or
1273K. The amount of the salt mixture was chosen to theoretically give an
8 wt.% TiB2 composite or in the case of the single salt additions, the same
amount as if both salts would have been added to give the same composite
material. A few composites with 2 wt.% TiB2 were also processed.

The temperature of the samples were recorded during the experiments.

2.2.3 Heats of reactions
A calorimetric method was developed to evaluate the heat of the reac-

tions. The results are presented in Table 1.
The reaction when adding the KBF4/K2TiF6 salt mixture was very

exothermic resulting in a rapid temperature increase of about 100 K in the
melt. The reaction when adding the single salt K2TiF6 was found less
exothermic and the reaction between KBF4 and Al least exothermic.

Table 1. Evaluated reaction heats

noitcaeR H noitcaer 01*]lom/J[ 5- H noitcaer 01*]lom/J[ 5-

K3701 K3721

FBK 4 otdedda lA )L( 0.4- 0.5-

K2 FiT 6 )L(lAotdedda 3.8- 2.9-

K2 FiT 6 FBK/ 4 )L(lAotdedda 0.31- 6.21-
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2.2.4 Results and discussion
It was found that the TiB2 particles agglomerate and that the  agglomera-

tion increased with the holding time and tempereature. These
agglomerations are believed to be harmful to the mechanical properties of
the material and it is thus recommended to keep the holding time and
temperatures as low as possible. This can be achieved by adding part of the
Al at the same time as the salt, thus balancing the exothermic salt/melt
reaction with the endothermic melting of Al.

The transfer efficiency of B- and Ti-atoms were evaluated for the prepa-
ration of the binary Al-B and Al-Ti alloys and found to be 35-40% and 90-
100% respectively.

2.2.5 Conclusions
- The temperature and holding times should be kept as low as possible during

in-situ processing of Al-TiB2 composites.
- The reaction heats of the different salt additions were evaluated
- The transfer efficiency of B and Ti was found to be 35-40% and 90-100%

respectively when producing the binary alloys Al-B and Al-Ti.

2.4 Crystallisation Processing of Hypoeutectic Al-Cu and
Al-Si Alloys (Suppl. 5, 6 and 8)

2.4.1 Introduction
Reports [5-7] from work carried out at the Division of Casting of Metals,

at KTH in Stockholm, show that several properties such as the latent heat of
fusion and the specific heat capacity of the solid are functions of the cooling
rate during solidification. It was proposed that the crystals solidify with a
higher amount of lattice defects with increased cooling rate, and hence
solidification rate [5].

2.4.2 Experimental Work
A series of quench-out experiments were performed on Al-2%Si and Al-

6%Cu (Suppl. 5). The samples were cooled at 0.067 K/s in a DTA furnace
and quenched at different stages during the solidification. The microstruc-
ture was analysed by fraction analysis and microprobe analysis were per-
formed on primary fcc-Al dendrites, where the aim was to measure the
minimum concentration in the primary trunk.

Another series were perfomed on Al-6%Cu, unmodified and Sr-modified
Al-2%Si alloys. Samples were processed in a wide range of cooling rates
ranging from 0.03 to 104 K/s  (Suppl. 6). The miniumum concentration in
the primary fcc-Al dendrites was measured by microprobe analysis.
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2.4.3 Theory of vacancy formation during solidification
The free energy of the solid phase increases when the fraction of vacan-

cies is changed from the equilibrium amount. It was proposed that the Gibbs
energy of the solid phase can be described by
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By applying the model different consequences of the vacancy formation
can be described theoretically. The most obvious is  that liquidus and
solidus lines shift in the non-equílibrium phase diagrams as shown in Fig. 3.

Figure 3. Phase diagrams calculated for equilibrium and excess amounts of
vacancies  using the model described above, (a) Al-Cu  (b) Al-Si

2-4-4 Results and Discussion
The experimental results from the quench-out experiments were com-

pared with the theory of vacancy formation. The minimum composition in
the centre of the primary dendrite trunks were measured in samples
quenched at different times after the beginning of the primary precipitation
are shown in Fig. 4. The minimum composition was also calculated consid-
ering the ‘back-diffusion’ and the formation of different amounts of vacan-
cies. These results are also presented in Fig. 4. It can be seen that the model
describes the experiments in a reasonable way.

The fraction eutectic structure was also evaluated from the quench-out
samples and is compared with the theory (Fig. 5). The fractions were
calculated from the non-equilibrium phase diagrams at different amounts of
vacancies for two cases representing the upper and lower bounds, i.e. the
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lever rule and the microsegregation described by Scheil’s model. The results
of the calculations are presented in Fig. 5.

Fig. 4. Minimum concentration in primary dendrite arm trunks quenched at
different stages during the solidification compared with theoretical model (a)
Al-6%Cu (b) Al-2%Si.

Fig. 5. Measured eutectic fraction compared with model.

The minimum concentration was also measured in samples Al-6%Cu
and Al-2%Si samples processed at different cooling rates. The experiments
were compared with the theory of vacancy formation and the result can be
seen in Fig. 6. The model describes the change of the partition coefficient at
high cooling rates reasonably well.

0 500 1000 1500
0

0.002

0.004

0.006

0.008

0.01

Solidification time [s]

M
in

 c
on

ce
nt

ra
tio

n 
x C

u

xV=xV
eq 

xV=8*10-3 

xV=5*10-3 

0 200 400 600 800 1000 1200
0

1

2

3

4

5

6x 10-3

M
in

im
um

 c
on

ce
nt

ra
tio

n,
 x Si

Time [s]

xV=5*10-3 

xV=2*10-3 

xV=xV
eq 

820 840 860 880 900 9200

0.2

0.4

0.6

0.8

1

W
ei

gh
t F

ra
ct

io
n 

Pr
im

ar
y 

Ph
as

e

Temperature [K]

B C 

UB 

xV=5*10-3 

xV=3.5*10-3 

LB

A 

UB 

Equilibrium Eutectic 
Temperature          

UB 

LB 

xV=xV
eq 

LB 

840 860 880 900 920
0

0.2

0.4

0.6

0.8

1

Fr
ac

tio
n 

Pr
im

ar
y 

Ph
as

e

Temperature [K]

Equilibrium 

xV=5*10-3 

A 

C 

LB 

B 

Equilibrium Eutectic
Temperature         

UB 

LB 

LB 
UB 

xV=3.5*10-3 

UB 



17

Fig. 6. Min concentration of primary dendrite trunks measured on samples
processed at different cooling rates. The line shows the model taking vacancy
formation into account.

2.4.5 Conclusions
An experimental investigation of the solidification process of Al-Cu and

Al-Si alloys have been performed. The experimental results are compared
with a non-equilibrium thermodynamic model. It gives a connection be-
tween the undercooling, latent heat and fractions of substructures which
correspond to each other in a reasonable way.

2.5 Crystallisation Processing of Hypereutectic Al-Si
Alloys (Suppl. 7)

2.5.1 Background
The solidification process in the three Al-Si alloys containing 15, 18 and

25% Si was experimentally studied in a wide range of cooling rates [0.03-
104 K/s].

2.5.2 Experimental work
The solidification of hypereutectic unmodified and 250 ppm Sr-modified

Al-Si containing 15, 18 and 25 wt.% Si were studied in a wide range of cooling
rates (0.03-104 K/s). The samples were processed using three different tech-
niques, DSC/DTA for low cooling rates (0.03-0.42 K/s), a mirror furnace setup
for intermediate rates (20-300 K/s) and a levitation casting technique for
rapidly solidified samples (103-104 K/s). Cooling curves were recorded during
the solidification in all experiments.

2.5.3 Results
Some differences between the unmodified and Sr-modified alloys were

observed. In the Al-25%Si containg 250 ppm Sr a transformation in the mor-
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phology of the primary Si wa found. Below around 100 K/s the Si grow as
plates or equiaxed crystals mostly bounded by {111} planes. At higher cooling
rates the crystals was transformed into a dendritelike morphology. This was not
observed for the unmodified system. The transformation can be seen in Fig. 7.

The fraction primary Si and quasi-primary Al was evaluated
metallographically. It was found that the fraction of Si decreases with the
cooling rate in the unmodified Al-25%Si alloy. However, in the Sr-modified
alloy the fraction stayed constant. The fraction quasi-primary Al was trans-
formed from a lower level to a higer level at about 300 K/s as can be seen in
Fig. 8.

Fig. 7. Transformation from primary  Si bouded by {111} planes to
dendritelike crystals.

Fig. 8. Fractions primary Si (a) and quasi-primary Al.

The latent heat of fusion for the primary precitpiation of Si was evaluated
by thermal analysis of the cooling curves. It was found to decrease with the
cooling rate for both the unmodified and the Sr-modifieda Al-25%Si alloys as
can be seen in Fig. 9. It was found to be lower for the Sr-modified alloy.
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Fig. 9. Latent evaluated as function of cooling rate.

2.5.4 Conclusions
- A transformation in morphology of primary Si was observed to occur in

Sr-modified Al-25%Si alloy at about 100 K/s. Crystals bound by {111}
planes were replaced by dendrite like crystals. The same was not observed
for the unmodified alloy.

- The fraction primary Si decrease with the cooling rate for the unmodified Al-
25%Si alloy. In the Sr-modified alloys the fraction was found to stay con
stant with the cooling rate.

- The fraction Quasi-primary fcc-Al increased at about 300K/s
- The latent heat of fusion of primary precipitation of Si decrease with the

cooling rate.

2.6 Solididification of Al-base alloys under different gravity
conditions (Suppl. 8)

Introduction
In the field of microgravity the experimental possibilities are rare and it

is very difficult to get the necessary number of experiments needed for a
careful investigation. However, during the last three years a possibility to
perform a large number of experiments has evolved by the ESA-parabolic
flight campaigns. By participating in two of those campaigns more than one
hundred experiments have been performed. In this report results from pure
Al and from three Al-base alloys will be reported.

Experimental work
A series of experiments both in parabolic flights and reference experi-

ments on earth were performed with pure Al and with Al-Cu, Al-Sn and Al-
Si alloys. The alloy composition was Al with 0.1, 0.5, 1.0, 2.0, 6.0 % Cu
and 1.0, 2.0 %, 5.0 % Sn and 2.0 % Si.
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The correct sample composition was obtained by mixing solid aluminium
with solid tin or copper. The mixture was arc melted in a low-pressure argon
atmosphere furnace and cast in thin, 50 mm, long rods with a diameter of 5
mm in a Cu-mould. They were then machined to the desired cylindrical
shape. The sample was placed at the common focus point of two ellipsoidal
mirrors and was warmed up by the light from two halogen lamps. The
sample was placed inside a tube, fixed by a thin alumina plate and a thin
alumina disc.

Results , Discussion and Conclusions
Al-Cu and Al-Sn alloy with a low Cu and Sn content solidified under

microgravity conditions show
- lower growth undercooling
- a coarser dendrite structure
- a higher Cu or Sn content in the dendrite arms
- a higher value on the latent heat than samples solidified at normal gravity
levels.

The provided theory cannot explain those observations. A more careful
analysis of dendrite growth is needed were the effect of the lattice defects
formed during the solidification process is considered.

3 Concluding Remarks
Particulate composites have not yet seen its break-through in the market

of materials. There are several problems regarding the processing of the
materials and the design of the components left to solve. The in-situ process
of producing the Al-TiB2 composite has shown to be promising in many
ways such as relatively low cost, the possibility of recycling and the good
bonding between the particles and matrix. However, there are two main
problems that have to be solved. The first is to achieve a better particle
distribution. This might be done by some squeeze or rheocasting process.
The amount of slag inclusions must also be lowered to produce a soung
material.

The theory of formation of lattice defects during solidification has been
discussed. A simple model has been presented and shown to describe
several experimental observations such as the trapping of solute and the
fraction phases formed during primary precipitation in hypoeutectic alloys.

A kinetic model describing the trapping of lattice defects at the solid/
liquid interface has to be developed to further increase the understanding of
the solidification process.
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