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Abstract

Prediction of material properties for alloy castings is an old dream of foundrymen and casting
designers. As the recent development of JMatPro computer software has made it possible to
successfully model physical and thermophysical properties during solidification , it is a natural step
to go further and to predict the mechanical properties of casting alloys. The aim of the present work
is to develop a model that can be used to calculate the room temperature mechanical properties for a
wide range of cast aluminium alloys. The model calculates mechanical properties based on the
microstructure in the casting, which is determined by the chemical composition and casting
conditions. The first part of the paper describes the microstructural evolution during solidification,
where the cooling curve during solidification and dendrite arm spacing (DAS) are calculated as a
function of the alloy chemistry and initial cooling rate. The second part features the development of
a model for strength calculation. The strengthening mechanisms considered are solid solution
strengthening, precipitation hardening and the DAS size effect. The phases that contribute to
strengthening includes primary phases, various types of eutectics and intermetallics. Finally a
strength-hardness conversion and calculation of the stress-strain curve are provided.

Introduction

Cast aluminium alloys have widespread applications for structural components in the automotive
industry. They have been used or demonstrated successfully in power-train applications including
engine blocks, cylinder heads, and transmission cases. However, to achieve the maximum impact
on fuel efficiency, the application of cast aluminium alloys has to be extended to more critical
structural parts, such as brake valves and callipers which are traditionally made of cast iron and
steels. The most significant barrier to the acceptance of cast aluminium in many structural
applications has been its reputation for variability in mechanical properties. Anything that may help
control or predict the results of casting variables would be of great benefit to industry as it eases the
reliance on extensive inspection and non-destructive evaluation. It is the aim of this work to
develop a physical model to calculate the room temperature mechanical properties of aluminium
castings.

Mechanical properties are linked to the microstructure in the material, which is determined by the
chemical composition (trace elements and alloying elements) and casting conditions (solidification
rate and casting defects). In practice, solidification occurs under non-equilibrium conditions during
which the microstructural evolution can be modelled based on the so-called Scheil approach. This
approach has proved to yield excellent results for aluminium alloys [1] and will be adopted in the
present study to provide the necessary microstructural information for further mechanical property
modelling.

Typical casting microstructural features consist of primary phases (dendritic Al phase or primary
silicon particles), eutectics (Al-Si, Al-Al,Cu, Al-AlsMg, etc.) and intermetallics (AlFeSi,



AlsCu,MgsSis etc.) formed during solidification. The mechanisms used to describe the
strengthening contribution from the various phases present include solid solution strengthening and
precipitation hardening [2,3,4]. Whenever appropriate, these models will be applied in the present
study. In cases where no well-recognised physical models are available, semi-empirical approaches
have been taken to fill in the knowledge gap. The model developed here differs from previous work
[3,4,5] in that it can be applied to a wide range of commercial aluminium alloys and the calculations
are carried out in an automatic fashion. Directions for future improvement of the model will also be
discussed.

Calculation of Microstructural Features

Phase evolution during solidification

The phase evolution in aluminium alloys during casting can be modelled straightforwardly via the
Scheil approach [1], which can be carried out using thermodynamic calculations [6]. This
calculation provides the necessary information for further property modelling, such as phase
fractions and composition. For instance, the information for hypoeutectic Al-Si alloys includes the
fractions of primary Al phase and Al-Si eutectic, the percentages of the Al phase and Si in the Al-
Si eutectic, and the fractions of other possible intermetallics formed during solidification in the
presence of other alloying additions.

The basic assumption for the Scheil approach is that solute diffusion in the solid phase is small
enough to be considered negligible and that diffusion in the liquid is extremely fast, fast enough to
assume that diffusion is complete. Although a full model for solidification behaviour requires the
incorporation of a kinetic analysis of micro-segregation and back diffusion, the predictions of the
basic Scheil model have proved to be close to reality for most cast aluminium alloys [1]. The
predictions for fraction solid transformed as a function of temperature have been compared with
those measured during an extensive experimental programme [7,8,9] which examined the
solidification behaviour of almost 40 commercial aluminium alloys. Comparisons for some of these
alloys are shown in Fig. 1. The agreement is most striking and the level of accuracy achieved for
these alloys is quite typical of that attained overall in the comparison.

Backerud et al. [7,8] also produced detailed studies concerning the phases observed during
solidification. For aluminium alloys the number of such phases can be large and their appearance
or non-appearance is very dependent on minor impurity levels. The comparison between the phases
observed by Backerud et al. and those predicted is very good [1]. Fig. 2 shows the calculated
fraction solid vs. temperature for an A356 alloy. The formation and amount of minor phases
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Fig. 1. Fraction solid vs. temperature plots for various cast aluminium alloys calculated under
Scheil condition with experimental results (O0) of Backerud et al [8] shown for comparison.
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Fig. 2. Calculated fraction solid vs. temperature plot for an A356 alloy, (a) major phases
including Al and Si, and (b) minor phases such as AlFeSi and AlgFeMgsSis

=

including intermetallics AlFeSi and AlgFeMgsSis are clearly illustrated. The fraction of Al phase at
the start of the silicon formation is of dendritic form.

Cooling curve during solidification

A common practice is to estimate the fraction solid curve during solidification from the measured
cooling curve [10,11]. This section describes a reverse procedure, i.e., how to calculate the cooling
curve during solidification based on the fraction solid curve calculated in the previous section, when
the initial cooling rate is given.

During solidification, there are two heat-related processes. One is the release of latent heat due to
the progress of the transformation from liquid to solid phases; and the other is the heat extraction
from the sample by external media. Different cooling rates reflect different heat extraction abilities
of the external media. At the initial stage of cooling before any solid phase forms, normally a
constant cooling rate V. can be maintained. The heat extraction rate Qex can therefore be calculated

as:
Qext = AIC ch 1)
where A; is a material constant that can be cooling rate dependent, and C, is the specific heat

without considering phase transformations. Qe is assumed not to change during cooling. The total
extracted heat after time t can then be calculated as:

Hext = Qextt 2

The latent heat released (Hy) up to a certain temperature can be calculated from the fraction solid
formed at that temperature as a fraction of the overall transformation latent heat:

Hpe = f(T)L 3
where f5(T) is the fraction solid formed when cooling down to temperature T and L is the latent heat
of the transformation.

As Hyei(T)=Hex: always holds during solidification, one can calculate the time required to reach a
certain temperature, i.e. the time-temperature cooling curve. It should be noted that there can be a
natural decrease in the value of V. depending on the cooling method. This has been considered in
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Fig. 3. Comparison between calculated and experimental cooling curves,
() 7075 alloy at 1.1 °C/s [7], (b) an AICusSi alloy at 0.08 °C/s [12]

the calculation of cooling curve for aluminium alloys when appropriate. The cooling curves
calculated for two aluminium alloys, 7075 and Al-3.7Cu-0.47Si, are shown in Fig. 3, in comparison
with experimental curves [7,12].

Dendrite arm spacing calculation

The cooling rate affects the structure of as-cast alloys in a well-established manner, i.e. the dendrite
arm spacing (DAS) decreases with increasing cooling rate. Because DAS is one of the important
factors that affect the mechanical properties of cast materials, it is of great importance to be able to
predict DAS during the early stages of designing a casting process.

Extensive research has been carried out to study the relationship between DAS with cooling rate.
This relationship between the velocity of dendrite tip, thermal gradient and DAS has been derived
theoretically as: [13]
L =AGR)™ 4)

where A denotes the dendrite arm spacing, G the thermal gradient at the solid-liquid interface, R the
velocity of the dendrite tip, A is an alloy-dependent parameter and n is an exponent equal to 1/3.
This relationship takes into account the coarsening of dendritic arms during solidification, when
finer branches disappear and thicker branches survive.

In industrial practice, it is difficult to measure the velocity of the dendrite tip. Therefore, the above
relationship has been validated with respect to the cooling rate (substituting V. for GR in Eq. 4) and
the average dendrite arm spacing [13]:

A=AV, " (5)
Different values for A and n in Eq. 5 are reported in literature for different aluminium alloys [14].
Their values vary greatly even within the same alloying system. Most studies have shown that DAS
decreases with increasing concentration of alloying elements [12,15,16], although there are studies
reporting no composition effect on DAS [17]. In the present work, it is found that a composition
effect has to be considered so as to make the relationship between cooling rate and DAS adequate
enough for practical use. A typical form used by some previous researchers, is given in equation (6)
[12,16]:

. M —
A=A (Ve (6)
where x;, X; are the concentrations of influential alloying elements and m;, m; the corresponding



250

200 - Alloys include:
= 201, 204, 206,
o ° 319, B319, 332,
é 150 | @ 339, C355, 356,
= $ o A356, A357,
g ; 4 ° A380, B380,
= . B390,
3 100 o5 413,
S ° Simge® 512, 518,
50 - °® 713
% o Vol. 2 (Ref. 8)
® Vol. 3(Ref. 9)
O T T T T

0 50 100 150 200 250
Experimental (micron)

Fig. 4. Comparison between experimental and calculated DAS for a
variety of commercial aluminum alloys

concentration exponents. This equation can be useful in some cases, but the fact that the values of
m; and m; are negative makes it impossible to be applied to systems not containing these elements.
So another form of composition dependence has to be used if the equation is to be applicable to a
wide range of alloys. The present study makes the material constant A composition dependent in
the following form:

Az%/(ZCiXi+ZCinin) (7)
i i,j

where c;, ¢j; are the corresponding coefficients and Ay is a constant independent of alloy chemistry.
Combining Egs. 5 and 7, one has

A=A I X+ D Cixx V" (8)

The values for these coefficients are empirically fitted against experimental data [8,9]. Comparison
between calculation and experimental data is shown in Fig. 4, which covers a wide range of cast
aluminium alloys and a wide range of cooling rates.

There are various of ways to define the cooling rate of a solidification process. (a) It can be the
average cooling rate, i.e. the solidification temperature interval (liquidus minus solidus) divided by
the time required to complete solidification; or (b) it can be defined as the rate of heat extraction
from the solidifying volume, i.e. the so-called tip cooling rate; or (c) it can be the slope of the
cooling curve at a specific temperature (usually either liquidus or solidus). On the one hand, the
cooling rate to be used should reflect the dendrite formation process, otherwise Eq. 8 would be of
little physical meaning. On the other hand, the necessary parameters should be capable of
measurement and control, otherwise Eq. 8 would be of no practical use. In this respect, the average
cooling rate and tip cooling rate are not really suitable for use as they are uncontrollable. The
cooling rate is affected by the release of latent heat and changes continuously during solidification
but is generally quite constant above the liquidus before the start of solidification, where it reflects
the ability of heat extraction of the cooling media and where it is also possible for it to be
controlled. Therefore, the cooling rate used in the present study takes this definition.



Strength Calculation

Based on the microstructural information calculated in the previous section, the next step is to
quantify the contribution from each constituent to mechanical properties. Typical contributions to
the strength of cast aluminium includes solid solution strengthening and precipitation hardening due
to intermetallics. The properties to be calculated are yield strength, tensile strength, and the stress-
strain curve. The yield strength is calculated in this section using the Al-Si system as an example
and other properties in the next section. Al-Si alloys usually contain 5-20% Si (in wt% unless
stated otherwise). The microstructural features of these alloys consist of a primary phase, either
aluminium dendrites (hypoeutectic) or silicon particles (hypereutectic), and a eutectic mixture of
these two phases. There may also be other intermetallic phases formed during solidification,
depending the addition of other alloying elements.

Primary phases

The strength contribution from primary silicon particles can be considered negligible due to their
large size [18,19]. Special processing techniques can produce finer primary silicon particles so as
to achieve better ductility and the strengthening can then be modelled according to Orowan's
looping mechanism for dispersion strengthening [19].

The main focus here is therefore to calculate the strength contribution from the dendritic structure
of the primary Al phase. First solid solution strengthening is calculated, and then the size effect of
DAS on strength will be added. The methodology adopted for solid solution strengthening of one
phase is described by the following equation:

Oy ZZXiO'iO +ZZ XinQij +... (9)
i i

where oy is the total strength, oi° is the strength of pure element i, x; and X;j are the atomic fractions
of elements i and j, and the values of (2; are
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The Hall-Petch equation is used to describe the strength variation due to change in DAS size:
Oden =0p + kdenﬂ“_o-5 (10)



where ogen and Kgen are the flow stress and the Hall-Petch coefficient for the dendritic phase. As the
grain size in the as-cast condition is usually very large for aluminium alloys, its effect on strength is
not considered in the present study. Different values of kqen have been reported for different alloys
[5,22,23]. However, the values reported may not be appropriate if not all the strengthening
mechanisms were considered when estimating kgen. In the present study, Kqen is set as a constant
value 0.25 MPa.m™? for simplification.

Strength of the eutectic structure

The strength of the eutectic structure consists of a contribution from the two co-precipitating phases
Al and Si, as well as the possible strengthening due to the silicon particles. The particle size is
affected by the cooling rate and can be fibrous or platelike. The eutectic strength is a function of
the fibrosity of these particles in that a fibrous structure leads to higher resistance to yielding
[24,25]. The fineness of the eutectic microstructure is closely related to the size of DAS. As there
is no standard model available to describe the contribution from the size/morphology on strength of
the eutectic, a formula based on the Hall-Petch relationship has been employed. The strength of
the Al-Si eutectic is then given by:

-0.5
Oeut = ( faloa + fsios; )/ fout + Keurd (11)
where fy and fsi and are the fractions of Al, Si in the Al-Si eutectic, respectively, and ou and os;i the

strength of Al, Si in the Al-Si eutectic. op is effectively the o, in EQ. 9 and os; is set as a constant.
feut is the fraction of the eutectic (four = far + fsi), and keyt the Hall-Petch coefficient.

Such a treatment reflects the observed effect of the cooling rate on the strength of the eutectic, in
that faster cooling results in a finer eutectic and in turn higher strength. The Hall-Petch coefficient
is obtained through fitting against experimental data for alloys Al-6.5Si [26], Al-7Si and Al-12.6Si
[27] where no interference from intermetallics or the dendritic Al phase exists.

Precipitation strengthening due to intermetallics
Many types of intermetallics may form during solidification. Their contribution to strength can be
described by theories for precipitation strengthening [28,29,30]. In the present study, these
precipitates are assumed to be unshearable and their contribution to strength is modelled via the
Orowan looping mechanism as used by previous researchers [31]. This mechanism was first
proposed by Orowan [32], and later further developed by Ashby [33] to take into account the effects
of a statistical distribution of particle spacings. The Ashby-Orowan relationship is given as
1.2Gb,, r

O'ppt = O84M (H) In E (12)
where oy IS the strength contribution from precipitates, and M is the Taylor factor (normally a
value close to 3). ris the particle radius, b the burger's vector, G the shear modulus, and L the inter-
particle spacing. Assuming the precipitates are spherical, the relationship between precipitate
fraction fyp, inter-particle spacing L and particle radius r is given by [34]:

L—[l.23 27 —2\/§]r (13)
\/sf,[,pt 3

It is difficult to estimate the particle size formed during solidification. However, the change in size
follows a coarsening law, and can therefore be assumed to be proportional to t** [35,36,37]. As
time t is inversely proportional to the cooling rate, it is reasonable to assume the particle size to be
proportional to V2,

r=ry*Vv, 3 (14)
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Fig. 6. Comparison between experimental and calculated yield strength of various
alloys from sand casting and permanent mold casting.

where ry is a constant, independent of alloy chemistry, obtained by fitting against experimental data.
This assumption is supported by experimental observations [38,39], though the value of the
exponent is not exactly equal to -1/3. It is possible to calculate the strength contribution from each
precipitate type individually, but to simplify the situation, all the precipitates were considered as
one group of the same size.

Calculation of overall strength and validation
The eutectics formed in aluminium alloys can be of types other than Al-Si, such as Al-Al,Cu and
Al-AlsMg,. Their strength can be modelled using equations similar to Eq. 11. The overall yield
strength of an casting alloy can be calculated as

O'y:pr'p +Zfi0'i+0'ppt (15)
|

where f, and op are the fraction and strength of the primary phase, i.e. the dendritic phase in this
study, and f; and o; correspond to various types of eutectics, respectively.

The model developed has been tested extensively against experimental data and a comparison plot
is shown in Fig. 6, where each data point represents one commercial alloy, either from sand casting
or permanent mold casting. It can be seen that it covers all types of cast aluminium alloys except
the 7xx series (Al-Mg-Zn alloys). The 7xx series differ from other types in that elementary Zn may
precipitate out of solid solution at temperatures below 200°C, which may harden the alloy. The
cooling rates for sand casting and permanent mold casting are 0.3°C/s and 0.65°C/s, respectively.

Strength-hardness Conversion and Stress-strain Curves

The model described in the previous section allows the calculation of the yield stress. It would also
be very useful to know other mechanical properties such as tensile stress and hardness. Quantitative
relationships between these properties were developed by Tabor [40] based on the assumption that
stress ois related to strain ¢ via work-hardening coefficient m and constant B:
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o=Bg" (16)

By determining the average pressure under a hardness indenter of a given geometry, it is possible to
derive equations for the relationships among hardness, yield stress oy and tensile stress ox:

Hv =Co, (40)" (17)

12.5mj (18)

oy =0, (40)m (1—m)( T

where C lies between 2.9 and 3.3, which is in good agreement with a theoretical value of 3; and
related to the yield stress according to the relationship:

m = aexp(boy) (19

where a and b are alloy dependent and their values are fitted empirically. The tensile strength was
then calculated based on the yield strength calculated for cast aluminium alloys, Fig. 7. Good
agreement between calculations and experimental data was obtained again for a wide range of
casting alloys.

For most of the alloys, the stress-strain curve can be considered as the sum of an elastic region and a
plastic region. In the elastic region, the stress is proportional to the strain according to Hooke’s law.
In the plastic region, the stress is related to strain via Eq. 16. To calculate a stress-strain curve, the
input parameters required are then only Young’s modulus and either yield strength, or tensile
strength, or even just hardness values. Typical stress-strain curves for two Al-Si alloys are shown
in Fig. 8, with experimental data from Ref. 27.

Discussion and Future Developments
The model presented here is useful not only because it can help estimate the strength of casting

alloys to a useful accuracy, but more importantly, because it is a useful tool for tailoring mechanical
properties through the correct choice of chemical composition and casting parameters. It can also
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be used to help analyse the consequences of unintended processing or property variations, and
identification of potential improvements.

It is worth mentioning the effect of casting defects on mechanical properties. Strength is affected
by casting defects, which in turn depends on casting methods. Sand casting and permanent mold
casting generally produce sound quality and the effect of defects such as porosity on strength in
these castings can be neglected. The present model can therefore be directly applied to alloys cast
by these methods. Die casting, however, tends to trap air during solidification, which gives rise to
appreciable amounts of porosity in the casting. As a result, the strength of die castings is usually
lower than that of permanent mold castings. Many efforts have been made to understand the
detrimental effect of porosity on the tensile properties of aluminium alloys and empirical
relationships between the drop in strength and the percentage of porosity have been suggested [41].
By combining the present model’s strength calculation and those empirical relationships, it should
be possible to also estimate the strength of die castings in future investigation.

Summary

A model has been developed for the calculation of tensile properties in cast aluminium alloys. The
model can be applied to a wide range of casting aluminium alloys and casting methods. With only
chemical composition and cooling rate as inputs, the model calculates microstructural constituents,
cooling curve, dendrite arm spacing and tensile properties, including yield strength, tensile strength
and the stress-strain curve for a wide range of aluminium castings. The strengthening mechanisms
considered are solid solution strengthening, precipitation hardening and the DAS size effect. The
phases that contributes to strengthening includes primary phases, various types of eutectics and
intermetallics. The model should be a useful tool for tailoring mechanical properties by correct
choice of chemical composition and casting parameters. It can also be used to help analyse the
consequences of unintended processing or property variations, and identify potential improvements.
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