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Numerical modelliNg of Phase diagrams of coPPer alloys  
for oPtimizatioN of semi-solid formiNg

Processing of metal alloys in semi-solid state is a way of producing many near net-shape parts and nowadays is commercially 
successful. Particular behaviour of alloys in the partially liquid state, having non-dendritic microstructure, is a base for thixoforming 
processing. Processing materials in the semi-solid state concerns alloys with relatively wide solidification range. thermodynamic 
modelling can be used as a one of a potential tools that allow to identify alloys with proper temperature range. It means that the 
key feature of alloys suitable for thixoforming is a widely enough melting range, allowing for precise control of material tempera-
ture. the data gathered from thermodynamics calculations can also pay off in the industrial thixoforming processes design. the 
goal of this paper is to identify copper alloys which can be successfully shaped in the semi-solid state. Apart to thermodynamic 
calculations, the observations on high temperature microscope was carried out. during experiments the solidus, liquidus and also 
deformation temperatures can be determined. An experimental work allows confirming results obtained within the confines of 
thermodynamic calculations and firstly to determine the deformation temperatures which are the optimal for shaping processes. 
the basic achievement of this work is an identification of copper alloy groups possible for shaping in the semi-solid state. At the 
first part of the paper, the basic criteria of suitable alloys were described. Next, both the solid fraction curves for copper alloys 
with different alloying elements using ProCASt software and the phase diagrams were determined to identify the solidification 
temperature ranges of these alloys. In the second part of these paper, the identification of the deformation temperatures was carried 
out with use of high temperature microscope observation.
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1. introduction

this paper concerns the selection of copper alloys for semi-
solid processes, using both the thermodynamic calculations and 
experimental work. Suitability of metals for thixoforming is usu-
ally referred to as a term, thixoformability. the basic criterion 
is a wide melting range of metal alloys.

Semi-solid metallic alloys processing was discovered 
in 1972 at MIt (Massachusetts Institute of technology) by 
Spencer during the investigation of Sn-15% Pb viscosity [1]. 
this discovery initiated extensive research of semi-solid metal 
processing and led to the development of various processes. 
It can be categorized into two technological routes: thixocasting 
and thixoforging commonly called as thixoforming [1]. these 
processes allow to obtain complex shape of products (near net 
shaping) in a single technological operation. this is why, they 
use an advantage of the rheological behaviour of the alloys in 
the mushy zone (the temperature range between solidus and 
liquidus points) caused by thixotropic properties.

the amount of solid fraction in the mushy zone changes 
during progress of solidification process. And of course it 
influences on rheology of shaped metal alloys (which can be 
described using apparent viscosity or the flow stress parameters). 
the rheology changes also have very big impact on the forming 
processes in the semi-solid state. this is why a lot of investiga-
tions of rheological properties in this state could be found in the  
literature [1].

the thixoforming processes are carried out in non-iso-
thermal conditions. Lower temperature of the shaping tools 
than the formed alloys can cause solidification of the material 
before the shaping process will be completed. In order to avoid 
that situation, both a relatively high solidification tempera-
ture window [2] and high shear rate of the material should be  
applied.

then this paper is focused on selection of copper alloys 
having such feature. the copper alloys are the point of interests 
of the authors due to relatively rare literature data concerns to 
these alloys in the semi-solid state. At this state of the art, a lot 
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of research activities devoted to low melting point alloys [2], 
such as alumina and magnesium alloys, and high melting point 
alloys such as steels [3,4]. Moreover, alumina and magnesium 
alloys are shaped for industrial scale [5]. In the case of copper 
alloys in the context of semi-solid processing, it is very difficult 
to find in the literature detailed data and real industrial applica-
tions. A lot of copper alloys are characterized by low plasticity 
and such approach seems very promising. Additionally, copper 
alloys have relatively low melting point what make present 
technological solutions possible to use, even in the industry.

the thixoforming of copper alloys offers many advantages. 
Copper alloys, bronzes in particular, are very versatile. this paper 
presents an analysis of those alloys, which have a relatively wide 
solidification range. they are mainly aluminum and tin bronzes. 
the analysis does not take into account those alloys for which 
this range is relatively large, but in practice their use is difficult 
or impossible. examples are beryllium bronzes, which are highly 
toxic in the liquid state, or lead bronzes, which in practice contain 
other elements (e.g. CuSn10Pb10, CuSn5Pb20). the thixoform-
ing processes of copper alloys can be carried out on the basis 
of both forging or foundry technologies. In fact, thixoforging is 
used more often due to the higher pressures of forging presses. 
these processes can be carried out at lower temperatures, for 
which the solid fraction varies in the range of 0.5-0.7. therefore, 
it is important that the solid phase content in this respect should 
be as little susceptible as possible to temperature changes. In 
the case of thixocasting processes, the solid fraction should be 
a little less, approximately 0.4.

In order to assess susceptibility of metal alloys for semi-
solid shaping, a few parameters should be considered. first of 
them is difference between liquidus and solidus point which 
determines solidification temperature window ΔT solidus/liquidus. 
the second important parameter is the sensitivity of liquid 
fraction on changes of temperature (dfs/dT) fs=0.6. And the third 
parameter is the temperature range for the solid fraction between 
50 to 70% ΔTfs=0.5-0.7. In the thixoforming process, the optimal 
proportion of the solid fraction is from 50 to 70%. the apparent 
viscosity is optimal in these ranges, as well for this temperature 
the phase segregation is rather limited. temperature processing 
window should be relatively wide for mushy zone, at least 15 k 
between 50% to 70% fraction solid. Changes of this fraction 
are controllable, especially in the case when the solid fraction 
sensitivity for this temperature window is low. otherwise, the 
alloys are not sufficiently thixoformable [5,6]. the fraction solid 
sensitivity should be as low as possible to avoid large variations 
of this fraction with changes in the temperature. determination 
of solid fraction as a function of temperature could be realized 
using thermodynamic calculation based on the analysis of the 
phase Gibbs energy and visualized using binary phase diagrams.

the solidification ranges of selected copper-tin and copper-
aluminium alloys using both numerical simulations and physical 
experiments were analysed. to examine the solid fraction – tem-
perature relationship, the thermodynamic calculations using the 
ProCASt package and factSage software were used. In the case 
of ProCASt package, it is easy to determine the solid fraction 

curves on the basis of chemical composition of analysed alloys. 
Such results were next analysed in terms of the aforementioned 
criteria of thixoformability. Behaviour of selected chemical 
compositions was next confirmed and clarify using the phase 
diagrams calculated using factSage software. these results also 
allow explaining an influence of some alloying components on 
the width of the solidification temperature windows. Among 
others, in this paper the thixoformability of the copper-tin al-
loy was analysed to identify the most suitable compositions by 
adding from 1 to 12% tin. At the end, an experimental work 
based the melting processes of small axisymmetrical samples 
was executed using Leica heating microscope. the physical 
experiments were carried for selected copper-tin and copper-
aluminium alloys. during these experiments, the behaviour of 
the samples was observed on the high temperature metallurgical 
microscope. thanks to this experiment the solidus and liquidus 
temperatures of selected copper alloys were confirmed and also 
the temperatures of samples deformation, caused by the melting 
process, were determined. these experiments proved correct-
ness of thermodynamic models implemented in ProCASt and 
factSAGe software. Generalizing, such apparatus could be used 
to test metal alloys intended for thixoforming processes.

2. research methods

Procastpackege

with ProCASt package, it is possible to perform a compre-
hensive virtual casting process validation to predict his effects on 
microstructure, mechanical properties and thermal deformation.
ProCASt supports decision concerning prototyping, increasing 
efficiency, industrial trials and lowering production costs. It can 
be used as a tool for solution of basic casting problems such as 
predicting of mould filling, alloys solidification and porosity. 
thanks to the finite element method, complex problems such 
as deformation and residual stresses can also be predicted [7]. 
Special modules of this package allow to take into account also 
hot tearing processes and determination of thermodynamical 
properties of metal alloy (fig. 1). furthermore, special settings 
of models parameters for specific processes such as high/low 
pressure die, centrifugal, investment casting and also thixoform-
ing process are supplied [8].

the software is organized around a manager that provides 
the following modules. first, the CAd model geometry is loaded 
into visual-Mesh to generate a feM mesh. the process numeri-
cal model is then set up in visual-Cast module. the visualization 
of results is possible in postprocessor visual-viewer. finally, 
the results can be analysed or exported, for further processing 
in another postprocessor. In the visual-Cast module, the ther-
modynamic database is available for automatically determina-
tion of material properties. Before the ProCASt solver, a “data 
conditioner” called dataCASt is run [8].

Material properties, such as density, thermal conductivity, 
viscosity, the enthalpy curve and the fraction of solid curve 
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versus temperature can be computed automatically from ther-
modynamic databases. the ProCASt software has implemented 
thermodynamic databases to calculate these properties. Such 
computation is based upon the chemical composition, for the 
different systems and the different alloying elements. Among 
others the calculation of Al, fe, Ni, ti, Mg and Cu alloys proper-
ties are possible. In the case of cooper alloys an influence of such 
elements as Al, B, C, Cr, fe, Mn, Ni, P, Pb, Si, Sn, ti, zn is pos-
sible. Solidification process can be analysed in terms of various 
conditions. this is why the different solidification models such 
as “Scheil”, “Lever” and “Back diffusion”, which correspond 
to different micro segregation conditions, are possible. during 
the thermodynamic database calculation, the results concerned 
the phase fractions, as well as the composition of each phase 
for each temperature, are determined. this information is not 
necessary for a ProCASt calculation, but it can be interesting for 
other purposes (e.g. growth kinetics calculations). Generally, the 
solid fraction curves are calculated on the basis of the minimum 
of the Gibb’s free energy function or the linear combination of 
these functions for different phases. the use of Gibb’s free energy 
functions to determine equilibrium phase diagrams also allows 
taking into account the thermal effects related to the latent heat 
of the solidification process.

the thermodynamic database implemented in the ProCASt 
software calculates the liquid fraction versus the temperature 
with high precision. the comparison of the liquid fraction curves 
shown in fig. 3 with the range of the mushy zone shown in fig. 4 
proves the ProCASt software accuracy. the phase diagram 
presented in fig. 4 was calculated using factSAGe package.

In summary, it should be said that, the scope of the ap-
plication of the thermodynamic database, implemented in the 
ProCASt software, was determination of the solid fraction in 
the mushy zone for different copper alloys. It means that this 
software was used to calculate the solid fraction curves shown 
in fig. 3, 5, 6, 10.

factsage software

one of the biggest fully integrated database computing 
systems in chemical thermodynamics is factSage. It was intro-
duced in 2001 and is the fusion of the fACt-win/f*A*C*t 
and ChemSage/SoLGASMIX thermochemical packages [9].

factSage was originally founded by process pyrometal-
lurgists. Since then, it is expanded its applications to include 
electrometallurgy, hydrometallurgy, corrosion, ceramics, envi-
ronmental studies, etc. this software package consists of a series 
of information, calculation modules, manipulation modules and 
database that allow user to access pure substances and solution 
database. this enables to perform a wide range of thermochemi-
cal calculations and generate graphs and tables of complex phase 
diagrams and chemical equilibria for multicomponent and mul-
tiphase systems [10].

there are two types of thermochemical databases in 
factSage –- the compound database (pure substances) and the 

solution database. the view data, Compound, and Solution 
modules provide the ability to list and manipulate database files. 
It is possible to interact with software and databases in a variety of 
ways, and to calculate and display thermochemical equilibria and 
phase diagrams in a variety of formats. factSage offers a variety 
of modules that can process tabular and graphical final results, or 
preprocess reagent inputs for complex equilibrium calculations in 
equilib. the result’s module is used to generate graphical output 
from equilib calculations and create different charts from one set 
of balance tables [11]. for example, phase diagram sections of a 
general component can be generated with a wide range of axis 
variables. Solid/gas/matte/metal/slag equilibria can be accurately 
calculated, tabulated and plotted for industrial systems [9].

Generally, the phase diagrams are calculated on the basis 
of the minimum of the Gibb’s free energy function or the linear 
combination of these functions for different phases. for a binary 
phase diagram, such a situation can be shown in fig. 1.

fig. 1. Binary phase diagram with corresponding Gibb’s free energy 
curves for each phases

the thermodynamic database implemented in factSAGe 
software gives similar binary phase diagrams with comparison 
to diagrams presented in the literature. But the main advantage 
of this software is calculation of phase diagrams for three or 
more components, which are not available in the literature. 
Such calculations give possibility of analysis of an influence of 
different elements content on the solidification range for multi 
elements systems.

In summary, it should be said that, the scope of the applica-
tion the thermodynamic database, implemented in the factSAGe 
software, was calculation of the phase diagrams impossible to 
visualize using ProCASt software. It means that this software 
was used to calculate the phase diagrams shown in fig. 4, 7, 8, 9.
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leica heating microscope

the physical experiments were carried out using Leica heat-
ing microscope. this device use CCd camera to permanently 
capture test piece image. In regular time intervals, the software 
fetches images and analyses them. In order to do that, they 
are converted to true black-and-white image. the test piece is 
shown as black on a white background. on that basis, the con-
tours of test piece and object carrier (baseline) are determined. 
Contour data is a base for founding corner angle, contact angle, 
cross intersection area, shape factor and also height and width 
of a test piece’s.the image is automatically stored using given 
in the control software criteria. It is also possible to manually 
trigger the storing at any time. during the measurement, the 
program recognizes changing in the test piece’s silhouette and 
stores images for the purpose of documentation. In the course 
of measurement, the characteristic temperatures of metal alloys 
can be found. especially, it means deformation temperature, 
hemisphere temperature, sphere temperature and flow tempera-
ture. After the measurement, the user can determine the start of 
sintering of the test piece’s, if appropriate. during the procedure, 
measured values are continuously stored and can be presented 
in a tabular form or as a graph.

evaluation can be carried out at any time, but normally 
will follow the measurement. evaluation mainly consists of 
compiling the results because the characteristic temperatures 
(deformation, flow, sphere and hemisphere) were determined 
during the measurement with exception to the start of sintering. It 
can be determined after the completion of the measurement. the 
determination of the sintering temperature is facilitated by a graph 
showing the sample cross-sectional area during the measurement.

It is important to present the key methods that are used in 
the program during calculations. the area of the test piece’s is 
the count of all image points that are classified as belonging to 
the shadow of the test piece’s. the measure for the difference 
between an ideal semicircle and the test piece’s shadow is a shape 
factor. to determine it, first the circumference of a semicircle 
with the same area as the test piece’s shadow is calculated. 
Second, the length is put into relation to the actual test piece’s 
circumference. when the shape factor has changed by 1.5% in 
relation to the first image and the tracked corner angle has in-

creased by 10% then the deformation temperature is determined. 
the hemisphere temperature is the first temperature at which the 
test piece’s height is half of it is base width and shape factor is 
at least 0.98. the range between deformation and hemisphere 
temperature is the deformation range [12].

3. Numerical modelling of solidification temperature  
range of copper alloys

Semi-solid shaping is reasonable for alloys with relatively 
width solidification temperature range. this is why at first the 
copper alloys with components having significant different 
melting temperature were considered. one of such component 
is tin, which melting temperature equals approximately 232°C. 
Moreover, Cu-Sn alloys are classified as casting alloys having 
relatively low plasticity.

Another casting copper alloys are bronzes with aluminium. 
But for size of mushy zone, the additions of ferrous and manga-
nese are responsible. In this case, the CuAl10fe3Mn2 bronze 
was considered.

copper-tin bronzes

Generally, bronze is an alloy defined as made of copper 
and another metals, most frequently tin. It can also contain alu-
minium, nickel, silicon, phosphorus, arsenic, zinc or manganese. 
It is one of the first metals known to a man. Bronze properties 
depend on its composition and how it is processed. It is usually 
golden, hard and brittle metal. It is also mellable, good conductor 
of electricity and heat. An important property for this paper is 
that some bronzes are poorly ductile [13]. At first, the calcula-
tions of solid fraction of Cu-Sn family bronzes were carried 
out. the results of the calculations are shown in fig. 3. Another 
visualization of these results is the phase diagram of Cu-Sn alloy 
determined using factSage software, presented in fig. 4. this 
phase diagram shows coexistence of two phases, the liquid phase 
(LIQUId) and the solid phase (fCC_A1 – face-centered cubic 
structure), in the mushy zone for the range of 0-12 Sn content.

Phase diagrams are an important tool for presenting infor-
mation about phase equilibria. for the purposes of this article, the 
calculations were made in the factSage program. temperature 
is on the y-axis, and the proportion of tin in the alloy is on the 
X-axis. the diagram shows the phase distribution for the copper 
tin alloys. It confirms the previously presented dependence – an 
increase in the proportion of tin causes an increase in the range 
of the semi-solid phase, along with a decrease in the temperature 
necessary for the formation of this phase.

According to criteria of thixoformablity, exact solidification 
parameters of Cu-Sn alloys were determined. they are given in 
tABLe 1. they contain the solidification temperature range, 
fraction solid sensitivity and the temperature range for solid 
fraction between 50 and 70%. the fraction solid sensitivity was 
calculated for 0.6 solid fraction (dfs/dT) fs=0.6.

fig. 2. Melted sample of CuSn10 tin bronze inside high temperature 
microscope
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of other elements. Using the ProCASt program, a simulation was 
carried out for the solid phase fraction versus temperature, taking 
into consideration the influence of manganese, iron and nickel. 
the CuAl10fe3Mn2, CuAl9fe3, CuAl10fe4Ni4, CuAl9Mn4, 
CuAl5 copper alloys were taken into consideration.

At first, the calculations of solid fraction versus temperature 
of mentioned above bronzes were carried out. the results of the 
calculations are shown in fig. 6. In the case of copper-aluminium 
alloys, the addition of aluminium does not give a wide solidifica-
tion temperature window. It is clearly seen in fig. 7 presented 
binary phase diagram of copper-aluminium alloy. wider solidi-
fication temperature range is observed in alloys having ferrous 
and manganese as alloying elements. Phase diagrams, determined 
using factSage software, for aluminium alloys with these addi-
tions are shown in fig. 8 and fig. 9.

In the tABLe 2 the solidification parameters of selected 
copper-aluminium alloys were presented. this table contains 
the solidification temperature range, fraction solid sensitivity 
and the temperature range for solid fraction between 50 and 
70%. the fraction solid sensitivity was calculated for 0.6 solid 
fraction  (dfs/dT) fs=0.6.

fig. 3. distribution of the solid fraction for the copper tin alloys

fig. 4. Binary phase diagram of copper tin alloy

tABLe 1
Solidification parameters of Cu-Sn alloys

sn  
(wt%)

Tsolidus  
(°c)

Tliquidus  
(°c)

ΔT solidus/liquidus  
(K) (dfs/dT) fs=0.6

ΔT 0.5-0.7  
(K)

1 1020 1078 58 0,030775 7
2 982 1071 89 0,014315 16
3 954 1063 109 0,009350 25
4 930 1055 125 0,007215 31
5 910 1046 136 0,006104 35
6 892 1036 144 0,005432 37,4
7 877 1027 150 0,005245 39
8 863 1016 153 0,005158 39,7
9 849 1005 156 0,005132 40
10 837 994 157 0,005236 40
11 826 982 156 0,005391 40
12 816 971 155 0,005576 39,8

Solidification parameters of copper tin alloys are also shown 
on fig. 5 in the form of appropriate curves.

fig. 5. Solidification parameters of copper tin bronzes

copper-aluminium alloys

the second part of the analysis concerned copper-alumini-
um alloys. this analysis was based on determining the influence 

fig. 6. distribution of solid fraction versus temperature for copper-
aluminium alloys
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Solidification parameters of copper-aluminium alloys are 
also shown in fig. 10 in the form of appropriate curves.

4. identification of copper alloys deformation 
temperatures

the experiments for copper-tin and copper-aluminium 
alloys were carried out using Leica heating microscope. the 
alloys were hated to a temperature above its melting point. 
fig. 11 shows the example results for CuSn10 alloy. during 

fig. 7. Binary phase diagram of copper-aluminium alloy

fig. 8. Binary phase diagram of copper-ferrous alloy including 10% 
aluminium

fig. 9. Binary phase diagram of copper-manganese alloy including 10% 
aluminium and 3% ferrous

tABLe 2
Solidification parameters of Cu-Al bronzes

Bronze Tsolidus (°c) Tliquidus (°c) ΔT solidus/liquidus (K) (dfs/dT) fs=0.6 ΔT0.5-0.7 (K)
CuAl10fe3Mn2 1048 1091 43 0.026921 5

CuAl9fe3 1052 1082 30 0.035914 4
CuAl10fe4Ni4 1083 1097 14 0.068591 3

CuAl9Mn4 1036 1048 12 0.094520 2
CuAl5 1055 1063 8 0.174033 1

the experiments, solidus temperature was determined at 830°C, 
liquidus temperature was determined at 999°C. Shape factor has 
changed by 1.5% in relation to the first image and the tracked 
corner angle has increased by 10% at the temperature 934°C – it 
is the deformation temperature identified in this experiment for 
this alloy. the tested sample at different stages of experiment 
is presented on fig. 11. the changes of geometrical parameters 
of the sample as a function of experiment time are shown on 
fig. 12. the shape of the sample at deformation temperature of 
934°C is shown in fig. 13.

fig. 10. Solidification parameters of selected copper-aluminium bronzes
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5. results discussion

the thixorormability of copper alloys can be improved 
by adding different alloying elements. one of them is a tin, 
which have the biggest impact. the effect of an increasing of 
its content on the distribution of the solid fraction is shown in 
fig. 3. As it increases, the temperature processing window for 
the solid fraction range, suitable for semi-solid processing, also 
increases. exact solidification parameters of Cu alloy modified 
with tin are given in tABLe 1. with the increase of tin content 
in the copper alloys, the temperature range at which melting 
occurs increases. By increasing the content from 1% to only 
4%, this range is doubled and increases by 67 degrees from 58 
to 125 degrees. Later, the growth rate slows down and reaches 
a maximum of 157 degrees for a 10% tin addition in the alloy. 
A similar, rapid increase can be observed for the working window 
between 0.5 and 0.7 of the solid fraction, where the temperature 
rises from 7 to 40 degrees. An increase in the proportion of tin 
to 4% in the alloy causes a fourfold increase of this parameter 
and reaches 31 degrees. Similarly to the previous parameter, 
the maximum is reached with a 10% tin content. the reduction 
of fraction solid sensitivity is also rapid, and the value of this 
parameter decreases from 0.031 to 0.005. this parameter was 
determined for the solid fraction at the level of 0.6. In the fig. 5 
the solidus and the liquidus temperature curves were shown. Both 
parameters decrease with increasing of tin content. However, 
changes of the solidus temperature are greater, which causes 
increase of the solidification range from 58 to 157 degrees. In ad-
dition, the energy consumption of the process decreases because 
the melting process begins at a lower temperature. Based on this 
diagram, it can be shown that the addition of tin in the bronze 
alloys causes large changes in the solidification parameters in 
the range of 1-6%. Later the curves flatten with exception to the 
liquidus and solidus temperatures.

Generally, thixoformable alloys should have low sensitivity 
of solid fraction on temperature changes. for Cu-Sn alloys, the 
reduction of solid fraction sensitivity at 0.6 solid fraction is from 
0,031 to 0,005 by adding tin from 1 to 12 wt%. In this point, the 
slope of the curves at 0.6 fraction solid (dfs/dT) fs=0.6 becomes 
less steep. Another important parameter is the temperature work-
ing window between 0.5 and 0.7 solid fraction ΔT fs=0.5/0.7.In the 
case of CuSn alloys, it increases from 7 to 40 k. An increase 
in the content of tin in the Cu alloy also cause increasing of the 
melting range from 58 to 157 k. Additionally, the temperature 
needed to start this process decreased by 200 degrees from 1020 
to 816°C. taking into consideration the literature data, which 
includes the critical values of these parameters, the Cu-Sn alloys 
are suitable for thixoforming. Among others, the temperature 
window between solidus and liquidus point should be relatively 
wide (greater than 60 k). the sensitivity of 60% fraction solid 
should be less than 0.025 k−1. the temperature processing 
window for the fraction solid from 50 to 70% should be also 
relatively wide (greater than 15 k).

In the case of copper-aluminium alloys, the situation is 
different. No alloy meets the thixoforming criteria. the copper-

fig. 11. Melting process of CuSn10 alloy observed on high temperature 
microscope (tested sample at different stages of melting process)

fig. 12. Changes of geometrical parameters of the CuSn10 sample as a 
function of experiment time on high temperature microscope

fig. 13. Shape of the CuSn10 sample at deformation temperature of 
934°C determined using high temperature microscope
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aluminium alloy (CuAl5) has the most narrow solidification 
temperature range. Addition of manganese (CuAl9Mn4) has 
a minimal effect on its increase. on the other hand, the tempera-
ture needed to start the melting process decreases slightly. the 
opposite effect was achieved by the addition of iron and nickel 
(CuAl10fe4Ni4), which caused an increase in energy require-
ments to start melting of the alloy. the solidification temperature 
range increases by adding ferrous (CuAl9fe3) and both iron and 
manganese together (CuAl10fe3Mn2) (see fig. 10).

6. summary

Application of numerical simulations can be used success-
fully for determination of parameters of melting process of metal 
alloys. It can help to design thixoforming processes within the 
confines of selection of metal alloys susceptible to such shaping 
techniques. this way, it is possible to meet requirements occurred 
in the real industry. Numerical simulations allow limiting very 
expensive industrial trials as well as some mistakes. Both the 
ProCASt and factSage software are suitable for this purpose.

the Cu-Sn alloys mostly meet the thixoforming criteria 
described in this paper in details, except CuSn alloy. Among oth-
ers, for all other alloys the temperature windows between solidus 
and liquidus point are relatively wide (greater than 60 k). the 
sensitivity of 60% fraction solid on temperature changes is less 
than 0.025 k−1. And the temperature processing windows for the 
solid fraction from 50 to 70% are also wide (greater than 15 k).

In the case of analysed in this paper Cu-Al alloys, any 
thixoforming criteria are not met. therefore, none alloy is rec-
ommended for industrial semi-solid processing. there are two 
main reasons which can cause some technical problems. first of 
them is precise control of temperature, what is not technically 
possible for such high temperature level. Narrow solidification 
temperature range, preventing repeatability of the processes. 
the second one is cooling of the shaped alloys by the moulds. 
In such case, full die filling before the end of solidification pro-
cess could be in brief impossible. But, the authors of this paper 
decided within the confines of further research activity to test 
the alloy having one of the biggest solidification temperature 
window. It means, CuAl10fe3Mn2 alloy.

the experimental work based on the analysis of melting 
process using high temperature microscope allowed to de-
termine the deformation temperatures of investigated alloys. 
Moreover, the values of the solidus and liquidus temperatures 
of these alloys were confirmed. the deformation temperatures, 
identified on the basis of changes of samples geometrical pa-
rameters during heating process, means the point of material 
weaknesses. the significance of this result is in finding the best 
forming temperature that will give the optimum alloy viscosity 
for thixoforming processes. for example, for CuSn10 alloy, 
the deformation temperature of 934°C gives the solid fraction 
equals the values of 0.4. the real value of viscosity can a bit 

differ, due to level of solid phase agglomeration, what is of 
course the essence of the thixotropy phenomenon. for another 
tested alloys, the deformation temperatures also occur for about 
0.4 solid fraction.
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