CALPHAD Approach to Understand the Semi-Solid
Processing Parameters of Al-6Si-4Cu Alloy

Gopalakrishnan P! and Senthilkumar M?
{pgk.metal@psgtech.ac.in!, msk.prod@psgtech.ac.in? }

Department of Production Engineering, PSG College of Technology, Coimbatore — 641004!

Abstract. Semi-solid processing has some prerequisites such as the feedstock alloy must
meet certain thermodynamic criteria. Therefore, to reap the full benefits of semi-solid
processing, it is important to assess the compliance of commercial aluminium alloys for
semi-solid processing. Hence in the current paper, thermodynamic parameters for semi-
solid processing of  Al-xSi-yCu (x=5,6,7 and y=3,4,5) alloys were assessed using
CALPHAD approach. The results show that the thermodynamic simulation is effective in
predicting the amenability of alloys for semi-solid processing. Also inferred that the
variation of alloy composition within the ASTM standard range itself varies the
solidification behaviour and this variation can affect semi-solid processing. Thus, a
Taguchi L9 orthogonal array is constructed for various alloy compositions and based on
the L9 array, the solidification curves were simulated by CALPHAD Approach. The best
suited alloy and its thermodynamic parameters for semi-solid processing were identified.
The simulated data for the best alloy composition is validated with the help of computer
aided cooling curve analysis.

Keywords: Semi-solid processing; CALPHAD; Solid fraction; Aluminium alloys;
Solidification.

1 Introduction

Semi-solid processing is an emerging field of metal processing route where the material
is formed in its semi-solid state to get a near shaped component[1]. The basic science behind
semi-solid processing is the ‘thixotropic and pseudo-plastic behaviour’ of non-dendritic micro
structured alloys in their semi-solid state[2]. Semi-solid processing is advantageous over
conventional casting as the presence of solid particles in the liquid slurry with a higher
viscosity than pure liquid leads to controlled die filling and reduced porosity[3], [4]. However,
a comparatively lower forging pressure than the conventional forming process can reduce die
wear[4]. Semi-solid processing is divided into two categories; rheocasting and
thixoforming[3]. Rheocasting involves cooling of molten alloy into a semi-solid condition and
processing at its mushy zone[5]. Thixoforming involves controlled heating of non-dendritic
billet into semi-solid range and forming into required shape[6].

In both processes, the material will be processed to a required shape in its semi-solid
state[7]. Current commercial alloys are designed either for casting or forming processes[8].
These alloys can have compatibility issues with semi-solid processing. An alloy’s flexibility
towards semi-solid processing depends on parameters such as solidification range, fraction
liquid sensitivity and window processing temperature[9], [10]. The literature points out that,
most of the semi-solid processing studies were reported with commercial alloys such as
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Aluminium A356, A357, 6082, 7075, 206 and Mg alloys such as AM60, etc. However, except
for A356 alloy the other alloy systems have practical challenges in semi-solid processing such
as lack of process control, hot tearing, lack of fusion etc. [9]-[12]. Hence, to assess the alloy
compatibility, it is vital to understand the phase transitions involved in the alloy system,
understanding of initial microstructure and its rheological behaviour. A thorough
understanding of the thermodynamic behaviour and phase transformations in the alloy during
solidification and reheating are key factors that help to design a new alloy or select or re-
design an existing alloy for semi-solid processing. Alloy compatibility assessments for the
semi-solid processing are generally carried out by identifying their thermodynamic parameters
such as solidification range, fraction solid sensitivity and processing window temperature[9].

Tzimas and Zavaliangos reported that usage of thermodynamic simulation is time
conserving and authentic in the prognosis of solidification behaviour of materials and hence
effective in alloy design[13]. Recently Zoqui et.al also reported DSC calorimetric studies have
good match with thermodynamic modelling[8]. But in solidification studies computer aided
cooling curve can acquire more information which may not possible in calorimetry[14].
CALPHAD approach (CALculation of PHAse Diagrams) is an effective method for
quantitative modelling of thermodynamic data for applications like solidification analysis and
alloy design[8], [11], [12], [15]. Phase composition identification in multi-component alloy,
based on the Gibbs energy minimization is the key concept of CALPHAD approach.
CALPHAD approach is capable to simulate non-equilibrium solidification behaviours using
the Scheil-Gulliver equation[15], [16]. Thus, CALPHAD approach is a very useful tool for
calculating the semi-solid processing parameters. Thermo-Calc is a software which works for
CALPHAD approach implementation[8]—-[10], [12], [17]. Thus, in the present work, by
considering the commercial importance of semi-solid processing of Al alloys in transport
industry, an attempt has been made to evaluate semi-solid processing parameters for Al-6Si-
4Cu alloy by CALPHAD approach. Further, in the present study, an attempt has been also
made to validate the simulation data with the cooling curve method of solidification analysis.

Thermodynamic criteria for semi-solid processing

Majority of aluminium alloys on the market are designed as suitable either for casting or
forming processes. These alloys may find difficulties to fit and or meet the criteria of semi-
solid processing. Hence, to evaluate or design alloys for semi-solid processing, certain
thermodynamic criteria have been reported in the literature and they are summarized below.

Range of Solidification Temperature (ATs.1)

Range of solidification temperature (47s.) is the difference in temperature between
liquidus and solidus of an alloy for a specific composition. The range of solidification
temperature depends on the processing conditions and the composition of the alloy. Alloy with
a narrow freezing range solidifies quickly and it can reduce the control of processing
temperature at semi-solid state. Conversely, a too wide temperature range may reduce the
fluidity of the slurry and makes it susceptible to hot cracking. The ideal solidification
temperature range for semi-solid processing is 30-120 °C[11].

Working Window Temperature (AT,

The operating temperature window is also alternatively called as the working temperature
window (4T,.). A fairly large operating temperature window is expected since the
temperature can fluctuate during the semi-solid processes. In the industrial perspective, the
ideal solid fractions for rheocasting and thixoforming are 0.3 to 0.5 and 0.5 to 0.7 respectively.
Thus, for rheocasting, 47T, can be defined as the temperature interval corresponding to solid
fractions between 0.3 and 0.5. Similarly, for thixoforming, AT, will be the temperature
interval for solid fractions ranging from 0.5 to 0.7[9], [10].



Temperature sensitivity of Solid fraction or Fraction solid sensitivity (dfs/dT)

Fraction solid sensitivity is the slope of the solid fraction (f;) vs. temperature (T) curve in
semi-solid region. During the solidification of molten alloy; the rate change of solid fraction
for the temperature will be negative. In order to express the slope value as a positive fraction,
a minus sign will be added in front of the equation; i.e. -dfs/dT. This point out that
temperature sensitivity can be interpreted as the change in the solid fraction per unit
temperature during the course of solidification. Therefore, a minimum value of dfs/dT, which
should remain approximately constant throughout the process, is recommended for better
process control. Liu et al. suggest that dfs/dT less than 0.020 is preferred for semi-solid
processing. It indicates that the overall change in solid fraction should be less than 2%
throughout the semi-solid processing temperature range[8].

The Highest Knee point

The knee point represents the point at which a-solid solution starts melting in binary
eutectic systems[12]. The different eutectic reactions and knee point in Al-7Si-0.3Mg alloy are
shown in Fig. 1 for better understanding.
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Fig.1. A typical fraction of solid versus temperature curve with knee points [17]

According to literature, this binary eutectic reaction should occur at a solid fraction range
of 0.4-0.7. Further, if the knee point locates out of the suggested range; the phase
transformation will not be in control and it affects the yield and quality of thixoforming[12].

Therefore, in this research, the authors focus on the thermodynamic simulation of the
solidification properties of the selected alloy in order to know the four parameters given
above. Thermodynamic prediction allows identifying and/or studying the solidification
parameters without preparing the actual alloy. This will be beneficial for developing new
alloys and also for modifying the composition of the alloys to make them compatible with
semi-solid processing. Literature prefer Scheil-Gulliver’s model over the Lever rule model for
thermodynamically predicting solidification behaviour since it is more realistic than the Lever
rule model. The mathematical representations of Scheil’s model are given in Equation (1) to

3[12].
_ _ o |JA=k)
C = kCO(l fs) (1)



where, Cs is the composition of solid, f; is the fraction of solid, C, is the overall
composition of liquid alloy and £ is the partition coefficient. Equation (1) is formulated with
an assumption that solute diffusion in solid state is negligible. In order to find the fraction of
solid (f;) and fraction of liquids (f;) at a given temperature T, Equation (1) can be rewritten
as[12].
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where, Ts, T; and Ty, are equilibrium solidus, liquidus and melting temperatures of the
alloy.

Simulation of solidification curves and experimental validation

Aluminium A319.2 grade commercial Al-Si-Cu alloy was selected for the present study.
The nominal alloy composition used is presented in Table I. 2021b educational version of
Thermo-Calc software package was employed to simulate their non-equilibrium solidification
characteristics.

TABLE I Chemical Composition of A319.2 Alloy

Si Cu | M Zn | Fe Ti Al
5-7 3510 0.5| 0.5 | 0.02 | Remaining

m

in

The Scheil solidification module of the package and the in-built Aluminium Demo
database 4.0 were used to simulate the solidification curves of the selected alloy. The alloying
elements other than copper and silicon are not examined in depth since their amounts in the
alloy system are quite low for considering them as major alloying elements. Thus, the
elements considered for simulating the solidification curve were restricted to Al, Cu and Si.
Initially, a pilot trial on simulation was done with Al-6Si-4Cu alloy. The data points of the
simulated curves were collected and post-processed for deriving alloy’s thermodynamic
parameters for thixoforming. For the validation of simulation studies, the alloys of required
chemistry were melted and poured to a cup-thermocouple assembly and the change in
temperature during its solidification is collected as a function of time (computer aided cooling
curve of alloys) with the help of thermocouple and computer connected data acquisition
system. The cooling curve thus obtained is converted to solidification curve by partial
integration technique, the details of cooling curve to solidification curve conversion is
reported elsewhere[ 14], [ 18].

2 Results and discussions

Vertical section of Al-6Si-XCu equilibrium phase diagram

The vertical section of the Al-6Si-xCu diagram is depicted in Fig. 2 and it indicates the
major phase transformations. Based on the phase diagram shown in Fig. 2, the selected alloy
has five phase fields and out of five three are above solidus.



It can be observed from Fig. 2. that, for the selected Al-6Si-4Cu alloy, the equilibrium
phase transformations prior to complete solidification are as follows. Liquid — Liquid + o -
Aluminium transformation corresponding to nucleation of primary aluminium phase starts at
610 °C and carry on till 562 °C. From 562 °C onwards nucleation of eutectic Si initiates with
transformation path as: Liquid + o - Aluminium — Liquid + a - Aluminium + Si. This
transformation ends at the solidus point of 526 °C and further, some solid-state phase
formations can be observed from the simulated phase diagram.
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Fig.2. Vertical section of Al-6Si-XCu equilibrium phase diagram.

Other transformations predicted in the phase diagram are Liquid + o - Aluminium + Si —
o - Aluminium + Si and a - Aluminium + Si— o - Aluminium + Si + Al,Cu formations. Al,Cu
formation initiates at a temperature of 507 ©°C. These are the major equilibrium
transformations predicted for the chosen alloy composition by the Thermo-Calc software
through CALPHAD approach within the calculation limit of the used database and selected
alloying elements.

Scheil solidification diagram

The Scheil solidification diagram for the selected alloy composition is simulated using the
in-built Scheil solidification module of Thermo-Calc software. The curve thus obtained is
presented in Fig. 3. Fig. 3. shows the major non-equilibrium liquid state phase transformations
in the Al-6Si-4Cu alloy.
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Fig. 3. Scheil solidification diagram of Al-6Si-4Cu alloy.

The predicted Scheil solidification curve (Fig. 3.) points out that, the liquidus point of Al-
6Si-4Cu alloy is situating at 611 °C temperature and its solidus is lying at 521 °C. In line with
the equilibrium phase diagram shown in Fig. 2., the liquidus and solidus of alloy are at 610
and 526 °C respectively. The prediction of solidus and liquidus point temperatures of the alloy
by the two models are closely matching and it ensures the accuracy of the approach. The
marginal variation in the predicted temperature, especially solidus, can be rationalized by the
difference in equilibrium and non-equilibrium models of transformations. The Scheil curve in
Fig. 3. indicates that the solidification of liquid alloy starts with nucleation of a-A4/ at 610 °C.
Also, the nucleation of eutectic Si is found to initiate at 559 °C at a corresponding solid
fraction of 0.5. Further, the third set of phase transformation starts at 521 °C and it continues
till the complete conversion of the remaining liquid into solid. From Fig. 3., it can also be
perceived that the binary eutectic reaction starts at 559 °C and f$=0.5 and the ternary eutectic
reaction occurs at 521 °C and fs=0.86. The small variation in the solidification phase
transformation path is mainly attributed to the differences in equilibrium and non-equilibrium
models.

Thermodynamic Parameters for Semi-solid Processing
The thermodynamic parameters mentioned in section Il were calculated from the Scheil
solidification curve mentioned in Fig. 3. The calculated parameters are listed in Table II for
ready references.
TABLE II Predicted Thermodynamic Parameters for Semi-solid Processing of Al-6Si-
4Cu Alloys



SL Parameter Values from | Nominal
No. simulated range of
curve values
191, [10]
Range of
Solidification
1 Temperature 90 30-120
(ATsy),
°C
2 Working 9 for
Window thixoforming 1030
Temperature 28 for
(AT)°C rheocasting
3 Fraction 0.022 for
solid thixoforming Less
sensitivity 0.0073 for (;'Ea;[:)
(df/dT) °C-1 | rheocasting T
4 | Position of Between
highest 0.5 =04
knee point and 0.7

From Table II, it can be inferred that the main parameters, except working window
temperature and Temperature sensitivity of Solid fraction for thixoforming fall in the nominal
value range. Working window is a crucial parameter for semi-solid processing, especially to
control the thixoforming process. A too low working window like 9 °C may increase the
possibility of increasing or decreasing the slurry solid fraction in its mushy zone. The lack of
temperature control in the working window range can cause two major effects. The reduction
in working temperature than the lower limit can increase the solid content of slurry and thus it
can increase the pressing load or damage the forming die. Similarly, the increase in working
temperature than the allowed limit can increase the liquid content of the slurry and while
forming it may lead to flashing of slurry and/or die leakage. Likewise, the temperature
sensitivity of solid fraction can also affect the process; however, the value is close to the
nominal ranges. The alloy composition is the primary determinant of slurry properties and it
has a close relationship with solidification characteristics. Hence, to further optimise the alloy
composition for a higher working window temperature for thixoforming of the selected alloy,
a set of Scheil solidification curve simulation trials with the variation of Si and Cu content in
the allowed range of A319.2 commercial grade alloy were performed according to Taguchi L9
orthogonal array. The L9 orthogonal array is formed with the help of Minitab software. The
levels of factors are selected in the chemical composition range of A319.2 alloy. The L9
orthogonal arrays for the combinations of Al-Si-Cu alloys were presented in Table III.

TABLE III L9 Orthogonal Array of Al-Si-Cu Alloy Compositions for Simulations



Combinations Si Cu Al
(wt. %) | (wt. %0) | (wt. %0)
Set 1 5 3 92
Set2 5 4 91
Set 3 5 5 90
Set 4 6 3 91
Set 5 6 4 90
Set 6 6 5 89
Set 7 7 3 90
Set 8 7 4 89
Set 9 7 5 88

The Scheil solidification simulation results for the combination of alloy systems as per L9
array were shown in Fig. 4 and the predicted parameters were presented in Table IV. A
noticeable change in solidification characteristics can be observed in the alloy systems. The
change in alloy composition within its allowed range itself alters the liquidus point
temperature to vary from 621 to 601 °C. However, the variations in the compositions did not
affect the solidus temperature and it remains the same for all the nine sets of combinations.
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Fig.4. Simulated solidification curve of alloy--systems\mentioned in L9 orthogonal array

It can be observed from Table IV that, in the perspective of semi-solid processing criteria,
all the nine alloys have their binary eutectic knee point located between the preferred range of
0.4t0 0.7 fs.

TABLE IV Predicted Thermodynamic Parameters for Different Al-Si-Cu alloy
compositions



AT, for AT, for -(df,/dI) for | -(df/dI) for

Combinations | ATs,,°C | thixoforming, | rheocasting, thixoforming | rheocasting
oC oC oCH1 oCH1

Set 1 100 24 21 0.0085 0.0094
Set 2 97 24 23 0.0085 0.0087
Set 3 94 23 25 0.0087 0.0088
Set 4 93 10 25 0.020 0.0078
Set 5 90 9 28 0.022 0.0073
Set 6 87 11 27 0.019 0.0069
Set 7 86 6 19 0.032 0.0103
Set 8 83 8 18 0.024 0.0109
Set 9 80 11 18 0.019 0.0118

The effect of Alloying elements on the thermodynamic parameters has been analysed and
depicted in Fig. 5. Fig. 5 reveals that the alloying elements have significant effects on working
temperature and temperature sensitivity of solid fraction in semi-solid processing range. Fig. 5
(a) shows the effect of alloying elements on the working window of alloy and Fig. 5 (b) shows
the relation between temperature sensitivity of solid fraction and alloy composition. The
common observation from Fig. 5 (a) and (b) is that the alloy with a higher fraction of Cu (4
and 5 wt. %) are not preferred for thixoforming. The lower working window and higher
sensitivity of solid fraction changes in the range of parameters for thixoforming can be
ascribed to the same. However, all the nine alloy combinations are well suited for the
rheocasting process. Fig. 5 (b) indicate that, between the solid fraction of 0.3 to 0.5, the nine
set of alloys have a smaller amount of solid fraction change sensitivity < ~1 %. It ensures that,
the unit change in temperature causes nearly 1 % increment in the solid content of the slurry.
Contrarily, for the alloys with 4 and 5% of Cu and 5-7 % of Si, the solid fraction change
sensitivity for unit change in temperature is > 2 %. A lower working window of nearly 8-10
°C and a higher rate of solid transformation for such alloy compositions (set 4 to 9) puts the
control of thixoforming in a bottleneck. In addition, it can be noticed from the Fig. 5 that, for a
fixed fraction of Cu, the amount of Si in alloys has a marginal effect on the parameters such as
working window range and temperature sensitivity.
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Further, Table IV abridges the thermodynamic parameters of alloy combinations and the
it shows that as the Si content increases, the overall solidification range is reduced and within
a fixed amount of Si, the increment in Cu further reduces the solidification ranges of the alloy
combinations. It can be concluded that Al-5Si-xCu (x=3, 4 and 5) alloys have a higher range
of solidification interval compared to other alloys and their temperature sensitivity of solid
fraction for both thixoforming and rheocasting are falling in the required ranges. Among the
Al-5Si-xCu alloy systems, the combination of Al-5Si-4Cu has the best suitable parameters for
semi-solid processing. The apparent changes in volumetric coefficient of thermal expansion
(CTE) are simulated for Al-5Si-4Cu and Al-7Si-3Cu alloy (one with best and least suitable
parameters) and are shown in Fig. 6.
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The apparent change in volumetric CTE in the semi-solid processing region is marked in
Fig. 6. In Fig. 6, there are two regimes; the red coloured curve shows the variation in the
volumetric contraction of Liquid — Liquid + a Al Phase and the green one represents the



second transformation (Liquid + o Al— Liquid + a Al + Si). The invariant line corresponding
to the binary eutectic transformation is also marked in Fig. 6. It can be inferred from Fig. 6 (a)
that a higher CTE change occurs after the eutectic transformation than conditions prior to
eutectic transformations. However, the rate of change of CTE is higher till the eutectic point
and afterwards, a slow rate of CTE change can be observed. Contrariwise, in the case of Al-
7Si-3Cu alloy (Fig. 6. (b)), the amount of variation in CTE after the binary eutectic
transformation is higher than that before the transformation. In addition, interestingly, the rate
of change of CTE till the eutectic point is higher than that after the eutectic point. This can
corroborate the difference in solidification behaviour of two alloy systems and also attribute to
the thermodynamic parameter difference in two alloys.
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Fig. 7. depicts the dynamic viscosity of the liquid phase in Al-5Si-4Cu and Al-7Si-3Cu
alloy. Fig. 7. (a) indicates that, in the marked region of semi-solid state, the alloys have a
lower value of dynamic viscosity (~0.0011 Pa s) and it remains constant throughout the semi-
solid region. However, the dynamic viscosity of Al-7Si-3Cu alloy (Fig. 7. (b)) varies from
0.0011 to 0.0014 Pa s. Shear deformation is the key factor of thixotropy and thixotropy is the
basic science behind semi-solid processing. Further, the shear force required to shear
deformation is directly proportional to dynamic viscosity. From the Fig. 6 and 7 it can be
deduced that; the alloy composition affects the volumetric expansion and contraction of the
semi-solid slurry and also the shear force required to induce thixotropy effect to transform the
slurry as a Newtonian fluid during the period of semi-solid processing.

Validation of Simulation Data with Experimental Curves

The simulation results obtained in the present study were compared with experimental
results to validate the simulation process and results. For the same, the cooling curve of Al-
5Si-4Cu alloy obtained from computer aided cooling curve analysis is utilized.
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The experimental solidification curve and simulation curve are compared in Fig. 8. and
the thermodynamic parameters deduced are compared in Table V.
TABLE V Predicted Thermodynamic Parameters Vs. Experimental data

ATsy ATy for ATy, for -(df,/dT) for | -(df:/dT) for

Combinations o thixoforming, | rheocasting, | thixoforming, | rheocasting,
g -1

°C °C °Ct °C
Simulation 94 23 25 0.0087 0.0088
Experimental | 99 26 16 0.0076 0.0112

The experimental curve and simulated curve presented in Fig. 8 are closely matching and
the thermodynamic parameters deduced from the simulated curve are closely matching with
the data from the experimental curve (Table V). Hence it corroborates that CALPHAD
approach is effective to simulate and identifying the thixoforming parameters. information and
standard abbreviations.



Conclusions

The current study leads to the following conclusions:

Thermodynamic simulation and cooling curve analysis can be used to evaluate semi-solid
processing parameters. Among them, simulation analysis is more effective and time
conserving.

The CALPHAD analysis shows that, even if the alloy composition varies within the
ASTM standard range, it can affect the semi-solid processing parameters and also the physical
properties such as dynamic viscosity and apparent coefficient of thermal expansion.

From the evaluation of Al-xSi-yCu alloy (x=5,6,7 and y=3,4,5) systems, it can be inferred
that a composition of Al-5wt.%Si -4wt.%Cu alloy is amenable for semi-solid processing such
as thixoforming and rheocasting.
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